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P HOTOMULTIPLIERS
tremdy verstile  photosenstive
devices that are widely used to de-
tect and measure radiant energy in
the ultraviolet, visible, and near-
infrared regions of the dectromag-
netic spectrum. In most of this range
photomultipliers are the most “sens-
tive” detectors of radiant energy
avalable. The basc resson for this
superior sengdtivity is the use of sec-
ondary-emisson amplification  which
makes it possble for photomultipliers
to approach “ided” device perform-
ance limited only by photoemisson
datistics. Other outstanding charac-
terigtics of photomultipliers include
a choice of photosenstive areas from
a fraction of a square centimeter to
hundreds of square centimeters, in-
ternal amplifications ranging from
10 to as much as 10° in some types.
extremely fast time response with
rise times as short as a fraction of
a nanosecond, and output signal
levels tha arc compatible with auxili-
ary electronic equipment without
need for additiond sSgnd amplifica
tion.

Photomultipliers are used with
scintillators and Cerenkov radiators
for the detection and measurement
of X-rays, gamma rays, and energetic
particles, and find wide usage in nu-
clear research, industrial controls.
and space exploration. The availabil-
ity of many different types of lasers
has opened up many new fidds of
application for photomultipliers in
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Raman spectroscopy, laser ranging,
precison measurements, and commu-
nicaions. Photomultipliers are  used
in video playback equipment for
home entertainment, and in the
audiovisud educationd fidd; opticd
character-recognition  equipment  util-
izes photomultipliers for computer
processng of financid dSatements.
The higory of the development of
the photomultiplier is an interesting
one. The use of secondary emisson
& a means for dgnd amplification
was proposed as early as 1919.1 The
active development of photomulti-
pliers was begun agpproximately 35
years ago by combining a photo-
emitter and one or more stages of
secondary-electron-emisson amplifi-
cdion in one vacuum envelope In
1935, lams and Salzberg 2 of RCA
described a snglestage  photomulti-
plier which had a secondary-emisson
amplification of 6; in 1940. Rajch-
man and Snyder 3 of RCA described
a 9-stage electrostatically focused
photomultiplier that served as a pro-
totype desgn for a family of types
that arc still used throughout the
world today. Other forms of photo-
multipliers were developed in the
late 1930's, and with the sharp in-
crease in ressarch in a@omic energy
and nudear physics, much progress
in photomultiplier development was
made in the 1940's and 1950's. The
rgpid growth of dectro-optics in the
1960's further advanced the develop-
ment of photomultipliers. The ad-
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vent of the bialkali photocathodc
and more recently the Extended Red
Multi-Alkdi  (ERMA) photocathodc
provided further improvements. Very
recently, advances in solid-state
theory and semiconductor-materias
research have opened new vidas in
the development of photomultiplicrs
having peformance capabilities that
were literdly imposshic only a few
years ago.
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Photoemission and Secondary

HIS section covers the means by

which radiant energy is con-
verted into electricd energy in a
photomultiplier  tube.

Photomultipliers  convert  incident
radiation in the vishle infrared, and
ultraviolet regions into dectricd dg-
nds by use of the phenomenon of

Emission

photoemisson and then amplify the
sgnds by means of secondary emis
son.

A basic component arrangement of
a typicd moden photomultiplier is
shown in Fg. 1. Radiant energy en-
ters the evacuated enclosure through
a “window” which has a semitrans-

INCIDENT RADIATION
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Fig. 1 — Schematic of typical photomultiplier showing some electron trajectories.
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parent photocathode deposited upon
its inner surface. The photocathode
emits photoelectrons by the process
of photoemission, i.e, by the inter-
action of the incident radiant energy
with electrons in the photocathode

material. Photoelectrons from all
parts of the photocathode are ac-
celerated by an dectric fidd 0 asto
strike a small area on the first dy-
node. Secondary electrons resulting

from the process of secondary emis
son (i.e, from the impact of the
photodlectrons on the firs dynode)
are accelerated toward the second
dynode hy an dectric fidd between
dynodes No.1 and No. 2 and im-
pinge on the second dynode. The
impact of the secondary €ectrons on
dynode No. 2 realts in the relesse
of more secondary dectrons which
are then accelerated toward dynode
No. 3. This process is repeated un+
til the dectrons leaving the last dy-
node are collected by the anode and
leave the photomultiiplier at the out-
put signd. If, onthe average, 4 sec-
ondary electrons are liberated a each
dynode for each dectron griking that
dynode. the current amplification for
a 12-gage photomultiplier is 412, or
goproximately 17 million. Thus the
liberation of a single photodectron
at the photocathode results in 17
million eectrons being collected at
the anode. Because this pulse has a
time duration of approximately 5
nanoseconds, the anode current is
approximately 1 milliampere at the
peak of the anode-current pulse.

PHOTOEMISSION AND
PHOTOCATHODES

Photoemission is a proces
which dectrons ac liberated from
the surface of a materid by the inter-
action of photons of radiant energy
with the maerid.” The energy of a
photon F,, is given by
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Ep —_ hV = T (l)

where v is the frequency of the in-
cident radiation, A is the wavelength
of the incident radigtion, h is Planck’s
qguantum of action, and c is the
velocity of light, Subditution of the
numerical values of these congants
from Appendix A provides the fol-
lowing relation:

g 12395

{ L h (2)

where E, is in dectron-volts and A
is in nanometers. Thus, photons of
visble light which are in the wave
length range from 400 to 700 nano-
meters  have energies ranging from
31 to 1.8 electron-volts.

Fundamentals of Photoemission
An ideal photocathode has a
quantum effidency of 100 per cent;
i.e, every incident photon releases
one photodectron from the materid
into the vacuum. All practicd photo-
emitters have quantum efficiencies be-
low 100 per cent. To obtan a
quditative understanding of the vari-
ations in quantum efficiency for
different materids and for different
wavelengths or photon energies, it is
ussful to condder photoemisson as
a process involving three seps (1)
absorption of a photon resulting in
the transfer of energy from photon
to dectron, (2) motion of the elec-
tron toward the material-vacuum
interface. and (3) escape of the dec-
tron over the potential barrier at
the surfece into the vacuum.
Energy losses occur in each of
these steps. In the first step, only
the absorbed portion of the incident
light is effective and thus losses by
transmission and reflection reduce
the quantum efficiency. In the sec-
ond step. the photoelectrons may
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loe energy by collison with other
electrons (electron scattering) or
with the lattice tphonon scattering).
Findly, the potentid barrier a the
surface (cdled the work function in
metas) prevents the escgpe of some
electrons.

The energy losses described vary
from materia to material, but a
magjor difference between metallic
and semiconducting materids makes
separate consideration of each of
these two groups useful. In metds, a
large fraction of the incident visble
light is reflected and thus lost to
the photoemisson process. Further
losses occur as the photoelectrons
rgpidly lose energy in collisons with
the large number of free eectrons
in the metal through eectron-eectron
scatering. As a result, the escape
depth, the distance from the surface
from which dectrons can resch the
surface with sufficient energy to over-
come the surface barrier, is gamal,
and is typicdly a few nanometers.
Findly, the work function of most
metas is greater than three dectron-
volts, so that visble photons which
have energies less than three eectron-
volts are prevented from producing
dectron emisson. Only a few meads,
particularly the akali ones, have
work-function values low enough to
make them sengtive to visble light.
Because of the large energy losses
in absorption of the photon and in
the motion of the photoelectron
toward the vacuum (the first and
second steps described above), even
the alkali metals exhibit very low
quantum efficiency in the visble re-
gion, usudly beow 0.1 per cent (one
electron per 1000 incident photons).
As expected, higher quantum efi-
ciencies are obtained with higher
photon energies. For 1 f-eectron-volt
photons, quantum yields as high as
IO per cent have been reported.

The concept of the energy-band

modds that describe semiconductor
photoemitters is illustrated in its
simplest form in Fig. 2. Electrons
can have energy vadues only within
well defined energy bands which are
separated by forbidden-band  gaps.
EA-ELECTRON  AFFINITY
EG - BAND GAP ¥
CONDUCTION BAND EA

FORBIDDEN BAND Eg_'i EatEs

|
VALENCE BAND i FERMI }
| LEVEL

SEMICONDUCTOR|  VACUUM

Fig. 2 — Simplified semiconductor
energy-band model.

At OK, the dectrons of highest en-
ergy are in the so-called valence
band and are separated from the
empty conduction hand by the band-
gap energy E,. The probability that
a gven energy levd may be occu-
pied by an eectron is described by
Fermi-Dirac  datistics and  depends
primaily on the difference in energy
between the levd under consideration
and a reference level called the
“Fermi leve.” As a firsd agpproxima
tion, it may be sad that any energy
levels which are below the Fermi
level will be filled with dectrons, and
any levels which are above the Fermi
levd will be empty. At temperatures
higher than 0°K. some dectrons in
the vaence band have sufficient en-
ergy to be raised to the conduction
band, and these dectrons. as well as
the holes in the vaence band created
by the loss of electrons, produce
eectricd conductivity. Because the
number of electrons raised to the
conduction band increeses with tem-
perature, the conductivity of semi-
conductors aso increeses with tem-
perature. Light can be absorbed by
valence-band electrons only if the
photon energy of the light is a leest
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eaual to the band-gap energy Es.
If, as a result of light absorption.
electrons are raised from the vaence
band into the conduction band.
photoconductivity is achieved. For
photoemisson. ~ an electron in the
conduction band must have energy
gregter than the dectron dfinity E,.
The additional energy E. is needed
to overcome the forces that bind the
electron to the solid. or. in other
words, to convert a “freg’ dectron
within the materid into a free dec-
tron in the vecuum. Thus in terms
of the modd of Fg. 2, radiant energy
can convert an dectron into an in-
ternal photoelectron (photoconduc-
tivity) if the photon energy exceeds
E, and into an external photoelectron
(photoemission) if the photon energy
exceeds (E; + E,). As a result,
photons with totd energies E, less
than (E; + E,.) cannot produce
photoemission.

The following statements can
therefore be made concerning photo-
emission in semiconductors. First,
light absorption is efficient if the
photon energy exceeds Eg. Second,
energy loss by eectronclectron scat-
tering is low because very few free
eectrons are present; thus, energy
loss by phonon scattering is the pre-
dominant loss mechanism. The es
cape depth in semiconductors is
therefore much greater than in
metds, typicaly of the order of tens
of nanometers. Third, the threshold
wavelength, which is determined by
the work function in metds, is given
by the vdue of (E, + E.) in semi-
conductors. Synthesis of materials
with velues of (E; + Ea) beow 2
eectron-volts has demonstrated that
threshold wavelengths longer than
those of any metd can be obtaned
in a semiconductor. Semiconductors,
therefore, are superior to metds in
al three geps of the photoemissive
process. they dbisorb a much higher
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fraction of the incident light, photo-
eectrons can escape from a greater
digance from the vacuum interface.
and the threshold wavelengths can
be made longer than those of a metdl.
Thus, it is not surprising that all
photoemitters of practica importance
ae semiconducting materids.

In recent years, remarkable im-
provements in the photoemission
from semiconductors have been ob-
taned through dediberate modifica-
tion of the energy-band structure.
The approach has been to reduce
the dectron afinity, E,, and thus to
permit the escape of dectrons which
have been excited into the conduc-
tion band a greater depths within
the materid. Indeed, if the eectron
dfinity is made less than zero (the
vacuum level lower than the bottom
of the conduction band, a condition
decribed as “negative dectron &ffin-
ity” and illustrated in Fig. 3). the
escape depth may be as much as
100 times greater than for the
normal materid. The escape depth
of a photodectron is limited by the
energy loss suffered in phonon scat-
tering. Within a certain period of
time, of the order of 10—12 second,
the electron energy drops from a
levd above the vacuum levd to the
bottom of the conduction band from
which it is not able to escape into
the vacuum. On the other hand, the
dectron can day in the conduction

_L VACUUM

€a LEVEL

Posné\égu

@ CHAR

"~ SURFACE
REGION

SURFACE
F/ REGION

Fig. 3 — Semiconductor energy-band
model showing negative electron
affinity.
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band in the order of 10!* second
without further loss of energy, i.e,
without dropping into the valence
band. If the vecuum lcvd is below
the bottom of the conduction hand,
the dectron will be in an energy dae
from which it can excape into the
vacuum for a period of time that is
goproximately 100 times longer than
if an energy above the bottom of
the conduction band is required for
escape, as in the materials repre-
sented by Fig. 2. Therefore, a ma
terid conforming to the conditions
of Fig. 3 has a greatly increased
excagpe depth. Under such circum-
dances, the photosengtivity is sg
nificantly enhanced. Subdantid re-
sponse is observed even for photons
with energies close to that of the
band gap where the absorption is
week. Effident photoemisson in this
case results only because of the
grester escape depth.

The reduction of the dectron affin-
ity is accomplished through two
dseps. First.,,. the semiconductor is
made srongly p-type by the addition
of the proper “doping” agent. For
example, if gdlium asnide is the
host material, zinc may be incor-
porated into the crystal ldtice to a
concentration of perhaps 1,000 parts
per million. The zinc produces iso-
laed energy daes within the for-
bidden gap, near the top of the
valence band, which are normally
empty, but which will accept eec-
trons under the proper circumstances.
The p-doped maerid haes its Fermi
level near the top of the valence
band. The second step is to apply
to a semiconductor a surface film
of an dectropositive materid such
as cesium. Each cesium atom be-
comes ionized through loss of an
electron to a p-type energy level
near the surface of the semiconduc-
tor, and is hdd to the surface by
electrogatic  attraction.

The changes which result in the
energy-band  structure are  two-fold.
In the first place, the acceptance of
electrons by the p-type impurity
levels is accompanied by a down-
ward bending of the energy bands.
This bending can be understood by
observing that a filled date must be,
in general, below the Fermi level;
the whole dructure near the surface
is bent downward to accomplish this
result. In the second place, the
potential difference between the
charged dectropostive layer (cesum)
and the body charge (filled zinc
levds) results in a further depres
gon of the vecuum level as a reault
of a dipole moment right at the
surface.

Ancther way to describe the re-
duction of the dectron dfinity is to
condder the surface of the semicon-
ductor as a capacitor. The charge on
one sde of the capacitor is repre-
sented by the surface layer of cesum
ions, the other charge is represented
by the region of filled acceptor levels.
The reduction in the dectron afinity
is exactly equd to the potentid dif-
ference developed across the ca-
pacitor.

In a more rigorous andysis, the
amount by which the energy bands
are bent is found to be approximately
equal to the band-gap, and the
vacuum level is lowered until the
absorption levd of the eectropos-
tive materid is essentidly a the top
of the vaence band.

Measurements of
Photocothode Sensitivity

There are various ways of specify-
ing the sengtivity of a photocathode.
For many purposes, a knowledge of
the response of the photocathode to
paticular wavelengths or equivdent
energies of radiation is necessary.
Sometimes it is convenient to have
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a snge number to describe the re-
sponse of the photocathode to some
standard broad-band source, suchas
a tungsten lamp.

Variation in photocathode sensi-
tivity over the range of wavdengths
to which the photocathode materid
is sengtive is usudly described hy
means of a spectral-reponse curve
such as the one shown in Fig. 4.
The abscissa may represent the wave-
length in nanometers or angstroms,
or the photon energy in electron-
volts. The vaues can be converted
from one scde to the other by use
of Eq. 1

The ordinate can also be expressed
in many ways. The most common
scde is amperes per incident waitt,
a shown: a second common scae is
tha of quantum efficiency, the av-
eage numbers of photoelectrons
emitted per incident photon.

T

T
100k
w.—
w._
KaCsSb
40 -

2
T 1

ABSOLUTE SENSITIVITY —mA/WATT
S
T

| I N T |
200 400 600 800
WAVELENGTH —NANOMETERS

86 4 2
PHOTOELECTRON ENERGY —eV

Fig. 4 — Typical spectral-response
curve for a bialkali phorocarhode with
a 008 lime-glass window.

RCA Photomultiplier Manual

It should be noted that the spec-
tral response of photoemitters is
modified by the window material.
Therefore, the short-wavelength limit
of the spectrd response is generdly
a characterigic of the window rather
than of the photocathode.

A common practice is to specify
the response of the device to the in-
cdent flux from a tungsten lamp with
a limeglass window operaing a a
color temperature of 2854°K. The
units of measurement are most fre-
quently amperes per lumen. Some-
times sensitivity is expressed in
teems of photocurrent and the tota
incident radiant power from the
lamp on the photocathode window.
This sendtivity is commonly dated
in amperes per wat. It is the-genera
practice to give sengtivity messure-
ments in terms of incident flux. For
some purposes, such as the study of
photoemission phenomena, it may
he ussful to specify the sendtivity in
terms of absorbed flux.

Opaque and Semitransparent
Photocathodes

The photocathode consists of a
material that emits electrons when
exposed to radiant energy. There
are two types of photocathodes. In
one, the opague photocathode, the
light is incident on a thick photo-
emissve materid and the dectrons
ae emitted from the same dde as
that struck by the radiant energy. In
the second type, the semitranspar-
ent photocathode, the photoemissive
material is deposited on a trans-
parent medium so that the dectrons
are emitted from the side of the
photocathode opposite the incident
radigtion.

Because of the limited escape
depth of photoelectrons. the thick-
ness of the semitrangparent photo-
cahode film is citicd. If the film
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is too thick, much of the incident
radiant energy is absorbed a a dis
tance from the vacuum interface
gregter than the escape depth: if the
film is too thin, much of the incident
radiant energy is lost by transmis
son. Because radiant-energy absorp-
tion varies with wavelength, as shown
in Fg. 5, the spectrd response of a
semitransparent  photocathode can be
controlled to some extent by control
of its thickness. With increasing
thickness, for example for alkali
antimonides, blue response decreases
and red response increases because of
the difference in absorption coefi-
cients.

100/

-
§ I ! Ag-0-Cs
= 6o \, -
a.
§ - N ——— -]
8 |
T 40~ [} -
& \ {CsYNa, KSb
e I 1 N
i
20} \ -
\
| \ ]
\
l I | I 1 }

0 400 600 1200 1600
WAVELENGTH-NANOMETERS

Fig. 5 — Radiation absorption for three

commonly used semitransparent photo-

cathode materials. Note loss of absorp-
tion in red region.

Photocathodes of
Practical Importance

The photocathodes most com-
monly used in photomultipliers
ae slver-oxygen-cesum (Ag-0-Cs) ,
cesium-antimony (Cs,Sb), multi-
akali or trialkali [(Cs) Na,KSb]*,

= The parenthetica expresson (Cs) in-
dicates trace quantities of the dement.

11

and bidkdi (K,CsSb). Typicd spec-
tral-response curves for these ma
terids are shown in Fg. 4 and Fig.
6. Additional information about
these and other photocathodes of
practical importance is shown in
Table 1.

The long-wavelength response of
the multialkali photocathode has
been extended recently by process
ing changes including the use of an
increased photocathode-film thick-
ness at the expense of the short-
wavelength  response. A typical
spectra-response  curve for one of
these Extended Red Multi-Alkali
(ERMA) photocathodes is shown in
Fig. 7 in comparison with a con-
ventionally processed multialkali
photocathode.

ILRBRARL

ABSOL_UTE SENSITIVITY — mA/WATT

200 400 600 800 1000
WAVELENGTH — NANOMETERS

Fig. 6 — Typical spectral-response
curves, with 008 lime-glass window,
for (a) silver-oxygen-cesium (Ag-O-Cs),
(b) cesium-antimony (CssS$b). (c) multi-
alkali or trialkali [(Cs)Na:KSb].
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12 RCA Photomultiplier Manual
Table | — Nominal Composition and Characteristics of Various
Photocathodes.

Neminal Response  Type ol  Envelepe chdu;’ Luminews 'l:::l:':: Sensitivity Elﬁ.ﬁ:; t:l:':-
ot Dt [ Mo ML T, MR Gl ey 4118 e

L)
Ag-O-Cs Sl 0 0080 92.7 25 800 23 0.36 900
Ag-O-Rb S-3 0 0 285 6.5 420 18 0.55
Cs3Sb S-19 0 S0z 1603 40 330 64 2 0.3
Cs3Sb S4 0 0080 1044 40 400 4 13 0.2
Ca3Sh S-5 0 9741 1262 40 340 50 18 0.3
Cs3Bi S-8 0 080 757 3 365 2.3 0.77 0.13
Ag-Bi-O-Cs S10 S 0080 509 40 450 20 5.6 70
CsaSh S13 S Si02 799 60 440 48 14 4
Cs3Sb S-9 S 0080 663 30 480 20 53
Cs3Sh S11 S 080 88 60 M B 14 3
Cs3Sb S21 S 9741 ™ 30 440 23 6.7
Cs3Sh S17 0« 0080 667 125 490 83 21 1.2
NazKSb S-24 S 7056 1505 32 w64 23 0.0003
K-CsSh S 7740 117 80 400 a9 28 0.02
(Ca)NazKSb S sz 429 150 420 64 189 04
(Cs)NaKSb S0 S 0080 428 150 426 64 19 0.3
(Cs)NazKSbh S-25 S 0080 276 160 420 44 13
(Cs)NaKSb  ERMA S 7056 169 265 575 45 10 !
Ga-As O" 9741 148 250 450 3 10 0.1
Ga-AsP ¢ Sapphire 310 200 5 61 17 001
InGaAs-CsO ok (0080 266 260 40 7112 6 %g 14
Cs2Te s L gg o !
Cd S LiF “ o 3 07 [

Cul S LiF

a Numbers refer to the following glasses:
0080-Corning lime Class
9741-Corning Ultraviolet Transmitting Class
7056-Corning Borosilicate Glass
7740-Corning Pyrex Glass

Si0-—Fused Silica (Suprasil-Trademark of Engle-

hard Industries. Inc.. Hillside, New Jersey)

=

These conversion factors are the ratio of the
radiant sensitivity at the peak of the spectral
response characteristic in amperes per watt
the luminous sensitivity in amperes per lumen for
a tungsten test tamp operated at a color tempera-
tore of 2854°K.

c An RCA designation for “Eatended-Red Multialkali™

d An experimental  photocathode, private communi-
cation from B F. Williams, RCA Laboratories,

Princeton, New Jersey. The dark emission indi-
cated is S calculated value based on a bandgap
of 11 eV for the particular compositon  studied.
See also B.F. Williams. "InGaAsCsO, A Low
Work Function (Less Than 1.0 eV) Photoemitter,”
Appl. Phys. Letters 14. No. 9, p. 273 (1969).

* Not relevant

t Data unavailable; expected to be very low.
& Reflecting substrate.

® Single crystal.

§ Polycrystalline

0 = Opaque

§ = Semitransparent
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Fig. 7 — Typical ~ spectral-r nse
curve for _oneygf the Extended Red
Multi-Alkali (ERMA) photocathodes
in comparison with- a conventionally
processed multialkali  photocathode.

New Photocathode Materials

The negative-electron-affinity ma-
terids described earlier are used in
opaque photocathodes. Typica spec-
tral-response curves for GaAs(Cs)
and GaAs,P, - ,(Cs) opaque photo-
cathodes are shown in Fg. 8. De
velopment of negative-electrion-affin-
ity materids is proceeding repidly.
Therefore, improved sengtivities and
extended spectrd ranges may he an-
ticipated.

SECONDARY EMISSION

When eectrons drike the surface
of a maeid with suffident kinetic
energy,  secondary  eectrons  are
emitted.  The secondary-emission
ratio or yield, 9, is defined as follows

C

13

N\'
6= N, (3)
where N, is the average number of
secondary  electrons  emitted for N,
primary eectrons incident upon the
surface,

ABSOLUTE SENSITIVITY — mA& /WATT

' . H

[SEEES] B s ENA RN
WAVELENSTH — NANIMETER,
Fiv. 8 — Typical spectraiere.pome

curves for GaAs(Cs) und (;a4s,P. +#Cs)
opaque photocathodes.

Fundamentals of
Secondary Emission

The physcd processes involved
in secondary emisson are in many
repects smilar to those dready de
scribed  under Fundamentals  of
Photoemission. The main difference
is that the impact of primary eec
trons rather than incident photons
causes the emisson of dectrons. The
seps involved in secondary emission
can he daed briefly as follows

C
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1. The incident electrons interact
with electrons in the material and
excite them to higher energy states.

2. Some of these excited electrons
move toward the vacuum-solid inter-
face.

3. Those electrons which arrive at
the surface with energy greater than
that represented by the surface bar-
rier are emitted into the vacuum.

When a primary beam of electrons
impacts a secondary-emitting ma-
terial, the primary-beam energy is
dissipated within the material and a
number of excited electrons are pro-
duced within the material. Based on
experimental data, approximations
have been made 2 based on the as-
sumption that the range of primary
electrons varies as the 1.35 power of
the primary energy and that the num-
ber of electrons excited is uniform
throughout the primary range. The
numbers of excited electrons pro-
duced are indicated in Fig. 9 for
primary energies varying from 400

RCA Photomultiplier Manual

to 2200 electron-volts. The total
number of excited electrons pro-
duced by a primary is indicated by
the area of the individual rectangles
in the figure.

As an excited electron in the bulk
of the material moves toward the
vacuum-solid interface, it loses en-
ergy as a result of collisions with
other electrons and optical phonons.
The energy of the electron is very
rapidly dissipated as a result of
these collisions, and it is estimated
that the energy of such an electron
will decay to within a few times the
mean thermal energy above the bot-
tom of the conduction band within
10—12 second. If the electron ar-
rives at the vacuum-solid interface
with energy below that required to
traverse the potential barrier, it can-
not escape as a secondary electron.
Therefore, only those electrons ex-
cited near the surface of the ma-
terial are likely to escape as second-
ary electrons. The probability of

5 1 1T T T 1 T T T
MqOC 20} -|9
L]
) o 101 8 .E
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E ESCAPE FUNCTION EO 6 [+ 4
a 3 4
- (82
| 5
@ 5 w
& No. OF EXCIT&L o
ELECTRONS a v
w2 o
@ Eo\= 400V X
(&)
I3 L™
1200V

w - Eo £071600V S
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Fig. 9 -An illustration showing the processes of secondary emission. See text
far explanation.
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escape for an excited electron is
assumed to vary exponentially with
the excitation depth, as indicated in
Fig. 9. If the product of the escape
function and the number of excited
electrons (which is 1 function of
primary energy and depth) is inte-
grated, a secondary-emission-yield
function may be obtained, as indi-
cated in the insert at the top of Fig.
9. The model which has been as-
sumed thus explains the general
characteristics of secondary emis-
sion as a function of primary energy.
Secondary-emission yield increases
with primary energy, provided the
excited electrons are produced near
the surface where the escape prob-
ability is high. As the primary-
electron energy increases, the number
of excited electrons also increases,
but the excitation occurs at greater
depths in the material where escape
is much less probable. Consequently,
the secondary-emission yield even-
tually reaches a maximum and then

Experimental secondary-emission
yield values arc shown as a func-
tion of primary-electron energy in

Fig. 10 for MO, a traditional wc-
ondary-emission material, and for
GaP(Cs), a recently developed nega-

tivc-electron-affinity material. Al-
though both of these materials display
the general characteristics of sec-
ondary emission as a function of
primary energy, as expected from
the model illustrated in Fig. 8, the
secondary-emission yield for GaP(Cs)
increases with voltage to much
higher values. Even though electrons
are excited rather deep in the nega-
tive-electron-affinity material  and
lose most of their excess energy as
a result of collisions, many still es-
cape into the vacuum because of
the nature of the surface barrier.
When secondary electrons are
emitted into the vacuum, the spread
of emission energies may be quite
large, as illustrated in the curve of
Fig. 11 for a positive-affinity emit-

decreases with primary energy. ter. The peak at the right of the
300 —}— - :
1 I i | [ T v 1T 1 1 1
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Fig. 10 — Typical curve of secondary-emission yield as a function of primary

electron energy in GaP(Cs)

and MgO.
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Fig. 11 — Typical secondary-electron energy distribution: peak at right is caused
by reflected primary electrons.

curve does not represent a true sec-
ondary, but rather a reflected pri-
mary. Data are not avalable for the
emission energies from a negative-
electron-affinity material, but they
are expected to be consderably less
than for pogtive-affinity materias.

Negetive dectron affinity hes not
only expanded the field of photo-
emisson, but has proved very im-
portant in the development of greetly
improved secondary-emitting ma-
terids for use as dynodes in photo-
multipliers. With negative-electron-
afinity maerids, such as GaP, the
secondary-emission ratio increases
dmog linearly up to very high pri-
mary energies: factors up to 130
have been measured. This factor
compares with typicd vaues of less
than 10 for previoudy used dynode
meterids.

Effects of
Secondary-Emission Statistics

The datigica digtribution of sec-
ondary-emisson yields tends to de-

grade the dgnd-to-noise ratio in a
photomultiplier; the grestest contri-
bution to the noise occurs at the first
dynode. If the secondary-emisson
ratio of the firg dynode is improved
through the use of a negative-dec-
tron-affinity materid, such as GaP,
the emission datidics of the firgt dy-
node are markedly improved and the
peformance of the multiplier more
closdly resembles that of a perfect
amplifier. Photomultiplier statistics
ae explaned in gregter detail in the
section on Statistical Fluctuation and
Noise.

The incorporation of high-gain sec-
ondary-emisson  maerids  through-
out the dynode chain makes it
possble to design photomultipliers
with fewer gstages for given amplifi-
caions. The use of fewer stages dso
reduces the variation of gain with

voltage changes.

Time lag in Photoemission

and Secondary Emission
Because both photoemisson and

secondary emisson can be described

Photoemission and Secondary Emission 17

in terms of the excitation of eec
trons within the volume of the solid
and the subsequent diffuson of these
eectrons to the surface, a finite time
interval occurs between the ingtant
that a primary (photon or eectron)
drikes a surface and the emergence
of electrons from the surface.
Furthermore, in the case of second-
ay emisson, the secondaries can be
expected to reach the surface over a
period of time. Within the limita-
tions of a mechanigic approach to
a quantum phenomenon, time inter-
vads for metds or insulaors of the
order of 10—13 to 10—t second may
be egimaed from the known energy
of the primaries, ther approximately
known range, and the gpproximady
known diffuson veocities of the in
ternd eectrons. In negative-electron-
afinity semiconductors, it is known
that the lifetime of internal “free”
dectrons having ques-therma  ener-
gies (i.e eectrons near the bottom
of the conduction band) can be of
the order of 10—10 second.

. Thus far experiments have pro-

vided only upper limits for the time
lag of emisson. In the case of sec-
ondary emission, a variety of ex-
periments have established limits.
Severd investigators 3- 4 & have de-
duced limits from the messured per-
formance of electron tubes using
secondary  emitters.  Others, making
direct messurements of these limits,
determined the time dispersion of
secondary emisson by leting short
eectron bunches drike a target and
comparing the duration of the result-
ing secondary bunches with the
measured duration of the primary
bunch. By this means an upper limit
of 6 x 10— second was determined
for platinum 7 and an upper limit
of 7 x 10— second for an MgO
layer ® formed on the surface of an
AgMg dloy.

The upper limit for the time lag

in photoemission, however, is not
well edablished. One invedtigation 8
determined a limit of 3 x 10—% sec-
ond. From careful measurements ¢
of the time performance of fast
photomultipliers it can be inferred
that the limit must be at least an
order of magnitude smdler.

While these limits are a useful
guide to the type of time perform-
ance to be expected in present
photomultipliers, they will  probably
have less dgnificance as new photo-
multipliers using  semiconducting
photoemitters and secondary  emit-
ters are developed. Semiconductors
having minority-carrier lifetimes of
the order of microseconds are now
available. Probably, by combination
of this characteristic with negative
electron dfinity, higher gains and
guantum efficiencies can be achieved,
but at a sacrifice of time response or
band width. However, the firg gen
edtion of negative-dectron-affinity
emitters (eg., GaP) has actudly re-
sulted in photomultipliers having
better time performance because a
sndler number of dages operding
a higher voltage can be used. At
this time it can only be concluded
that in the future photomultipliers
will probably be desgned to match
in more detall the requirements of
a paticular use.
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Principles of Photomultiplier

THIS section describes the physi-
cal and electrical parameters of
interest in the design of photomul-
tipliers. The effects of dynode and
anode structures on such parameters
as time response, sensitivity, and dark
current are discussed. A section cov-
ering ruggedized photomultipliers de-
scribes their structure and method of
testing.

PHOTOCATHODE-TO-FIRST
DYNODE REGION

As mentioned in the preceding
section, two classes of photocathodes
are used in photomultipliers: opaque
and semitransparent. Because opaque
photocathodes are an integral part
of the electron-multiplier structure,
they are discussed later in connec-
tion with the electron multiplier.
Semitransparent  photocathodes are
formed on planar or spherical-section
windows which arc part of the photo-
cathode-to-first dynode region. Semi-
transparent photocathodes have large,
readily accessible light-collection
areas which may be directly coupled
to scintillation crystals.

A planar-photocathode design,
such as that shown in Fig. 12(a),
provides excellent coupling to a scin-
tillation crystal, but its time re-
sponse is not as good as that of a
spherical-section  photocathode. The
spherical-section photocathode shown
in Fig. 12(b) when coupled to a

Design

high-speed electron multiplier pro-
vides a photomultiplier having a
very fast time response. Some tube
types utilize a spherical-section

photocathode on a plano-concave
faceplate to facilitate scintillator
coupling. This design is usually
limited to faceplate diameters of two
inches or less because of the exces-
sive thickness of the glass at the edge.
The plano-concave faceplate may
also contribute to some loss in uni-
formity of sensitivity because of in-
ternal reflection effects near the thick
edge of the photocathode.

Design Analysis

Photocathode-to-first-dynode  struc-
tures are usually axially symmetric,
with the symmetry axis passing
through the center of the photo-
cathode. This symmetry simplifies
the electron-optical analysis of the
photocathode-to-first-dynode region
because the problem is reduced from
three dimensions to two. The first
step in the analysis is the solution of
the Laplace equation. V2 vV = 0.
Because a solution of this equation
in closed form is impossible for most
geometries, numerical solutions are
obtained;’ one solutions results in
the photocathode-to-first-dynode re-
gion shown in Fig. 12(b). Perform-
ance is determined by use of a
computer to trace equipotential lines
and electron trajectories which can
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Fig. 12 — Front-end recion of a photomultiplior with (a) a planar photocathode,
’ and by a spicrical-section protocathode.

then be superimposed on a schematic
diagram of the tube structure as
shown in Fig. 13.

Collection efficiency and time re-
sponse may be predicted from an
analysis of the electron trajectory.
The collection efficiency is defined
as the ratio of the number of photo-
electrons which land upon a useful
area of the first dynode to the num-
ber of photoelectrons emitted by the
photocathode. If all the photoelec-
trons began their trajectories at the
surface of the photocathode with
zero velocity, a collection efficiency
of 100 per cent would be possible:
however, because of the finite initial

velocities;’ some photoelectrons be-
gin their trajectories with unfavorable
angles of launch and are not col-
lected on the useful area of the first
dynode. Although collection effi-
cicncy is difficult to measure. it can
be calculated by computer by the
use of Monte Carlo simulations.4
In modern photomultiplier struc-
tures, first-dynode collection efficien-
cies vary from 85 to 98 per cent.
Ideally, the emitted photoelectrons
should converge to a very small area
on the first dynode: in practice this
electron-spot diameter is approxi-
mately 1/8 to 1/20 of the cathode
diameter, depending upon tube type.

i
|
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Fig. 13 -Cross section of a photomultiplier showing equipotential lines and

electron trajectories that

ELECTRON MULTIPLIERS

In a photomultiplier having an
opaque photocathode, the photo-
cathode is part of the electron-
multiplier or dynode-chain structure.
The circular cage structure, shown
in Fig. 14(a) for a “side-on” type of
photomultiplier, employs an opaque
photocathode and is one of the earli-
est multiplier configurations. Its rela-
tively fast time response is a result
of its small size and high interdynode
field strengths. This same structure
is also used in “head-on” type photo-
multipliers, as shown in Fig. 14(b).
Because of the type of symmetry in
the design, the number of dynodes
in these structures can be reduced by
units of two.

The “Venetian-blind” dynode struc-
ture shown in Fig. 15 has a compact,
rugged geometry and is generally
used with planar photocathodes be-
cause the relatively large area of the

were plotted by computer.

first dynode allows simple photoelec-
tron collector systems to be Used.
This structure is wused only when
time response is not of prime consid-
eration. The relatively slow time re-
sponse is a result of the weak elec-
tric field at the surfaces of the dynode
vanes. This structure is the most
flexible as to the number of stages.

The box-and-grid dynode struc-
ture, shown in Fig. 16, also has a
large first-dynode collection area.
The time response of this structure
is similar to that of a Venetian-blind
multiplier (slow) because of the weak
electric field within the box.

A linear-multiplier structure, such
as that shown in Fig. 17, offers good
time response. Because the dynode
stages (with the exception of the
first three and the last two) are itera-
tive, the number of stages in this
structure may be varied without elec-
tron-optic redesign.

The continuous-channel multiplier
structure 3 shown in Fig. 18 is very
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compact and utilizes a resgive emit-
ter on the indgde surface of a cylinder
rather than a discrete number of dy-
nodes. The lack of discrete dynodes
causes the dectron-multiplication da
tigtics to be poor because of the vari-
able path lengths and the vaiable
asociated voltages. The gain of a
continuous-channd multiplier is de
termined by the ratio of length, I,
to indde diameter, d; a typicd vaue
of this ratio is 50 but it may range
from 30 to 100.

An interesting multiplier structure
which has potentidly good time re-
sponse is a series of close-spaced
parallel-plane structures that use
transmisson dynodes. The dynodes
conds of thin membranes on which

primary dectrons impinge to cause
secondary emisson from the oppo-
gte dde There are, however, diffi-
culties in this construction: (1) in
obtaining rugged sdf-supporting dy-
nodes of reasonable size, and (2) in
preventing transmission of primary
eectrons which tend to degrade the
datigics of dectron trandt time

Fig. 18 — The continuous-channel
multiplier structure.

1-
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Multiplier  Analysis

The analysis of the multiplier
structure rcquircs solution of the
Laplace equation. This solution can
he obtained with an analog modd,
such as thr rubber membrane$ or
in digital form by use of a com-
puter.! Initial analysis rcquircs that
electrons from a large area of one
dynode be converged onto a smaller
area on the next dynode. Converg-
ence mugt take place in two dimen-
sions to keep the electron cascade
from spilling off the ends of the dy-
nodes. The over-all rounded shape
of the dynode shown in Fig. 19 con-
verges the eectrons in one dimen-
son, while the fidd-forming ridges
at or near the dynode ends converge
the electrons in the second dimen-
sion.

In an analysis of multiplier struc-
tures. space-charge effects may be
ignored in the early stages because
of the low current densties. How-
ever. space-charge effects must be
taken into account in the output
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Fig. 19— A dvnode whose over-all
rounded shape and field-forming ridges
converge the electron cascade.
stages of tube designsrequiring large
anode pulse currents. Such tubes
usually require higher interstage po-
tential differences near the anode to
overcome space-charge  saturation

effects.

ANODES

The primary function of the anode
is to collect secondary electrons
from the last dynode. The anode
should exhibit a congtant-current
characterigtic of the type shown in
Fig. 20. The simplest anode struc-
ture. shown in Fig. 21, is a grid-like
collector used in some venctian-hlind
structures. The secondary eectrons
from the next-to-last dynode pass
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Fig. 20 — Constant-current characteristic required of an anode.
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Fig. 21 — The simplest anode structure,
a grid-like collector.

through the grid to the last dynode.
Secondary electrons leaving the last
dynode are then collected on the
grid-like anode. Photomultipliers de-
signed to have fast time responses
require anodes with matched-imped-
ance transmission lines. Most high-
speed circuits are designed to utilize
a 50-ohm impedance, which requires
a 50-ohm transmission line within the
tube and a suitable connector or
lead geometry outside the tube to
permit proper interface. A more de-
tailed description of these require-
ments is given in the section on
Voltage-Divider Condderations.

Anode configurations and internal
transmission lines may be analyzed
by use of the standard methods of
cavity and transmission-line analy-
sis. These methods yield approximate
design parameters” which are op-
timized experimentally by means of
time-domain reflectometry, TDR 8.9,
TDR provides information about the
discontinuities in the characteristic
impedance of a system as a function
of dectrical length and is an ex-
tremely useful approach in the de-
sign of voltage-divider circuits and
mating sockets which do not readily
lend themselves to mathematical
analysis.

Certain anode structures in fast-
risetime photomultipliers exhibit a
small-amplitude pulse (prepulse) that
can be observed a nanosecond or
two before the true signal pulse. In
grid-like anode structures this pre-
pulse isinduced when electrons from

£9

the next-to-last dynode pass through
the anode grid. In more sophisticated
photomultiplier designs this phe-
nomenon may be suppressed by
auxiliary grids that shield the anode
from the effects of the impinging
electron cloud.

TRANSIT-TIME

CONSIDERATIONS
Photocathode Transit-Time
Difference

A time parameter of interestis
the photocathode transt-time differ-
ence, the time difference between the
peak current outputs for smultane-
ous small-spot illumination of differ-
ent parts of the photocathode. (In
practice, of course, one small area
at a time is illuminated and the
spread in illumination-peak output
intervals is measured.) In a planar-
cathode design, the transit time is
longer for edge illumination than for
center illumination because of the
longer edge trajectories and the
weaker dectric field near the edge
of the photocathode. The center-to-
edge transit-time difference may be
as much as 10 nanoseconds. The
spherical-section photocathode af-
fords more uniform time response
than the planar photocafhode be-
cause all the dectron paths are
nearly equal in length; however, the
transt time is dightly longer for
edge trajectories than for axial tra-
jectories because of the weaker elec-
tric field at the edge.

The photocathode transit-time dif-
ference is ultimately limited by
the initial-velocity distribution of
the photoelectrons, this distribution
causes time-broadening of the eec-
tron packet during its flight from
the photocathode to the first dynode.
The broadening effect can be mini-
mized by increasing the strength of
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the dectric hed a the surface of the
photocathode.

Electron-Multiplier
lime Response

Because the energy spread of sec-
ondary dectrons is even larger than
tha of photodectrons, initid-velocity
effects are the mgor limitation on
the time response of the electron
multiplier. Multiplier time response
is usually improved by the use of
high dectric-fidd drengths a the dy-
node surfaces and compensated de-
sign geometries. In a compensated
desgn, such as that shown in Fg.
22. longer eectron paths and weaker
fields dternate with shorter €ectron
paths and stronger fidds from dy-
node to dynode to produce nearly
equa totd trangt time

Excdlent time response is achieved
with crossedfidd multipliers  which
use both magnetic and electro-
static focusing fieds. Crossed-field

Fig. 22 — A compensated-design
multiplier.
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multipliers  yield nearly isochronous
electron trgectories because of their
compensation  characteridtics, the
higher-velocity dectrons have longer
path lengths between stages, and
thus arrive a the same time as dec-
trons which began with lower initid
veocities Because this type of multi-
plier must be operated a a unique
voltage for a given magnetic field
drength, gain is not adjustable un-
less eectromagnets are used.

Certain materids have advantages
over other materials in providing
good multiplier time performance.
For example, a standard dynode ma
terid, copper beryllium (CuBe), has
a maximum gan per sage of 8 a
a 600-volt interstage potential dif-
ference. In contrast, gallium phos-
phide (GaP) exhibits a gain of 50
or more a a IOOO-valt interstage
potentid  difference10 The advantage
in time performance of the GaP
dynode over one of the CuBe type
is that the number of stages, and thus
the total transit time, may be re-
duced, and that the energy spread of
the secondary eectrons is less.

RUGGEDIZED
PHOTOMULTIPLIERS

New and increased demands on
the capabilities of photomultipliers
to survive severe vibretiond environ-
ments have resulted in the develop-
ment of a series of ruggedized photo-
multiplier types. The ruggedization.
of these photomultipliers has &en
achieved without degradation of eec-
tricd  characteridtics.

Ruggedization of glass-envelope
photomultipliers has been accom-
plished by moving the dynode cage
extremely close to the stem (thereby
dragticaly shortening the lead lengths
and raisng their mechanicd resonant
frequency), and by using heavier
leads, extra spacers to hold the dy-
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node cage in place, and a specia
heavy-duty welding process on the
metal-to-metd joints. A new type of
tube, the gacked-ceramic photomul-
tiplier, has been developed for use
in the most severe mechanicd en-
vironments. In this type, each dynode
is mounted on the indde of a fla
metal ring which is separated from
the next dynode ring by a ceramic-
ring spacer. The metal rings and
ceramic spacers are then brazed to-
gether to form the vacuum envelope.

Ruggedized tubes are tested for
ther ablity to withdand sinusoidd
and random vibrations and for ther
ressance to shock. Test-parameter
vaues for RCA ruggedized photo-
multipliers are given in the Data
Section.

The “snusoidd vibration test” is
perfformed on apparaus that applies
a variable snusoidd vibration to the
tube. The sinusoidal frequency is
varied logarithmically with time
from a minimum to a maximum to a
minimum value. Each tube is vi-
brated in each of the three ortho-
gond axes shown in Fg. 23. The
total time for the vibration of all
three axes for ruggedized photomul-
tipliers is given in the Data Section.

The pesk accdleration is expressed
in units of the acceerdtion of gravity
a the earth’'s axis (32.17 ft/s*) and
is denoted by the symbol g. The
distance over which the tube is vi-
brated is referred to as the “double
amplitude” Double amplitude is the
digance between the limits of trave
of the tube in both directions of the
snusoidd  vibration.

The shock test is performed on
gpparatus that applies a haf-wave
snusoidd shock pulse to the photo-
multiplier tube. The tube is sub-
jected to the shock in each of three
orthogonal axes shown in Fg. 23.

The shock pulse is expressed in
terms of the pesk accderation of the

puse and the time duraion of the
pulse. The tubes may receive more
than one shock pulse in each of the
orthogond  axes.

¢ -
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Fig. 23 — Test axes used in random-
vibration and shock testing of stacked-
ceramic photomultipliers.

BASING CONSIDERATIONS

Photomultiplier tubes may have
gther a temporay or a permanently
ateched base. Dimendond outline
diagrams such as those shown in
Fg. 24 ae provided in the Techni-
cad Daa Section of this manuad and
in individud tube bulletins Indicated
on the diagrams are the type of base
employed, maximum mechanicd di-
mendons, radii of curvature where
goplicable, pinflead detals, location
and dimensions of magnetic parts
used (in tubes utilizing minimum
number of magnetic materids), and
notes regarding restricted mounting
areas, again where gpplicable.

Photomultiplier tubes intended to
be soldered directly to circuit boards
or housings arc supplied with semi-
flexible or “flying’ leads and a tem-

%
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FACEPLATE FACEPLATE—,
B - e
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PHOTOCATHODE {
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PROTECTIVE | T6BULE A
PLASTIC BASE
SHIELD o ¥ JEDEC No €12-72 —17
1 sor g e i g me
15 MINCEN 6T o ——7 1Y F sew n JUL P ¢
£ D | J T
D
TEMPORARY BASE
JEDEC No B20-107 —~
uLL
Dimensons Inches mm
R 394 max.06 100.0 max5
+. +1.
B 350 At 889 _
C 5 min. dia 12.7 min. dia
D .78 max. dia. 198 max. dia.
3 .755 max. dia. 19.18 max. dia.
F max. 9.7 max.
H 75 min. 19.0 min.
P 30 max 7.6 max.
R 10 max 25 max.

The dimendons in millimeters are derived from the badc inch dimensons
(1 inch=25.4 mm)
Fig. 24 - Typical dimensional-outline drawings showing rhe type of base supplied
with each tube and pertinent notes.

porary base, intended for testing
purposes only, that should be re-
moved prior to permanent inddla
tion.

A lead-terminal diagram that
shows  photomultiplier-tube lead
orientation with the temporary base
removed, shown in Fig. 25, provides

12 SEMIFLEXIBLE
LEADS
016 £ .004 DIA.

woex — | \_
{NOTE 2) (NOTE 2)
-0

Fig. 25 — Lead-orientation diagram.

a lead indexing reference. A lead-
connection diagram, such as the one
shown in Fig. 26, relates termind to

PIN 1 - DYNODE No |
PIN 2 - DYNODE No 3
PIN 3 - DYNODE Mo, S
PIN 4-DYNODE No 7
PIN S - DYNODE Mo 9
PIN 6 ~ ANODE
PN T - DYNODE Mo 10
PIN 8~ DYNODE No 8
PIN 9 ~ DYNODE No 6
PINIO ~ DYNODE Mo. 4
PINH ~ DYNODE No.2
PINI2 ~ PHOTOCATHODE
oY, «

DIRECTION OF LIGHT

INTO END OF BULE

LEAD 1 -DYNODE No. 1
LEAD 2 - DYNODE No.3
LEAD 3 - DYNODE No.5
LEAD 4 - DYNODE No.7
LEAD 5 - DYNODE No.9

LEAD 9- DYNODE No 6
LEADIO - DYNODE Mo.4
LEADH ~DYNODE No.2
LEAD 12 - PHOTOCATHODE

Fig. 26 — Lad-connection diagmm: (a.
with base connected, (b) with tempora.

base removed.

dectrode. Care must be exercised in
interpreting basing and lead-termind
diagrams to insure against possible
damage to the photomultiplicr re-
aulting from incorrect  connections.
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Basic Performance

Characteristics

HIS section discusses the opera-

tional characteristics of photo-
multipliers that are listed in the
Technical Data section of this Man-
ual and in the technical data bulls
tins that describe each type of
photomultiplier. The index at the
back of the Manual gives the loca-
tion of particular characteristics of
interest within the pages of this sec-
tion.

CLASSES OF DATA
Ratings

Photomultiplier ratings are estab-
lished to help equipment designers
utilize the performance and service
capability of each device 0 best ad-
vantage. These ratings are based on
careful study and extensive testing
and indicate limits within which the
operating conditions must be main-
tained to insure satisfactory perform-
ance. The maximum ratings given
arc based on the Absolute Maximum
System. a system initiated by the
Joint Electron Device Engineering
Council (JEDEC) and subscribed to
by the National Electrical Manufac-
turers  Association (NEMA) and
Electronic Industries Association
(EIA).

Equipment Design Parameters

Characteristic Range Values for
Equipment Design are included in
this Manual and in individual data
bulletins in addition to the maximum
ratings described above. Minimum,
maximum, and typical values of se-
lected parameters for a given tube
of a particular type are listed under
this heading to assist an equipment
designer in selecting the proper de-
vice for his application. Knowledge
of parameter values allows the de-
signer to specify the proper latitude
of voltage and gain controls, addi-
tional amplification, etc., which will
permit optimum utilization of the
device he has chosen. Of the para-
meters listed, some are measured
and some calculated from the mea-
sured quantities. Not all parameters
are described for every device be-
cause many parameters are im-
portant only in specific infrequent
applications.

RATINGS AND DESIGN
PARAMETERS

Voltage

The maximum voltage ratings for
photomultipliers are usually given as

Basic Performance Characteristics

the maximum voltage to be applied
between the anode and cathode, be-
tween the anode and the last dynode,
between consecutive dynodes, and
between the cathode and the first
dynode. A maximum anode-to-cath-
ode voltage is specified so that the
tube does not become regenerative.
At excessive values of voltage the
output current will become very
noisy and may become so large as
to exceed the current rating and
cause damage to the secondary-
emitting surfaces of the dynodes
which could result in eventual tube
failure. Maximum-voltage ratings are
also specified between the last dy-
node and the anode. This rating is
usually made somewhat lower in
value than the ratings between con-
secutive dynodes to reduce the pos-
sibility of breakdown between the
last dynode and the anode as a re-
sult of the close proximity of the
two. Maximum voltages between
consecutive dynodes are specified to
prevent the possibility of breakdown
between these elements and also to
prevent excessive ohmic leakage in
the region of the stem leads. The
inter-dynode maximum voltage rat-
ing maintains operation below the
point of maximum secondary emis-
sion above. which the gain actually
decreases. The specification of a
maximum  cathod-to-first-dynode-
voltage rating also reduces the pos-
sibility of leakage, breakdown, and
reduction in secondary emission.
The sum of the individual maxi-
mum voltage rating may exceed the
maximum  anode-to-cathode voltage
rating. This statement does not mean
that the over-all voltage rating can
be exceeded, but that, depending
upon the application, special volt-
age distributions may be made. A
detailed discussion of voltage distri-
bution is given in the section on
Voltage-Divider Considerations. One
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possible application in which special
or “tapered” voltage distribution may
be desirable is in equipment in which
large anode pulse currents may be
encountered. To reduce the possi-
bility of space-charge limiting, it is
often desirable to increase the volt-
age between the last few successive
dynodes and between the last dynode
and the anode. It may also be de-
sirable to increase the normal cath-
ode-to-first-dynode potential when
optimum pulse-height resolution is
desired.

Cathode Current

The magnitude of the maximum
permissible cathode current depends
upon the type of photocathode and
the type of substrate or conductive
layer upon which the. photocathode
is placed. In a tube having a semi-
transparent bialkali photocathode up
to approximately one inch in di-
ameter, a peak cathode current of
1 x FI0~8 ampere at a tube tem-
perature of 22°C or 1 X 10—10
ampere at —100°C should not be
exceeded. Tubes having larger photo-
cathodes should not be subjected tO
cathode currents exceeding 1x 10—
ampere at a tub temperature of
22°C or 1 x 10— ampere at
-IO0’C. Because of the resistivity
of the photocathode. the voltage drop
caused by higher peak cathode cur-
rents could produce radial electric
fields across the photocathode, and
result in poor photoelectron collec-
tion at the first dynode. Photo-
surface resistivity also increases with
decreasing temperature and thus re-
duces the maximum permissible cur-
rent still further.

Opaque cesium-antimony photo-
cathodes can be operated at peak
cathode currents as high as 100
microamperes per square centi-
meter. Semitransparent cesium-anti-
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mony photocathodes (CsSb) should
be operaed a currents less thanl
microampere per Square centimeter
at room temperature, and propor-
tiondly less as the ambient tempera
ture Is r-educed. Semitransparent
multialkdi and Ag-0-Cs (S1) photo-
cathodes have lower resistivities
than the CsSb types and can be oper-
ated a currents as high as 100 micro-
amperes per square centimeter at
room temperature, again, derating is
required as temperature is reduced.

Anode Current

All  photomultipliers have a maxi-
mum anode current rating. The pri-
mary reason for such a rating is to
limit the anode power dissipation
to approximately one-half watt or
less. Consequently, the magnitude of
the maximum anode current is re-
dricted to a few milliamperes when
the tube is operated at 100 to 200
volts between the last dynode and
the anode. Space-charge effects must
dso be consdered in  computation
of the magnitude of the maximum
recommended anode current. As the
anode current incresses. operation
becomes nonlinear because of the
space-charge buildup between the
last few dynodes and the last dynode
and the anode. Even though a photo-
multiplier acts essentidly as a con-
dant-current  device, the signd volt-
age developed across the load is in
series with the last-dynode-to-anode
voltage and consequently opposes it.
Nonlinear operation may occur as
the load resistance and load current
become large.

Another possble adverse effect of
operding a given photomultiplier at
an excessively high anode current is
the increased fatigue that occurs as
the average anode current incresses.

————- C -
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Temperature

A maximum ambient temperature,
and in some instances a minimum
temperature, is specified for all
photomultipliers. The specification of
maximum ambient temperatures re-
duces the posshility of heat dam-
age to the tube. Because dark current
(noise) increases with temperature, it
is possble that a point of ingability
may be reached a high temperatures
a which the tube will bresk down
and the resulting large currents
permanently damage the secondary-
emitting surfaces of the dynodes.
Even if the dark current does not
increese to a level that causes re-
generdtion, the tube might be dam-
aged as a reault of changes in the
composition of the photocathode and
dynode materials. Cesium, for ex-
ample, is very voldile and may be
driven from the photocathode and
dynode surfaces to condense on the
cooler portions of the tube and
thereby reduce gain and cathode
sengtivity or  baoth.

It is recommended that photomul-
tipliers be operated at or beiow
room’temperature so that the effects
of dark current are minimized. The
vaidaion of dark current, or noise,
is mogt important because of its ef-
fect on ultimae low-light-level sens-
tivity. Various cryostats and solid-
date thermionic coolers have been
designed that reduce dark current
a low temperatures in low-light-level
applications.  An important consider-
aion in the use of these devices is
to prevent condensation of ‘moisture
on the photomultiplier window. A
controlled  low-humidity ~ atmosphere
or special equipment configuration
may be necessary to prevent such
condensation.

When the temperature is varied,
small changes in the spectral re-
goonse characterigtics of the photo-
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Fig. 27 — Temperature coefficient of cesium-antimony cathodes as a function
of wavelength at 20*C. Note the large positive effect near the threshold.

cahode may be observed. Fig. 27
shows a temperature coefficient of
sengtivity of a CsSb photocathode as
a function of wavdength! The in-
ceese of red sengtivity with tem-
perature is typicd for photoemisson.

Although it is recommended that
photomultipliers be operated at or
below room temperature, many de
vices have minimum operaing tem-
peratures. The materials used in
producing photocathodes are semi-
conductors.  Their  conductivity —de-
creases with decreasing temperature
until the photocathode becomes o
resdive tha a sizable voltage drop
may occur across the cathode sur-
face when cathode current flows.
Such a voltage drop may result in
loss of linearity of the output cur-
rent as a function of light levd. Fag.
28 shows the resistance per square
of common semitransparent photo-
cathode materids,  messurements
were made in gpecid tubes having
connections to parallel conducting
lines on the photocathode. Semi-

transparent photocathodes of the
biakdi and cesum antimony types
have particularly high resistivity.
Consequently,  the operating tem-
peratures of these photocathodes
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should be kept above — 100°C de-
pending somewhat upon the photo-
cathode diameter, the light-spot
diameter, and the cathode current.
The larger the photocathode diameter
and the smaller the light-spot di-
ameter. the more severe the effect.
Opaque photocathodes and photo-
cathodes having conductive sub-
strates can be operated at cryogenic
temperatures.

Ancther reason for avoiding the
operation of photomultipliers at ex-
tremely low temperatures is the pos-
sible phase change that this type of
operation may cause in some of the
metal parts. These changes are par-
ticularly prohable when Kovar is
used in metal-to-glass seals. Tubes
utilizing Kovar in ther consruction
should not be operated at tempera-
tures below that of liquid nitrogen
(- 196°C).

In some tubes, particularly those
with multialkali photocathodes, it is
sometimes observed that the noise
actually increases asthe temperature
of the photocathode is reduced be-
low about -40°C. The reason for
this noise increase is not under stood.
However, most of the dark-current
reduction has already been achieved
at temperatures above -40°C.

In general, it is recommended that
all wires and connections to the tube
be encapsulated for refrigerated
operation. Encapsulation minimizes
breakdown of insulation, especially
that caused by moisture condensa-
tion.

Exterior Magnetic ond
Electrostatic Fields

All photomultipliers are to some
extent sensitive to the presence of
magnetic and electrostatic fields.
These fields may deflect electrons
from their normal path between
stages and cause a loss of gain.
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Tubes designed for scintillation
counting are generally very sensitive
to magnetic fields because of the
relatively long path from the cathode
to the first dynode; consequently,
such tubes ordinarily require electro-
static and magnetic shielding. Mag-
netic fields may easly reduce the
anode current by as much as 50 per
cent or more of the “no-field” value.

The three curves in Fig. 29 show
the effect on anode current of mag-
netic fields paralld and perpendicular
to the main tube axis and paralle to
the dynodes. The curves are usually
provided for one or more values of
over-all applied voltage and indi-
cate the relative anode current in
per cent as a function of magnetic
field intensity in oersteds. Fig. 30
shows the variation of output current
of several photomultiplier tubes as
a function of magnetic-field intensity
directly paralld to the major axis of
the tube. The magnitude of the effect
depends to a great extent upon the
sructure of the tube, the orientation
of the field, and the operating volt-
age. In general, the higher the operat-
ing voltage, the less the effect of
these fields.

High-mu material in the form of
foils or preformed shields is avail-
able commercially for most photo-
multipliers. When such a shied is
used, it must be at cathode potential.
The use of an external shield may
present a safety hazard because in
many applications the photomulti-
plier is operated with the anode at
ground potential and the cathode at
a high negative potential. Adequate
safeguards are therefore required to
prevent personnel from coming in
contact with the high potential of
the shield. The application of high
voltage, with respect to the cathode,
to insulating or other materials sup-
porting or shieding the photomulti-
plier at the photocathode end of the
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Fig. 29 — Curves showing the effect on
anode current of magnetic fields parallel
and perpendicular to the main tube
axis and parallel to the dynodes.

tube should not be permitted unless
the materials are of the type that
will limit the leakage current to the
tube envelope to 1 X 10-12 ampere
or less. In addition to increasing dark
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current and noise output because of
voltage gradients developed across
the envelope wall, the application of
high voltage may produce leakage
current to the cathode through the
tube envelope and insulating ma-
terials, this current can permanently
damagethetube.

It is possible to modulate the out-
put current of a photomultiplier
with a magnetic field. The application
of a magnetic field generally causes
no permanent damage to a photo-
multiplier although it may magne-
tize those internal parts of a tube
that contain ferromagnetic materials
(tubes are available which contain
practically no ferromagnetic ma-
terials). If tube parts do become mag-
netized, the performance of the tube
may be degraded somewhat; how-
ever, the condition is easily corrected
by degaussing, a process in which a
tube is placed in and then gradually
withdrawn from the center of a cail
operated at an alternating current
of 60 Hz with a maximum fiied
strength of 100 oersteds.

Environments of Excessive
Vibration or Shock

Most photomultipliers will survive
only a reasonable amount of shock
or vibration (less than 10-g shock,
depending on shock duration and di-
rection). Although special photomul-
tipliers have been designed to sur-
vive in extreme environments (shock
values from 30 to 1500 g), the user
should make every effort to avoid
excessive shock or vibration, possi-
bly by the use of special vibration-
isolation fixtures. The photomultiplier
tube should be handled as the ddli-
cate instrument that it is. Excessive
shock or vibration can actually cause
physical damage to the tube to the
point of shorting out some of the
elements or even resulting in break-

C
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Fig. 30 — Variation of output current of several photomultiplier tubes as a func-
tion of magneric-field intensity directly parallel 10 the major axis of the twbe.

age of the envelope and loss of
vacuum. A lesser degree of shock
may result in deformation of the ele-
ments of the tube which can result
in loss of gain or deterioration of
other performance parameters. If
measurements are being made while
a tube is vibrated, it is likely that
the output will be modulated by the
vibration not only because the light
spot may be deflected to diierent
positions on the photocathode but
because some of the dynodes may
actually vibrate and cause modula-
tion of the secondary-emission gain.

Many photomultipliers have been
designed for use under severe en-
vironmental conditions of shock and
vibration and, in many cases, spe
cifically for use in missile and rocket
applications. Such tubes, however,
find uses in many other applications
including oil-well logging or other
indugtrial control appulications where
the tube may be subjected to rough
usage. These tubes are available
with most of the electrical and spec-
tral characterigtics typical of the
mor e-general-purpose types. These
types differ primarily in mechanical
congruction in that additional sup-
porting members may be employed

and an improved cathode connection
may be used to insure positive con-
tact when the tube is subjected to
these environments.

Tubes recommended for use un-
der severe environmental conditions
are usually designed to withstand en-
vironmental tests equivalent to those
specified in the applicable portions
of MIL-E-5272C or MIL-STD-810B
in which the specified accelerations
are applied directly to the tubes.
Certain other types of photomulti-
pliers, particularly those utilizing
stacked ceramic-to-metal brazed con-
gruction, have an environmental
capability in excess of those specified
in the above military specifications.
These types find use in applications
in which the tube must not only sur-
vive but operate reliably during
periods of extreme shock and vibra-
tion such as those encountered dur-
ing an actual rocket launch.

Unusual Atmospheric
Environments

Photomultipliers may be operated
in environments in which the pres-
surevaries from that of a nearly per-
fect vacuum such as would be

Basic Performance Characteristics 37

encountered in space to several at-
mospheres as per hapswould be pres-
ent in an underwater application.
Although  photomultipliers  them-
selves may operate at very low pres-
sures, precautions must be taken to
reduce the possbility of breakdown
between external tube and circuit
edements in partial-pressure environ-
ments as predicted by Paschen's Law.
The gas contributing to the partial
pressure could be the result of out-
gassing of encapsulating and other
materials used external to the photo-
multiplier.

High-pressure operation of photo-
multipliers depends primarily upon
the physical size and strength of the
materials employed in their construc-
tion. Although a two-inch-diameter
tube employing stacked ceramic-to-
metal brazed construction can easily
withstand 4 or 5 atmospheres, other
all-glass  two-inch-diameter  tubes
with very thin entrance windows are
limited to only dight additional load-
ing above atmospheric pressure.

Helium Penetration. Because he
lium permeates through glass, the
operation or storage of photomulti-
pliers in environments where helium
is present must be avoided. Tubes
subjected to such an environment
will exhibit a noise increase and
possibly an increase in afterpulsing.
Depending upon the degree of
permeation, a point will soon be
reached at which complete ioniza-
tion takes place and makes the tube
unusable. Continued operation will
result in the deterioration of the
photocathode response and lead to
an inoperative tube.

PHOTOMULTIPLIER DATA
Sensitivity

Sensitivity provides an indication
of the magnitude of the signal that

may be expected for a given light
input. Photocathode and anode sensi-
tivities are stated in terms of lumi-
nous or radiant senstivity.

Current amplification is stated in
terms of the ratio of anode output
current to photocathode current and
is measured at specified values of
electrode voltage. Typical photomul-
tiplier current-amplification values
range from 104 to 10°* when the
tubes are operated at the voltages
recommended for the number of
stages and dynode materials used.

Fig. 31 describes the anode sensi-
tivity in amperes per lumen and the
typical amplification characteristics
of a photomultiplier as a function of
the applied voltage. These curves
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No.9 8 ANODE.
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illusrate the wide range of ampli-
fication of which a photomultiplier
is capable, provided a well regulated
voltage power supply is available.
It is customary to present these
sensitivity, amplification, and voltage
data on logarithmic scales that cover
the normal range of operation; the
resultant curves are then closdly ap-
proximated by straight lines. Curves
of minimum and maximum senstiv-
ity arc shown, as well as those of
the typical senstivity and amplifi-
cation.

Luminous sensitivity is defined as
the output anode current divided by
the luminous flux incident on the
photocathode, measured at a spe-
cified electrode voltage;, it is ex-
pressed in amperes per lumen, A/dm.
Luminous sensitivity is most fre-
quently stated in terms of a tungsten-
filament light source in a lime-glass
envelope operated at a color tem-
perature of 2854°K. A typical lumi-
nous flux for test purposes is in the
range of 10-3 to 10—3 lumen.

Cathode Iluminous sensitivity is
the photocurrent emitted per lumen
of incident light flux on the photo-
cathode at constant electrode volt-
age, and is also expressed in terms
of amperes per lumen, A/1Im. In the
measurement of cathode luminous
sengtivity in a photomultiplier, a dc
voltage of 100 to 250 voltsis applied
between the cathode and all other
electrodes connected together as an
anode. Light flux in the order of
10—21t0 10—+ lumen is then applied,
and the measured photocurrent is
divided by the specified light level
to yield the required amperes per
lumen.

It is customary in sensitivity
measur ements to subtract any dark
current which may be present so
that only the effect of the radiation
is recorded.
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Radiant sensitivity is the output
anode current divided by the inci-
dent radiant power at a given wave-
length, measured at a constant
electrode voltage. Cathode radiant
sensitivity is the amount of current
leaving the photocathode divided by
the incident radiant power at a given
wavelength, usually the wavelength
of peak response. Values at other
wavelengths can be computed from
the relative-spectral-response curve.
Alhough radiant sendtivity may be
measured directly with suitable
monochromatic sources and radia-
tion-measuring  eguipment, it is
usually computed from the measured
anode and cathode luminous-sens-
tivity values and expressed in terms
of amperes per watt, A/W. This
computation uses conversion factors
and is dependent upon established
typical spectral-response character-
igtics.

Some users prefer to use integral
radiant sensitivity instead of lumi-
nous sensitivity because the latter
expression, although very commonly
used, does have an dement of in-
appropriateness especially when used
to express the sensitivity of devices
which have senstivity beyond the
visible range of radiation.

Integral radiant senstivity is the
ratio of the anode or photocathode
current to the total radiation in watts
impinging on the photocathode from
a tungsten test lamp operating at a
color temperature of 2854-K. Be-
cause it is very difficult to calibrate
a tet lamp in total radiant watts, it
is customary to use a luminous cali-
bration and a conversion factor for
the lamp of 20 lumens per watt.

Another  sengtivity  parameter
often specified for tubes, especially
those intended for scintillation de-
tectors, is blue sensitivity. Because
most scintillators produce radiation
in the blue region of the spectrum,

Swhe
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tubes intended for these applications
are processed for maximum sensi-
tivity in this region. It has been
found, during processng of such
photomultipliers, that the maximum
sengtivity for blue and for white
light often does not occur at the
same time. The anode blue sensitivity
is measured with rated voltages ap-
plied to the electrodes and a source
of blue light incident upon the cath-
ode. The bluelight source has a
spectral output as indicated in Fig.
32 and consists of the flux of tung-
sten radiation at a color temperature

SPECTRAL CHARACTERISTIC OF LIGHT FROM
2854°K SOURCE AFTER PASSING THROUGH

BLUE FILTER (CORNING C.S. No.5-58
POLISHED TO 1/2 STOCK THICKNESS).

MAXIMUM  FILTER TRANSMISSION OCCURS AT
430 NANOMETERS AND 1S 60 PERCENT
—r 1 T
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Fig. 32 — Spectral output of a blue
light source used in measuring anode
blue sensitivity. .
of 2854°K which is transmitted
through a bluefilter. Sensitivitiesare
termed “blue’ but are expressed in
terms of the light flux which is in-
cident upon the filter. Incident light

fluxes range between 10-8 and 107
lumen, depending upon the tube
senstivity, when the anode blue
sensitivity is measured, and between
10—-2 and 10—* lumen when the cath-
ode blue sensitivity is measured.
Blue sensitivity is expressed in am-
peres per “blue’ lumen.

A spectral response curve pro-
vides the most complete specifica-
tion of the sendtivity of a photo-
cathode. Fig. 33 shows a set of
typical spectral-response character-
istics. Spectral-response characteris-
tics may be given in terms of
absolute radiant sensitivity, relative
sensitivity, or quantum efficiency as
a function of waveength. These
quantities are discussed in detail in
the following paragraphs.

The uppermost curve of Fig. 33,
the relative-sensitivity curve. shows
the per-cent relative sensitivity of the
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Fig. 33 — A set Of typical spectral-
response choracreristics.
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peak sensitivity at each waveength
over the useful spectrd range of the
devicee The center curve provides
the absolute radiant sensitivity in
units of milliamperes per wait. The
third curve shows the per-cent quan-
tum efficiency a each waveength.

The wavdength of peak response
and the long-wavdength cutoff are
primarily ~ functions of the photo-
cathode material. The short-wave-
length cutoff is primaily a function
of the window maerid. Each win
dow materid hes its characteristic
cutoff region that varies from about
300 nanometers for commonly used
lime glass to 105 nanometers for
lithium  fluoride

Cathode quantum efficiency may
be defined as the average number of
photoelectrons  emitted per incident
photon. The cathode quantum effi-
ciency, QE, in per cent a any given
wavelength can be caculated from
the following formula:

QE = 31_2_;9_1 (100)

where S is the cathode radiant sens-

tivity a the wavdength A in amperes
per watt. and A is the waveength in
nanometers, From this relaion and
the absolute (radiant) spectral-re-
sponse characteridtic it is posshble to
calculate the typical quantum effi-
cency a any waveength within the
spectral range of the photomultiplier

under congderation.

The relative spectra response can
also be used to calculate cathode
guantum efficiency if the radiant
sendtivity at the wavedlength of pesk
response is known. This cdculation
is made by multiplying the peak
radiant sengtivity by the percentage
of the pesk response (obtained from
the relativeresponse curves) for the
wavelength in quedion. The resultant
product is the absolute (radiant)

C
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spectral sendtivity for the desired
wavelength.

Dark Current

Current flows in the anode dcircuit
of a photomultiplier even when the
tube is operated in complete dark-
ness. The dc component of this cur-
rent is called the anode dark current,
or amply the dark current. This cur-
rent and its resulting noise com-
ponent usudly limit the lower leve
of photomultiplier light detection;
as a rexult. the anode dark-current
vaue is nearly dways given as pat
of the data for any tube

It is important to understand the
variation of dark current in the
photomultiplier as a function of vari-
ous paamees so that the ultimate
in low-light-levd detection can be
achieved. Although not all the
mechanisms by which dark current
is generated within a photomultiplier
are understood, they can be cate
gorized by origin into three types
ohmic leskage, emisson of eectrons
from the cathode and other elements
of the tube, and regenerative effects.

Interior ohmic leakage, the pre-
dominant source of dark current at
low operating voltage that can be
identified hy its proportiondity with

applied voltage, results from the im-

perfect insulating properties of the

glass stem, the supporting members,
or the base, and is adways present
but usually negligible. Contamina-
tion condgting of dirt, water vapor,
or greese on the outside of the tube
may &so contribute to ohmic lesk-
age. A source of leskage indde the
tube may be resdud dkdi meds
used in the photomultiplier process
ing.
ngAs the operating voltage of the
photomultiplier increases to mid-
range vaues, the dark current begins
to folow the gan characterigic of
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the tube. The source of this gan-
proportional dark current is the dark
or thermionic emission of dectrons
from the photocathode or the dy-
nodes. Because each thermionicaly
generaed dectron emitted from the
photocathode is multiplied by the
secondary-emisson gain of the tube.
the output is a pulse having a mag-
nitude equal to the charge of one
electron multiplied by the gain of
the tube. This process, involving da
tigica variations, is discussed in de
tail in the section on Statistical
Fluctuation aud Noise. Because the
emisson of thermionic dectrons is
random in time the output dark cur-
rent consists of random unidirec-
tional pulses. The time average of
these pulses may be measured on
a dc meter and is usudly the main
component of the dc dark current a
norma operating voltages. The vari-
able naure of the thermionic dark
current limits the sensitivity of a
tube a very low light levds It is
not posshle to bdance out the ef-
fect of this current in the same man-
ner as the effect of a steady dc
current resulting from ohmic leak-
age. It is usually advantageous to
operate a photomultiplier in the
range where the thermionic com-
ponent is dominant because in this
range the signd-to-noise ratio of the
tube is maximum.

Regenerative effects occur in al
photomultipliers at higher dynode
voltages and cause the dark current
to increase and become very er-
ratic. At times the dark current may
increese to the practicd limitations
of the tubel and circuit. Permanent
damage may be caused to the sensi-
tized surfaces.

Regenerdive effects may be trig-
gered by the eectrodatic potentia
of the wadls surrounding the photo-
cathode and dynode-structure re-
gton. Asshown in Fig. 34. a postive
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Fig. 34 — Effect of external-shield po-
tential on the noise of a 1P21 photo-
multiplier. Note the desirability of
maintaining a negative bulb potential.

potential with respect to the ceathode
on the envelope wdl can cause noisy
operation by contributing to the gen-
eration of minute ionic currents
which flow through the glass and
produce light at the cathode as a
result of fluorescence within the
glass. This noise need not arise from
direct connection of the envelope
wall to a positive potential: close
proximity of the tube to such a po-
tentid will yidd the same effect. In
addition to the increased dark cur-
rent and noise, the life of the photo-
cahode is usudly shortened when
regenerative effects are present. To
prevent this deterioration, the en-
velope wall should be maintained
near photocathode potential by
wrgpping or painting it with a con-
ductive materid and connecting this
material to cathode potential. The
connection is usudly made through
a high impedance to reduce the shock
hezard. Insulding materids must be
sdected to limit the leskage currents
in the vicinity of the photocathode
to less than 1x 10—*2 ampere.
Excess noise or dark current can
adso result from a number of other
sources. fluorescent  effects produced
on the inner surfaces of the bulb
during high-current operation, light
generated within the tube at the
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various dynodes and at the anode as
a result of eectrons striking these
elements, fidd emisson occurring a
sharp points within the tube, ionic
bombardment of the photocathode
as the result of minute quantities of
resdud gases and <dintillaions in
the glass envelope of the tube caused
hy radioactive dements within glass
(most glasses contain some radio-
active K. ) . .
Photomultipliers Wwith bialkali

photocathodes, and to a lesser ex-
tent those with cesium antimony
photocathodes, exhibit a temporary
increese in dark current and noise
by as much as three orders of mag-
nitude when the tube is exposed mo-
mentarily to blue light or ultraviolet
radiation from sources such as
fluorescent room lighting, as shown
in Fig. 35. This increase in dark
current  occurs even though voltage
is not gpplied to the tube, and may
persist for a period of from 6 to 24
hours &fter such irrediation.
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Fig. 35 — Variation of dark current
following exposure of photocathode to
cool white fluorescent-lamp radiation
The various photocathodes are identified
by their spectral-response symbols.

Dark-Current Specification. Dark-
current values are often pecified a
a paticular vdue of anode senstiv-
ity raher than a a fixed operating
voltage. Specifications of dark cur-
rent in this manner are more closdy
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relaed to the actud application of
the  photomultiplier.

The best operating range for a
given photomultiplier can usudly be
predicted from the quotient of the
anode dark current and the luminous
sengtivity a which the dark current
is messured. This quotient is iden-
tified as the Equivalent Anode Dark
Current Input (EADCI) in the
Technical Data section of this Man-
ud and in individud tube bulletins
and is the vdue of radiant flux ind-
dent on the photocathode required
to produce an anode current equa
to the dark current observed. The
units used in specifying EADCI are
dther lumens or waetts.

The curves in Fig. 36 show both
typical anode dark current and
equivdent anode dak current input
(EADCI) as functions of luminous
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sendtivity. These curves can be used
to predict the best operating range
for a tube by conddeing the raio
of the dark current to the output
sensitivity. The optimum operating
range occurs in the region of the
minmum on the EADCI curve, the
region in which the sgnd-to-noise
raio is dso near its maximum. The
increase in the EADCI curve at
higher vaues of sengtivity indicates
the onset of a region of ungtable and
erratic operation. Many curves of
this type also include a scale of
anode-to-cathode supply voltage cor-
responding to the sengtivity scde.

Dark-Current Reduction. Dark
curent may be reduced by cooling
the photomultiplier in a refrigerant,
such as dry ice. This procedure is
recommended in those gpplicaions
in which maximum current amplifi-
cation with minimum dark current is
required. It should be noted, how-
ever, that at reduced temperature
the resistance of the cathode in-
creeses and may reduce the maxi-
mum peak anode current.

If care is taken to avoid damage
to the photomultiplier by operation
with excessve current, the dark cur-
rent can often bc reduced by a
process of operaing the photomulti-
plier in the dark a or near the maxi-
mum operating voltage. This process,
cdled dark aging, may require sev-
ea hours to severd days. After such
a process of aging, it is recommended
that a photomultiplier be operated
for severd minutes a the reduced
voltage before measurements are at-
tempted.

Equivalent Noise Input. Dark cur-
rent is the average or dc vaue of
discrete pulses occurring a  random
intervals. The fluctuations or noise
asociated with these pulses limit the
measurement precision. Noise is
evaluated in terms of a signal-to-
noiseratio measurement under  spe-

cified operating conditions. If the
type of modulation and bandwidth
used in the measurement is known,
an equivdent noise input, ENI, can
be calculated from the signal-to-
noise ratio. Equivalent noise input
is defined as the vdue of incdent
luminous or radiant flux which,
when modulated in a stated man-
ner, produces an rms output cur-
rent equa to the rms noise current
within a gpecified bandwidth, usudly
1Hz.

To determine the ENI for any
other bandwidth. it is necessary only
to multiply the published ENI vdue
by the square root of that band-
width. The conditions under which
a vdue of ENI is obtained are Smi-
lar to those used to measure lumi-
nous sendtivity, except that the light
incident upon the photocathode is
modulated by a light chopper so that
a squaewave dgnd with equa on
and off periods is produced a the
photomultiplier  output.

It is of interest to condder wha
ENI may be expected for a photo-
multiplier if it is assumed that the
only source of noise is the photo-
cathode dark emission, i,. If the
photocathode sengtivity is given by
S in amperes per lumen and the un
modulated light flux by F in lumens
the unmodulated output signal is
equa to SFu, where y is the gan
of the multiplier. When the light is
chopped in an equal on and off
square wave with its peak amplitude
the same as that of the unmodulated
light flux, the rms dgnd output a
the fundamental frequency (with a
narrow-bandpass measuring  device)
is SFu(2)172/4. The rms noise cur-
rent from the dark emission in a
band pess of Af is given by the ex-
presson w(2ei,AP12, where e is the
charge of an eectron. This expresson
neglects the noise increese from dy-
node amplification statistics which
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may increase this noise current by
a few per cent. (See the section on
Statistical Fluctuation and Noise.)
In an evaluation of the expression
for ENI, the signal must be equated
to the dark noise, as follows:

SFu2i2 _
p

The value of EN1 is then approxi-
mately the value of F for the condi-
tion of this equation:

wiei,Af)' /2
S

For Df = 1i, = 10~1* ampere (a
reasonablv low value of photocathode
dark-emission current), and S = 100
microamperes per lumen, the ENI
is equal to 4 x 10—18 lumen. This
valueis equivalent to a photocathode
peak signal current of 4 x 10-17
ampere. Because this signal current
is almost two orders of magnitude
less than the photocathode dark-

p(2ei AN/

ENI = F =
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emisson current, the noise in the
signal current is negligible.

Because the dark emission is re-
duced as the temperature of the
photocathode is reduced, ENI may
be reduced by cooling the photomul-
tiplier. Fig. 37 shows the variation
of ENI for a 1P21 (opaque CsSb
photocathode) over a wide range of
temperature.

The differential dark-noise spec-
trum shown in Fig. 38 displays the
number of pulses counted per unit
of time as a function of their height.
Such a spectrum indicates the num-
bers of single and multiple electron
events originating at the photo-
cathode. Submultiple electron emis-
sion results from electron emission
at one of the dynode surfaces.

A differential dark-noise spectrum
is obtained with a multichannel
pulse-height analyzer. The calibra-
tion of the single-photoelectron
pulse height is determined by il-
luminating the photocathode with a
light level so low that there is a
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very low probability of coincident
photoelectron emission. The dark-
pulse distribution is then subtracted
from the subsequent combination of
dark pulses and single-photoelectron
pulses, so that the remainder repre-
sents only that digtribution resulting
from single-photoelectron events. By
adjusting the gain of the pulse-height
analyzer, the single-dlectron photo-
peak can be placed in the desired
channel to provide a normalized
digribution.

The dark-pulse spectrum of Fig.
38 is characteristic of photomuilti-
pliers intended for use in scintilla-
tion counting and other low-light-
level pulse applications. The dashed
portion at the left of the curve is an
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Fig. 38 — Typical dark-noise pulse
spectrum.

extrapolation to show the location
of the single photoelectron peak; the
solid portion shows the actual dif-
ferential dark-noise spectrum. The
rapid change in dope of this curve
in the pulse-height region of less
than one-half photoelectron is as
sumed to be the result of eectron
emission from the first- and second-
dynode surfaces.

The dope of the curve for the
pulse-height region between 1 and
4 photoelectrons is as expected for
singleglectron emission, when the
statistical nature of secondary-emis-
sion multiplication is considered. The
number of pulses in this region may
be reduced by cooling the photo-
multiplier.

The dope of the curve for the
pulse-height region greater than 4
photoelectrons is presumed to be
caused by multiple-electron-emission
events. These multiple pulses are
caused by processes such as ionic
bombardment of the photocathode.
Other mechanisms contributing to
the noise spectrum include cosmic
rays, fidd emission, and radioactive
contaminants that produce scintilla-
tions within the glass envelope. Cool-
ing has little effect upon reduction
of the number of these multiple-
electron pulses, but extended opera-
tion of the tube may improve
performance. Operation of the tube
may result in erosion of sharp points
and reduce the possible contribution
of field effects. In addition, improve-
ment occurs because residual gases
are absorbed within the tube, ion
bombardment of the photocathode is
reduced, and the resulting multiple
secondary-electron emission is les
sened.

For many applications it is useful
to have a summation of the total
number of dark pulses. In Fig. 38,
for example, the sum of dark-pulse
counts from one electron equivalent
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height to 32 electron equivalent
heights is 3 X 10* counts per min-
ute. The value of 32 is chosen to
be essentially equivalent to infinity.
Another useful figure is the summa-
tion of pulses in the range from 4
to 32 equivalent electron heights.
This sum for this particular distri-
bution is 2.2 x 10® counts per min-
ute and corresponds to the rate of
multiple-electron  events.

Pulse Counting

Pulse-Height Resolution. An im-
portant application of photomulti-
pliers is in scintillation counting.
(For a more detailed account of
scintillation counting. see the section
on Photomultiplier Applications.) In
many scintillation-counting applica-
tions, a photomultiplier is coupled to
a thallium-activated sodium iodide
Nal(T1) crystal in which scintilla-
tions are produced by gamma rays
resulting from nuclear disintegra-
tions. E&cause the output of a photo-
multiplier is linear with light input
and because the light energy of scin-
tillations is directly proportional to
the gamma-ray energy over a certain
range, an electrical pulse is obtained
which is a direct measure of the
gamma-ray energy. Consequently, an
important requirement of photomul-
tipliers used in nuclear spectrometry
is the ability to discriminate between
pulses of various heights. The para-
meter indicating the ability of a
tube to perform this discrimination
is called pulse-height resolution.

A typical pulse-height distribution
curve obtained with a Cs'7 source
and an Nal(T1) crystal is shown in
Fig. 39. The main peak of the curves
at the right is associated with mono-
energetic gamma rays which lose
their entire energy by photoelectric
conversion in the crystal. Pulse-
height resolution is defined as the
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PULSE HEIGHT RESOLUTION IN PER CENT
1S DEFINED AS 100 TIMES THE RATIO OF
THE WIDTH OF THE PHOTOPEAK AT HALF
THE MAXIMUM COUNY RATE IN THE
PHOTOPEAK HEIGHT (&) TO THE PULSE
HEIGHT AT MAXIMUM PHOTOPEAK
COUNT RATE (B).

LOG OF COUNT RATE —~ COUNTS
ER MINUTE PER PULSE HEIGHT INTER'

le—— PULSE HEIGHT B -—-——'I

Fig. 39 — Typical pulse-height distribu-
tion curve.

width of the photopeak at half the
maximum count rate divided by the
pulse height at maximum count rate.
Consequently, the lower the pulse-
height resolution, the greater the
ability of the photomultiplier to dis-
criminate between pulses of nearly
equal height.

The pulse-height resolution para-
meter is often measured by using
the 662-keV photon from an iso-
tope of cesium. Cs!37, and a cylin-
drical  thallium-activated sodium-
iodide scintillator. The Cs"7 source
is placed in direct contact with the
metal end of the scintillator pack-
age and the faceplate end of the
crystal is coupled to the tube by
means of an optical coupling fluid.
The load across which the pulse
height is measured may consist of a
100,000-0hm resistor and a capaci-
tance of 100 picofarads in parallel.
This combination provides a 10-
microsecond time constant.

Peak-to-Valley Ratio. In many
low-energy scintillation-counting  ap-
plications, noise as well as resolution

- .

el A PP =

Basic Performance Characteristics 47

becomes important. A parameter
which provides an indication of
photomultiplier usefulness in resolv-
ing low-energy X-rays is the pulse-
height spectrum obtained for an
Fe* radioactive isotope and shown
in Fig. 40. This parameter is mea-
sured by using an Nal(T1) scintilla-
tor with a thin beryllium window
and an Fe*% source. The decay of
this isotope of iron results in a 5.9-
keV X-ray. From the resulting spec-
trum a peak-to-valley ratio and a
pulse-height resolution can be cal-
culated.

Fe¥SOURCE, ACTIVITY 1uCURIE .
SCINTILLATOR HARSHAW, TYPE HG 0.005
BERYLIUM WINDOW, Nal (T£), 718"DTA.
0.040 "THTCK.

CATHODE-TO-DYNODE No.l VOLTS= 660
DYNODE  No.1-TO-DYNODE No.2 VOLTS =108
DYNODE No.2-TO-DYNODE No 3 VOLTS =151
EACH SUCCEEDING DYNODE-STAGE VOLTS = 108

ANODE-TO-CATHODE _ VOLTS =2000

FOCUSING ELECTRODE IS CONNECTED TO
DYNODE Nol POTENTIAL.

ELECTRON MULTIPLIER SHIELD IS CONNECTED
TO DYNODE No.5 POTENTIAL.
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Fig. 40 — Typical pulse-height -
trum obtainegpfor aﬁ Fe® gf]adio;(ét*?s/e
isotope.

The peak-to-valley ratio of the
measured spectrum is a measure of
the extent to which tube noise ob-
scures the observation of low-energy
gamma rays. However, at the larger
values of peak-to-valley ratio (30
to 50), the properties of the crystal
become dominant.

Afterpulsing. Afterpulses, which
may be observed when photomulti-
pliers are used to detect very short
light flashes as in scintillation count-
ing or in detecting short laser pulses,
are identified as minor secondary
pulses that follow a main anode--
current pulse. There are two general
types of afterpulses; both are char-
acterized by their time of occurrence
in relation to the main pulse. The
first type results from light feedback
from the area of the anode. or pos-
sibly certain dynodes, to the photo-
cathode; the intensity of the light is
proportional to the tube currents.
When this light feedback reaches the
cathode, the afterpulse is produced.
Afterpulses of this type, character-
ized by a delay in the order of 40
to 50 nanoseconds, may be a prob-
lem in many older photomultipliers
having open dynode structures. The
time delay experienced with this type
of afterpulse is equal to the total
transit time of the signal through the
photomultiplier plus the transit time

of the light that is fed back.

The second type of afterpulse has
been shown to be the result of ioniza-
tion of gas in the region between
the cathode and first dynode. The
time of occurrence of the afterpulse
depends upon the type of residual
gas involved and the mass of the gas
ion, but usually ranges from 200
nanoseconds to well over 1 micro-
second after the main pulse. When
the ion strikes the photocathode, sev-
eral secondary electrons may be
emitted; thus, the resulting after-
pulse has an amplitude equal to sev-
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eral electron pulse-height equiva-
lents. These pulses appear to be
identicd to the larger dark-current
pulses, and it is suspected that many
of the dark-current pulses are the
result of photocathode bombardment
by gas ions.

Severd gesss, including Na+ and
H.+, are known to produce after-
pulses. Each gas produces its own
characteristic delay following the
man pulse The mos troublesome,
perhaps, is the afterpulse caused by
the H.+ ion; this afterpulse occurs
approximately 300 nanoseconds after
the main pulse. One source of hy-
drogen in the tube is water vapor
absorbed by the multiplier section
before it is seded to the exhaust sys
tem. Other gases which may cause
afterpulsing may be present as a
result of outgasing of the photomul-
tiplier parts during processing or
operation. Present photomultiplier
processng techniques are designed
to diminae or a leest to minimize
the problem of dfterpulsng.
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Time Response

The commonly used methods of
specifying time response involve
frequency-domain  and  time-domain
parameters.  Frequency response IS
usudly characterized in terms of the
frequency at which the ac com-
ponent of the output current de-
creases to 3 dB below the low-
frequency output leve, and may be
measured with an eectro-optic modu-
laor and a vaiable-frequency driving
otillator.  Timeresponse  measure-
ments are made with small-spark
sources,” light-emitting diodes, or
mode-locked lasers 3 that approxi-
mate ddtafunction light sources. In
most measurements the entire photo-
cathode is illuminated.

The frequency response of a
photomultiplier is related to the
anode-pulse rise time, a parameter
usually provided for each photo-
multiplier type. The anode-pulse rise
time of a tube, illugtrated in Fig. 41,
is affected primarily by the mechani-
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cad configuration and the operating
vaues of a device and is specified as
the time for the current to increase
from 10 to 90 per cent of maximum
anode-pulse height when the tube is
illuminated with a delta-function
light source.

Frequency response is aso limited
by the transit-time spread. This
soread is the time intervad between
the hdf-amplitude points of the out-
put pulse a the anode termind, as
shown in Fig. 42. Transit-time spread
is seldom measured directly because
it is difficut to determine whether
the fal time of the pulse results from
the fdl time of the light source or
the tube. Figs. 41 and 42 indicate
that transit and rise times are re-
duced as over-al gpplied voltage is
increased. Tubes utilizing focus
dructures of either the lineer or the
circular-cage type exhibit better
time-resolution characteristics than
tubes of the Venetian-blind type in
many high-speed applications this
difference is of mgor importance.

STABILITY

The operating sability of a photo-
multiplier depends on the magnitude
of the average anode current; when
gability is of prime importance, the
use of average anode currents of 1
microampere or less is recommended.
Additional considerations affecting
sability are discussed in the subse

quent paragraphs.
Fatigue

Tube fatigue or loss of anode sens-
tivity is a function of output-current
level, dynode materids, and previous
operating history. The amount of
average current that a given photo-
multiplier can withdand  varies
widely, even among tubes of the
same type consequently, only typi-
cad paterns of fatigue may be cited.

The sensitivity changes that are
a direct function of large currents
imposed for great lengths of time are
thought to be the result of erosion of
the cesum from the dynode surfaces
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during periods of heavy electron
bombardment, and the subsegquent
deposition of the cesium on other
areas within the photomultiplier.
Sensitivity losses of this type, illus

trated in Fig. 43 for a 1P21 operated & 60

at an Output current of 100 micro-
amperes, may be reversed during
periods of non-operation when the
cesum may again return to the dy-
node surfaces. This process of return
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Fig. 43 -Short-time fatigue and re-
covery characteristics of a typical 1P21
operating at 11 volts per stage and with
a light source adjusted to give 100
microamperes initial anode current. At
the end of 100 minutes the light is
turned off and the tube allowed to re-
cover sensitivity. Tubes recover ap-
proximately as shown, whether the
voltage is on or off.

may be accelerated by heating the
photomultiplier during periods of
non-operation to a temperature
within the maximum temperature
rating of the tube; heating above the
maximum rating may cause a per ma-
nent loss of sensitivity.

Sensitivity losses for a given oper-
ating current normally occur rather
rapidly during initial operation and
at a much dower rate after the tube
has been in use for some time. Fig.
44 shows this type of behavior for a
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Fig. 44 — Typical sensitivity loss for

a 1P21 operating at 100 volts per stage

for a period of 500 hours. Initial anode

current is 100 microamperes and is re-

adjusted to this operating value at 48,
168, and 360 hours.

1P21 having CsSb dynodes, operat-
ing at an output current of 100
microamperes. Tubes operated at
lower current levels, of the order of
10 microamperes or less. experience
less fatigue than those operated at
higher currents, and, in fact, may
actually recover from high-current
operation during periods of low-cur-
rent operation.

Fatigue rates are also affected by
the type of dynode materials used in
a tube. Copper beryllium or slver
magnesium dynodes are generally
more stable at high operating cur-
rents than the cesum antimony
types. The sensitivity for tubes utiliz-
ing these dynodes very often in-
creases during initial hours of
operation, after which a very gradual
decrease takes place, as illustrated
in Fig. 45.

Photocathode Fatigue
A photomultiplier with a multi-

alkali photocathode (S-20 spectral
response) tends to decrease in sensi-
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Fig. 45 — Typical sensitivity variation
on life for a photomultiplier having
silver-magnesium dynodes. initial anode
current was 2 milliamperes and was re-
adjusted to this operating value at 48.
168, and 360 hours.

tivity upon extended exposure to
high ambient room lighting. The
mechanism by which this sengtivity
loss occursis not clearly understood.
The decreased cathode sensitivity oc-
curs primarily in the red portion of
the spectrum and is usually perma-
nent. It is interesting to note that
photocathodes of the extended red
multi-alkali (ERMA) type appar-
ently do not exhibit this loss.

The Ag-O-Cs photocathode (S-1
spectral response) also suffers a de-
crease in sengtivity, particularly dur-
ing operation, when exposed to high
radiant-energy levels normally not
harmful to other types of photo-
cathode materials. The decreased
sengtivity occurs primarily in the
infrared portion of the spectrum.
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Sengitivity may decrease quite rapidly
upon application of light and volt-
age during the first few minutes of
operation. With a few hours of con-
tinued operation, the senstivity usu-
ally increases until it has regained
its initial value. If the source of the
high radiant energy is removed from
the tube, the sensitivity also tendsto
return to its initial value.

“Hysteresis”

Many photomultipliers exhibit a
temporary ingtability in anode cur-
rent and change in anode sensitivity
for several seconds after voltage and
light are applied. This ingability,
sometimes called hysteresis because
of cyclic behavior, may be caused
by dectrons sriking and charging
the dynode support spacers and thus
dightly changing the electron optics
within the tube. Sendtivity may
overshoot or undershoot a few per
cent before reaching a stable value.
The time to reach a stable value is
related to the resistance of the in-
sulator, its surface capacitance, and
the local photomultiplier current.
This ingtability may be a problem in
applications such as photometry
where a photomultiplier is used in
a congtant-anode-current mode by
varying the photomultiplier voltage
as the light input changes.

Hysteresis has been eliminated in
many tubes by coating the dynode
spacers with a conductive material
and maintaining them at cathode po-
tential. Tubes treated by this method
assume final sensitivity values almost
immediately upon application of
light and voltage.

Counting Stability
In scintillation counting it is par-

ticularly important that the photo-
multiplier have very good gability.




52

There are two types of gain stability
tests which have been used to evalu-
ate photomultipliers for this applica-
tion: (1) a test of long-term drift in
pulse-height amplitude measured at
a constant counting rate; and (2) a
measure of short-term pulse-height
amplitude shift with change in count-
ing rate.

In the time stability test, a pulse-
height analyzer. a Cs'3 source, and
a Nal(T1) crystal are employed to
measure the pulse height. The Cs13?
source is located along the major
axis of the tube and crystal so that
a count-rate of 1000 counts per sec-
ond is obtained. The entire system is
allowed to warm up under operating
conditions for a period of one-half
to one hour before readings are re-
corded. Following this period of
stabilization, the pulse height is re-
corded at one-hour intervals for a
period of 16 hours. The drift rate in
per cent is then calculated as the
mean gain deviation (MGD) of the
series of pulse-height measurements,
as follows:

iwn
Xip-p
MGD:¢.@
n p

where p is the mean pulse height,
p; is the pulse height at the ith read-
ing, and n is the total number of
readings. Typical maximum mean-
gain-deviation values for photomul-
tipliers with high-stability CuBe
dynodes are usually less than 1 per
cent when measured under the con-
ditions specified above. Gain stability
becomes particularly important when
photopeaks produced by nuclear dis-
integrations of nearly equal energy
are being differentiated.

In the count-rate stability test, the
photomultiplier is first operated at
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10.000 counts per second. The photo-
peak counting rate is then decreased
to 1000 counts per second by increas-
ing the source-to-crystal distance.
The photopeak position is measured
and compared with the last measure-
ment made at a counting rate of
10,000 per second. The count-rate
stability is expressed as the percent-
age gain shift for the count-rate
change. It should be noted that
count-rate stability is related to the
hysteresis effect discussed above.
Photomultipliers designed for count-
ing stability may be expected to have
a value of no greater than 1 per cent
gain shift as measured by this count-
rate stability test.

Life Expectancy

The life expectancy of a photo-
multiplier, although related to fa-
tigue, is very difficult to predict.
Most photomultipliers will function
satisfactorily through several thou-
sand hours of conservative operation
and proportionally less as the severity
of operation increases. Although
photomultipliers do not have ele-
ments which “burn out” as in the
case of a filament in a vacuum tube,
photomultiplier dynodes do lose
sensitivity with operation; however,
as pointed out earlier, this loss oc-
curs at an extremely low rate and.
even tends to recover during con-
servative operation.

Factors which are known to af-
fect life adversely are high-current
operation, excessive-voltage opera-
tion, high photocathode illumination,
and high temperature.

Operation of photomultipliers in
regions of intense nuclear radiation
or X-rays may result in an increase
in noise and dark current as a re-
sult of fluorescence and scintillation
within the glass portions of the tubes.

|
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Continued exposure may cause dark-
ening of the glass and a resultant
reduction in transmission capability.
Photomultipliers having glass en-
velopes should not be operated In
helium environments because helium
can permeate the tube envelope and
lead to eventual tube destruction.

Extremely high illumination fo-
cused onto a spot on the photo-
cathode actually destroys a portion
of the photocathode. It is usually
better to defocus such a light source
and utilize a larger area of the photo-
cathode.

Loss of photocathode sensitivity
may sometimes result from the prox-
imity of a high-potential gradient in
the region of the photocathode. Such
a gradient may result from applica-
tions in which the photomultiplier
is operated with the anode near
ground potential. Metal fixtures,
clamps, or shields at ground poten-
tial may provide such a gradient
through the glass near the photo-
cathode either by proximity or direct
contact. The result may be increased
noise output and a deterioration of
the photocathode through an elec-
trolysis process through the glass.
The destructive process may take a
few hours or several hundred hours
depending upon the material in con-
tact with the envelope and the
amount of potential difference. The
deterioration process is greatly ac-
celerated as the temperature is in-
creased above normal ambients.

LINEARITY

The anode currents produced by
photomultipliers are proportional to
the level of incident radiation over
a wide range of values. A linearity
plot over a wide range of light level
is shown in Fig. 46 for a type 931A.
The limit of linearity occurs when
space charge begins to form. Space-
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Fig. 46 — Range of anodecurrent line-
arity as a function of light flux for a
931 A photomultiplier.

charge-limiting effects usually occur
in the space between the last two
dynodes. The voltage gradient be-
tween anode and last dynode is usu-
ally much higher than between dy-
nodes and, therefore, results in a
limitation at the previous stage, even
though the current is less. The maxi-
mum output current, at the onset of
space charge, is proportional to the
3/2 power of the voltage gradient in
the critical dynode region. By use
of an unbalanced dynode-vodltage dis
tribution increasing the interstage
voltages near the output end of the
multiplier, it is possible to increase
the linear range of output current.

Some photomultipliers used in ap-
plications requiring high output pulse
current use an accelerating grid be-
tween the last dynode and the anode
to reduce the effects of space-charge
limiting. The potential of such a grid
is usually between that of the last
and the next-to-last dynode and is
adjusted by observing and maximiz-
ing the value of the anode output
current.

Another factor that
anode-output-current linearity is
cathode resistivity; cathode resistiv-
ity is a problem only in tubes with
semitransparent photocathodes. par-
ticularly of the CsSb or bialkali type.

may limit

C
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Individual tube bulletins and data
listed in the Tecmial Data section
of this manual give values of the
peak linear and the peak saturated
pulse currents. The limits of linear
operation are determined, of course,
by the particular geometry of the
output stages and by the applied
voltage.

Peak linear and saturation cur-
rents are measured by both dc and
pulsed  methods. One common
method makes use of a cathode-ray
tube with a P15 or P16 phosphor.
The grid is double-pulsed with pulses
of unequal amplitudes but fixed
amplitude ratio. As the amplitude of
the two pulses is increased, a point
is observed at which the amplitude
of the larger of the anode pulses does
not increase in the same proportion
as the smaller pulse. At this point
the tube is assumed to become non-
linear. The current value at this
point is then measured by means of
an oscilloscope and load resistor.
The maximum saturation current is
found when a further increase in
radiation level yields no further in-
crease in output.

USE OF REFLECTED LIGHT
AT THE PHOTOCATHODE

Because, in general, photocathodes
absorb less red light than blue, the
spectral response of the photocathode
is somewhat sensitive to the angle of
incidence of light on the photo-
cathode. There is an increase in red
sensitivity at larger angles of inci-
dence, as shown in Fig. 47. It is
possible to take advantage of this
characteristic of photocathodes to
enhance the photoemission signifi-
cantly.

If a prism is optically coupled to
the faceplate of a transparent photo-
cathode, the angle of the incident
radiation may become such that
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istics for a CsSb transmission-type

photocathode for two different incident
angles of radiation. The increased red
response for the large angle of incidence
may be explained in part by the increase
in absorption caused by the longer path.

total internal reflection occurs at
both the photocathodeto-vacuum
interface and the glassto-air inter-
face. Several passes of the light
through the photocathode become
possible and thus increase the prob-
ability of producing photoemission.
For total internal reflection to oc-
cur, the minimum angle at which
light may impinge upon the face-
plate is given by arcsne (1/n),
where n is the refractive index of
the photomultiplier window material.

The greatest enhancement pro-
duced by the total internal-reflection
method occurs in the red region of
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the photomultiplier spectral re-
sponse; gains greater than 5 have
been achieved at 700 nanometers in
tubes having an S-20 spectral re-
ponse.

OUTPUT-CURRENT CONTROL
AND SPATIAL UNIFORMITY

Manyphotomultiplier sar eequipped
with a focusing eectrode, or grid,
between the photocathode and the
firg dynode to provide optimum
collection ©Of the photoelectrons
emitted from the photocathode. The
focusing-grid voltage is usually set
at the Point at which maximum
anode output current is obtained. In
some applications, spatial unifor mity,
i.e, the variation of anode current
with position of photocathode il-
lumination, may be more important
than maximizing output current. In
such cases, however, the final adjust-
ment of the focusing-grid Potential
should not differ dgnificantly from
the adjustment that provides opti-
mixed collection efficiency. Fig. 48
shows a typical focusing-electrode
characteristic.

Spatial uniformity is determined
by photocathode uniformity and by
the uniformity of collection effi-
ciency, i.e., the proportion of the
emitted photoelectrons which drike
a useful area on the first dynode.

Photomultipliers with venetian-
blind structures usually exhibit the
best spatial uniformity because they
have a large aperture area, and thus
a relatively large firstdynode area.
Modern high-speed tubes with fo-
cused structures designed specifically
for scintillation-counting applications
also provide excelent spatial uni-
formity; the collection efficiency in
these tubes approaches unity.

Cathode uniformity is determined
by the uniformity of the deposition
of the photocathode material. In
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FOCUSING-ELECTRODE VOLTAGE IS VARIED
BY ADJUSTMENT OF POTENTIOMETER
CONNECTED BETWEEN DYNODE No.l AND
CATHODE.
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Fig. 48 — A typical focusing-electrode
characteristic.

general, large tubes having relatively
large distances between the activat-
ing eements and the photocathode
exhibit the best cathode uniformity.
In these tubes, the activating ele-
ments, of which there may be sev-
eral, approach point sources.
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Statistical Fluctuation and Noise

I N this section, some of the sources
of noise and output fluctuations
in photomultipliers are examined.
These sources may be roughly di-
vided into two classes: (1) those re-
sulting from the processes by which
the photomultiplier operates, and
(2) those resulting from the way in
which a tube is desgned and manu-
factured and the conditions under
which it is operated. The first class
is more fundamental because it com-
prises the statistical processes of
photoelectric emission and eectron
multiplication  through  secondary

emission. Most of the discussion of
class 1 sources deals with these
processes and their effect on photo-
multiplier output. Class 2 sources
include thermionic emission from the
photocathode. spurious gas ionization
within the tube, light feedback from
the output stages to the photocathode,
and random emission caused by the
natural radioactivity of the various
materials within the tube.

A photomultiplier is so senstive
a radiation detector that it can oper-
ate at the lower limit of detectability
where output pulses are initiated by
single photoelectrons from the photo-
cathode. A count of the number of
output pulses in a given time inter-
val provides a measure of the rate
at which photons srike the photo-
cathode. This mode of operation is
called the photon-counting mode; it

is at this lower limit of photomulti-
plier operation that noise sources
become most important. Therefore,
most of the discussion in this sec-
tion centers upon the effect of the
noise sources on tube output in this
mode.

PHOTON NOISE

If the photon flux impinging upon
the photocathode originates from a
thermal broad-band source, the pho-
tons can be assumed to be emitted
at random time intervals. Under
such conditions, the probability that
n photons will srike the photo-
cathode in atimeinterval t is given
by a Poisson distribution, asfollows:

( p"')n

P(nt)= In ~exp (= Lr) ()

where |, is the average photon-arrival
rate. The average value for n and the
variance in n, ¢,% can be obtained
directly from P(n, t):
n=Ipr ()
af, =Ir=1n )
The signal-to-noise ratio /g, is
given by

SNR = (I,7)} W)

Ao+ At BBt G
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Thus the signal-to-noise ratio_of the
photon flux increases as I
There are a few cases in which
the fluctuation in the photon flux
has an additional term.1 In broad-
band thermal sources, however, Eq.
(6) yields the proper expression for
the noise in the input photon flux.

NOISE CONTRIBUTIONS FROM
THE PHOTOCATHODE

The physics of photoemisson and
photocathodes is discussed in the
section on Photoemission and Sec-
ondary Emission. In the following
discussion it is assumed that thetime
between the absorption of a photon
and the subsequent emission of an
electron, when emission occurs, is
short (about 10— second). In ad-
dition, it is assumed that all the
statistical processes of absorption,
dectron transport within the photo-
cathode, and photoemisson can be
described and characterized by one
number, the quantum efficiency h.
For a given photocathode. h is a
function of the photon waveength,
as explained in the section on Photo-
emission and Secondary Emission.

A simple model of photoemission
will aid in undergtanding the noise
contributions of the photocathode.
For each photon that drikes the
photocathode. an electron is emitted
with probability h. Optical-reflection
effects at the various cathode inter-
faces are accounted for in the value
of h. The chance that no eectron is
emitted is |-h.

The dtatistics for this process can
be found through the use of the gen-
erating function Qp¢(s) derived in
Appendix A at the end of this sec-
tion. In the smplified mode of the
photocathode this function is given

by

Qe.c.(8) = (1-h) + m ()
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From the expressions developed in
Appendix A for the average and vari-
ance, the average output ii and the
variance ¢* are given by

n=n ©
o* = h(1-h) (10)

The discussion of these expressions
is best understood by imagining a
steady stream of photons impinging
upon the photocathode. The photons
are equally spaced in time and ar-
rive at a rate of |, photons per sec-
ond. In an interval t (where t is
much larger than 1/1,), the number
of photons N strlklng the photo-
cathode is equal to I,r. Because by
hypothesis 1, is consxant the number
N does not fluctuate. In atimet, the
average number of photoelectrons
n emitted from the photocathode is
equal to hN. The fluctuations in
photodlectron number can be com-
puted by use of Eq. (84) in Appen-
dix A for the total variance for two
statistical processes in series. Be-
cause the photon flux does not fluc-
tuate, the total variance in the
photodectron number is given by

pe. = N (1=7) 9 (11)

Eg. (11) can be derived from Eq.
(84) in Appendix A with the follow-
ing substitutions:

'xTA—N fig =7 0,° =0 and
og? = (1—- )Thesugnal -to-noise
ratio of the photon flux is infinite
because it does not fluctuate; how-
ever, the photoelection number has
a signal-to-noise ratio given by

"
N
SNR, ... :[-(;'Tﬂ)] (12)

Thus, for quantum efficiencies less
than unity, the statistics of the photo-
cathode result in a finite signal-to-
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noise ratio for the photoelectron
number. As shown below, this state-
ment is valid even when the input
photon beam fluctuates.

Fig. 49 shows a curve of the signal-
to-noise ratio of the photoelectron
number produced by the hypothetical
noiseless photon flux. When g =1,
the photocathode is a perfect con-
verter and no noise is impressed on
the photoelectron number. When 9
is less than 1, the signal-to-noise
ratio decreases with decreasing 9
until, for values much smaller than
1, the signal-to-noise ratio becomes
proportional to the square root of .

PHOTOELECTRON SNR

i ol i 1
4] 02 04 06 08 10
PHOTOCATHODE QUANTUM EFFICIENCY (QE)

Fig. 49 — The photoelectron signal-to-
noise ratio resulting from a noiseless
photon flux impinging upon the
photocothode.

In practice, the signal-to-noise
ratio of the input photon flux is
never infinite; the flux always con-
tains some noise. In most sources,
the signal-to-noise ratio of the photon
flux is given by Eq. (7) and the
variance of the photon beam is given

by

C
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a"’-: np (13)

and
SNR, = [§,)} (14)
where ii,, is the average number of

photons arriving in a time interval
7. The average photoelectron num-
ber and its variance are calculated
from Egs. (81) and (84), respec-
tively, in Appendix A. The average
number of photoelectrons and the
variance in the photoelectron number
are stated, respectively, as

ﬁp.o. =1 ﬁn (15)

and Gpe =Tpn(1—m) + 0D,
or 03e =01, (16)

It should be noted that the statisti-
cal conversion process within the
photocathode has not altered the
functional form of the variance; it
is still proportional to the average
number of particles. The photoelec-
trons appear to emanate from a ran-
dom source of electrons with average
value 'qﬁ,,. itis as though the aver-
age photon number were reduced
by a factor 9 in the conversion
process, a result that depends on
the variance of the photon flux be-
ing equal to B,

The photoelectron signal-to-noise
ratio is

SNR,.. = [n B}t 17)

A quantum efficiency of 40 per cent
reduces the signal-to-noise ratio of
the photoelectron flux to about 63
per cent of that of the photon flux.

It is important to realize that the
degradation in signal-to-noise ratio
as a result of 9 being less than unity
is irreversible in that no amount of
noise-free amplification can improve
the photoelectron signal-to-noise
ratio.
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In some applications, multiphoton
pulses form the input signal. In these
applications, integral numbers of
photoelectrons are emitted from the
photocathodc within a time that is
short with respect to the resolution
capabilities of the photomultiplier as
a result of a multiphoton input
pulse. Examples of this type of in-
put can be found in radioactive
tracer scintillations, such as those
observed in tritium and carbon spec-
t roscopy.

If. with  equal to I, the input
signal consists of a steady train of
photon pulses widely spaced in time,
each pulse consisting of m photons,
a steady train of photoelectron pulses
would result, each consisting of m
electrons. For values of g less than
1, the number of electrons in each
pulse. r, can vary from 0 to m
(0 € r £ m). The probability that
r electrons are emitted is obtained
through the use of the multiple-input
particle generation function de-
scribed by Eqg. (86) in Appendix A.
For m-photon input pulses, the gen-
crating function Qn,(s) is given by
[QGs)]™, where Q(s) is the single-
particle generating function. Thus,
the function Q,,,(s) is given by

Qm(s) = [(1—n) + ng™ (18)

The probability that r photoelectrons
will be emitted is given by

s=0 (19
or

P.(m)=9"(1—q)™ " [ (20)

m!
rl(m—r)!

Eq. (20) is just tlie coefficient of s*
in the expression for Q,(s). P(n)
is composed of the chance of r suc-
cessful photoemissions (1"), the
chance of (m-r) failures to photo-
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emit [(I —y)™—*], and the binomial

. m!
coefficient ~———— | which de-
r!'(m-r)!

scribes the number of ways such an
output can occur among the m-
photon inputs.

Figs. 50 and 51 show the probabil-
ity distribution for photoemission
from the photocathode for a train of
?-photon input pulses and for two
different values of 9. The spectrum

in Fig. 50 is computed with
0.4
0.3F n:04
02r

Prir)

0.1¢

L] I

0 [ 3 4
No. OF PHOTCELE CTRONS/PULSE —¢

Fig. 50 — Photoelectron output pulse
spectra resulting from a flux Of I-photon
input pulses computed with 9 = 0.4.

n = 0.4 and that of Fig. 51 with
7 = 0.01. The difference is strik-
ing. With n = 0.4, there is no photo-
emission only 13 per cent of the time;
most of the photoemission is di-
vided between 1- and (2-, 3-, or 4-_
photoelectron pulses in the ratio of
13 to 20. In sharp contrast, when
7 = 0.01, photoemission does not
occur 96 per cent of the time. Of
the times when photoelectrons are
emitted, single-electron pulses occur
70 times more often than any others;
3- and 4-photoelectron pulses almost
never occur. It should be clear that
in multiphoton-pulse spectroscopy it
is important that 9 be as high as
possible.

C
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Fig. 51 — Photoelectron output pulse

resulting from a flux of 4-photon input
pulses computed with g = 0.01.

As in the case of a single-photon
pulse train, the average photoelectron
number and the variance in that
number can be found from Qu(s)
by use of Egs. (87) and (88) of Ap-
pendix A. If gcis the average rate of
randomly emitted m-photon pulses,
then the average number of photo-
electrons emitted in a time 7 (where
T is much greater than 1/@) is given
by

N, = 1 mlar) (21)

and the variance is given by
o} .. = mm(ar) 22
The signal-to-noise ratio is given by
SNRy.e. = [t m(an)]}  (23)

The input signal-to-noise  ratio
(ma7)'”* is degraded by a factor
of 0.63 for i = 0.4 and by a fac-
tor of 0.1 for p = 0.01.

The effect of the imperfect conver-
sion of photons from a purely ran-
dom source into photoelectrons
within the cathode is a reduction in
the input signal-to-noise ratio by a
factor equal to the square root of
7). Deviations from this result indi-
cate that the photon source may not

RCA Photomultiplier Manual

be purely random. Such effects have
been observed but are small in or-
dinary thermal sources.’

Another source of photocathode
noise is the thermionic emission of
single electrons. The strength of the
emission varies with photocathode
type. In the bialkali cathode, for ex-
ample, thermionic emission is vir-
tually absent; electron emission exists
in the absence of a photo signal, but
it is not temperaturedependent as
is thermionic dark emission, and it
probably arises from a different
source. S-I photocathodes, on the
other hand, exhibit relatively large
dark currents as a result of thermionic
emission; these currents can be elimi-
nated to some extent,. however, by
cooling the tube.

Randomly emitted thermionic elec-
trons add a term to the fluctuation
in the photoelectron current pro-
portional to their number. Because
of their independence with respect to
any usual signal current, the term
adds to that of the signal noise in
quadrature. That is,

pe =110y + D (24)

where ng, is the average number of
thermionic electrons emitted in a
time 7, and g, is the average num-
ber of photoelectrons emitted in the
same time.

NOISE CONTRIBUTIONS FROM
THE MULTIPLIER CHAIN

Although the amplification (multi-
plication) of the photoelectron cur-
rent in the dynode chain of a photo-
multiplier is often referred to as
noise-free, careful examination of the
statistics of the gain mechanisms in-
volved shows that this statement is
not entirely correct. Approximately
noise-free operation can be. attained,
however, with the use of proper elec-
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tron optics and newly developed dy-
node materials. In the following dis-
cussion the statistical gain processes
in the individual dynodes are ex-
amined and then combined to yield
the statistical properties of the entire
multiplier chain. Much of the work
presented was accomplished at a
very early stage in photomultiplier
history.*

Secondary Emiuion

Photomultiplier dynodes provide
gain through the process of second-
ary emission. which was discussed in
detail in the section on Photoemission
and Secondary Emission, Most prac-
tical dynodes consist of semiconduc-
tors or of conducting substrates
surfaced with a thin insulating film.
An energetic primary electron pene-
trates the surface and, ideally, ex-
cites electrons from the valence band
to the conduction band within the
dynode material. These excited elec-
trons drift and diffuse toward the
dynode-vacuum interface where they
escape with a certain probability into
the vacuum as secondary electrons.
For a given primary energy, it is pos-
sible to obtain any number of sec-
ondaries n,from zero to a maximum
Ny maxt- The maximum number is
given by the quotient of the primary
energy Ep and the energy required
to produce a hole-electron pair
within the dynode ¢, as follows:

Ny(max) = Ep/ €p (25)

Over many repeated measurements
using primary electrons of the same
energy, a truncated distribution is
obtained for n,. A model that de-
scribes the observed distributions
from most practical dynodes is de-
veloped in Appendix B at the end
of this section.
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Statistics for a
Series of Dynodes

Using the formulas for the gain
and fluctuation for a single dynode
developed in Appendix A, the ex-
pressions of Appendix B may be used
to find the combined gain and vari-
ances for the string of dynodes that
make up a multiplier. It is assumed
that one primary electron impinging
on the first dynode releases, on the
average, 8; secondaries with variance
2. The output of the first dynode
striking the second dynode produces
an average gain at the second stage
of My and a variance of g2,.. From
Eq. (84) in Appendix A. T, and o2y
can be related to the individual dy-
node statistics as follows:

my =86 (26)
and
Oms = 82 o: + 6y 0} (27)

where 8, and 0,2 are the average
secondary emission and variance for
the. second dynode for a single in-
put electron. Continuing in this man-
ner, the gain and fluctuation from
the third stage are given by

My = §;+85+0; (28)
and
a3 = 83 83 0} + 8y 02 + 81820 (29)

Eq. (29) can be rearranged to read

0’2 O’; 2

. )91, % %
dml [ 161 83] 6} 51 6; + 51 62 sg
(30)

The extension of Eqgs. (29) and (30)
to k stages is accomplished by add-
ing terms to Egs. (26) and (27) as
follows:

r — s 5 i o -

L3
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Tk = 81850+ -0k €1)

2
a a,

d"'mk = (M)? {gf + 61 _3% +

____f’_:__..__ (32)
ERRNT I WRRRY I

Eqg. (31) states the expected results:
that the total average gain for a
series of k dynodes is the product
of the secondary-emission yields of
the individual dynodes in the series.
Eq. (32) shows that the relative con-
tribution of any stage to the total
Ructuation decreases with the prox-
imity of the dynodes to the output
end of the chain. The first stage con-
tributes most to the total variance.
The higher the first-stage gain, the
less each subsequent stage contributes
to the total variance. This property
is an important feature of the new
high-gain GaP firstdynode photo-
multipliers.

The signal-to-noise ratio for the
multiplier chain is given by

- 2 ?
EE-:[Q.{.;".&}_‘.

Ok % &

ot ™ 33
SR - &] (33)

For large first-stage gains, the mul-
tiplier signal-to-noise ratio is high.
Most of the noise contribution is
from the first stage. If, in addition
to a large gain, the first stage exhibits
Poisson statistics. as explained in
Appendix B, the signal-to-noise ratio
becomes

v (8

R

SNRy =
Omk
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The noise added to the input signal
isvery small. It isin this sense that
the multiplication chain is said to
provide noise-free gain.
Multiple-Particle  Inputs

The output-pulse digribution for
multiple-particle inputs is obtained
from the generating function for the
multiplier chain. A multiplier chain
consisting of k dynodes has a gen-
erating function Qy(s) given by

Q) = Qi {Qalerre Qule)]]} (35)

The probability Py(n) of observing
n electrons (for a one-dectron in-
put) at the output of a k-stage chain
is derived from Eqg. (74)in Appendix
A. as follows:

P = 1% T o &

The generating function for a k-stage
multiplier chain for multiple-particle
inputs is given by Eg. (86) of Ap-
pendix A, as follows:

Q (8,m) = Q™ (37)

The probability of observing n output
eectrons from m input particles is
given by

1 9nlQe ()"
Pk (n,m) = m a pr e o (38)
When identical dynodes are used, the
output digribution for single-eec-
tron input pulses evolves toward a
steady-state distribution after four or
five stages, and exhibits little change
thereafter. Fig. 52 shows some
single-electron distributions® com-
puted by use of the Polya statistics
for each stage in the chain as ex-
plained in Appendix B. As b ap-
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Fig. 52 — Computed single-electron distribution for a range of values of parameter
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b. Parameter b is definedin Appendix B.

proaches 1, the distribution becomes
more sharply peaked.
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particle outputs for a two-stage
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Fig. 53 — Theoretical pulse-height distribution.
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sructure are shown in Fig. 534 The
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shows the output when the first stage
is followed by a high-gain (& = 500)
second stage having nearly pure
Poisson statistics (b = 0.01). The
output peaks are sharply defined, and
pulsss up to a ten-dectron input
pulse are clearly resolvable. The
dashed line describes the final out-
put digribution when the first stage
is followed by a high-gain (4 = 500)
dynode having an exponential output
digribution. Individual peaks are no
longer discernible; the large variance
associated with the exponential sta-
tistics of the second stage eliminates
al the dructure in the output of
the first stage.

RCA has recently developed a
high-gain gallium phosphide (GaP)
dynode which, when used as the first
stage in a conventional copper beryl-
lium (CuBe) multiplier chain, greatly
increases the pulse-height resolution
of the photomultiplier. The high-gain
first stage in a photomultiplier hav-
ing multiple photoelectron events
originating from the photocathode is
similar to the case illustrated in Fig.
53 for a multiplier where the high-
gain second dynode amplifies the
multiple pulses originating from the
firsd dynode which in turn are ini-
tiated by single electrons. Typical

SINGLE ELECTRON
RESOLUTION =40 %
{FWHM)

RELATIVE NUMBER OF COUNTS
PER PULSE HEIGHT INTERVAL
3
)

1 1 1 I S
0 1 2 3 4 5 6 7
PULSE HEIGHT - PHOTOELECTRON EQUI-
VALENTS

Fig. 54 — Typical photoelectron pulse-
height spectrum for a photomultiplier
having a GaP first dynode.
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gains for the new RCA gallium phos-
phide dynodes are 30 to 45, and
their satistics are nearly Poisson.
Fig. 54 shows the multiple-particle
pulse-height digtribution for the
tube, and Fig. 55 shows the pulse-
height curves for a tritium scintilla-
tion input for a conventional tube
using the standard copper-beryllium
firsg dynode along with. that for a
tube with a gallium phosphide first
dynode. The increased resolution of
the gallium phosphide dynode is
clearly shown.

8850 (H3)

8875
CONVENTIONAL
PMT (H3)

No. COUNTS

CHANNEL No.
(COMPRESSED SCALE)

Fig. 55 — A comparison Of the tritium
scintillation pulse-height spectra ob-
tained using a conventional photomul-
tiplier having all CuBe dynodes and a
photomultiplier having a GaP first stage.

Note: The first photoelectron peak of
the 8850 spectra includes dark
noise from the photomultiplier.
chemiluminescence and_aPhos-
phorescence from the vial and
cocktail, and well asH® disinte-
gration.

FLUCTUATIONS IN THE
TUBE AS A WHOLE

In the previous sections the noise
contributions from the photocathode
and the multiplier chain were consid-
ered; these results can be combined
to obtain the signal-to-noise ratio for
the photomultiplier as a whole.

The average number of photoelec-
trons from the photocathode in a
time 7 is given by

Statistical Fluctuation and Noise
ﬁp.o. = ".ﬁp (39)
The variance is given by
0} = 70, (40)

It is assumed that ¢,2 = n, or that
the input flux of photons displays
Poisson dtatistics. If the form for
a2 is not the result of a Poisson
process, Eq. (84) in Appendix A must
be used to obtain g2

Using these expressions to describe
the input to the photomultipher
chain, the average number of eec-
trons collected at the anode can be
stated as follows:

ﬁ‘ = ".ﬁp-r—nk (41)
where m, ‘is given in Eq. (31) and
is the average gain of a k-stage muilti-
plier. The variance for the output
electron stream is given by

ol = Mienel, + nelye0l, (42)
where g2 1s given by Eq. (32) and
is the variance in the average gain
of a k-stage multiplier chain.

Eq. (42) can be rearranged as
follows

o0 = 9%, (B + oh)  (43)

For equal-gain stages described by
Poisson datistics in the multiplier
chain, Eq. (42) becomes

-1
m 1
Tur = (df‘l)[l —5—.‘] (44)
Neglecting the 1/8% term and sub-

gituting the result and &% for T,
in Eq. (43),

ol = i, [s" (1 + 5—1_1_)] (45)

In this case

SNR. = ,’nﬁp / (Ff_x) (46)
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High dynode gains imply that
1/(6—1) is much less than 1 and
hence that

ol = By(8%%) (47)

The signal-to-noiseratio at the anode
is given by

SNR, = 2—:= (nfip)d  (48)

For high-gain dynodes exhibiting
Poisson statistics. therefore, SNR, is
essentially that of the photoelectrons,
SNR, ., as given in Eq. (17).

In a photomultiplier in which the
dynode gain is not high but ill ex-
hibits Poisson statistics, SNR, is
given by

(n ﬁp)‘
SNR, = 73\
(=)

As an example, with § = 4 the SNR,
is decreased by a factor of 0.87 from
its value for very large §. Doubling
& to a value of 8 changes the deg-
radation factor to 0.94. Further in-
creases in § do not improve the
SNR, very much.

In the case of fully exponential
dynode satistics, the variance for
each dynode in a chain of identical
dynodes is given by Eq. (94) in Ap-
pendix B; i.e,

(49)

o2 =8+ 8

(50)

where & is the average gain per stage.
The total anode fluctuation then be-
comes

o = (nTy) [8"‘ (Hgt—:;)] (51)

For large dynode gains,

i = 2(n1,) 5 (52)
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Even for large dynode gains, ex-
ponential statistics increase org® by a
factor of 2, with the result that SNR,
decreases by 1 /Y 2. This drop in
SNR, is accompanied by a severe
loss in single- and multiple-electron
pulse-height resolution, as shown in
Fig. 53. To resolve single-photoelec-
tron pulses. the multiplier chain must
exhibit both high gain and good
(i.e., Poisson) statistics.

A significant improvement in
SNR, results when the photocathode
quantum efficiency h is increased. At
present the peak value of h for the
S-20 cathode is 0.35: doubling h to
0.7 would improve SNR, by a factor
of 1.4. The ideal photomultiplier. for
which h = 1, would have an SNR,
equal to the square root of n,. The
present value of h = 0.35 degrades
the ideal SNR, by a factor of 0.59.
Considerable improvement can be ex-
pected with the development of
photocathode materials of increased
sensitivity.

The application of these equations
to present photomultipliers indicates
that the available photocathode quan-
tum efficiency is the principal degrad-
ing influence on SNR,. Values of h
less than 1 also decrease the mul-
tiple-photon input-pulse resolution of
a photomultiplier. High dynode gains
(d greater than 6). do not significantly
degrade the input signal-to-noise
ratio of photoelectrons provided the
dynode statistics are nearly Poisson.

OTHER SOURCES OF NOISE IN
PHOTOMULTIPLIER TUBES

Within a photomultiplier there are
sources of noise that are not asso-
ciated directly with the processes of
photoelectric conversion and elec-
tron multiplication. These sources
can, in general, be separated into two
groups: (1) those that are not cor-

C

RCA Photomultiplier Manual

related with and (2) those that are
correlated with the signal pulse.

GROUP 1 NOISE SOURCES

Radioactivity within the
Photomultiplier

The materials used to fabricate
the internal structure and the glass
envelope of a photomultiplier may
contain amounts of certain radio-
active elements that decay and give
off gamma rays or other high-energy
particles. If one of these emitted
particles strikes the photocathode or
one of the first few dynodes, it will
produce an anode dark pulse. The
size of the anode pulse may be
equivalent to one or more photoelec-
trons emitted at the photocathode.
These pulses are randomly emitted.
In tube manufacture this type of
emission is minimized through the
careful selection of materials.

Dark Pulses of Unknown Origin

Dark pulses of unknown origin in
a photomultiplier result primarity
from singleelectron pulses; a small
fraction consists of 2- and 3-electron
pulses. The rate of occurrence of
these dark pulses varies among mul-
tipliers; the lowest rate is about 150
counts per minute for the new RCA-
8855 series. These dark pulses are
randomly emitted, but may be ac-
companied by one or more of the
noise effects correlated with the sig-
nal pulse. The problem of the origin
of unknown pulses is at present a
very active field of research.

GROUP 2 CORRELATED
NOISE SOURCES
Gas lonization

A gas atom or molecule within the
photomultiplier may be ionized by a

S —m
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photoelectron pulse. This ionization
may occur at the first-dynode sur-
face or in the vacuum between the
photocathode and the first dynode.
The positive ion thus created travels
backward to the cathode where it
may release one or more electrons
from the photocathode. Because
there is a time delay in the ion-
emitted electron pulse equal to the
time of flight of the ion to the photo-
cathode, the resulting pulse, usually
referred to as an afterpulse, occurs
after the true signal pulse at the
anode. Afterpulses are caused mainly
by hydrogen ions and their occur-
rence can be minimized in tube
processing.

Light Feedback

Primary electrons produce photons
as well as secondary electrons within
the dynodes of the multiplier chain.
Despite the low efficiency of this
process, some of the emitted photons
may eventually reach the photo-
cathode and release additional elec-
trons. A time delay is observed
corresponding to the transit time for
the regenerated electron pulse to
reach the point of origin of the light.
Depending upon the type of dynode
multiplier cage, this time may be of
the order of 20 nanoseconds. Most
of the photons comprising the light
feedback originate in the region of
the last few dynodes or of the anode.

If the voltage across the tube is
increased, the dark-pulse rate also
increases and usually produces some
observable light near the anode re-
gion, a fraction of which is fed back
to the photocathode. The result of
this positive feedback is that, at a
certain voltage, the photomuttiplier
becomes unstable and allows the out-
put dark-pulse rate to increase to an
intolerably high level. The voltage
at which this increase occurs is gen-
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erally above the recommended maxi-
mum operating voltage.

Not every signal pulse initiates an
afterpulse. Therefore, coincidence
techniques, using more than one
photomuftiplier, can be employed in
some instances to eliminate this
source of noise as well as the un-
correlated sources discussed above.

Analytically, the fluctuations re-
sulting from Group 1non-correlated
random sources add in quadrature
to those of the signal. Because they
are random, the dark-pulse variances
o4? are proportional to the aver-
age dark-pulse rate figp, as follows:

‘:n = Rgp (53)

The total anode variances are given
by:

o = (1T, + Tigy)

[mz (1 +3{—1)] (54)

where qii, and @iy, are the average
single-photoelectron and the average
single-dark-emitted electron numbers
observed in a time . The factor
Ny, sets a real limit on the anode
signal-to-noise ratio. Again, in those
instances where the incoming radia-
tion signal comprises more than one
photon, coincidence techniques can
be employed to reduce the effect of
randomly emitted electrons originat-
ing at the cathode.

Electrons may originate at dynodes
well along in the multiplier chain.
At the anode, these electrons appear
as fractional-photoelectron pulses.
Such pulses also result from inter-
stage skipping, generally near the be-
ginning of the chain. With good
statistics in the chain, the fractional
pulses may be discriminated against
because the single-electron peak in
the pulse-height spectrum stands out
sharply.

[ Q.




68

NOISE AND THE BANDWIDTH
OF THE OBSERVATION

At high counting rates, noise cd-
culations are peformed with the av-
erage and variance of the photo-
electron current rather than with
individud photoelectron pulses. The
expressions which have been de-
veloped for signd-to-noise ratio by
condderation of the average number
of events in atime t and the variance
from average may be converted to
expressions of dgna-to-noise ratio
invalving currents and bandwith, Df,
by consdering the reciprocd nature
of the obsarvetion time and the band-
width.

Noise equivalent bandwidth Df
may be defined & as follows

1
Df_Agnw

[H(w) 1* df (55)
where H(jw) is the complex fre-
quency transfer response of the cir-
cuit. and A,, is the maximum abso-
Jute value of H(jw). The “circuit”
in this case counts pulses in a time
t. The nework trandfer function is
the Laplace transform of the im-
pulse response. The impulse response
is a rectangular pulse of widtht,
like a camera shutter. For this case,

HGW) = o= (L= e (@)

and A, is found to be equa tot.
The nosie equivalent bandwidth is
then readily found to be

Di = 1/2t. &7

It is of interet to compare this re-
lation with the equivalent noise
bandwidth for exponential impulse
response as in an RC dircuit; in this
case
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Df = U4RC (58)

From Eg. (7). the SNR for a ran-
dom photon flux is given by

SNR, = VI, 7 (59)

where I, is the average photon a-
rivd rae and 7 is the time interva
of the count. When v = 1/(2Df) is
substituted,

SNR, = VI,/2af  (&D)

In the case of the photocathode elec-
tron current,

SN = "_l.'_' = __L_
SNR;... 241 2eAf

(61)
where i is the photocathode emission
current in amperes and e is the
charge of the dectron. If the sgna
current is conddered as i. the noise
in the bandwidth Df for the photo-
current is the familiar shot noise
formula (2eiaf)t-2,

The equation for the photon noise
squared is given by

Iiy = 21, Of (62)

The photocurrent noise squared is
given by

La=29e D (63)

Both these equations involve the
photon “current” 1,,.

If the photons are not randomly
emitted, Eq. (62) must be modified.
In the case in which the variance
in the photon current is given by
o,*, the equation becomes

T

By = 22 Al [n I (1-n) + 2 "-]

(64)

Statistical Fluctuation and Noise
For a randomly emitted photon, the
noise current squared a the anode

is given by
DIin=2erqé% |, Af (65)

where the multiplier chain is assumed
to be composed of k high-gain dy-
nodes exhibiting Poisson datidics,
eech with an average gain d.

At the anode, the input resistance
and capacitance of a preamplifier
generate a noise current squared
given by

if = 4kTg Df
2 .
[1 + R.g + i;— -%“ Afi’(?'-’] (66)

where g = I/R is the shunt con-
ductance in the anode lead, C is the
shunt capacitance, Af is the band-
width, k is Boltzmann's congtant, T
is the absolute temperature, and R,
is the equivdent noise resgtance of
the preamplifier input. The total
noise current squared through R is
A + 0,2, and SNR, is given by

SNRa = 98*Ie | [2 o2 95%1, Af

+ 4k TgAf(l + Rug

4r? R, 12
+5 % APC'-')] (67)

To maintain the input SNR. AlZ,
must be greater than i,?, For ex-
ample, with A%, = 10 i*,, and
R = 100 ohms, C = 100 picofarads,
R, = 100 ohms, T = 300°K, and
Df = 108 Hz, at room temperature,

121 = 32107 amperes?  (68)
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With 5 = 0.3 and 8 = 10,
lp = 10ia/(2e2n §2XOF)  (69)
or
lp =~ 2 X 108 photons per second

The vdue of I, shown in Eq. (69)
is the lower timit for the average
photon current and makes the
squared  anode-current fluctuation
greater than the sguared noise cur-
rent in the photomultiplier preampli-
fier input by a factor of ten. The
resulting value of the average photon
current corresponds to a photoelec-
tric current of about 10— ampere,
or about 6 x 10+ photoelectrons
per second. In cases in which the
dark current is effectively higher
than 6 x 10+ photoelectrons per sec-
ond. the photomultiplier sensitivity
limit is set by the dark current and
not by the preamplifier noise It is
the noisefree gain of the multiplier
chain which increases the rms photo-
current shot noise by a factor of
6% and permits the low-input-level
operation.

SUMMARY

The more important expressions
relating to signal and noise dis-
cused in this section are summarized
beow. Beginning a the input to the
photomultiplier, the sgnd is followed
through the tube, and the variance
and the SNR associated with the
sgnd ae noted.

Firg, a randomly emitted photon
flux exhibiting Poisson datigics has
an average vaue @i given by

J=1Ir

for the number of photons present
in a time intevd t when the aver-
age rae of emisson is Ip photons
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per second. The variance ¢* is given
by

o, d,r = 0

and the signal-to-noise ratio is given
by

SNR =ii,, ‘o, = V1,1 = Vi,

The number of photodectrons
emitted from a photocathode of
quantum efficiency 7 is given by

fipe = nlpr
and the variance is given by
ai?,e, = "IPT

The signal-to-noise ratio of the
photodectron flux is given by

SNR;... = Valyr

If the photocathode contributes
randomly emitted thermionic elec-
trons to the signal of photoelectrons.
then the variance of the electron
flux is increased, as follows:

05e = nlpr . g,
where f,, is the average number of
thermionic electrons emitted in a

time r. The SNR is decreased and
becomes

SNRp... = (ﬂIpT)/(ﬂIpf + ﬁth)l
The sdgnal-to-noise ratio of the

multiplier chain with k dynodes
alone is given by

= 2 2
SNR,,=.'I‘_".=[&+_:I;~2+
2

OTmk 5% 5

9 _’
- . S
(812820 <8xy) 53]
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where 8, and (Tf are the gain and
variance of the j,, Stage respectively.
and iii, and o, are thetotal gain
and the total deviation. respectively,
for the entire multiplier chain.

For the photomultiplier tube as a
whole, the anode SNR is given by

SNR, = Va1, /[l +01/61+03/(8,-83)
oolhal)
(8182 * +8—)b0) )}

If each stage is identical and has

" Poisson statistics,

SNR, = (n fi, (5—1)/5)}
and for large gain (i.e, § >> 1),

SNR,~ V1,

In this case the multiplier chain has
not reduced the photoelectron SNR.

If each stage in the multiplier
chain is identical and has exponen-
tial statistics, then

SNR, = [27,(6—1)/25]*

and for large gain,

" SNRa=~ V9 1,/2

The SNR for exponential statistics
is decreased by 1 /Y 2 below that of
a high-gain multiplier chain with
Poisson  dtatistics.

When the photomultiplier is oper-
ated at high photon counting rates.

SNR. = n8kIe /[2 et nd2], Df

+ 4k Tg Af(l + Rng

2 1/2
3 &
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where |, is the average photon cur-
rent in photons per second, e is the
electronic charge, Df is the fre
quency bandwidth, T is the absolute
temperature (°K), k is the Boltz-
man constant, Rn is the equivalent
noise resistance of the input of the
preamplifier that processes the anode
signal, g is the shunt conductance
in the anode lead, and C is the shunt
capacitance in the anode lead.

APPENDIX A-
STATISTICAL PROCESSES AND
THE GENERATING FUNCTION

Statistical processes are character-
ized by randomly distributed outputs
for a given input. The rdative fre-
quency of occurrence of any particu-
lar output is given by the probability
that this output occurs. As an ex-
ample, for a single-particle input,
the output of a particle-multiplication
device such as a photomultiplier may
consist of from zero to N particles.
A particular output n occurs with
probability P,. The digribution of
P, sums to unity as follows:

N
ZP=1 (70)

The average number of output par-
ticlesis given by

N
ﬁ=.§o“P" (71)

, On any given single measurement,

an output consiging of n particles
is not expected. In fact, n may not
be integral, even though all possible
outputs must be. There will be fluc-
tuations in the output which are
given by the variance g2, or by the
rms or standard deviation g, such
that

N )
= [Z (n—ﬁ)’-P.] (72)
n=0
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The expression ii/u is the signal-to-
noise ratio for the device in ques
tion (o/f is the relative deviation).
Obvioudy, the smaller the value of
o, the more precisely determined is
the output.

An alternative and more powerful
method of obtaining the results
above, as well as others of a more
complex nature, involves the use of
the generating function of the dis-
tribution [P,).#8 The generating func-
tion Q(s) in terms of the auxiliary
variable s is defined as follows:

Qs) = ;3 8" Py (73)
n==f

and has the following properties:

1 Qe
Pa=gte ds® )
Q) et =1 (75)

0Q6) | _ =
| -t 8

and
9%Q(s) . 0Q(s)
0 st .--1l ds

- [a’g‘?‘) '_1] =dt (1)

The satistical properties of a
number of individual devices in
series (the multiplier chain of a
photomultiplier is an example) and
the average output and fluctuation
for a single device when the input
consists of more than one particle
can now be obtained through the
use of the generating function Q(s)
of the single-particle-input probabil-
ity digtribution [P,}.
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Fig. 56 shows the series combina-
tion of two statistical devices. The
firg has an output distribution {Pgl,
which yields an average gain fi, and
variance ¢r,*. The generating func-
tion for [P,], is Q.(s). Similarly, for
the second device the output distri-
bution is [P,},. the average gain is
fig, the variance is oz and the gen-
erating function is Qu(s). The rela-
tionships between these individual
device functions and the total average
output n,n and the vartance orgp®
for the entire serial combination are
required. The first step is to state
the generating function Q,gu(s) for
the serial combination shown in Fig.
56.
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or

Qas(8) = 3PIP; + s’(P1P;+ P:P;P;)
+ 8%2 P;PP;) + s'PsP;P;
(79)

The coefficients of sl =1, 2, 3, 4)
give the probability of a j-particle
output for the entire series combina-
tion. Each coefficient comprises the
sum of all possible ways to obtain
that particular number of particles
at the output.

From Egq. (78), the output prob-
ability distribution [P,l,g. the total
average output fi,g, and the total
vartance aorau? for the series combina-
tion can be obtained through the use

\ DEVICE |~ i —*{ DEVICE

—— A - — B

2 =
g o)t || " [~~| fig, gt

| Fant Faciy
[ olarthglt gt +7,00,t

—

Fig. 56 — A schematic representation of the serial combination of two statistical
devices A and B. For a single-particle input the gain and variance of the signal at
each stage in the device are shown. The total gain and total variance for the

entire combination in terms of each of the individual device characteristics for a

single-particle input is given by Eqgs. (81) and (84) in the text.

The generating function for the
serial combination is given by the
following relation:

Qas(8) = QulQr(B)] (73

This relation can be understood more
clearly if the two devices are con-
sidered to have only two possible
outputs, either one particle or two
particles. Then the generating func-
tions are Q,(s) = sP; + s?P; and
Qgu(s) = sPy + s2P,’. When these
functions are inserted, Eq. (78) be-
comes

Qap(s) = sP1P; + s?P,P; + s*PsP,P;
+ 26'P,P}P, + 8'PyP;P;

of Eqgs. (74), (76), and (77). Of most
interest are the total average out-
put and the total variance. From

Eq. (76),

fiap = asB B (80)
or
Biap=d0.398
ml! as =]
=[%-a%1-l_ BacGe  (81)

As expected, the average output for
the series combination is the product
of the average outputs of the indi-
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vidual devices. The variance orsg2
is given by

*Qan, 3Q Q.d

A AB

“h=5q tTas [ asl )
After the differentiation is per-
formed,

oip = QX [QL1 + Q4 Qb + QA Q)
— QI QD) (83)

where the prime indicates differentia-
tion with respect to s and evaluation
of the derivative at s = 1. By addi-
tion and subtraction of a term[Q,’]
{Qs’)%, Eqg. (83) can be rearranged
as follows:

ois = [Qal IQX + QA - [Q.l?]
+ Q4 [Q5 + o = [Qsl]

or, in terms of the individual-device
average outputs and variances, as
follows:

2 2 -
GAB == [ﬂn]z’d'A + nA‘d; (84)

The physical interpretation of Eq.
(84) is straightforward. If device B
had no fluctuations (o2 = 0), 0,52
would comprise only the variance
o2 from device A multiplied by
the square of the average output of
device B. Each particle from device
A is multiplied by g, a constant,
and therefore the coefficient of o2
in Eq. (84) is Mg} On the other
hand, if device A had no output
fluctuations, each of the #, particles
would undergo independent fluctua-
tions in device B. As independent
fluctuations, they add in quadrature,
and thus O’Anz = “A U'Bz-

More devices could be strung in
series. In general, for a series of
devices A, B, C, etc., the generating
function is given by

3

QaBc*** ‘z = Qa ‘Qu (- "'Qz(s)]l
(85)

Egs. (81) and (84) provide a recur-
sion relation between any two de-
vices in the series so that the total
gain and variance from any number
of devices can be obtained. These
recursion relations are used in dis-
cussions of photocathode and mul-
tiplierchain  statistics.

When the input to a particular de-
vice consists of multiple, simultane-
ous, independent events, the gener-
ating function for the combination
is obtained by taking the product of
the separate generating functions.
Thus, for two such parallel inputs
to a statistical device, the correspond-
ing generating functions are:

N M
Q= Y s®Pynand Qs = X 5™ Ppa
M=) med

When the product is formed, the
individual coefficients of s; represent
the sum of the event probabilities
whiih yield j particles in the out-
put, as follows:

Qap = Qa*Qe=Pro Ppo+(Pro Py
+ Pa1Pgo) 8+ (Pao Pae
+ Pa1 Pp1+Pas Pro)st+ -+~

It is obvious that this treatment may
be extended to multiple simultaneous

events. In particular, for an me
particle input, where the generating

function is Q(s) for each particle, the
output generating function Q,(s) is
given by

Qu(s) = Q@)™+ (86)

This situation is shown schematically
in Fig.

C
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Fig. 57 — A schematic representation
of a statistical, multiplicative device
with an m-panicle input. The total gain
and variance for the output INn terms
of /he sin&-particle input character-
istic are given by Egs. (87) and (88)

IN the text.
By use of Egs. (76) and (77)
fim = m-h 87)
and
ol =m-o? (88)

The output probability distribution
{P,], is obtained by using the m-
particle generating function [Eq.
(86)] in Eq. (74).

Egs. (87) and (88) can be obtained
from Egs. (81) and (84) by assuming
in that case (see Fig. 56) that the
first serial device is a perfect multi-
plier with no variance (or,? = 0).
Under this redtriction, the input to
device B is a constant m, and the
gain and variance found from Egs.
(81) and (84) are identical to those
given in (87) and (88).

APPENDIX B-
MODEL FOR DYNODE
STATISTICS

The observed number digributions
for secondary dectrons vary among
the different types of dynodes used
commercially. Nearly all the distri-
butions fall within the class limited
by a Poisson distribution 7 at one ex-
treme and an exponential distribution
at the other.” To describe this wide
variety of distributions the Polya. or
compound Poison, digtribution is
employed.3 Through the adjustment
of one parameter, the digtribution
runs from purely Poisson to expo-
nential. Therefore, this one distribu-
tion can be used to describe and to
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interpret the bulk of the observed
secondary-emission  dtatistics.

The digribution has the follow-
ing form:

Pb)= 4 (45w T s

(89)
where P(n,b) is the probability of
observing n secondaries, u is the
mean value of the digtribution, and
b is the parameter controlling the
shape of the didribution. With b
= 0, the digtribution is Poisson, as
follows:

P(n,0) = ‘:—:—: e (90)

With b = 1, an exponential distribu-
tion results, as given by:

P(n,1) = ™ (14u)~®+Y (91)

Fig. 58 shows a family of distribu-
tions for various values of b.

The generating function for
P(n,b) is given by

Q(9) = [1+bu (1=-8)* (92)

From Egs (76) and (77) of Appen-
dix A,
=y (93)

and

a2 =bul+ p (94)
The fluctuations increase as u? for
an exponential distribution (b = 1),
but increase only as g for the Pois-
son distribution. The signal-to-noise
ratio is given by

Do w9

Fig. 59 shows a log-log plot of the
signal-to-noise ratio as a function of
p With b as a parameter. The signal-
to-noise ratio improves with increas-
ing u for the Poisson digtribution,
but approaches unity with large u in

LOGARITHM OF PROBABILITY DISTRIBUTION, Log (P(n,b}}
3
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Fig. 58-Single-particle output dis

tribution for a dynode displaying Polya

statistics. A value of b = | gves a

probably exponential distribution; b =

0 givesa Poisson distribution; b = 0.2

is intermediate between the two extreme
values.

the-exponential digtribution. In fact,
for any non-zero value of b, the sig-
nal-to-noise ratio approaches b—1/2
for large u. As shown in Fig. 59,
even small departures from Poisson
statistics significantly reduce the sig-
nal-to-noise ratio at moderately high
gains of 10 to 20. It can be antici-
pated that departures from Poisson
statistics degrade the single-electron
pulse-height resolution.

The Polya digtribution has an in-
teresting interpretation with respect
to secondarysmission statistics.3 For
non-zer o values of b, the digtributions
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described by Eq. (89) can be shown
to be composed of a number of dif-
ferent Poisson processes, each with
a different mean value. The mean
values are, in turn, distributed ac-
cording to the Laplace digribution.

LR BLLALL 1

..6

SIGNAL - TO- NOISE RATIO, SNR (§/¢)

(=3

4 6 8)p

4 6 8,00
MEAN GAIN (u) '

Fig. 59-A comparison of the SNR
as a function of the mean value x for
a number of Polya distributions. " For
Poisson statistics (b = 0), the SNR in-
creases as the sguare root of g, With
0 < b £ 1, the SNR approaches the

square root of b for large mean gabs.

When b equals 0, the distribution of
the mean values collapses to a delta
function at the value u, leading to
a purely Poisson digtribution. For b
equals 1, the distribution-of the mean
values is exponential. The physical
interpretation for a dynode display-
ing non-Poisson statistics is that
physical non-uniformities on the dy-
node surface cause each element of
the surface to have a different mean
value for emission. Although each
small element exhibits Poisson statis-
tics with respect to emission, the
total emisson from the entire dy-
node is non-Poisson because it com-
prises a distribution of Poisson dis-
tributions. It is possible that the basic
emission process from a given dy-

C
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node is not a Poisson process. How-  fribution shown in Fig. €0, it would ' 77
ever, highgan GaP dynodes exhibit e difficult to distinguish among one-. :
nearly Poisson statistics 7 and at three-, and five-paticle input pulses, ‘
present it is believed that departures whereas the problem virtually dis- .
from this norm are caused, to a lage  @Pears for a Poisson distribution. _
extent, by dynode non-uniformities.
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Scintillation Processes

In the photoelectric effect, a
gamma-ray photon collides with a
bound eectron in the scintillator and
imparts virtually all its energy to the
dectron. In the Compton effect, a
gamma-ray photon with energy E =
hy interacts with a free electron in
the scintillator and transmits only
part of its energy to the electron, as
shown in Fig. 62. A scattered photon
of lower energy also results. To sat-
isfy the conditions of conservation

Fig. 62 — Compton-effect mechanism.

of energy and momentum, thereis a
maximum energy that can be trans
ferred to the éectron. This maximum
energy, known as the Compton edge,
occurswhen @ in Fig. 62 is 180 de-
greesand ¢ is O degrees; it is given
by

E

Ten = T 122) (%)

where E is the photon energy, a =
E/m«?, m, is the rest mass of an
electron, and c is the speed of light.
The resultant energy imparted to the
eectron can then range from zero to
a maximum of Tep.

In pair production, as shown in
Fig. 63, the energy of a gamma ray
is converted to an electron-positron
pair in the fidd of a nucleus. The
gammaray must have energy at least
equal to two times the rest-mass
energy equivalent of an electron, 2
(m,2), or 1.02 MeV; any additional
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Fig. 63 — Pair-production mechanism.

energy is transferred as kinetic en-
ergy. When the postron is anni-
hilated, two photons are produced
180 degrees apart, each with an en-
ergy of 0.51 MeV. The photons are
then subject to the normal probabili-
ties of interaction with the scintil-
lator.

In neutron detection, unlike alpha-
or beta-particle or gamma-ray detec-
tion, the primary interaction is with
the nucle of the scintillator rather
than its atomic electrons. The inter-
action may consist of scattering or
absorption; in ether case, some or
all of the energy of the neutron is
transferred to the recoil nucleus
which then behaves smilarly to an
alpha particle.

I'n each interaction between a form
of ionizing radiation and a scintil-
lator, an electron having someKkinetic
energy is produced. A secondary
process follows which is independent
of both the kind of ionizing radiation
incident on the scintillator and the
type of interaction which occurred.
In this secondary process, the kinetic
energy of the excited electron is dis-
sipated by exciting other eectrons
from the valence band in the scin-
tillator material into the conduction
band. When these excited eectrons
return to the valence band, some of
them generate light or scintillation
photons. The number of photons pro-
duced is essentially proportional to
the energy of the incident radiation.
In the photoelectric interaction de-
scribed above, all of the incident

Application of Photomultipliers

photon energy is transferred to the
excited electrons, therefore, the num-
ber of photons produced in this sec-
ondary process, and hence the
brightness of the scintillation, is pro-
portional to the energy of the inci-
dent photon.

Scintillation Mechanism

The exact mechanism of the scin-
tillation or light-producing process is
not completely understood in all
types of materials. however, in an
inorganic scintillator, the phenome-
non is known to be caused by the
absorption of energy by a valence
electron in the crystal lattice and its
subsequent return to the valence
band. Fig. 64 shows a smplified en-
ergy-band diagram of a scintillation
crystal. The presence of energy levels
or centers between the valence and
conduction bands is the result of im-
perfections or impurities in the crys-
tal lattice. Three types are important:
fluorescence centers in which an
electron, after excitation, quickly re-
turns to the valence band with the
emission of a photon; quenching cen-
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ters in which the excited eectron
returns to the valence band with the
dissipation of heat without emission
of light; and phosphorescence centers
in which the excited electron can be
trapped in a metastable state until
it can absorb some additional energy
and return to the valence band with
the emisson of a photon. An im-
portant process in the transfer of
energy to the fluorescence, or activa-
tor, centers is the generation of ex-
citons or bound hole-electron pairs.
These pairs behave much like hydro-
gen atoms and, being €ectrically
neutral, can wander fredy through
the crystal until captured by fluores-
cence centers. The emisson of a
photon from a phosphor escence cen-
ter is a relatively dow or delayed
process. Of the three types of cen-
ters through which an excited eec-
tron can return to the valence band,

the first, fluorescence, is that sought

for in the preparation of scintillators.
The second type, quenching, tends to
lessen the efficiency of the scintilla-

tor because it does not cause the
emisson of photons, and the third,
phosphor escence, produces an unde-
srable background glow.
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Fig. 64 — A simplified energy-band diagram of a scintillation crystal: (a) electrons
in phosphorescence center; (b) electrons in fluorescence center; (c) electrons in

quenching

center.
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Scintillator Materials

The most popular scintihator ma-
terials for gamma-ray energy spec-
trometry isthallium-activated sodium
iodide, Nal(T1). This material is
particularly good because its re
sponse spectrum contains a well-
defined photodectric peak; i.e, the
material has a high efficiency or
probability of photodectric inter-
action. In addition, the light emitted
by the material covers a spectral
range from approximately 350to
500 nanometers with a maximum at
about 410 nanometers, a range par-
ticularly well matched to the spectral
response of conventional photomulti-
pliers, Nal(T1) does not, however,
have a fast decay timein comparison
to other cintillators, and, therefore,
is generally not used for fagt-time
resolution. As a comparison, the de-
cay time constant for Nal(T1) is
approximately 250 nanoseconds,
while for a fast plagtic scintillator
the dominant decay time congtant is
approximately 10 nanoseconds.

The decay time of a scintillator in-
volvesthetimerequired for all the
light-emitting luminescence centers to
return excited electrons to the valence
band. in some of the better scintilla-
torsthe decay is essentially exponen-
tial, with one dominant decay time
congtant. Unfortunately, most scin-
tillators have a number of com-
ponents each with different decay
time.

Collection Considerations

Because scintillations can  occur
anywhere in the bulk of the scintil-
lator material and emit photons in
all directions, there exists the praob-
lem of collecting as many of these
photons as possible on the faceplate
of the photomultiplier. The reative
gtandard deviation in the number of
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photons arriving at the faceplate of
a photomultiplier as a result of a
single ionizing event E is given by

relative standard deviation =s
(N,)¥V2/N, 97

were N, is the average number of
photons arriving at the faceplate of
the photomultiplier per incident
ionizing event. N, isequal to c E §,
where ¢ is the average number of
photons per unit energy for the scin-
tillation, E is the energy of the inci-
dent radiation, and § is the fraction
of the total number of photons pro-
duced which arrive at the faceplate
of the photomultiplier.

Eq. (97) implies that it is highly
desirable that all emitted photons
be collected at the photomultiplier
faceplate. This collection problem
can be smplified by careful sdec-
tion of the shape and dimensions of
the scintillator to match the photo-
multiplier photocathode dimensions.
The coating of all sides of the scin-
tillator except that which is to be
exposed to the photomultiplier face-
plate with a material which is highly
reflective for the wavelengths of the
photons emitted by the scintillator
also proves helpful. Because Nal
(T1) is damaged by exposure to air,
it is usually packaged in an alumi-
num case lined with highly refkctive
AlL,O; powder; the Nal(T1) scin-
tillator is provided with an exit win-
dow of glass or quartz. To avoid
total internal reflection. it is im-
portant that the indices of refrac-
tion of the scintillator material, its
window, any light guide, and the
photomultiplier faceplate match as
closely as possible.

If it is not convenient for the
photomultiplier to be directly cou-
pled to the scintillator, as when the
photomultiplier entrance window is
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not flat, light guides can be used.
Again, care should be taken in de-
signing the light guide to assure
maximum light transmisson. The
outer side or surface of the light
guide should be polished and coated
with a highly reflective material. In
some cases, a flexible fiber-optics
bundle can be used. An optically
transparent silicone-oil coupling fluid
should be applied at the scintillator
(-light guide, if used)-photomultilier
interface regardless of the light-con-
duction method used.

The next important consideration
in scintillation counting is the con-
version of the photons to photodec-
trons in the photocathode. The
photocathode should have the great-
est quantum efficiency possible over
the spectral range defined by the
spectral emissivity curve of the scin-
tillator. The method of determining
the quantum efficiency of a photo-
cathode as a function of wavelength
is explained in the section on Badc
Performance Characteristics. Thebi-
alkali photocathode K,CsSb provides
the highest quantum efficiency (ap-
proximately 30 per cent at 385 nano-
meters) of all photocathodes presently
available for matching to most scin-
tillators.

The uniformity of the photo-
cathode, i.e, the variation in quan-
tum efficiency at a given wavelength
as a function of postion on the
photocathode, is also important. Be-
cause the number of photoelectrons
emitted for a congtant number of
photons incident on the photocathode
is proportional to the quantum effi-
ciency, any variation in quantum
efficiency as a function of position
resultsin an undesirable variation in
the number of photoelectrons emitted
as a function of position.

When the scintillation is fairly
bright, i.e, when a large number of
photons are produced per scintilla-
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tion, and when the <cintillator is
thick in comparison to its diameter,
as shown in Fig. 65(a), the photo-
cathode is approximately uniformly
illuminated during each scintillation.
However, if the scintillator is thin
in comparison to its diameter, as
shown in Fig. 65(b), or if the scin-
tillation is very weak, the illumination
of the photocathode as a function
of position is closely related to the
postion of origin of the scintillation;
therefore, photocathode uniformity is
much more important when a thin
«intillator is used.” Photocathode
uniformity also becomes more im-
portant as the energy of the inci-
dent radiation becomes less and the
number of photons per disintegra-
tion is reduced.

In some photomultipliers, the col-
lection efficiency for photoelectrons
decreases near the outer edges of the
photocathode; therefore, best results
are obtained when the scintillator is
dightly smaller in diameter than the
photocathode.

COATING

PHOTOCATHOOE (»)

Fig. 65 — Scintillator geometries: (a)
thick in comparison to diameter; (b)
thin in comparioson to diameter.




Multiplier Considerations

The two multiplier configurations
most commonly used in photomulti-
pliers in scintillation-counter appli-
cations are the venetian-blind and
focused (either in-line or drecular-
the Venetian-blind structure is that
the useful portion of the first dynode
area is quite large in comparison to
the photocathode area. On the other
hand, the focused structure has a
small first-dynode area and, there-
fore, requires a more complex front-
end design to provide good collection
efficiency. However, a well designed
focused dructure, athough more
complex, can provide a better collec-
tion efficiency than the venetian-
blind gructure. In addition, the fo-

cused sructure IS several times
faster than the Venetian-blind type, as

discussed in the section on Principles
of Photo multiplier Design.

BACKGROUND —
NUMBER OF COUNTS/CHANNEL
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Significant Photomultiplier
Characteristics

Photomultiplier dark noise is. of

particular importance in scintillation
counting applications when the en-
ergy of theionizing radiation I1s small,
or when very little energy is trans-
ferred to the scintillation medium; in
short, when the flash per event rep-
resents only a few photons. If a
photomultipher is coupled to a cin-
tillator and voltage is applied, the
composite of all noise pulses coming
from the photomultiplier is referred
to as the background of the system.
The plot of a frequency distribution
of these pulses as a function of en-
ergy is shown in Fig. 66. The wdl-
defined peaks seen in the figure are
caused by external radiations and
can be reduced by placing the photo-
multiplier and scintillator in a lead
or steel vault to reduce background
radiation.

1.46 MeV 1.76 MeV

662 keV

PULSE HEIGHT

Fig. 66 — Distribution of radiation background pulses as a function of en-
ergy. A calibration spectrum showing the CS'¥ photopeak is included for

reference.
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It is desirable that the background
of the scintillation counter be as low
as possible. Photomultipliers have
been developed in which the back-
ground is kept low by the use of
radioactively clean metal cans in-
stead of glass-bulb enclosures and
faceplates of either Lucalox* or
sapphireinstead of glass. Asan addi-
tional aid in reducing background,
the scintillation counter can be sur-
rounded by another scintillator, such
as a plastic sheet equipped with its
own photomultipliers. The output
from this scintillation shield is then
fed into an anticoincidence gate with
the output from the scintillation
counter. The gating helps to reduce
the background contributions from
both internal and external radioactive
contaminants.

Two of the most commonly used
terms in scintillation counting are
pulse height and pulse-height resolu-
tion; both of these terms are dis
cussed in the section on Basic Per-
formance Characteristics.In a good
scintillation counter, the pulse-height
resolution should be about 7 to 8
per cent for Cs137 (662 keV gamma).

liquid Scintillation Counting

In liquid scintillation counting, the
«intillation medium is a liquid and
the ionizing radiations to be de
tected are usually low-energy beta
rays. Because low-energy beta rays
cannot penetrate a scintillation con-
tainer, the radioactive material is
dissolved in a solution containing the
sintillator. The three most com-
monly used radioisotopes in liquid
scintillation counting are tritium, H3;
carbon, C14; and phosphorus, P32,
Because these elements are the most
suitable radioactive tracers used in
biological experiments, the field of

*Registered Trade Name for General
Elecfric Co. material.
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liquid scintillation counting has de-
veloped rapidly. The beta-ray ener-
gies from these radioisotopes may
vary over a fairly broad range; for
example, H3 emits betas with ener-
giesvarying from zero to a maximum
of 18 keV. Fig. 67 shows a fre-
quency digtribution of beta-ray ener-
gies for two of the three radioisotopes
mentioned.

Because the beta energiesare very
low in the case of H3, the correspond-
ing light output from the scintillator
is also low, in most cases just a few
photons per disintegration. When a
single photomultiplier is used to de-
tect these scintillations, most of the
output pulses from the tube produce
only one to ten photoelectrons that
fall into the same amplitude range
as most of the random dark-noise
pulses. Therefore, even if a photo-
multiplier having very low dark
noise (100 countsper second) were
used, it would gtill not be able to
detect low signal-count rates. Be
cause of this inability, a coincidence
technique is used in most liquid-
scintillation spectrometers.

A block diagram of aliquid scin-
tillation spectrometer is shown in
Fig. 68. If a photomultiplier having
a fast time characterigtic is used in
the spectrometer, the coincidence re-
solving time may be as small as 10
nanoseconds. Because the dark-noise
pulses in each of the two photomulti-
pliers are random, the probability of
one from each tube arriving at the
coincidence gate within its resolving
timeisvery low and can be predicted
by the following equation:

IN,N,r

C=.60

98)

where C is the chance coincidence
rate per minute, Ny is the dark-noise
count rate in counts per minute from
tube No. 1, N, is the dark-noise count

C
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Fig. 67 — Scintillanon count showing distribution of beta-ray energies.
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Fig. 68 — Block diagram of a liguid-scintillation spectrometer.
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rate in counts per minute from tube
No. 2, and 7 is the resolving time
of the coincidence circuit in seconds.

In a liquid-scintillation spec-
trometer employing two tubes with
dark-noise ratings of 30,000 counts
per minute each and a coincidence
circuit having a resolving time of 10
nanoseconds. the number of acci-
dental coincidences is approximately
0.3 count per minute. Scintillation5
resulting in at least one photoelectron
being emitted from the photocathode
of each tube should produce a sig-
nal pulse from the coincidence cir-
cuit. Because a scintillation of at
least two photons is required to ini-
tiate a pulse from both photomulti-
pliers, the over-all detection efficiency
for both tubes together is slightly

BACKGROUND —
NUMBER OF COUNTS/MIN./CHANNEL
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lower than for a single tube having
a very low background count rate.
When a vial filled only with a scin-
tillator is placed between the photo-
multipliers, and the output from the
coincidence circuit is examined by
use of a multichannel analyzer, a
pulse-height distribution such as that
shown in Fig. 69 is obtained. Clearly,
not many of the background pulses
shown are caused by the accidental
coincidences of dark-noise pulses
from the photomultipliers. but are
caused by cosmic rays or scintilla-
tions in the material of the vial and
photomultiplier envelope resulting
from the presence of radioisotopes in
the materials of which they are con-
structed. Light originated internally
in either photomultiplier and trans-

PULSE HEIGHT
(COMPRESSED SCALE)

Fig. 69 — Background distribution obtained from a liguid scintillator using
a coincidence system.
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mitted to the other also causes back-
ground pulses: this phenomenon is
sometimes referred to as crosstalk.

The counting efficiency E for a
liquid scintillation counter is de
fined in per cent as follows:

(counting rate from coinci-

E= dence circuit)-(background)
disintegration rate of sample
(99)

The best counting efficiency for

a given radioisotope is obtained when
a highly efficient scintillator and a
photomultiplier with a high quantum
efficiency in the spectral emissivity
range of the scintillator are used.
The optical system containing the
two photomultipliers and the count-
ing vial is also of major importance;
it should be designed so that, as far
as possible, the photons produced in
a scintillation are equally divided be-
tween the photomultipliers. This di-
vison assures that a coincidence
pulse results from as many scintilla-
tions as possible. In some cases, two
or more different isotopes may be
counted simultaneously; therefore, it
is desirable that the photomultipliers
have matched gains and good ener gy
(pulse-height) resolution capability to
provide best isotope separation.

A figure of merit E2/b has been
developed to aid in the evaluation of
systems used in liquid scintillation
counting: E is the counting effi-
ciency of the system for a given iso-
tope, and b is the background of
the system in an energy range in-
cluding the energy range of pulses
from the radioisotope. The figure of
merit is, however, not necessarily the
best way of evaluating all systems.
It isvalid at very low counting rates
where the background is the domi-
nant factor, but is not of great help
at high counting rates where the
background of the system becomes

C n
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less important than the efficiency in
determining the merit of the system.

In selecting a photomultiplier tube
for a liquid-scintillation application,
the following items are of major im-
portance: high photocathode quan-
tum efficiency, low dark-noise count
rate, minimum internal-light genera-
tion, low radioactive-background en-
velope, low scintillation-efficiency
envelope, fast time response, and
good energy resolution. The RCA-
4501 V3 photomultiplier has been
specifically designed to meet these
requirements.

Cerenkov Radiation Detection

Cerenkov radiation is generated
when a charged particle passes
through a didectric with a velocity
greater than the velocity of light in
the dielectric (i.e, v greater than
¢/n, where n is the index of refrac-
tion of the dielectric). Polarization of
the didlectric by the particle results
in the development of an electromag-
netic wave as the dielectric relaxes.
If the velocity of the particle is
greater than the veocity of light,
constructive interference occurs and
a conical wavefront develops, as il-
lustrated in Fig. 70. Cerenkov radia-
tion is the eectromagnetic counter-
part of the shock wave produced in
a gas by an object traveling faster
than sound. It is highly directional,
and occurs mostly in the near-ultra-
violet part of the electromagnetic
spectrum. Because the radiation is
propagated in the forward direction
of motion of the charged particle, as
shown in Fig. 70, Cerenkov detec-
tors can be made to detect only those
particles that enter the system from
arestricted solid angle.

Cerenkov radiation produced in
an agqueous solution by beta emitters
can be useful in radioassay tech-
niques because it is unaffected by
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Fig. 70 — Diagram of the Cerenkov
radiation mechanism.

chemical quenching and because it
offers the advantages, over liquid-
scintillation counting techniques, of
smplified sample preparation and
the ability to accommodate large-
volume samples. Because a fast par-
ticleisrequired to produce Cerenkov
radiation, rather highenergy beta
rays are required; e.g., the threshold
for Cerenkov radiation is 261 keV
for electrons in water. Because the
photon yield for Cerenkov light is
usually very low, the same consider a-
tions concerning photomultiplier se-

lection apply for the Cerenkov de-
tection as for liquid-scintillation

counting. The tube selected should
also be equipped with a faceplate
capable of good ultraviolet trans
mission.

Time Spectroscopy
In addition to the energy spectros

copy described above, there are oc-
casons when it is of advantage to

C
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measur e time differences such as be-
tween a pair of gamma rays or a
combination of gamma rays and par-
ticles in cascade deexciting some
level in a nucleus. In time spectros-
copy, Some special considerations
must be made in selecting the scin-
tillator, photomultipliers, and tech-
nique of analyzing the signals from
the photomultipliers.

In a photomultiplier, time resolu-
tion is proportional to (#)—1/2, where
ii is the average number of photo-
electrons per event. It is therefore
important to choose a scintillator
material that provides a high light
yield for a given energy of detected
radiation. It is also important that
the variation of the time of interac-
tion of the radiation with the scintil-
lator be as small as possible. This
minimum variation is assured by at-
tention to scintillator thickness and
sour ce-to-detector geometry. The de-
cay time congtant of the light-emit-
ting states in the scintillator should
be as short as possible, and the
geometry and reflective coatings of
the scintillator should be selected so
that variations in path lengths of
photons from the scintillator to the
photocathode of the photomultiplier
are minimized. The photocathode of
the photomultiplier sdected should
have a high quantum efficiency. In
addition, the transit-time dispersion
or jitter (variations in the time re-
quired for electrons leaving the
photocathode to arrive at the anode
of the tube) should be small over
the entire photocathode area.

The major contribution to transit-
time spread occurs in the photo
cathode-to-first-dynode region and

may be a result of the initial Kinetic
energies of the emitted photoelec-
trons and their angle of emission.
Focusing aberrations, and the
electron response or rise time, i.e,
the output-pulse shape at the anode
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for a single photodectron impinging
on the first dynode, may also be of
some importance. Although the sin-
gle-electron response theoretically
does not have much effect on time
resolution, it does changethetrigger-
ing threshold at which the best time
resolution can be obtained.

The most commonly used time-
spectroscopy techniquesincludelea d-
ing-edgetiming, zero-crossover tim-
ing, and con stant-fraction -of -p ul
height-trigger timing; the technique
used depends on the time resolution
and counting efficiency required and
the range of the pulse heights en-
countered. A block diagram of a
basic time spectrometer is shown in
Fig. 71.

L eading-edge timing makes use of
a fixed threshold on the anod e-cur-
rent pulse and provides good time
resolution over a narrow range of
pulse heights. The fractional pulse
height F at which the triggering
threshold is set is de fine cas follows:

\
F=g (100)
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where V, is the discriminator thresh-
old, and V, is the peak amplitude of
the anode-current pulse. The frac-
tional pulse height has a consider-
able effect on the time resolution ob-
tained; best results are usually
obtained with F equal to 0.2.

In fast zero-crossover timing, the
anode pulse is differentiated twice.
This double-differentiation produces
a bipolar output pulse that triggers

She timing discriminator at the zero

crossover, the time required to col-
lect approximately 50 per cent of
the total change in the photomulti-
plier pulse. Zero-crossover timing is
second to leading-edge timing for
timeresolution work with narrow
pulse-height ranges, but is better
than the leading-edge method for
large pulse-height ranges.

In constant-fraction triggering, the
point on the leading edge of the
anode-current pulse at which lead-
ing-edge timing data indicate that the
best time resolution can be obtained
is used regardless of the pulse height.

For thisreason, co nstant-fracti on -of -

pulse-height timing is the best method
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| DEVICE NUMBER
TIME
OF EVENTS -
L
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SOURCE  Of | TINE TO TIONAL TO TIME TIME
* COINCIDENT | PULSE HEIGHT
RADIATION i CONVERTER
STOP
|
L voo- -_l
TIMING
PuLsE |
,
TIME WoeLay MULTICHANNEL
DETECTOR 2 fenm——iin PICKOFF -—’“’\-1- (PULSE HEIGHT)
DEVICE _I_ | ANALYZER

Fig. 71 -Generalized block diagram of a time spectrometer.
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for obtaining optimum time resolu-
tion no matter what the pulse-height
range.

Interpretation of
Counting Data

A number of techniques can be
used to interpret the data obtained
from a scintillation counter; one of
the most popular employs a multi-
channel analyzer. The analyzer sorts
the pulses according to their ampli-
iude and records the number of
pulsesin a “channel” whaose position
is proportional to the amphtude of
the pulse. Many pulses are analyzed
in this manner and a frequency dis-
tribution of pulse heightsis obtained.
Fig. 72 shows a pulse-height digtri-
bution for a scintillation counter
counting pulses from a sample of
Csl.".

a. 32 keV Barium x-ray line.

b. Backscatter peak.

¢. Compton edge,

d. Photopeak, cesum 137, 0.662 MeV.

e 749 ket\/ photopeak of cesium 134
impurity.

f. Co_[r)lti_nl}/um due to accidental sdf-
connudenc&s producing partial sum
ulses.

% Dccident sum coincidence peak.

etail dueto background radiation.

Fig. 72 — Pulse-height distribution for

a scintillation counter countinq'ouls%
froma sample of Cs™".
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LASER RANGE FINDING

A dmplified block diagram of a
laser range finder is shown in Fig.
73. The interference filter is used to
pass the wavelength of radiant en-
ergy of the laser with a minimum of
background radiation. Photomuilti-
pliersused in laser range finding may
have arelatively small photocathode,
but they must exhibit high quantum
efficiency, low dark noise. and fast
rise time or an equivalent large
bandwidth. Most photomultipliers
can provide bandwidths exceeding
100 MHz and at the same time main-
tain relatively large output signals.
The bandwidth of a photomultiplier
can belimited by the RC time con-
stant of the anode circuit.

The range of a laser-rangeffinding
system depends on system parameters
and operational environment. The
maximum range of a given system
may he signal-photon limited or
background limited. The phaoton-
limited case exists when the back-

and detector noise can be
considered negligible. The maximum
rangein this caseis destremined by
the sgnal-to-noise ratio in the photo-
dectron pulse correspondingtothe
scattered laser return beam. As noted
in the section on Statistical Fluctua-
tion and Noisg, the signal-to-noise
ratio of such a pulseisproportional
tothesquarer oot of the product of
the number of incident photonson
the photomultiplier and the quan-
tum efficiency of the photodectric
conversion. If theatmospheric at-
tenuation isneglected and it isas-
sumed that the laser spot falls
entirely within the target, the maxi-
mum range in this case would bein-
creased as the square root of the
quantum efficiency of the photo-
cathode. This increase follows be
cause the number of photons col-
lected by the aperture of the

C
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Fig. 73 -Simplified block diagram of a laser range finder.

system varies inversdy as the square
of the distance from the target. Re-
cent improvements in the multialkali
photocathode, resulting in the
ERMA cathode, described in the
section on Photoemission and Sec-
ondary Emisson, have increased the
quantum efficiency at 860 nano-
meters from 0.01 per cent to 1.5 per
cent. In terms of laser range in the
photon-limited case, this quantum-
efficiency improvement implies more
than a 10-to-1 range increase. The
use of a GaAs photocathode is even
more promising at this wavelength.

In cases where the laser pulse must
be detected against the background
of a daylight scene, it is said to be
background limited. If atmospheric
attenuation again is neglected, the
signal is proportional to the number
of incident photons times the quan-
tum efficiency of the photocathode.
The number of incident photons
from the return beam is inversdy
proportional to the square of the
range, again assuming that the tar-
get islarger than the laser spot. The
noise, however, is independent of
the range and is determined by the
square root of the product of the in-
cident background radiation and the
quantum efficiency. Thus, to a first

approximation the range is increased
in the background-limited case only
by the fourth root of the quantum
efficiency. Because the photomulti-
plier current caused by the back-
ground radiation is proportional to
the solid angle of the scene from
which the photomultiplier collects
radiation, the background current in
the photomultiplier may be mini-
mixed by the use of a photocathode
having a small area or by the use of
a limiting aperture on the faceplate
of the photomultiplier. No loss in
collected laser light need result be-
cause the return beam may generally
be considered as originating from a
point source. The system aperture,
of course, must be large enough to
avoid optical alignment problems.

PLYING-SPOT SCANNING

An important application for
which photomultipliers are particu-
larly well suited is flying-spot scan-
ning, a system for generating video
signals for television display from a
photographic transparency. The ee-
ments of a flying-spot scanning sys-
tem are shown in Fig. 74. A cathode-
ray tube in conjunction with its
power supplies and deflection dr-
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cuits, provides a small rapidly mov-
ing light source which forms a raster
on its face. Thisraster is focused by
the objective lens in the optical sys-
tem onto the object being scanned, a
slide transparency or a motion-
picture film. The amount of light
passing through the film varies with
the film density. This modulated light
signal is focused upon the photomu-
tiplier by means of the condensing-

lens system; the photomultiplier con-
verts the radiant-energy signal into
an electrical video signal. The ampli-
fier and its associated equalization
circuits increase the amplitude of the
video signal as required.

The flying-spot scanning system is
capable of providing high-resolution
monochromatic performance- With
the addition of (a) appropriate di-
chroic mirrors which sdectively re-
flect and transmit the red, blue, and
green wavelengths, (b) two addi-
tional photomultipliers with video
amplifiers, and (c) appropriate fil-
ters, color operation is possible. In
color operation, the primary wave-
lengths are filtered after separation
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by the light-absorbing filters before
being focused upon each of three
photomultipliers. one for -each color
channd. The output of each photo-
multiplier is then fed to a separate
video amplifier.

Flying-spot video-signal genera-
tors are used in the television indus-
try primarily for viewing dides, test
patterns, motion-picture film, and
other fixed images. Systems have
been developed for the homeente-
tainment industry that allow dides
and motion-picture film to be shown
on the picture tube of any type of
commercial televisionreceiver.

Cathode-Ray Tube

Several important considerations
must be taken into account if the
cathode-ray tube in the system is
to produce a light spot capabk of
providing good resolution. The cath-
ode-ray tube should be operated with
as small a light spot as possble. The
cathode-ray-tube faceplate should be
as blemish-free as possible and the
tube should employ afine-grain phos-

VERTICAL & HORIZONTAL Horg‘z’ggm} msn'-ov'og‘m
SAWTOOTH GENERATORS ool
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e TEs :.mﬂ.' WITH
= - EQUALIZATION

DEFLECTING oBJECTIVE /
YOKE
SLIOE
s l CONDENSER LENSES
SYNCHRONIZING MIXED BLANKING TO LINE
et SIGNAL BLANKING AMPLIFIER AMPLIFIER
GENERATOR AL

Fig. 74 -Elements of a flying-spot scanning system.
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phor; blemishes adversely affect sig-
nal-to-noise performance and con-
tribute to a loss of resolution.

The spectral output of the cath-
ode-ray-tube phosphor should match
the spectral characteristic of the
photomultiplier. This match can be
rather loose in a monochromatic fly-
ing-spot generator; however, the
spectral output of the phosphor of
the cathoderay tube used in a three-
color verson must include most of
the visible spectrum. Phosphors
used in monochromatic systems may
provide outputs in the ultraviolet re-
gion of the spectrum and ill per-
form satisfactorily. Phosphors such
as P16 and P15, when used with an
appropriate ultraviolet filter, display
the necessary short persistence re-
quired in a monochromatic system.

The visble portion of the P15
or P24 phosphor is used in color
sysems. The P15 and P14 phos-
phors are. however. much dower
rhan the Pl 6 phosphor and cause a
lag in buildup and decay of output
from the screen.

The phosphor lag results in trail-
ing. a condition in which the per-
sistence of energy output from the
cathode-ray tube results in a con-
tinued and spurious input to the
photomultiplier as the flying spot
moves across the picture being
scanned. The result is that a light
area may trail into the dark area in
the reproduced picture.

Smilarly, the lag in buildup of
screen output causes a dark area to
trail over into the light area. There-
sult of these effects on the repro-
duced picture is an appearance
smilar to that produced by a video
signal deficient in high frequencies;
consequently, high-frequency equali-
zation is necessary in the video
amplifier.
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Objective Lens

The objective lens used in a fly-
ing-spot generator should be of a
high-quality enlarger type designed
for low magnification and, depend-
ing upon the cathode-ray-tube light
output, should be corrected for ultra-
violet radiation. The diameter of the
objective lens should be adequate to
cover the dide to be scanned. An
enlarging f/45 lens with a focal
length of 100 millimeters is suit-
ablefor usewith 35-millimeter slides.

Photomultiplier Tube

The spectral characteristics of the
photomultiplier (or photomultipliers
in the case of the three-color sys
tem) and the cathode-ray-tube phos-
phor should match. Usually an S4
or S-11 spectral response is suitable
for use in a monochromatic system
or as the detector for the blue and
green channels: an S-20 response is
very often utilized for the red chan-
ne. The bialkali cathode (K-Cs-Sh)
is also well suited for the blue chan-
net. The speed of the detector must
be sufficient to provide the desired
video bandwidth. Most requirements
do not exceed 6 to 8 MHz. a figure
well within photomultiplier capabili-
ties.

The anode dark current of the
photomultiplier should be small com-
pared to the useful signal current.
The sdgnal-to-noise ratio will be
maximized by operation of the phaoto-
multiplier at the highest light levels
possible. If necessary. the over-all
photomultiplier gain should be re-
duced to prevent excessive anode
current and fatigue.

The amplitude of the light input
is usually a compromise between an
optimum signal-to-noise ratio and
maximum  cathode-ray-tube life,
which may be reduced as a result
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of loss of phosphor efficiency at high
beam-current levels. The signal-to-
noise ratio can also he improved by
the sdlection of photomultipliers hav-
ing the highest photocathode sensi-
tivities possible. However, because
the spread of photocathode sensitivi-
ties is seldom greater than two or
three to one, the improvement af-
forded by such sdection is limited
to two or three dB, an improvement
difficult to detect while observing a
television display but desirable and
necessary in some critical applica-
tions.

Video Amplifier

Photomultiplier gain need only be
sufficient to provide a signal of the
required level to the succeeding
video-amplifier stages. These stages,
in addition to providing the necessary
amplification and bandwidth to as
suregood picture quality, incorporate
equalization circuits composed of
networks with different time con-
stants. The relatively long decay
time of these circuits generally re-
aults in appreciable reduction of the
useful signal-to-noise ratio. There-
fore, the use of short-persistence
phosphors is recommended to re
duce the required amount of equali-
zation.

In addition to the video amplifier,
a gamma-correction amplifier is re-
quired in each channd. The gamma-
correction amplifier assures maxi-
mum color fiddity by making the
linearity or gamma of the system
unity.

LOW-LIGHT-LEVEL DETECTION

Systems for the detection of low
light levels make use of two basic
techniques.  charge integration, in
which the output photocurrent is
consdered as an integration of the
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anode pulses which originate from
the individual photodectrons, and
the digital technique in which indi-
vidual pulses arecounted.

Charge-Integration Method

In the charge-integration method,
either the transt-time spread of the
photomultiplier or the time charac-
terigtics of the anode circuit cause
the anode pulses to overlap and pro-
duce a continuous, though perhaps
noisy, anode current. The current is
modulated by turning the light off
and on by means of some mechanical
device such as a shutter or light
“chopper”. The signal becomes the
difference between the current in the
light-on and light-off conditions.

Detection is limited by noise in
the anode current. At low light levels
the noise is caused primarily by the
fluctuations in dark current of the
photomultiplier (as discussed in the
sectionson Basic Performance Char-
acteristics and Satigtical Fluctuation
and Noise). The noise may be mini-
mized by reducing the bandwidth of
the measuring system. For example,
a dc sysem may be used with a
bandwidth of only a few hertz if an
appropriate low-level current meter
is sdected. Bandwidth can also be
reduced by some technique of av-
eraging the current fluctuations over
a period of time.

Ancther technique of charge inte-
gration is to chop the light signal
with a motordriven chopper disk
having uniformly spaced holes or
dots. The output current is then fed
through an amplifier having a narrow
bandwidth tuned to the frequency of
chop. Bandwidths of the order of 1
Hz are typical.

The earlier discussions on Equiva-
lent Noise Input and on Noise
Formulas Relative to Photomulti-
pliers contain the information neces
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sary to evaluate the performance of

photomultipliers in the charge
integration method.

Digital Method

In the digital method for the de-
tection of low light levels a series
of output pulses, each corresponding
to a photoelectron leaving the photo-
cathode of a photomultiplier, appears
at the anode. All of the output pulses
from the tube are shaped by a pre-
amplifier before they enter a pulse
amplitude discrimination circuit.
Only those pulses having amplitudes
greater than some predetermined
value and having the proper rise-time
characterigtics pass through to the
signal-processing circuits. The digital
technique is superior to charge inte-
gration at very low light levels be-
cause it eliminates the dc leakage
component of the dark current as
well as dark-current components
originating at places other than the
photocathode. Fig. 75 shows a digi-
tal system in block form.

In the special case in which the
digital technique is used to count
sngle photons incident upon the
photoeathode of a photomultiplier,
signal pulses appear at the anode
with an average pulse amplitude PH
equal to efm, where e is the electron
charge and m is the photomultiplier
gain. The number of signal pulses
N, arriving at the anode is given by
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where Ny is the number of photons
incident on the photocathode win-
dow, and hl is the quantum effi-
ciency of the photocathode at the
photon wavelength including a fac-
tor for the loss of light by reflection
and absorption, and a factor for the
loss resulting from imperfect dec-
tron-collection efficiency of the front
end of the photomultiplier.

The dark-noise pulses present in
addition to the signal pulses originate
mainly from single dectrons and
have a pulse-height distribution as
shown in the smplified dark-noise
pulse-height-digtribution spectrum of
Fig. 76. Region A of Fig. 76 in-
cludes crcuit-originated noise, some
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Fig. 76 — Dark-noise puke-height-dis-
tribution spectrum.

single-electron pulses, and pulses
caused by dectrons originating at the

N, = NggA (101) dynodes in the multiplier section.
PREAMPLIFIER ADJUSTABLE 10
PHOTOMULTIPLIER PULSE AND PULSE AMPLITUDE PROCESSING
SHAPER DISCRIMINATOR CIRCUITS

Fig. 75 — Block diagram illustrating a digital system for detection of low light
levels.
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Pulses originating at the dynodes
exhibit less gain than the single-dec-
tron pulses from the cathode. Region
B represents the single-electron
pulse-height digribution and is the
region in which the single-photon
signal pulses appear. Region C is
caused by cosmic-ray muons, after-
pulsing, and radioactive contami-
nantsin the tube materialsand in the
vicinity of the tube. To maximize
the ratio of signal pulses to noise
pulses in single-photon counting,
lower - and upper-level discriminators
should be located as shown in the
figure.

If the rate of photon arrival is |,
the net quantum efficiency is i, and
the counting interval is 7, the hum-
ber of signal pulsesisI pr. Therate
of single-electron dark pulses is re-
ferred to as I;. At the limit of detec-
tion the number of dark pulses will
greatly exceed the pulses which are
photon originated. Two counts must
be made, one with the light on and
one with it off. The difference in
the number of counts is the signal,
Eyr, in numbers of electrons for
the count interval. The variance for
this measurement is given by

ot=Ip,nr+ Igr+ Iq7(102)

The reason for the double entry of
the variance for the dark counts Iy
isthat the deter mination involves the
subtraction of the light-on and light-
off counts. If it is assumed that the
number of dark pulses greatly ex-
ceeds the light-originated pulses, the
signal-to-noise ratio is given by the
following expression:

I,pr!

SNR = m[ﬂd]‘

(103)
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(The section on Satigical Fluctua-
tion and Noise contains a further
discussion of the statistics of photon
counting.)

The signal-to-noise ratio may be
improved by the square root of the
time of count. Increasing the time
of count is analogous to decreasing
the bandwidth in the chargeintegra-
tion method. The signal-to-noise
ratio can also be improved by a
square-root factor by decreasing the
number of dark-noise pulses. Be-
cause these pulses originate at the
photocathode surface, the number
can be reduced by reducing the area
of the photocathode or by reducing
the effective photocathode area by
using electron optics to image only
a small part of the photocathode on
the first dynode. It may also be de-
srable to cod the photomultiplier
and thereby reduce the thermionic
emisson from the photocathode (as
discussed in the section on Basic
Performance Characteristics).

Very-low-light-level
Photon-Counting Technique

Before beginning very-low-light-
level photon counting, the following
special precautions must be taken:

1. The power supply and intercon-
necting circuits must have low-noise
characteristics.

2. The optical system must be
carefully designed to minimize pho-
ton loss and to prevent movement
of the image of the object on the
photocathode, a possible cause of
error if the cathode is non-uniform.
it is generally good practice to de-
focus the image on the photocathode,
especially in the case of a point
source, to minimize problems which
may result from a non-uniform
photocathode.

3. The photomultiplier must be
allowed to stabilize before photon

C




Nl

e = -

96

counting is begun. The tube should
not be exposed to ultraviolet radia-
tion before use and should, if pos
sible, be operated for 24 hours at
the desired voltage before the data
aretaken.

4. The photomultiplier should be
operated with the cathode at ground
potential if possible. If the tube is
operated with the photocathode at
negative high voltage. care must be
taken to prevent the glass envelope
of the tube from coming into con-
tact with conductors at ground po-
tential or noisy insulators such as
bakelite or fet. Without this pre-
caution, a very high dark noise may
result as well as permanent damage
to the photocathode.

5. Large thermal gradients mug
not be permitted across the tube as
it is cooling. In addition, care must
be taken to avoid excessive condensa-
tion across the leads of the tube or
on the faceplate.

Photomultiplier  Selection
for Photon Counting

In the selection of a photomulti-
plier for use in photon counting, sev-
eral important parameters must be
considered. First, and most impor-
tant, the quantum efficiency of the
photocathode should be as high as
possible at the desred waveength.
To minimize the thermionic dark-
noise emission, the photocathode area
should be no larger than necessary
for signal collection; the multiplier
structure should utilize as large a
fraction as possible of the eectrons
from the photocathode. The over-all
tube should have as low a dark noise
as possible. in some applications, the
rise time and timeresolution capa-
bilities of the tube may also be im-
portant.

A number of more recent develop-
ments in photomultiplier design are

-
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of considerable significance in pho-
ton counting. These developments
fall into two major categories, sec-
ondarycmission materials and photo-
cathodes. Because of the superior
gatistics of gallium phosphide (one
of the more recently developed sec-
ondary-emission materials discussed
in the section on Photoemission and
Secondary Emission), a tight single-
eectron digribution curve can be
obtained, as shown in Fig. 77. The
tight digtribution permits easy loca-
tion of the pulse-height discriminator,
as is particularly evident when some
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Fig. 77 — Single-electron distribution
carve taken with a photomuttiptier hav-
Ing a gallium phosphide first dynode.

of the signal pulses are originated
by two or more photoelectrons leav-
ing the cathode smultaneoudy. If
the average number of photodectrons
leaving the photocathode per pulse
were three, a pulse-height distribu-
tion smilar to that shown in Fig.
78 would be obtained. Gallium phos-
phide provides a higher signal-to-
noise ratio than would conventional
secondary-emitting materials such as
B%Oor Cs,Sb when used in the same
tube.

Photocathode developments in-
clude ERMA (Extended Red Multi-
Alkali), a semitransparent photo-
cathode having a response to 900
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Fig. 78 — Pulse-height distribution ob-

tained with a photomultiplier having a

allium phosphide first dynode. Light

evel is such that three photoelectrons

per pulse time is the most probable
number.

nanometers, and several negative-
eectron-affinity materials. Perhaps
the most dgnificant of these ma-
terials is indium gallium arsenide,
whose threshold wavelength in-
creases with increasing indium con-
tent. Spectral-response curves for
some of the more recent photo-
cathodes are shown in the section on
Basic Performance Characteristics.

PHOTOMETRIC APPLICATIONS

Photometry is concerned with the
measurement of luminous intensity
and other parameters related to the
radiant energy which produces visual
sensation. Photometric units and con-
verson from radiant power are dis
cussed in a later section of this
Manual. Photometric measurements
may be made either by visual com-
parison or by more accurate photo-
electric methods. This section dis-
cusses some of the applications of
photomultipliers in photometry.

Spedrophotometry

Spectrophotometers measure the
optical density of materialsas a func-
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tion of wavelength and require pho-
tomultipliers having a broad spectral
range. The results of measurements
of the absorption characteristics of
substances are frequently expressed
in terms of optical density. This
logarithmic method correlates with
the way the human eye discriminates
differences in brightness.

The transmission density D is de-
fined by

P, 1
=1 el R | —
D og10 X 0g10 T

P (104)

where P, is the radiant flux incident
upon a sample, P, is the radiant flux
transmitted by a sample, and T is
the transmisson figure or P/P,.
Density measurements are useful in
various applications to films and
other transparencies in addition to
chemical analysis where concentra-
tion of a solution is studied as a
function of waveength.

Color-Balancing Photometry

A color-balancing photometer is
used to determine color balance and
exposur e times necessary to produce
photographic color prints from color
negatives. Such a device is shown in
block diagram form in Fig. 79; it
allows the matching of the réative
proportions of red, blue, and green
light transmitted by a production
negative to those of a master color
negative. As the first step in the
matching process, the master nega-
tive is used to make an acceptabk
print. This firg print is produced
through trial and error by measure-
ment of the relative proportions of
red, blue, and green light transmitted
through a key area of the master
negative;, the key area usually con-
sists of a flesh tone or a gray area.
The amount of light transmitted is
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Fig. 79 -Block diagram of a color-balancing photometer.

a measure of the density. The ex-
posure time using white light and
the lens opening used to obtain the
satisfactory print are noted.

Next, an area of the production
negative smilar to that on the mas-
ter negative is chosen and the rela-
tive proportions of the red, blue, and
green light transmitted are measured
again. By use of magenta and yel-
low correcting filters, the color trans-
mitted by the production negative
can be balanced with that of the
master negative. When the produc-
tion negative is used, the lens open-
ing is adjusted so that the exposure
time with white light is the same as
it was for exposure of the master
negative. When the values of color-
correcting filters and exposure times
thus determined are used, printsfrom
the production negative can be ob-
tained which are very nearly as good

as those obtained with the master
color negative.

Mog color-balancing photometers
employ steady light sources and
handle small-amplitude signals. Con-
sequently, the photomultiplier used
must have low values of dark current
and good gtability. The life expect-
ancy of tubes used in this application
is long because the small signal levels
reduce the effects of fatigue which
might otherwise adversdy affect
measurement accuracy and repeat-
ability. Low-current operation also
provides for linear operation where
the anode current is proportional to
the input flux over therange of trans-
misson values measured. The in-
tensity range of a color-balancing
photometer, given in terms of the
ratio of the radiant flux incident upon
a sample to the radiant flux trans-
mitted by a sample, is usually of the
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order of 1000 to 1 or more. It must
be remembered that as in most
photomultiplier  applications.  the
power supplies used must be capable
of providing voltages sufficiently
regulated and free from ripple to
assure minimum variation in sens-
tivity with possible line-voltage varia-
tion.

Densitometry

A second example of the use of
the equivalent photoelectric method
in photometry measurements is in
densitometry, or the measurement of
diffuse transmission density.

Although techniques such as those
employed in . the color-balancing
photometer may be used successfully
to measure density over an intensity
range of 10 or 100 to 1 (density 1
to density 2), their use becomes in-
creasingly difficult as the range is
increased to 1000 to 10,000 to 1
(density 3 to densty 4) or more. The
large dynamic ranges encountered in
color-film processing place severere-
quirements upon the photomultiplier
because it must be operated in a
constant-voltage mode. Problems de-
velop in this mode at high-density
values at which the dark current may
become a dgnificant proportion of
the sgnal current. The random na-
ture of this dark current, which pre-
cludes its being “zeroed out”, may
lead to output-signal ingtability. As
a result of the type of operation
needed to produce the dynamic range
required in density measurements,
the photomultiplier anode current is
high at low density values. These
high currents may result in excessive
fatigue, and, depending upon the
operating point, perhaps non-linear
operation. As with the color-balanc-
ing photometer, awell regulated low-
ripple power supply is needed to
assure accurate measurements.
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[Logarithmic  Photometry

In the measurement of absorption
characteristics, the changesin bright-
ness levels vary over such a large
range that it is advantageous to use
a photometer whose response is ap-
proximately logarithmic. This re
sponse enables the photometer to be
equipped with a meter or read-out
scale that is linear and provides pre-
cise readings even at high optical
dengities.

A smplified circuit of a logarith-
mic photometer capable of measur-
ing film dendity with high senstivity
and sability and of providing an
appropriate logarithmic electrical re-
sponse and linear meter indication of
density over three or four density
ranges is shown in Fig. 80.

The circuit of Fig. 80, in which
the photomultiplier operates at a
constant current, minimizes photo-
multiplier fatigue and eliminates the
need for a regulated high-voltage
supply. The feedback circuit illus-
trated develops a signal across R1
proportional to the anode current.
This signal controls the bias applied
to the contral tube and automatically
adjusts the current in the voltage-
divider network. By this means, the
dynode voltage is maintained at a
level such that the anode current is
held constant at a value selected to
minimize the effects of fatigue. At
optical densities of 3, the dynode
supply voltage may be 1000 valts;
at optical densities of less than 1,
the dynode voltage may be as low
as 300 volts. Dynode voltage is trans-
lated into density by means of the
scale on voltmeter VI.

Because there is an approxi-
mately exponential variation of sensi-
tivity of a photomultiplier with ap-
plied voltage (as discussed in the
section on Basic Performance Char-
acterigtics) in a constant-current




100

RCA Photomultiplier Manual

M

@conmm TUBE
+ R -

REGULATE3 ’-Qo._.
HIGH l
VOLTAGE I
POWER
SUPPLY '01" i v
|
¥ "1 |
! >: . l
. :\i '
o = I
| =X i
== |
Fe1= - 2
o :5 COMPENSATING CIRCUIT NEGATIVE tt e
% \5} a:zzfpo
COLOR FILTER'S
08 oo
j o
(o]
-—
- Fig. 80 -Block diagram of a logarithmic photometer.

mode, the voltage becomes a logarith-
mic function of the input light flux
and thus alinear measure of density.

In photometric equipment, the re-
lationship between dynode voltage
and the logarithm of the incident
radiant flux P, is not quite linear
and, consequently, some compensa-
tion is required. This compensation
is provided in the circuit of Fig. 80
by the incorporation of a variable
and automatic shunt across the volt-
meter V 1. As the density valuesin-
crease, the effective value of the
shunt resistance is reduced. This cir-
cuit not only compensates for photo-
multiplier non-linearity, but also for
the non-linearity of the optical sys
tern employed so that the measure-
ments obtained through its use will
conform to American Standards

Association standardsfor the de-
termination of diffuse density.

SPECTROMETRIC
APPLICATIONS

Spectrometry, the science of spec-
trum analysis, applies the methods of
physics and physical chemistry to
chemical analysis. Spectrometric ap-
plications include absorption, emis
sion. Raman, solar, and vacuum
spectrometry, and fluorometry. The
uses made of photomultipliers in
these applications are described in
the following paragraphs.

Absorption Spectrometry

Absorption spectrometry, used to
detect radiant energy in the visble,

Application of Photomultipliers

ultraviolet, and infrared ranges, is
one of the most important of the in-
strumental methods of chemical
analysis. It has gained this import-
ance largely as a result of the de-
velopment of equipment employing
photomultipliers as detectors. The
principle underlying absorption spec-
trometry is the spectrally selective
absorption of radiant energy by a
substance. The measurement of the
amount of absorption aids the scien-
tig in determining the amount of
various substances contained in a
sample.

The essential components of an
absor ption spectrometer are a source
of radiant energy, a monochromator
for isolating the desired spectral
band, a sample chamber, a detector
for converting the radiant energy to
electrical energy, and a meter to
measure the electrical energy. The
spectral ranges of the source and de-
tector must be appropriate to the
range in which measurements are to
be made; in some cases this range
may include one wavelength; in
others, it may scan all wavelengths
between the near-ultraviolet and the
near-infrared.

The side-on photomultiplier has,
in general, been the most widely used
in spectrometric applications. The
side-on tube is relatively small and
has a rectangularly shaped photo-
cathode that is compatible with the
shape of the light beam from an exit
dit. Spectrometric applications re-
quire tubes with good stability, high
anode sensitivity, low dark current,
and broad spectral sensitivity.

Before the development of the new
negativee ectron-affinity type photo-
emitters, such as gallium arsenide,
it was necessary to use more than
one detector in the measurement of
radiant energy from the near-ultra-
violet to the near-infrared part of
the spectrum. A photomultiplier hav-
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ing a gallium arsenide photoemitter
can now be used to detect radiant
energy from 940 nanometers to the
cut-off point of the photomultiplier
window in the near-ultraviolet.

Raman Spectroscopy

There are two types of molecular
scattering of light, Rayleigh and
Raman. Rayleigh scattering is the
elagtic collison of photons with
the molecules of a homogeneous
medium. Because the scattered pho-
tons do not gain energy from or lose
energy to the molecule, they have
the same energy hwa as the incident
photons. A classic example of Ray-
leght scattering of light from gas
molecules is the scattering of the
sun’s light rays as they pass through
the earth’s atmosphere; the scattering
accounts for the brightness and the
blueness of the sky.

Raman scattering is the inelastic
callison of photons with molecules
that produces scattered photons of
higher or lower energy than the ini-
tial photons. During the collison
there is a quantized exchange of en-
ergy which, de-pending on the state
of the molecules, deter mines whether
the initial photon gains or loses en-
ergy. The differences in energy levels
are characteristic of the molecule.
If the excitation freguency is ¥, and
the photon emitted after the inter-
action has a frequency of w., the
interaction results in a change in the
energy of an initial photon by hy,
where hy, = |hvy — hyy | When hw,
is greater than hy, the initial pho-
ton has gained energy from the mole-
cule that was in the excited state;
in the reverse case, theinitial photon
has given up energy to the molecule
in the unexcited state.

Early Raman ingruments had a
number of disadvantages and were
difficult to use; it was difficult to




102

find a sable high-intensity light
source and to discriminate against
Rayleigh scattering of the exciting
line. With the recent development of
highquality = monochromators and
the advent of the laser light source,

a renewed interest in the Raman ef-
fect as an analytica method ‘of
chemical analysis has taken place.
Raman spectrophotometers are gen-
erally used to investigate the struc-
ture of molecules and to supplement
other methods of chemical analysis,
particularly infrared-absorption spec-

trometry.
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The scattered photons from a
Raman interaction are 0 few in
number that only the highestquality
photomultipliers can be used as de-
tectors. The tube should have high
collection efficiency, high gain, good
multiplication <atistics, low noisg,
and high quantum efficiency over the
spectral range of interest. Fig. 81
shows a Raman spectrum. To re
duce the effects of Rayleigh scatter-
ing, a source of noise in Raman
spectroscopy, the photomultiplier is
placed at right angles to the light
beam, whose wavelength has been
chosen as long as possible within
the range of interest.
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Fig. 81 — Typical Roman spectrum.
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Voltage-Divider Considerations

THE interstage voltage gradients
for the photomultiplier elements
may be supplied by individual volt-
age sources; however. the usual
source is a resistive voltage divider
placed across a high-voltage source,
as shown in Fig. 82.

P -Anode

-—

Fig. 82 — Schematic diagram of a re-
sistive voltage divider.

RESISTANCE VOLTAGE DIVIDER

The response of a 931A photo-
multiplier using a conventional volt-
age divider, as shown in Fig. 82,
with equal voltage per stageis shown
in Fig. 83 as a function of the light
flux input.l (The value of Ry was
essentially zero for this measure-
ment.) The anode current is shown
relative to the divider current at zeo
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Fig. 83 — The relative response of a

931A Elhotomultiplier as a function of

the light flux using the circuit of Fig.

82 with equal stage voltage (at zero

light level). Curv]gisR(tafake{\from Fig. 2
ol L

light level. The superlinearity region
is explained by the fact that the In-
crease in dynode voltage resulting
from the redistribution of the voltage

loss across the ‘
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divider resistor tends to reduce anode
collection efficiency. The decreasein
sensitivity which occurs beyond re-
gion A of Fig. 83 results from the
extension of voltage losses to the last
two or three dynode resistors caus
ing defocusng and skipping in the
associated dynode stages. In order
to prevent thisloss and assur€ahigh
degree  of Tinearity, the current
through the voltage-divider network
mum average anode current required
de voltages from
-varying. In calculafing the voltage-
divider current, the average anode
current mud firt—beestimated;—this
eslimate requiresknowledge of the
value of the input (light) signal and
the required output (electrical) signal.

VOLTAGE RATIO

A resistance voltage divider must
be designed to divide the applied
voltage equally or unequally among
the various stages as required by the
electrostatic system of the tube. The
most common voltage between stages
isusually referred to as the stage
voltage and the voltage between other
stages as relative to the most com-
mon stage voltage.

The voltage distribution is nor-
mally specified in the following way:

Relative
Between Voltage
K — Dy, 'y

DYI - Dy, T2)
Dy,_, - Dy, Fn)
Dy, — Anode 1y,

where n represents the number of
the dynode stage and rg (j =1to
n+l) represents the relative inter-
stage voltage. There is always one
more interstage voltage than there
are dynode stages.
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The following formula may be
used to calculate the voltage be-
tween  stages:

V, - (Enggly) I

n

nt1
where rp, = 3 1, and V, is the
f=1

voltage between the elements K —
Dy,, Dy, — Dy,, and Dy, — Anode.

VOLTAGE-DIVIDERRESISTORS

The voltage-divider resistor values
required for each stage can be de-
termined from the value of the total
resistance required of the voltage
divider and the voltage-divider ratios
of the particular tube type. Theinter-
stageresistance valuesarein propor-
tion to the voltage-divider ratios as
follows:

Rj:R'.l:.j.

Ie

where R, is the resistance between
elements Dy, and Dy;_,. The rec-
ommended resistance values for
a photomultiplier voltage divider
range from 20,000 ohms per stage to
5 megohms per stage; the exact
values are usually the result of a
compromise. If low values of resist-
ance per stage are utilized, the power
drawn from the regulated power sup-
ply may be excessively large. The
ressor power rating should be at
least twice the calculated rating to
provide a safety margin and to pre-
vent a shift in resistance values as
aresult of overheating.
Photomutliplier noise or a shift in
gain may result from heat emanating
from the voltage-divider resistors,
therefore, the divider network and

Voltage-Divider Considerations

other heat-producing components
should be located so that they will
not increase the tube temperature.
Resistance values in excess of five
megohms should be avoided because
current leakage between the photo-
multiplier terminals could cause a
variation of the interstage voltage.

The type of resistor used in a di-
vider depends on the dynode struc-
ture with which the divider will be
used. Close tolerance resistors, such
as the wirewound types, are nor-
mally required with the focused or in-
line structures. On the other hand,
inter dynode voltages in the venetian-
blind structures can vary widey with
but little effect on the photomulti-
plier. For this reason, the resstors
used with a Venetian-blind structure
need only be of a less stable variety,
such as carbon.

CATHODE-TO-FIRST-DYNODE
REGION

The over-all performance of a
tube can be improved by maintain-
ing a high dectric fied in the cath-
odetofirg-dynode region to reduce
the trandt-time spread of photoelec-
trons arriving at the first dynode and
minimize the effect of magnetic fields.
A high first-dynode gain, which im-
plies a high cathode-to-firstdynode
voltage, is particularly important in
the detection of extremely low light
levels where the statistics of photo-
emission become important.

A high cathoae-to-first-dynode
voltage of approximately 600 to 800
volts is recommended in photomul-
tipliers having a gallium phosphide
first dynode. Otherwise, the higher
secondary-emission capability of this
material and its improved satistics
are not utilized.
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rangement, however, may have the
disadvantage of reducing the gain
in the critical first stage. This disad-
vantage can be avoided by using a
zener diode to hold this critical volt-
age constant.

INTERMEDIATESTAGES

In applications in which it is de-
sirable to control the anode sens-
tivity without changing the over-all
voltage, the voltage of a single dy-
node may be varied. Pig. 84 shows
the variation of anode current for
a 931A photomultiplier when one of
the dynode voltages is varied while
the total supply voltage is held con-
stant. The dynode should be selected
from the middle of the dynode string
because a variation of dynode poten-
tials near the cathode or anode
would have a detrimental effect on
photomultiplier operation.

TYPE 931A

ANODE SUPPLY VOLTAGE 1000V
100 L LE) Trrtvi1
Py
6
L)

RELATIVE ANODE CURRENT

RS

U IO Y U WO UG 0 T O B |
700 800
DYNODE N0.6-TO-CATHODE  VOLTS

ol

Fig. 84 — The output-current variation

It is frequently useful to control of 5 931A when the voltage on one

the gain of the photomutiplier by
varying the over-all voltage. This ar-

dynode (No. 6) is varied while the total
anode voltage remains fixed.
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VOLTAGE DIVIDERS FOR
PULSED OPERATION

In applications in which the input
signal is in the form of pulses, the
average anode current can be de
termined from the average pulse am-
plitude and the duty factor. The
total resistance of the vatage-divider
network is calculated for the average
anode current for dc operation.

[n cases in which tne average
anode current is orders of magnitude
less than a peak pulse current, dy-
node potentials can be maintained
at a nearly congtant value during
pulse durations of 100 nanoseconds
or less by use of charge-storage ca-
pacitors at the tube socket. The
voltage-divider current need only be
sufficient to provide the average
anode current for the photomulti-
plier: the high peak currentsrequired
during the large-amplitude light
pulses may be supplied by the ca-
pacitors.

The capacitor values depend upon
the value of the output charge asso-
ciated with the pulse or train of
pulses. The value of the final-dynode-
to-anode capacitor C is given by

where C is in farads, q is the total
anode charge per pulse in coulombs,
and V is the voltage across the ca-
pacitor. The factor 100 is used to
limit the voltage change across the
capacitor to a I-per-cent maximum
during a pulse. Capacitor values for
preceding stages should take into ac-
count the smaller values of dynode
currents in these stages. Conserva-
tively, a factor of approximately 2
per stage is used. Capacitors are not
required across those dynode stages

)
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at which the peak dynode current is
less than 1/10 of the average cur-
rent through the voltage-divider net-
work.

MEDIUM-SPEED
PULSEAPPLICATIONS

In applications in which the out-
put current consists of pulses of short
duration, the capacitance C;, of the
anode circuit to ground becomes
very important. The capacitance C,,
is the sum of all capacitances from
the anode to ground: photomulti-
plier-anode capacitance, cable ca-
pacitance, and the input capacitance
of the measuring device. For pulses
with a duration much shorter than
the anode time constant RyC;, the
output voltage is equal to the product
of the charge and 1/Cy, because the
anode current is smply charging a
capacitor. The capacitor charge then
decays exponentially through the
anode load resistor with a time con-
sant of RyCp. To prevent pulses
from piling up on each other, the
maximum value of Ry C;, should be
much less than the reciprocal of the
repetition rate.

An important example of this type
of operation is scintillation counting,
for example with Nal(T1) The time
constant of the scintillations is 0.25
microsecond and. because the inte-
gral of the output current pulse is
a measure of the energy of the inci-
dent radiation, the current pulse is
integrated on the anode-circuit ca-
pacitance for a period of about 1
microsecond. To prevent pulse pile-
up, the anode-circuit time constant
is selected to be about 10 micro-
seconds. Because the scintillations oc-
cur at random, the maximum average
counting rate is limited to about
10 kHz.

Voltage-Divider  Considerations

FAST-PULSE APPLICATIONS

In fast-pulse light applications, it
is recommended that the photomulti-
plier be operated at negative high
voltage with the anode at ground po-
tential. A typical voltage-divider cir-
cuit with series-connected capacitors
used with a positive ground is shown
in Fig. 85. The paralld configura-
tion of capacitors may also be used,

DY; oY,
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on a 50-ohm source and a 50-ohm
load impedance; careful wiring tech-
nique is required to assure the best
impedance match. A good impedance
match to the transmission line and
anode of the tube is provided by
capacitively coupling the last, and
sometimes the next to last, dynode
to the ground braid of the 50-ohm
coaxial signal cable.

DYp-3 DY.-2 Ofp-y DYa

0.005xF 0005uF 0.00}

Fig. 85 — Series-connected capacitors in voltage-divider circuit using positive
ground for pulse-light applications.

as shown in Fig. 86. This circuit per-
mits lower-inductance connections to
the ground plane. The paralld ar-
rangement requires capacitors of
higher voltage ratings. Regardless of
the configuration, the capacitors must
be located at the socket. The capaci-
tor arrangements just described may
also be applied to negative-ground
applications.

The wiring of the anode is very
critical in pulse applications if line-
arity and pulse shape are to be pre-
served. Most pulse circuitry is based

Fig. 87 illustrates the use of by-
pass capacitors (Cgp) on the anode
signal line. Because of the bypass
capacitors, the transmission-line de-
ments in the figure are viewed by a
fast pulse as a sngle line between
two ground planes.

WIRING TECHNIQUES

Good high-frequency wiring tech-
nigues must be employed in wiring
photomultiplier sockets and asso-
ciated voltage dividers if loss of time

DY DYy D¥p—3 DY¥p-2 DOV DYy
T0
c;mggoﬁ
—HI
VOLTAGE 3R RL
T
Fig. 86 — Parallel-connected capacitors in voltage-divider circuit for

pulsed-light application.
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Fig. 87 -Bypass capacitors used to
make the last two dynodes appear as
a ground plane to a fast-pulsed Slgnal

resolution in pulse operation is to
be minimized. Fig. 88(a) illustrates
the pulse shape obtained from an
8575 photomultiplier excited by a
0.5nanosecond rise-time light pulse.
The pulse shape is most easily seen
with the aid of a repetitive light
pulser and a sampling oscilloscope.
Fig. 88(b) indicates the general type
of digtortion encountered with the
use of improper charge-storage ca-
pacitors. capacitors either too small
in value or too inductive. The output
pulse appears clipped in comparison
to that of Fig. 88(a) and illustrates
the ringing that may occur in an im-
properly wired socket, a condition
that worsens as pulse amplitude in-
Creases.

Fig. 89 shows a socket wired for
a negative high-voltage application.
The disk-type bypass capacitors are
mounted in series with minimum lead
length because the self-inductance of
a few millimeters of wire becomes
critical in  nanosecond-pulse work;
care should also be taken in dressing

- PR Y .
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Fig. 88 — (a) Pulse shape obtained from

photomultiplier excited by a 0.5-nano-

second-rise-time light pulse, and (b)

distortion encountered with improper

charge-storage capacitors and ringing
in an improperly wired socket.

the bypass capacitors and coaxial
cable. The resistors for the voltage
divider are shown mounted on the
socket. In  applications requiring
minimum dark current, the resstors
should be remote from the photo-
multiplier to minimize heating ef-
fects. In negative-high-voltage ap-
plications, the socket should be
mounted in a copper or brass co-
axial cylinder to provide a suitable
ground plane to which the capacitors
can be connected; this construction
is shown in Fig. 90.

Considerations

SHORT LENGTH RG58V
LEADING TO BNC OR
GR847 CONNECTOR

Fig. 89 — Anode detail Of socket wired
for a negative high-voltage application.

PHOTOMULTIPLIER
SOCKET MACHINED
TO FIT TUBING

COPPER
OR BRASS
SHIELD
TUBING

CHARGE ~ STORAGE
CAPACITORS CONNECTED
TO GROUND CYLINDER

Fig. 90 — Tube socket mounted in
copper or brass coaxial cylinder for
negative-high-voltage applications.

CHECKING SOCKET AND
TUBEPERFORMANCE

Some photomultipliers typically
display a reflected-pulse rise time of
the order of 1.5 nanoseconds for an
initiating pulse of the order of 50
picoseconds when the tube and socket
are tested with a time-domain re
flectometer, the instrument usedto
test the anode-pin region of the
socket. The socket should simulate
an open circuit. If the output pulse
can be viewed with a sampling oscil-
loscope, the pulse shape can be in-
spected for signs of clipping or ring-
ing, effects more prominent at high
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pulse amplitudes. Output-pulse am-
plitude may be increased by increas
ing the tube voltage and may be
measured with a multichanne ana-
lyzer or an oscilloscope.

The effectiveness of the charge
storage capacitors can be verified
with a simple linearity test. The out-
put of a photomultiplier varies as
Va, where V is the applied voltage
and alpha (a) is a congtant: thus a
plot of pulse amplitude as a function
of the logarithm of the voltage value
should yidld a straight line.

A two-pulse technique may be em-
ployed to teat linearity at constant
operating voltage. This technique re-
quires a means for attenuating the
light signals by a factor of 0.5 to
0.1; a filter in the light beam suf-
fices. In applying the technique, the
ratio of the amplitude of the two
pulses is established at low pulse
amplitudes where linear operation is
assured. Next, the pulse amplitude
isincreased, either by increasing the
tube voltage or by increasing the
light intensity; a constant pulse-am-
plitude ratio indicates linear opera-
tion.

TAPERED DIVIDERS

Some applications require that
photomultipliers sustain high signal
currentsfor short timeintervals, tens
of nanoseconds or less. In general,
photomultipliers are capable of sup-
plying 0.2 ampere or more into a
50-ohm load for short durations.
However, the voltage divider must
be tailored to the application to al-
low a photomultiplier to deliver
these high currents.

The principal limitation on current
output (into a 50-ohm system) is
space charge at the last few stages.
This space charge can be overcome
if the potential difference across the
last few stages is increased by use
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of a tapered divider rather than an
equal-volts-per-stage divider. The
tapered divider places 3 to 4 times
the normal interstage potential dif-
ference across the last stage. The
progression leading to the 4-times
potential difference should be grad-
ual to maintain proper electrostatic
focus between stages; a progression
of L1...1 1 15, 2.0. 25, 3 is
recommended.

Anode signals 400 to 500 volts in
amplitude can be obtained from
photomultipliers. These large voltage
excursions are often useful, for ex-
ample, in driving electro-optical
modulators. Because the photomulti-
plier is nearly an ideal constant-
current source, its output voltage
into a high-impedance load is limited
only by the potential difference be-
tween the last dynode and the anode.
If the potential difference is 100
volts, the anode cannot swing
through more than a 100-volt excur-
sion. By impressing a much higher
potential difference between the
anode and last dynode by means of
a tapered divider, greater voltage
swings can be obtained.

DYNAMIC COMPRESSION OF
OUTPUT SIGNAL

Most photomultipliers operate
linearly over a dynamic range of
six or seven orders of magnitude, a
range few monitor devices can ac-
commodate without requiring range
changes. When compression of the
dynamic range is desired, a logarith-
mic amplifier is sometimes used. The
photomultiplier may be operated in
a compressed-output mode, how-
ever, without the need for additional
compression circuitry.

The voltage excursion of the anode
is limited by the potential difference
between the last dynode and the
anode (with no signal current flow-
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ing). If the potential difference s
reduced from, for example, 100 volts
to 10 volts, several orders of magni-
tude can be compressed into a sin-
gle decade. The exact relationship
between input-light intensity and the
compressed output voltage developed
across a load resistor varies among
tube types and voltage dividers, and
must be determined empirically.

CURRENT PROTECTION
OF PHOTOMULTIPLIER

If a photomultiplier is accidentally
exposed to an excessive amount of
light, it may be permanently dam-
aged by the resultant high currents.
To reduce this possibility, the re-
sistive voltage-divider network may
be designed to limit the anode cur-
rent. The average anode current of
a photomultiplier cannot much ex-
ceed the voltage-divider current;
therefore, the voltagedivider net-
work serves as an overload protection
for the tube. If overexposure is ex-
pected frequently, interdynode cur-
rents which can be quite excessive,
may cause loss of gain. In some ap-
plications it may be worth while to
protect against dynode damage by
using resistors in series with each
dynode lead.1

HIGH-VOLTAGE SUPPLY

The recommended polarity of the
photomultiplier power-supply volt-
age with respect to ground depends
largely on the application intended.
Of course. the cathode is always
negative with respect to the anode;
however, in some pulsed applications,
such as scintillation counting, the
cathode should be grounded and the
anode operated at a high positive
potential with a capacitance-coupled
output. The scintillator and any mag-
netic or electrostatic shields should

Voltage-Divider Considerations

also be connected to ground poten-
tial to eliminate leakage currents
from ground to the photocathode and
to prevent the shock hazard caused
by the scintillator being at high volt-
age.

In applications in which the signal
cannot be passed through a coupling
capacitor, ‘the positive- side of the

power supply should be grounded.

The cathode is then at a high nega-
tive potential with respect to ground.
When this arrangement is used, extra
precautions must be taken in the
mounting and shielding of the photo-
multiplier. If a potential gradient
exists across the tube wall, scintilla-
tions occurring in the glass will in-
crease dark noise. If this condition
exists for a sufficiently long period
of time. the photocathode will be
permanently damaged by the ionic
conduction through the glass. To
prevent this situation when a shield
is used, the shield is connected to
photocathode potential. Light-shield-
ing or supporting materials used in
photomultipliers must limit leakage
currents to 10—12 ampere or less.
Fig. 91 shows a curve of the effect
of external-shield potential on photo-
multiplier  noise.

To reduce the shock hazard to
personnel, a very high resistance
should be connected between the
shield and the negative high voltage.

111

T T 11t 1 § 1t 1
|- TUBE TEMPERATURE =22°C

EQUIVALENT NOISE
INPUT — LUMENS

-1000 -800 -600 -400 -200 0
EXTERNAL-SHIELD ~ VOLTS
RELATIVE TO ANODE VOLTS

Fig. 91 — Curve of effect of external-
shield potential on noise in a
photomubiplier.

POWER-SUPPLY STABILITY

The output signal of a photomulti-
plier is extremely sensitive to varia-
tions in the supply voltage. There-
fore, the power supply should be very
stable and exhibit minimum ripple.
As an approximate “rule of thumb”,
power-supply stability (in per-cent
variation) should be at least ten
times less than the maximum output-
current variation (in per cent) that
can be tolerated.

REFERENCES

1. R. W. Engstrom and E. Fischer,
“Effects of Voltage-Divider Char-
acteristics on Multiplier Photo-
tube Response”, Rev. Sci. Instr.,
Vol. 28. p. 525 (1957).




112

Photometric Units and
Photometric-to-Radiant

Conversion

P HOTOMETRY is concerned with
the measurement of light; the
origins of the photodectric industry
wer e associated with the visible spec-
trum. It was appropriate, therefore,
that the units for evaluating photo-
sensitive devices be photometric. To-
day, however, although many of the
applications of photosensitive de-
vices are for radiation outside the
visible spectrum, for many purposes
the photometric units are ill re-
tained. Because these units are based
on the characteristics of the eye, it
is appropriate that the introduction
to this discusson begin with a con-
sideration of some of the character-
istics of the eye.

CHARACTERISTICS OF
THE EYE

The sensors in the retina of the
human eye are of two kinds: “ cones’
which predominate the central (or
foveal) vison and “rods’ which pro-
vide peripheral vison. The conesare
responsble for our color vison; rods
provide no color information but in
the dark-adapted state are more sen-
stive than the cones and thus pro-
vide the basis of dark-adapted vision.
Because there are no rods in the
foveal region, faint objects can more
readily be observed at night when
the eyeisnot exactly directed toward

the faint object. The response of the
light-adapted eye (cone vision) isre-
ferred to as the Photopic eye re
sonse; the response of the dark-
adapted eye (rod vision) is referred
to as Scotopic eye response.

Although characteristics of the

human eye vary from person to per-
son. standard luminosity coefficients
for the eye were defined by the Com-
mission Intemationale d'Eclairage
(International  Commisson on |l-
lumination) in 1931. These standard
C.I.LE. luminosity coefficients, listed
in Table Il, refer to the Photopic
eye response. They represent the
relative luminous equivalents of an
equal-energy  spectrum  for each
wavelength in the visible range, as-
suming foveal vison. An absolute
“senditivity” figure established for
the standard eye relates photometric
unitsand radiant power units. At 555

nanometers, the wavelength of maxi-

mum sensitivity of the eye, one watt

of radiant power corresponds to 680
lumens.

For the dark-adapted eye, the peak
sensitivity increases and is shifted
toward the violet end of the spectrum.
A tabulation of the relative scotopic
vison isgiven in Tablelll. The peak
luminosity for scotopic vision occurs
at 511 nanometers and is the equiva-
lent of 1746 lumenswatt. Fig. 92
shows the comparison of the absolute
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Table Il — Standard Luminosity Coefficient Values.
C.IE Wavsleagth C.LE Wavdlength glﬁl.
(sanemeters) (nanemeters) Valse (nanometers)
00004 510 0.503 640 0.175
388 8.00012 520 0.710 650 0.107
400 0.0004 530 0.862 660 0.061
410 0.0012 540 0954 670 0.032
420 0.0040 550 0.995 680 0.017
430 0.0116 0.995 690 0.0082
M0 0.023 510 0.952 700 0.0041
450 0.038 580 0870 710 0.0021
460 0.060 590 0.757 120 g.gg(l)gg
470 0,001 0.631 730 Q0052
480 0.139 610 0.503 740 0.0007
490 0.206 620 0.331 750 0.00012
500 0.3 630 0265 760 0.00006

luminosity curves for scotopic and
photopic vison as a function of
wavelength.

The sensitivity of the eye outside
the wavelength limits shown in
Tables Il and Il is very low, but
not actually zero. Studies with in-
tense infrared sources have shown
that the eye is sensitive to radiation
of wavelength at least as long as 1050
nanometers. Fig. 93 shows a com-
posite curve given by Griffin, Hub-
bard, and Wald 1 for the sensitivity of
the eye for both foveal and peripheral
vision from 360 to 1050 nanometers.
According to Goodeve 2 the ultra-
violet sensitivity of the eye extends
to between 302.3 and 3125 nano-
meters. Below this level the absorp-
tion of radiation by the proteins of
the eye lens appar ently limits further
extenson of vison into the ultra-
violet. Light having a wavelength of
302 nanometers is detected by its
fluorescent effect in the front part of
the eye.

PHOTOMETRIC UNITS

Luminous intensity (or candle-
power) describes luminous flux per
unit solid angle in a particular direc-

tion from a light source. The measure
of luminous intensity is the funda-
mental standard from which all other
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Fig. 92 — Absolute luminosity curves
for scotopic and photopic eye response.
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Table Il — Relative Luminosity Values for Photopic and Scotopic Vision.
WAVELENGTH PHOTOPIC V) SCOTOME VA
(o) ¢>ladm?) @<IzN-Seim-D)
350 - 0.0003
360 - 0.0008
g;(o) 0 - 0.0022
00004 0.0055
3% 0.00012 0.0127
400 0.0004 0.0270
410 0.0012 0.0530
20 0.0040 0.0950
430 0.0116 0.157
a0 0.023 0239
450 0.038 0.339
460 0.060 0.456
470 0.091 0.576
480 0.139 0.713
490 0.208 0.342
500 0.323 0.948
510 0503 0.999
520 0.710 0.953
530 0.862 0.849
540 0.95¢ 0.697
550 0995 0531
560 0.995 0.365
570 0.952 0.243
580 0.870 0.155
590 0.757 0.0942
600 0631 0.0561
610 0.503 0.0324
620 0381 0.0138
630 0.265 0.0105
640 0.175 0.0058
650 0.107 0.0032
660 0.061 0.0017
670 0.032 0.0009
680 0.017 0.0005
690 0.0082 0.0002
700 0.0041 0.
710 0.0021 ‘Eml
n 0.00105 -
730 0.00052 -
740 0.00025 -
750 0.00012 -
760 0.00006 -
70 0.00003 -
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photometric units are derived. The
gtandard of luminous intendty is the
candda; the older term candle is
sometimes still used, but refersto the
new candle or candela.

The candela is defined by the
radiation from a black body at the
temperature of solidification of plati-
num. A candela is one-sixtieth of the
luminous intensity Of one square
centimeter of such a radiator.

-2
-3

-5

LOGREL 01 VE SENSITWITY
~

FOVEA

300 500 700 900 1000
WAVELENGTH - NANOMETERS

Fig. 93 — Relative spectral sensitivity
of the dark-adapted foveal and
peripheral retina.

A suitable subgandard for practi-
cal photoelectric measurementsisthe
developmental-type calibrated lamp,
RCA Dev. No. C70048, which oper-
ates at a current of about 4.5 amperes
and a voltage of 7 to 10 volts. A
typical lamp calibrated at a color
temperature of 2854°K provides a
luminous intensity of 55 candelas.
The luminous intensity of a tungsten
lamp measured in candeals is usually
numerically somewhat greater than
the power delivered to the lamp in
watts. (The photodectric industry is
in the process of changing the color
temperature standard for the tungsten
test lamp. A color temperature of
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2870°K has served as the basic test
standard for photoelectric measure-
ments in this country for about 30
years. In order to provide a more
universal standard, most industries
and government’ laboratories are
changing to 2854°K color tempera-
ture. This latter temperature is in
common use in Europe. Illuminant
A as designated by the C..E. is a
tungsten lamp operated at 2854°K
color temperature. The text of this
Manual utilizes the 284°K figure,
although tube data are till based on
2870-K. The difference, however, is
generally negligible Test lamps may
be obtained with either temperature
calibration.)

Luminousflux istherate of flow
of light energy, that characterigtic of
radiant energy which produces visual
sensation. The unit of luminousflux
isthe lumen, which is the flux emitted
per unit solid angle by a uniform
point source of one candeda. Such a
sour ce produces a total luminous flux
of 4r lumens.

A radiant source may be evaluated
in terms of luminous flux if the
radiant-energy distribution Of the
source is known. If W(A) is the total
radiant power in watts per unit wave-
length, total radiant power over all
wavelengths is {*WI(A) dA, and the
total luminous flux L in lumens can
be expressed asfollows:

L = 680 [,®W(A) y(A) dx

where y(A) represents the luminos
ity coeffident as a function of wave-
length. At a wavelength of 555 nano-
meters, one watt of radiant power
corresponds to 680 lumens. The
lumen is the most widely used unit
in the rating of photoemissive de-
vices, for photomultipliers the typi-
cal test levels of luminous flux range
from 10-7 to 10—% lumen (0.1 to 10
microlumens).

i
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Table IV — Luminance Values for Some Common Sources.
Source

(Fostlamberts)
Sun, as observed from Earth’s surface at meridian. | .. ... .. .. ... . . 4.7x 10
Moon, bright spot, as observed from Earth's surface., ....................ooooes. 730
Clear blue Shy. ... 2300
Lightning flash... ... o 2 x 1010
Atomic fission bomb, 0.1 millisecond after firing, W-feet diameter ball. . . ... .... 6 x1on
Tungsten filament lamp, gas-filled, 16 lumen/watt. . .. ... ... ... .. ... ... .. ... ... 2.6 % 10’
Plain carbon arc, positive crater R 4.7x 108
Fluorescent lamp, I-12 bulb, cool white, 430 mA, medium loading.. ... ............ 2000

llluminance (or illumination) is the
density of luminous flux incident on
a surface. A common unit of illumi-
nation is the footcandle, the illumi-
nation produced by one lumen
uniformly distributed over an area
of one squarefoot. It followsthat a
sour ce of one candela produces an
illumination of oneiootcandle at a
distance of one foot.

Table 1V lists some common values
of illumination encountered in photo-
electric applications. Further infor-
mation concerning natural radiation
is shown in Fig. 94, which indicates
the change in natural illumination at
ground level during, before, and
after sunset for a condition of clear
sky and no moon.’

Photometric luminance (or bright-
ness) is a measure of the luminous
flux per unit solid angle leaving a
surface at a given point in a given
direction, per unit of projected area.
The term photometric luminanceis
used to distinguish a physically
measured luminance from a subjec-
tive luminance. The latter varies
with illuminance because of the shift
in spectral response of the eye
toward the blue region at lower levels
of illuminance. The term luminance

ILLUMINATION — FOOTCANDLES
288 - 5 3 & 3

3

5
»

* 1
-3 -2 | 0 | 2 3

.3

HOURS BEFORE AND AFTER SUNSET

Fig. 94-Natural illuminance on the

earth for the hours immediately before

and after sunset with a clear sky and
no moon.

describes the light emission from a
surface, whether the surfaceis self-
luminous or receives its light from
some external luminous body.

For a surface which isuniformly
diffusing, luminance is the same re-
gardless of the angle from which the
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surface is vicwcd. This condition re-
sults from the fact that a uniformly
diffusing surface obeys Lambert's law
(the cosine law) of emission. Thus,
both the emission per unit solid angle
and the projected area are propor-
tional to the cosine of the angle be-
tween the direction of observation
and the surface normal.

A logical unit of luminance based
on the definition given above is a
candela per unit area. When the unit
of area is the square meter, this unit
is called a nit; when the unit of area
is a square centimeter, the unit is a
stilb. It is also possible to refer to a
candela per square foot. However,
none of these units is as commonly
used in photoelectric measurement as
the footlambert, a unit of photo-
metric luminance equal to 1/a
candela per square foot. The advan-
tage of using the footlambert for a
uniform diffuser is that it is equiva-
lent to a total emission of one lumen
per square foot from one side of the
surface. This relationship can be
demonstrated by the following con-
ditions, as shown in Fig. 95. An ele-
mentary portion of a diffusing sur-
face having an area of A square feet
has a luminance of one footlambert,
or 1/7r candela per square foot. The
light flux of interest is that emitted
into an elementary solid angle, 2w

Fig. 95 — Diagram illustrating Lam-
bert's law and the calculation of total
luminous flux from a diffuse radiator.

sinf d@. At an angle of 8, the projec-
tion of the elementary area is equal
to A cos @. Because the luminous
flux in a particular direction is equal
to the product of the source strength
in candelas and the solid angle, the
total luminous flux L in lumens from
the area A may be obtained by inte-
gration over the hemisphere as
follows:

»/2
L = / ! (A cos 6)
,

(2x sin 8) d6 = A (1.6)

In other words, the total flux from
a uniform diffuser having a lumi-
nance of one footlambert is one
lumen per square foot.

An advantage of the above rela-
tionship is that the illumination at a
surface in front of and parallel toan
extended and uniformly diffusing sur-
face having a luminance of one foot-
lambert is equal to one lumen per
square foot or one footcandle. As
a result, an instrument reading il-
luminance in footcandles indicates
photometric luminance or brightness
in footlamberts if the instrument is
illuminated essentially from the entire
hemisphere. (This statement neglects
the possible perturbation caused by
the measurement instrument.)

In a typical application, a uni-
formly diffusing radiating surface
may be of such small size that it can
be considered practically a point
source. However, if the radiator is
assumed to be a flat surface radiat-
ing according to Lambert’s law, the
distribution of flux about the point
is not the same as for an ordinary
point source. In this case, if the sur-
face luminance is one footlambert
and the area is A square foot, the
flux per steradian in a direction
normal to the surface would be
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A( /) lumens, or at an angle § Manual are presented in units of
with respect to the normal line the candelas, lumens, footcandles, and
flux would be A(1/1r) (cos 8) lumens  footlamberts, Table V is a conver-

per steradian. _ _ _ son table for various photometric
All photometric data in this units.

Table V — Conversion Table for Various Photometric Units.

Luminous  Intensity

lcandela (cd) = 1 lumen/steradian (Im sp-%)

luminous Flux

4 lumens = total flux from uniform point source of 1 candela.

Iluminence

1 footcandle {fe) = 1 lumen/ft*

=10.764 lux (meter candle)
(lumen/meter?)

=0.001076 phot {lumen/cm?

Luminance
1 footlambert (fl) =1/ candela/ft*

= 1.0764 millilamberts

0.0010764 lambert {1/« candela/cd

= 3.426 nits {candela/meter?)
= 00003426 stilbs (candela/cn)

= 0.3183 candela/ft*

=10.764 apostibs {1/ candela/meter?)
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Radiant Energy and Sources

ADIANT energy is energy travel-
R ing in the form of eectromag-
netic waves; it is measured in joules,
ergs, or calories. The rate of flow
of radiant energy is called radiant
flux; is it expressed in calories per
second, in ergs per second, or, prefer-
ably, in watts (joules per second).

BLACK-BODY RADIATION

As a body is raised in tempera-
ture, it first emits radiation primarily
in theinvisbleinfrared region. Then,
as the temperature is increased. the
radiation shifts toward the shorter
wavelengths. A certain type of radia-
tion called black-body radiation is
used as a standard for the infrared
region; other sources may be de-
scribed in terms of the black body.

A black body is one which absorbs
all incident radiation; none is trans-
mitted and none is reflected. Because,
in thermal equilibrium, thermal radia-
tion balances absorption, it follows
that a black body is the most effi-
cient thermal radiator possble. A
black body radiates more total power
and more power at a particular
waveength than any other thermally
radiating source at the same tempera-
ture. Although no material is ideally
black, the equivalent of a theoretical
black body can be achieved in the
laboratory by providing a hollow
radiator with a small exit hole. The

radiation from the hole approaches
that from a theoretical black radia-
tor if the cross-sectional area of the
cavity is large compared with the
area of the exit hole. The character-
istic of 100-per-cent absorption is
achieved because any radiation enter-
ing the hole is reflected many times
inside the cavity.

The radiation didribution for a
source which is not black may he
calculated from the black-body radia-
tion laws provided the emissivity as
a function of wavelength is known.
Spectral emissivity is defined as the
ratio of the output of a radiator at
a specific wavelength to that of a
black body at the same temperature.
Tungsten sources, for which tables
of emissivity data are available.l are
widely used as practical standards,
particularly for the visible range
Tungsten radiation standards for the
visble range are frequently given
in terms of color temperature, in-
stead of true temperature. The color
temperature of a selective radiator is
determined by comparison with a
black body: when the outputs of the
sdlective radiator and a black body
are the closest possible approxima-
tion to a perfect color match in the
range of visual sensitivity, the color
temperature of the selective radiator
is numerically the same as the
body true temperature. For a tung-
sten source, the relative distribution
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of radiant energy in the visible spec-
tral range is very close to that of a
black body although the absolute
temperatures differ. However, the
match of energy distribution becomes
progressively worse in the ultraviolet
and infrared spectral regions.

SOURCE TYPES

Tungsten lamps are probably the
most important type of radiation
source because of their availability,
reiability, and congtancy of oper-
ating characteristics. Commercial
photomultiplier design has been con-
siderably influenced by the character-
istics of the tungsten lamp. A relative
spectral-emission characterigtic for a
tungsten lamp at 2854°K color tem-
perature is shown in Fig. 96.

TUNGSTEN LAMP 2854 °K (STANDARD TEST}

RELATIVE ENERGY

Fig. 96 -Relative spectral-emission
characteristic for a tungsten lamp at a
color temperature of 2854°K.

The common fluorescent lamp, a
very efficient light source, consists of
an argon-mercury glow discharge in
a bulb internally coated with a phos-
phor that converts ultraviolet radia-
tion from the discharge into useful
light output. There are numerous
types of fluorescent lamps, each with
a different output spectral distribu-
tion depending upon the phosphor
and gasfilling. The spectral response
shown in Fig. 97 is a typical curve
for a fluorescent lamp of the day-

light type.
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FLUORESCENT LAMP—DAYLIGHT
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Fig. 97 — Typical spectral-emission
curve for a daylight-type fluorescent
lamp.

A very useful point source 2 is
the zirconium concentrated-arc lamp.
Concentrated-arc lamps are available
with ratings from 2 to 300 watts, and
in point diameters from 0.003 to
0.116 inch. Operation of these lamps
requires one special circuit to pro-
vide a high garting voltage and an-
other well filtered and ballasted cir-
cuit for operation.

Although many types of electrical
discharge have been used as radiation
sour ces, probably the most important
are the mercury arc and the carban
arc. The character of the light
emitted from the mercury arc varies
with pressure and operating condi-
tions. At increasing pressures, the
spectral-energy  distribution  from
the arc changes from the typical mer-
aury-line spectral characterigtic to
an amost continuous spectrum of
high intensity in the near-infrared.
vishble, and ultraviolet regions. Fig.
98 shows the spectralenergy distri-
bution from a water-cooled mercury

MERCURY LAMP
P N M B gy |

RELATIVE ENERGY

RELATVE ENERGY
5 8 8

Fig. 98 — Typical spectral-emission
curve for a water-cooled mercury-arc
lamp at a pressure of 130 atmospheres.

Radiant Energy and Sources

arc at a pressure of 130 atmospheres.
The carbon arc is a source of great
intensity and high color temperature.
A typical energy-distribution spec-
trum of a dc high-intendty arc is
shown in Fig. 99. Figs. 100 and 101
show relative spectral-emission char-
acteristic curves for xenon and argon
arcs, Table VI gspecifies typical
parameters for all sources described.

CARBON-ARC LAMP
LI | LA L

RELATIVE ENERGY

300 400 500 600 700
WAVELENGTH-NANOMETERS

Fig. 99 — Typical spectral-emission
curve for a dc high-intensity carbon-
arc lamp.

In recent years the development of
various types of lasers and p-n light-
emitting diodes with very high modu-
lation frequencies and short rise times
has increased the types of sources
that photomultipliers are called upon

XENON-—ARC LAMP
1 LI 1 i ¥ ]
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1
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Fig. 100 — Typical spectral-emission
curve for a xenon-arc lamp.
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ARGON-ARC LAMP
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Fig. 101 — Typical spectral-emission
curve for an argon-arc lamp.

to detect. Although many of these
interesting devices have their prin-
cipal wavelengths of emission in the
infrared beyond the sensitivity range
of photomultiplier tubes, some do
not. Because of the growing impor-
tance of laser applications and the use
of photomultipliers for detecting
their radiation, Tables VII through
Xi are provided as reference data
on crygalline, gas, and liquid lasers,
and on p-n junction light-emitting
diodes.

LIGHT SOURCES FOR TESTING

Monochromatic sources of many
wavelengths may be produced by
narrow-band filters or monochroma-
tors. Narrow-band filters are more
practical for production testing, but,
at best, such tests are time-consuming
and subject to error. Monochromatic
sources are not used in general-
purpose testing because most appli-
cations involve broader-band light
sources, a monochromatic test might
grosdly misrepresent the situation be-
cause of spectral-response variations.

A broad-band source is probably
more useful as a single test because
it tends to integrate out irregularities
in the spectral-response characteris-
tic and more nearly represents the

i
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Energy Sources.

Table VI — Typical Parameters for the Most Commonly Used Radiant

ne ARC LUMINOBS  LUMINOWS  AVERAGE
LANP TYPE INPUY DIMENSIONS FLVX EFFICIENCY  LUMINANGE
POWER (o) (im) (im W-1) (cd mm-7)
(WATTS)
Mercury Short Arc 200 25% 18 9500 475 250
(high pressure)
Xenon Short Arc 150 13X 1.0 3200 21 300
3000
Xenon Short Arc 20,000 125% 6 1,150,000 57 (in 3mm i
R X 6 mm)
Zirconium Arc 100 15 250 2.5 100
(diam )
Vortex-Stabilized !
Argon Arc 24,800 3x 10 422,000 17 1400 !
Tungsten 10 - 79 10 )
100 - 1630 29 to )
Bghts 1,000 - 21,500 215 5
Fluorescent Lamp
Standard Warm White 40 - 2,560 o4 -
Carbon An
Non-Rotating 2,000 =5% 5 36,800 184 g5
Rotating 15,800 =8x 8 350,000 222 800
Sun

|
1600 |
\
|

Table VII — Typical Characteristics of a Number of Useful Crystal Laser

Systems.
WAVELENGTH MODE AND HIGHEST
HOST DOPANT OF LASER OF
{(nm) OPERATION (°X)
AI203 0.05% 0.6934 CW, P 350
Cr¥+ 0.6929 P 300
AlZ03 0.5% 0.7009 il
Cr 0.7041 a
0.7670 P300
MgF2 1 16220 P77
Nic+
MgF2 1 1.7500 P77
Cot+ 1.8030 P77
InF2 %Z’* 26113 P77
Caw0s 1 1.0580 Cw 300
d3+ 0.9145 PN
1.3392 P 300
CaF2 1 1.0460 P77
Nd3+
CaMo0s }‘ﬁ 1.0610 CW 300
Y3Als012 Nd*+ 1.0648 CW 360
P 440
LaF3 1} 1.0633 P 300
N
S A _— - — — i e,
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Table VIl — Typical Characteristics of a Number of Useful Crystal Laser
Systems. (cont'd.)

WAVELENGTH YOOE AND HIGHEST
HOST DOPANT OF LASER TEMPERATURE _OF
(um) OPERATION ¢°K)

LaFa 1% 0.5985 P77
Pr3+

CaWO4 0.50% 1.0468 P77
P+

Y203 57'3+ 0.6113 P 220
Eu

CaF2 Ho3+ 0.5512 P77

CaW0a 0.5% 2.0460 P77
H03+

Y3AIs012 Ho¥+ 2.6975 cw 77

P300

CaWO0a 19 16120 P77
Er3t+

Ca(NbO3)2 e+ 16100 P77

Y3Als012 Erd+ 1.6602 P77

Cawos Tm3+ 19110 P77

Y3Als012 Tm3+ 20132 cw 77

P 300

€r203 Tm3+ 19340 cw 77

Y3Als012 Yb+ 1.02% P77

CaF2 0.05% 26130 P 300
U+ cw7?

StF2 ys+ 24070 P

CaF2 .01? 0.7083 P20
sm +

SrF2 . 0.6969 P4.2

CaF2 i} 2.3586 cw 77
DyZ’ P145

CaF2 0019 11160 P27
Tmé* CW4.2

Table VIII — Comparison of Characteristics of Continuous Crystalline

Lasers.

WAVE-
i NI OTEM I im0 G TRRCD
Dy2+CaF2 W 236 0.06 12 7
Cri+Al203 Hg 069 0.1 1.0 300
Nd3+Y3Als012 W 1.06 0.2 2 300

1.06 0.6 15 300
Nd3+Y3Als012 Plasma Arc 1.06 0.2 200 300
Nd3+Y3Als012 - Na Duped Hg 106 0.2 0.5 300
Nd3+Y3A15012 Cr3+ Hg 1.06 0.4 10 300
Ho3+Y3Als012  [Er3+, Yb3+, Tm3H w 2.12 50 15 7

A
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typical application. The tungsten
lamp has been used for many years
becauseit isrelatively smple, stable,
and inexpensive, and maintains its
calibration. The tungsten lamp emits
a broad band of energy with rela-
tively smooth transtions from one
end of the spectrum to the other.
Its principal disadvantage as a gen-
eral source is its lack of ultraviolet
output and relatively low blue out-
put.

RCA Photomultiplier Manual

Sources such as arcs and glow dis-
charges are difficult to calibrate and
show serious time variations.

Filters are frequently used to nar-
row the spectral range for specific
purposes; however, they sometimes
contribute to errors because of sig-
nificant transmisson outsde the
band of interest. Filters are also sub-
ject to change in transmisson with
time and are very difficult to repro-
duce with identical characterigtics.

Table 1X - Typical Characteristics of p-n Junction Light-emitting Diodes.

CRYSTAL "%m Al.tn's.%l.
PhSe a5 Yes
PbTe 6.5 Yes
InSb 52 Yes
PbS 43 Yes
InAs 315 Yes
(In, Ga;_,) As 0.85-3.15 Yes
In (P, Asy_y) 0.91-3.15 Yes
GasSh 1.6 No
InP 0.91 Yes
GaAs 0.90 Yes
Ga(As;_, P,) 0.55-0.90 Yes
CdTe 0.855 No
(In, Cdy_,) Te 059-0.83 No
CdTe-ZnTe 0.56-0.66 No
BP 0.64 No
CuySe-InSe 0.40-0.63 No
Zn(Se, Tey-y) 0.627 No
ZnTe 0.62 No
GaP 0.565 No
GaP 0.68 No
SiC 0.456 ?

— P S— .. ..o e -
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Table X — Typical Characteristics of a Number of Useful Gas Lasers.

PRINCIPAL’ OUTPUT POWER
GAS WAVELENGTH PULSED OR
(um) TYPICAL MAXIMUM CONTINUOUS
Ne 03324 - 10 mW Pulsed
(ionized) 10 mW cw
Ne 0.5401 - 1kw Pulsed
(unionized)
He-N 0.5944-0.6143 10.W - Pulsed
(unionized) 06328 W - 150mw
1.1523 1-5mW 25mW cw
3.3913 <lmwW - 10mW cw
Xe 0460}-!9_6222;} l%mV\Vll - W Puked
ioni 0.5419-0. m cw
(lonzeh 04965.0 8971 1mW - W Pulsed
Xe 2.026 ImW - {0 mg cw
ioni 3507 - m
(uninizedy 5575 05 mW — SmwW cw
9007 05 mW 5mw cw
: ws By - oo
oni 05145 . -
(fonzed) 04563 to 15W  — 40w oW
05267
033 - 200 KW Pulsed
%nized) { - 100 mw cw
(ioni 0520006871 - o oW
flonzeh 05682 - 100 mw oW
€02 10.552
(molecular 10.572 } SOw 3.2kwW cw
excitation) 10.592
CFal 1315 - 10kw Pulsed
H20 279 - 12w Pulsed
(molecular 18 - 1mwW Puised
excitation) 18 - 10 uW W
CN 337 - 50 mwW Pulsed
(molecular
excitation)

Table XI — Typical Characteristics for Two Liquid Lasers.

PRINCIPAL
ERQY
LIQUID nv:(:.n:m :mt “llml)
Eu(o-C1 BTFANDMA® 061175 011
Nd+3:Se0CI2>* 1056 107 (150 us)

* dimethylammonium salt of tetrakis

europium’- ortho - chloro - benzoyltriflu -

oracetonatc

** frivalent neodymium in sdenium
oxychloride
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tested by means of an Nal(T1) crys-
tal and a Cs!37 source or a smulated
Nal light source utilizing a tungsten
lamp whose light passes through a
one-half  stock-thickness Co
511 3glasstype CS-5-58 filter. Inter-
ference-type filters are becoming in-
creasingly important in isolating spe-
cific wavelengths for testing photo-
multiplier tubes for laser applications.

As a reault of the work of indus-
trial committees, virtually the entire
photosensitive-device industry in the
United States uses the tungsten lamp
at 2870°K color temperature* as a
general test source. The lamp is cali-
brated in lumens and is utilized in
the infrared spectrum as well as the
visble. Typical as wdl as maximum
and minimum photosendtivities are
guoted in microamperes per lumen.

The principal disadvantages of us-
ing the tungsten lamp as an industry
standard test are that it doesnot pro-
vide a direct measure of radiant
senditivity as a function of wave-
length and that it is a somewhat mis-
leading term when the response of
the photomultiplier lies outsde the
visible range. To assist the scientist  spectral response in terms of quan-
in using photomultipliers, technical tum efficiency or radiant senstivity.
specifications for RCA photomulti- This information could then be uti-
plier types include photocathode lized in conjunction with the known
spectral-response curves which give spectral emission of any source to
thesensitivi ty imbsolutetermssuch  compute the response of the photo-
as amperes per. watt and quantum  multiplier to that source. Complete
efficiencyas a function of wave- spectral senstivity data, however,
length. Methods of computing there-  arerarely provided because it is un-
sponse of a given photodetector to necessary for most practical situa-

TESTING FOR SCIENTIFIC AND
MULTIPURPOSE APPLICATIONS

When a photomultiplier is manu-
factured for a variety of purposes,
including scientific applications, it
would be highly desirable if sens-
tivity were specified by a complete

aparticular radiation sourceareoutions andwould cons derably i mcrease

lined in the following section on device costs.
Spectral Response and Source-Detec-
tor Matching. REFERENCES

FUNCTIONAL TESTING 1 J. C. Devos. Physica, Vol. 20
(1954).

2. W. D. Buckinghamand C. R.
Deihert, “ Characteristics and Ap-
plications of Concentrated Arc
Lamps” Journa of the Society
of Motion Picture Engineers, Vol.
7 (1946).

In many applications it is appro-
priate to test photomultipliersin tbe
same manner in which they areto be
utilized in the final application. For
example, photomultipliers to be
used in scintillation counting may be

* Now being changed to 2854°K color
temperature to agree with international
standards.
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Spectral Response and

Sour ce-Detector

THIS section covers the signifi-
cance of the spectral response of
photomultiplier tubes, describes some
of the methods used for measuring
this response; and discusses in some
detail the calculations and other con-
Sderations useful for matching the
radiation source and the photomul-
tiplier tube type for a specific appli-
cation.

SPECTRAL-RESPONSE
CHARACTERISTICS

A spectral-response characteristic
is a display of the response of a
photosensitive device as a function of
the wavelength of the exciting radia-
tion. Such curves may be on an ab-
solute or a relative bass. In the lat-
ter case the curves are usually nor-
malized to unity at the peak of the
spectral-response curve. For a photo-
cathode the absolute radiant sensitiv-
ity is expressed in amperes per watt.
Curves of absolute spectral response
may also be expressed in terms of
the quantum efficiency at the particu-
lar wavelength. If the curve is pre-
sented in terms of amperes per watt,
lines of equal quantum efficiency may
be indicated for convenient reference.
Typical curves are usually included
in tube data bulletins. Because there
are variations in spectral response
from tube to tube, the typical spec-
tral-response characteristic usually

Matching

includes an indication of the range
over which the peak of the curve may
be expected to vary, as well as an
indication of the range over which
the cut-off at either end of the spec-
tral response may vary. These cut-
off points are usually expressed at
10 per cent of the maximum value.

The spectral-response characteris-
tic, and particularly the long-wave-
length cut-off, are dependent upon
the chemical compostion and the
processing of the particular photo-
cathode. On the other hand, the
ultraviolet cut-off characterigtic is
determined primarily by the charac-
teristic cut-off transmission of the
window of the tube.

MEASUREMENT TECHNIQUES

In order to determine a spectral-
response characteristic, a source of
essentially monochromatic radiation,
a current-senstive instrument to
measure the output of the photo-
cathode, and a method of calibrating
the monochromatic radiation for its
magnitude in units of power are re-
quired.

The source of monochromatic
radiation is often a prism or a grat-
ing type of monochromator. Inter-
ference filters may also be used to
isolate narrow spectral bands. Al-
though interference filters do not
provide the flexibility of a mono-




-

128

chromator. they may be indicated in
situations in which repeated measure-
mentsarerequired in a particular re-
gion of the spectrum.

The width of the spectral transmis-
son band in these measurements
must be narrow enough to delineate
the spectral-response characteristic
in the required detail. However, for
the most part, spectral-response
characterigtics do not require fine
detail and generally have broad peaks
with exponential cut-off characteris-
tics at the long-waveength limit and
rather sharp cut-offs at the short-
wavelength end. For spectral mea-
surements, therefore, a reasonably
wide band is used. Such a band has
the following important advantages:
(1) because the level of radiation is
higher, measurements are easier and
more precise: and (2) spectral leak-
age in other parts of the spectrum is
relatively less important. Spectral
leakage is a problem in any mono-
chromator because of scattered radia-
tion, and in any filter because there
is some transmission outside the de-
sred pass band. A double mono-
chromator may be used and will
greatly reduce the spectral leakage
outside the pass band. The double
monochromator is at a disadvantage
in cost and complexity. If a passband
of 10 nanometers is used, spectral
leakage can be insignificant for most
of the spectral measurements. At the
same time, this pass band is narrow
enough to avoid distortion in the
measured spectral-response charac-
terigtic. It is often advisable to vary
the pass band depending upon what
part of the curve is being measured.
For example, at the long-wavelength
cut-off where the response of the
photocathode may be very small, the
leakage spectrum may play a rather
important part; thus it is advisable
lo increase the spectral bandpass of
the measurement. Wide pass-band
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color filters which exclude the wave-
length of the measurement and in-
clude the suspected spectral leakage
region, or vice versa, are used in
checking the magnitude of the pos
sible leakage spectrum.

ENERGYSOURCES

Various radiant-energy sources are
used to advantage in spectral-re-
sponse measurements. A tungsten
lamp is useful from about 450 nano-
meters to beyond 1200 nanometers
because of its uniform and stable
spectral-emisson characteristic. The
linear type of filament also provides
good optical coupling to the dits
used in monochromators. A mercury-
vapor discharge lamp provides a high
concentration in specific radiation
lines and thus minimizes the back-
ground scattered-radiation problem.
The mercury lamp is particularly
useful in the ultraviolet end of the
spectrum where the tungsten lamp
fails.

MEASUREMENT OF
RADIANT POWER OUTPUT

A radiation thermocouple or
thermopile with a black absorbing
surface iscommonly used to measure
the radiation power output at a spe
cific wavelength. Although these de-
vices are relatively low in sensitivity,
they do provide a reasonably reliable
means of measuring radiation inde-
pendent of the wavelength. The limi-
tation to their accuracy isthe flatness
of the spectral absorption character-
istic of the black coating on the de-
tector. Throughout the visible and
near-infrared regionsthereis usually
no problem. There is some question,
however, as to the flatness of the
response in the ultraviolet part of
the spectrum.
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The output of the thermocouple
or thermopile is a voltage propor-
tional to the input radiation power.
This voltage is converted by means
of a suitable sensitive voltmeter to
a calibrated measure of power in
watts. The calibration may be ac-
complished by means of standard
radiation lamps obtained from the
National Bureau of Standards. It is
theoretically possible to calculate the
monochromatic power from a knowl-
edge of the emission characteristic
of the source, the dispersion charac-
terigtic of the monochromator or the
transmission characterigtic of the fil-
ter, and from the transmission char-
acteristic of the various lenses. This
procedure is difficult, subject to
error, and is not recommended ex-
cept perhaps in the case of a tung-
sten lamp source combined with a
narrow-band filter system.

MEASUREMENT OF
PHOTOCATHODE OUTPUT

For measuring the spectral char-
acterigtic of a photocathode. a very
sensitive ammeter is required. When
the output of the photocathode of
a photomultiplier is measured, the
tube is usually operated as a photo-
diode by connecting all eements
other than the photocathode together
to serve as the anode. When the
photomultiplier is operated as a con-
ventional photomultiplier, the output

isvery easy to measure. It is neces-
sary, however, to be careful to avoid
fatigue effects which could distort
the spectral-response measurement.
It should be noted that the spectral
response of a photomultiplier may
be somewhat different than that of
the photocathode alone because of
the effect of initial velocities and
their effect on collection efficiency at
the first dynode and because of the
possibility of a photoeffect on the
first dynode by light transmitted
through the photocathode, especially
if the first dynode is a photosensitive
material such as cesum-antimony.

A diagram of a typical arrange-
ment for measurement of spectral re-
sponse is shown in Fig. 102. In this
arrangement a mirror is used in two
angular orientations to reflect the
radiation alternatedly to the thermo-
couple and to the photocathode.
Other methods are also used to split
the monochromatic beam so that
both thermocouple and photocathode
can be sampled alternately or smul-
taneoudly.

SOURCE AND DETECTOR
MATCHING

One of the most important para-
metersto be considered in the selec-
tion of a photomultiplier type for a
specific application is the photo-
cathode spectral response. The spec-
tral response of RCA photomultiplier

VOLT ~
METER

Fig. 102 — Diagram of typical arrangement for spectral-response measurements.
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tubes covers the spectrum from the
ultraviolet to the near-infrared re-
gion. In this range there are a large
variety of gpectral responses to
choose from. Some cover narrow
ranges of the spectrum while others
cover a very broad range. The data
sheet for each photomultiplier type
shows the relative and absolute spec-
tral-response curves for a typical
tube of that particular type. The
relative  typical spectral-response
curves published may be used for
matching the detector to a light
source for all but the most exacting
applications. The matching of detec-
tor to source consists of choosing the
photomultiplier tube type that has a
spectral response providing maximum
overlap of the spectral distributions
of detector and light source.

MATCHING CALCULATIONS

The average power radiating from
a light source may be expressed as
follows:

P =P f=WO) d\ (105

where P, is the incident power in
watts per unit wavelength at the peak
of the relative spectral radiation
characteristic,c W(A), which is normal-
ized to unity.

If the absolute spectral distribu-
tion for the light source and the ab-
solute spectral response of the photo-
multiplier tube are known, the
resulting photocathode current I
when the light is incident on the de-
tector can be expressed as follows:

L=0oP, f ° W(A) R(A) dX (106)
9

where ¢ is the radiant senditivity of
the photocathode in amperes per
watt at the peak of the relative curve,
and R(A) represents the relative
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photocathode spectral response as a
function of wavelength normalized
to unity at the peak. When Eq. (106)
is solved for the peak power per
unit wavelength, P,, and this solu-
tion is subgtituted into Eq. (107), the
cathode current is expressed as fol-
lows:

/ W) R(VdA
® (107)

W(A) dA

The ratio of the dimensionless inte-
grals can be defined as the matching
factor, M. The matching factor isthe
ratio of the area under the curve de-
fined by the product of the reative
source and detector spectral curves
to the area under the relative spec-
tral source curve.

Ik=¢rP

/: W) R(\) d

M= = (108)
[ W) dA

Fig. 103 shows an example of the

data involved in the evaluation of

the matching factor, M, as given in
(208).

If the input light digribution in-
cident on the detector is modified
with a filter or any other optical de-
vice, the matching-factor formulas
must be changed accordingly. If the
tranamisaion of the filter or optical
device is f(A), the matching factor

will be
/ W(A) R(A) I\ dX

[0 W(A) f(A) dA

Table XI1 shows a number of match-
ing factors for various light sources
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Table X1 — Spectral Matching Factors.**
! oeTEerons
I - $e0-
PHOTOCATHODES Yopke tomc
$1 Y] W sl s1 N M em e
Netns A (] & K k k [} ! a
Phosphors
PL a 0.278 0.498 0.807 0.687 0.802 0.700 0.853 0.768 0.743
P4 ab 0.310 0.549 0.767 0661 0.734 0.724 0.861 0.402 0.452
P7 a 0.312 0.611 0.805 0709 0.773 0.771 0.862 0.411 0.388
PII a 0.217 0.816 0.949 0914 0.954 0.877 0.953 0.291 0.601
P15 a 0.385 0.701 0855 0.77 0.871 0.802 0.904 0.376 0.496
P16 a 0.830 0.970 0.853 0.880 0.855 0.902 0.922 0.003 0.042
P20 a 0.395 0.284 0.612 0.427 0.563 0.583 0.782 0.707 0.354
P22B ¢ 0.217 0.893 0.974 0.960 0.948 0.927 0.979 0.808 0.477
P226 c 0.278 0.495 0.807 0.686 0.896 0.699 0.855 0.784 0.747
P22R c 0.632 0.036 0.264 0.055 0.077 0.368 0.623 0.225 0.008
P24 a 0.279 0.545 0.86 0.6% 0.827 0.725 0.869 0.540 0.621
‘ P31 ad 0.276 0.533 0.811 0.698 0.88 0.722 0.868 0.626 0.651
Nal e 0.534 0.923 0.895 0.889 0.889 0.0 0.933 00% 0.224
Lamps
2870/2854 std t 0516* 0.046* 0095* 0060* 0072 0.112¢ 0.227* 0071 0.040°
Fluorescent g 0.395 0.390 0.650 0.4% 0.575 0.635 0805 0502 0.314
Sun
In space h 0.535* 0.308* 0.388* 0.328* 0.380* 0.406° (547¢ 0.179* 0.172°
+2asirmasses  hi  053%6* 0236* 0348* 0277° 0315* 0360* 0513* 0.197° 0.175*
Day sky i 0537* 0520* 0556° (508* 0589* 0581* 0.700* O.170* 0218°
Blackbodies
6000°K - 0.533" 0308* 0.376* 0.320* 0.375* 0.397 0.521* 0.167* 0.159'
3000°K - 0512* 0053* 0.102* 0067* 0080* 0.120° 0232* 0.075* 0.04°
2870°K —  0504* 0.044" 0090* 0057* 0.069" 0.106* 0.216* 0.067* 0.038°
2854°K - 0.500* 0.042* 0.088* 0.055° 0068° 0.103* 0211* 0.065* 0037
20°K - 0.493* 0039* 0.081' 0.051* 0.062* 0.097* 0.150* 0.061* 0.034°
2042°K - 0.401* 0.008* 0.023* 0.011* 0.014 0033* 0.090' 0.018* 0.007*

* Entry valid only for 300-1200-nm wavelength in-
terval.

t For the total wavelength spectrum this entry would
he 0.0294.

Notes: @ Registered
extrapolated as required.

b Sulfide type.

¢ RCA data.

d Low brightness type.

0 Harshaw Chemical Co. data.

¢ Standard test lamp distribution.
General  Electric Co. data.,
From Nasadbesk of Gesphysies.

spectral distribution.  Data

[ Rc?suml spectral

i Arprulmtoly noon sealevel flux at 60°
] rmn Gates between 300 nm

and 530 am
A 12,000°K biackbody suctm mmbu-
tm wa assumed [ ]

distribution.  Data

extrapolated a required.

| Standard tebulated  phetople visibility  dis-
tributi
» Standard tabulated scotopic visibility dis-

tribution
ot Dat'a n:m E.N. Eberhardt, “*Source-Detector
Spectral Matching Trtors™, Appiéc Crfites

1. 2037,

@’
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RELATIVE
TUNGSTEN_}
LIGHT
SOURCE
w(r) 2854°K

RELATIVE
SERSITIVITY |
OF PHOTO-

catHopE |
r{x)

-
-

T S T T

RELATIVE Jhi~

300 500 700 900
WAVELENGTH -NANOMETERS

Fig. 103 — Graphic example of factors
used in evaluation OT matching factor
M.

and spectral response characteris-
tics. When the spectral range of a
source exceeded 1200 nanometers,
the integration was terminated at
this wavelength. Because none of the
photoresponses exceed 1200 nano-
meters, conclusions as to the rela-
rive merit of various combinations
are still valid.

When M is substituted for the in-
tegral ratio in Eq. (107), the photo-
cathode current becomes

Iy=e¢PM (109)
Matching Factor

In any photomultiplier applica-
tion it is desirable to choose a detec-

RCA Photomultiplier Manual

tor having a photocathode spectral’
response that will maximize the
photocathode current, I, for a given
light source. Maximizing the cathode
current is important to maximize the
signal-to-noise ratio. From Eq. (109)
it can be seen that the product of
the matching factor M and the peak
absolute photocathode sensitivity ¢r
must be maximized to maximize the
cathode current. It is advantageous
then to define the product of the peak
absolute cathode sensitivity gr and the
matching factor M as N, a value to
be selected as a maximum for a given
light source:

N=e¢M (110)
Therefore,
L=PN (112)

The importance of taking into ac-
count the absolute photocathode
sensitivity, as well as the matching
factor, is illustrated by a comparison
of the S-I and S-20 photocathodes
with a tungsten light source operat-
ing at a color temperature of
2854°K. The S-l and the S-20 match-
ing factors are 0.516 and 0.112, re-
spectively. From the’'matching factors
alone it appears that the S-l is the
best choice of photocathode spectral
response. The S-l has a peak abso-
lute sensitivity of 2.5 milliamperes
per watt and the S-20 has a peak
absolute sensitivity of 64 milli-
amperes per watt. Calculation of the
variable N for the two photocathodes
yields the following results:

N (S-1) = 0.0025 x 0.516 = 0.00129
N(S-20) = 0.064x0.112 = 0.00716

These calculations show that the S-20
photocathode will provide a substan-
tially larger response to the tungsten
lamp than the S-1.

Spectral Response and Source-Detector Matching
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Technical Data

HE tabulated data on thdollow-

ing pages are believed to be ac-
curate and reliable for the listed types
at the date of printing. However the
data, especially for developmental
types, are subject to change. It is
recommended that RCA distributors

PRELIMINARY SELECTION GUIDES

\

or RCA field sales representatives be
contacted for current’information on
the individual types.

The data shown have been mea-
sured using a tungsten-filament lamp
operated at a color temperature of
2870°K. It is intended that future

Per Photomultiplier Tubes by Spectral Response

MAXINON
RATINGS

Nominal

ol -
Inches Stages ralioa® turee No.o Diagram (5) I:u-'v‘d
3/4 10 H \ C701028 4 1500 0.01
1-18 9 5 c C31004A 1 1500 0.01

101 (S-1) 112 10 H c 7102 18 1500 0.01
112 10 H ¢ C70114D 19 1500 0.01
2 12 H I C70007A 25 2000 0.01
12 9 S c 8571 1 1250 0.02
1-18 9 S ¢ 1P21 1 1250 0.1
I-llg 9 S c 931A 11 1250 1.0
1-1/8 9 S c 4471 1 1259 10
1-1/8 9 S c 4472 1 1250 1.0

102 (5-4) 1118 9 S c 4473 11 1250 0.1
1-1/8 9 S c 6328 12 1250 0.1
1-1/8 9 S c 6472 13 1250 0.1
1-1/8 9 S c 7117 12 1250 0.1
I-llg 9 s c C7075) 1 1290 0.1

103 1118 9 s c 1P23V1 1 1250 05
I-1/g 9 S c 1P28ANV1 11 1290 0.5

Technical Data

data for RCA photomultipliers be
measured using the international
color temperature of 2854-K.
Variants of the listed photomulti-
pliers are also available having elec-
trostatic and magnetic shielding and/
or integral voltage-divider networks.
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Photomultiplier variants of each of
the listed types are also available
with permanently attached bases,
with . temporary bases attached to
semiflexible leads, or with flexible
leads only.

TYPICAL CHARACTERISTICS AT THE
SPECIFIED SUPPLY VOLTAGE AND 22° €

Somsitvity Anade Dork
o et e M Mt
T G Aovds  Cotwe  Gmit TG Seitedy Afm
1250 28 310 39 3.3 11x108 80@4
1250 19 235 20 25 1.5%x 105 300@2
1299 28 660 30 7T 23Ix100 1900@4 100 (S-1)
1250 2.8 420 30 45 1.5x 18 1700@ 4
1250 28 940 30 m  33Ix 15 el
1000 34 73,000 35 75 2.1x 108 2@¢20
1000 40 120,000 40 120 3 X 108 120
1000 20 83000 20 80 2x 107 5@20
1000 40 100,000 0 100 2.5 x10¢ 5@20
1000 40 100,090 40 100 2.5 X108 5@¢20
1000 40 160,000 40 160 4x19 1820 102 (S4)
1000 - 35,000 - 35 -
1000 - 32,500 - 35 -
1000 - 35,000 - 35 -
1000 40 83,000 40 80 2x19 5@ 20
1000 48 160,090 60 200 33x 108 2@ M 18
1000 48 160,000 60 200 33x 100 @40
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PRELIMINARY SELECTION GUIDES
For Photomulitiplier Tubes by Spectral Response (cont’d)

MAXIMUM SPI&';ICE‘: :I“m‘.ﬂ;?‘."ﬂtgs [
Spocial e ember Viewsg  Cope aca Outine, s-u: ‘m:w ' sl dant pym— Corrent E‘,‘:':& St
EaRELS R RT & R E R om oy w0 SN
729 S ¢ C0®™H 2 130 0m ' 0 M Mo B B Ixid e
04¢-5) 11489 s._C A 1 150 05 1000 50 120000 40 100 25x10°  S5@20  104(S5)
18 9 s c 1A 1 1% 05 | T00 %0 25000 40 20 5x16 5@
105¢8) 114 9 s ¢ 12 120 10 T 23 7500 3 10 33x10F  6@08  105(S8)
106(s-10) 2 GG % 150 075 | T 50000 40 100 25x10°  200@20 106 (5-10)
4 6 W1 76 5 150 05 P10 48 W 80 06 1IxI  2@03
4 10 H 1 #e0 i 150 05 1% & 00060 75 15x10___6@75
4 10 W1 78 i 150 05 T . 1280 6 16 21x16° _ 4@75
3410 W 1 CcHimE 4 1500 05 T % g0 70 11 16x10°  14@75
34 12 W | camsB 6 20 05 150 5% 120000 70 155 22x10° 100100
172 10 W C 260 8 12%0 075 1000 % %000 5 & IxId 452
- 12 10 H ¢ 2080 W 1% 075 000 60 16000 7% 20 2Ix10  26@2
112 10 N € 38 2 1% 05 000 3% 700 5 271 6xI 6@
i i 12 10 K C % 2 1% 075 1000 3% 2000 & 2 6x1® 1682
- 2 10 W C 40 1% 0 000 3 200 45 2 GxIF 1682
/2 10 W ¢ el 19 1550 075 1000 3 200 & 2 6x10° 6@
112 10 H € MAIA 9 1% 65 000 3% 200 & 21 _6xIF 6@
b 1210 K C 46l 19 1500 10 1250 48 8000 60 10 1ix1® 56 ;: -
e 1z 10 R C 6 8 1250 075 1000 3 %00 5 65 IxI¢ 5@ D
1210 W C CmIN__ 2 s 05 10 70 %00 8 70 8lxie 08g o
1ly/2__10_H__C  coBB 2w 160 05 150 70 %00 8 N0 81x1¢ 03e
2 0 W __C 22 7 150 20 1250 40 40 0 6 12x1¢ 48X
2, 1250  © - n__- - -
; :g : g x; ;: : :g 0_35 000 6l %000 76 120 16x10°  6@20
) 0 WV 2083 B 20 20 1500 % — 0 - - -
) 10 W C 5819 % 1% 075 1000 40 000 50 10 2x10  6@20
) 10 W C 6342 W 50 20 2% 6 500 80 31 39xi 4@
2 0 H C oA P 150 0% T G %00 76 120 16x1  6@2
2 0 W1 7 A BwZ0 - TI50 % 100000 70 10 18x10°  16@20
2 10 H v 8053 2 2000 20 1500 5 34,000 70 2 6 x 108 199
2 12 W 1 7880 % %0 20 B0 % 510000 70 60 91x 10 64@160
2 14 H I 7264 32 2400 2.0 2000 56 3,400,000 70 4200 6.1x107 1000 @ 2000
2 W W1 GI0A 2 40 20 200 % 3000000 70 3800 54X 100 1000 @ 2000
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PRELIMINARY SELECTION GUIDES l
For Photomultiplier Tubes by Spectral Response {cont’d) I
|
wo | ALIEA ST e
o o Ve e o T . gy l Swoply Radiant — Luminons Curront et A Spectral
3 10 H vV 20648 38 2000 20 1500 64 _ 0 - - =
107 (5-11) 3 WV %054 /2000 20 1500 o4 /000 80 43  S54x10°  4@9  107(s-11)
(Cont'd) 5 10 H v 2065 s 2000 20 1500 88 - T = Z (Cont'd)
5 10 H vV 805 a 2000 20 150 88 B0 110 M Axi¢  4@9
108 (S-13) 2 10 H  C 693 0 1250 075 | Tim0 48 72000 60 9% 15x10° 10@20  108(S-13)
109(s-19) 1-1/8 9 S C 17200 14 1250 0.5 | 1000 65 65,000 40 40 1x 108 1620 109 (S-19)
/4 10 H I 8544 4 2100 05 . 150 64 510 150 12 8x1* 12830
4 10 H 1 8% g 180 01 | T1500 o4 510 150 12 Ix10¢ 12@30
7 0 W ¢ comc 19 8w 10 | w7 oo 180 5 14x1¢ 4@ld
2 10 H VvV 483 29 50 10 ' T00 68 100 160 25 16x10¢ 43@12
110 (S-20) 2 10 Ho 7326 33 400 10 L 18000 o4 38000 150 88 59x10° 3@2  110(s-2)
2 71 4% % W0 10 | 200 6 4000 150 1000 66x10°  30@30
2 T H ] 7265 2 3000 10 2400 64 3000000 150 7200 48x10’ 50@1000
3 10 H vV s 8 2500 10 2000 68 1,000 160 25 16x10¢ 43@12
5 10 H V465 a0 19 2000 68 1000 160 25 16x10° 48@l2
m 112 10 OW C 45 23 2000 01 125 89 00 300 5 5x10* 2@20 m
12 1-1/2 10 H c C70114E 19 1800 1.0 1500 7 1,000 180 % 14x10 dg10 12
3 18 s CI045C 39 6000 10 5000 60 _ T 53 100 500 @ 1000
- z 12 H C31000A 34 3000 10 000 77 270000 200 700 35x10° 5@200 s
2 12 H 1 C310008 34 3000 10 00 77 270000 200 700 35x10¢  5@200 '
34 10 H_ 1 CJ0042D s 2000 05 1500 60 4300 140 10 71x10' 6@30
114 ) 10 v CIOISE 29 2500 10 500 68 300 160 3 5x1¢ 02@6 m
) 14 H 1 C7268 32 000 10 2000 64 2200000 150 5200 34x10’ S0@1000
34 10 H 1 4516 4 180 05 0 71 %000 60 & 8x1¢  02@7
3/4 10 H 1 C70102M 4 1800 05 1500 79 32,000 67 27 4 % 10 0207
1 10 H C  C31016A 9 1500 0@ 120 7N 12000 60 10 6x16 05@7
1 10 H C  C310168 9 1500 00 1% 1 15000 67 13 19x10* 0587
1-1/2 10 H c 451 18 1800 05 1500 7 56,000 67 47 Ix1¢s 0207 115
115 7 10 W€ CIbig 71800 05 5019 200 6 3 SxI¢  03@]
2 10 W C  C/ol4F 19 1800 05 %0 79 P00 6 B S5x1F  03@7
1-1/2 10 H ¢ C70132A 2 1800 0.5 1500 79 65,000 67 55 82x100 04@67
2 0 H C 418 30 2000 05 150 7 3000 67 33 Sx1 04e?
2 10 H VvV 423 8 500 05 150 71 3200 60 271 45x1 05@13
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PRELIMINARY SELECTION GUIDES ‘
For Photomultiplier Tubes by Spectral Response (cont’d) !
‘ TYPICAL CHARACTERISTICS AT THE
S | o SPECIFIED SUPPLY VOLTAGE AND 22° C
w— e —
K fowi .. Swply  Avage l T S PRt e oo
T e St Troe il 1 M . v ey hrode i Aim (wwa)  SemitviyAflm
Inches Stages ration” twre No.e Diagram (E) Current
v = 1500 N1 32000 60 21 45x10° 1@ 13
3 Ic H v a5x 38 250 05 1500 80 2000 67 21 4x1°  15@13
115 5 10 H v 4525 4 2500 05 1500 88 13,000 n 115 15> 108 2@09 115
(Cont'd) 5 0 H VvV c30w 2 20 05 A/incident Imd  (Cont'd)
1750 88 130000 77 115 15x18 20@9
5 12 KV C31009 5 %0 05 A/incident Imd
; 2000 97 970000 85 80  1x10 1@20
2 2 A1 8575 3 3000 02 2000 97 70000 85 620 13x10¢ 06@ 200 116
116 2 2 A1 8850 #3000 02 2000 97 70000 8 620 73x 100 06@200
2 2 H | 8851 3% 3000 02 %0 79 1000 67 3B 5x10°  03@7 -
- 11,2 10 W ¢ croa 19 180 05 5000 72 - - - 1% 107 1000 @ 1000
P 3 1w s | C700450 39 6000 10 2000 88 2600000 77 2300  3x10  60@ 2000 s
E ‘ - 5 1 H 1 522 @ 300 05 ! 2000 88 2600000 77 2300  3x100 60 2000
- 5 TR CI01338 4 3000 05 1500 45 18000 250 100  4x10° 10@30 "
g o 10 2 2 H 1 C31000E 3¢ 250 10 150 45 18000 250 100  4x10°  10@30
" ) 2 W C31000F 34 2500 10 150 69 18000 67 U 26x106__ l@l5_ o
t ' - 2 0 H V8664 B 200 20 150 69 18000 6 17  26x10°  1@75
S 2 10 H v 8664/V1 35 2000 20 2100 92min.@ 9200min@g — - 1% 10 01@ 3000 12
j 12 4 12 W 1 C31005 6 250 05 _ ©37om 2537 nm AW
¢ 1500 87 19000 83 18 22x166 2@l 122
122 3 0 " Vv #20 0 200 05 1000 31 2000 30 2  6Ix10° 8@l -
- 172 9 s ¢  CIOI2Z9E 3 1% 002 1000 48 160000 60 200 33x10°  2@40
11/8 9 s ¢ o3 15 1250 01 1250 1 2800 9% 6 67x10* 2@l5 124
i 128 34 10 H i C70102N 4 1500 05 50 te  W0e - _ 3% 100 01 300 125
125 34 12 K 1 ciois 7 180 05 2537nm 2537 nm AW
: 3000 82 10000 72 93 13x10° 2485 126
1% 2 5 W1 c3o % 6000 05 1000 25 8200 60 20 33x10° 100G 40 127
127 112 10 H ¢ Clslu 1% 055 1250 3 1300 250 10 4x10* 05@10 128
128 11/8 9 S ¢ _ c30sCc 16 1500 01 1250 % 2000 160 7 aAx10* 05@10 129
19 11/8 9 s ¢ _ c3osB 16 180 01 T 1800 100 5 5x10* 03@5
T8 R ¢ nse 16 10 01 125 40 2000 200 100 5x10° 30@150 1%
130 2 10 H__C  CH6R 0 150 05 150 45 %00 250 20  8x10F  6@30 131
131 3/4 0 H | C70082K T 200 05
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PRELIMINARY SELECTION GUIDES
For Photomultiplier Tubes by Spectral Response (cont’d)

RCA Photomuitiplier Manual

MAXIMUM
RATINGS
Spoctral 'I’Il-n ! Nember  View Cage RCA Outh _Suﬂy l N
g ne, vorage
A I A
3/4 10 H i C70082R 4 2100 05
132 1 12 H | C31026 10 2200 0.5
1-1/2 10 H C C7151w 18 1500 0.5
133 3/4 10 H | C70042) 4 1800 0.5
13% 1-1/8 9 S C C31028 17 1250 05
137 2 11 H | C31000K 37 2000 0.1
138 1-1/2 10 H c C7151y 24 1500 05
* See bar chart of Spectral response on e 156. @ Type numbers with prefix C are developmental

» Viewin DSI confy

gurations: M,

head on; S,

side om;

pes. Each of these C numbers identifies a par-

dormer window. ticular laboratory tube design but the number and
ecau structures: C, circular cage; 1, in line; and the lmng data are subject to change. No
e :ﬂm":l'ntc lczmmmm ten 1i mglMu“:;ww” to futue acture
tunnnm' “gouﬂu .S. “0 S-SC
l/z stoc
PRELIMINARY SELECTION GUIDES
For Photomultiplier Tubes by Diameter
MAXINUM
TINGS
Tobe Spoctral Neomber  Viewing  Cope RCA Outline, Supply Average
AR 2 A
102 (S-4) 9 S c 8571 1 1250 0.02
1/2 104 (3-) 9 S T C/OIZN ] 1250 0.02
123 9 S C C70129G 3 1250 0.02
101 (S-1) 10 H i C701028 4 1500 0.01
6 H 1 7764 5 1500 05
3/4 10 H I 4460 4 1500 05
107 (8-11) 10 H | 1167 4 1500 05
10 H | C70102 4 1500 0.5
12 H | €310058 6 2000 05
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TYPICAL CHARACTERISYICS AT THE
SPECIFIED SUPPLY VOLTAGE AND 22° C
Somsitivity
- - I
v wA/W %'/1' ?A"n': i'/‘:‘-‘ (Awror)  Sensiteity A/im
1500 a“ 5500 200 2% 1.25x 108 2@30
1800 43 26,000 250 150 6x105 4@5 132
1250 80 10000 200 50 25 105 1@ 20
1800 n 56,000 60 4 8x108 02@7 133
1000 54 175,000 65 200 3lxl¢ 08@2 13%
1500 35 21000 330 200 6 x 108 6@ 100 137
1250 40 200 200 12 6 % 104 3@10 138
TYMCAL CHARACTERISTICS AT THE
SPECIFIED SUPPLY YOLTAGE AND 22° ¢
Somolivity
Sopply Radiast Lomissss Current ET% Tobs
W TER G oe e T R S
1000 3 73,000 35 % 21x108 2@20
1000 " 44,000 35 35 I1x18 22 12
1000 31 21,000 30 20  6.7x10 8015
1250 28 310 30 33 1lIxis 80@4
1200 [T 480 60 06 1xi0 2@03
1250 48 6000 60 15 15x108 6@15 I
1250 [T 12,800 60 16 27x108 1als
1250 56 8800 70 11 16x10¢ 14@75
1500 56 120,000 70 156 22x10¢ 100@ 100
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PRELIMINARY SELECTION GUIDES
For Photomultiplier Tubes by Diameter (cont’d)
TYPICAL CHARACTERISTICS AT THE
MAXIMEM SPECIFIED SUPPLY VOLTAGE AND 22° €
Nomine! RATINGS py——— avote Dot .
Tobe Spactral Wb Viewing  Coge RCA Ovtine,  Sewply Average Radiant Luminous Correst Cusront sA@) Tobe
| oL W W R &Y & A
10 H [ 8644 4 200 05 1500 64 5100 150 12 8 x 104 3@30
110(5-20)
10 H ] 8645 8 1800 01 1500 64 5100 150 12 8 x 10¢ 3¢
114 10 H ] 700420 4 200 05 1500 60 4300 140 10 11104 6@30
115 10 H i 4516 4 1800 05 1500 n 56,000 60 4 8x105  02@7
10 H ! 70102M 4 180 05 1500 79 32,000 67 2 Ax10s  02@7
EY7] 121 12 H | C31005 6 2500 0.5 2100 92min.@ %200min.@ — - 1x100  01@ 3000
(Cont’d) 253.7nm  253.7nm min. A/W 3/4
124 10 H ! C70102N 4 1500 05 1250 73 4800 90 6  6.7x10 2@15 (Cont'd)
125 12 H | cr0128 7 1800 05 150 0@ 3000 - - 3x 108 0.@ 3000
253.7am  253.7nm A/W
131 10 H | C70042K 4 2100 05 1500 45 3600 250 20 8 x 104 6@30
132 10 H ] C70042R 4 200 05 1500 7] 5500 200 %5 125% 10 2@
133 10 H ! €70042) 4 1800 0.5 1800 n 56,000 60 47 8x108 02@7
15 10 H C  C310I6A 9 150 002 1250 n 12,000 60 10 6x105 05@7
1 10 H c  c310168 9 1500 0.02 1250 L) 15,000 67 13 19x10* 05@7 1
132 12 H i 31026 10 2200 05 1800 3 6000 250 150 6x106 4050
101 (S-1) 9 s C C3004A 11 1500 001 1250 19 235 ) 25 125x 1058 300@2
9 ) c 1P21 Tl 1250 01 1000 40 120,000 0 120 3% 108 1@ 20
9 3 C 9IA 1 1250 10 1000 40 83,000 0 80 2x 108 5@¢2
9 s c  un 11 1250 10 1000 40 100,000 0 100 25x108 5@20
9 s cC un 1 1250 1.0 1000 40 100,000 0 100 25x106 5@20
102 (S-4) 9 s cC un 1 1% 01 1000 40 160,000 0 160 ax 10 1620
9 s c 628 12 12% 01 1000 - 35,000 - 35 - -
9 ) C 6 13 125 01 1000 - 32,500 - 35 - -
1-1/8 9 S ¢ ny 12 1% o1 1000 — 35000  — 35 - - 1-1/8
9 ) c  Cm) 11 125 01 1000 40 83,000 40 80 2x 108 5@.20
103 9 S c 1Pl 11 1250 05 1000 3 160,000 60 200 33xI10¢ 2@ 40
9 s c 1P28ANV1 11 1250 05 1000 [T] 160,000 60 200 33x10° 2040
9 ) c 1P28 11 1250 0.5 1000 50 120,000 0 100 25x10 5@ 20
104 (S-5)
9 s c 1P28A 1 1250 05 1000 50 250,000 0 200 5x 108 562
105 (S-8) 9 s c 1 1 1250 10 1000 23 7500 3 10 33x100 6@03
109¢519) 9 s cC 7200 4 125 0.5 1000 65 65,000 0 40 1x 108 102
123 9 s c cam 15 1250 01 1000 48 160,000 60 200 33xI10 2040
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PRELIMINARY SELECTION GUIDES

For Photomultiplier Tubes by Diameter (cont’d)

RCA Photomultiplier Manual

MAXINUM

RATINGS
'ﬂ:‘ Spoctral Nomber  Viewing  Cope RCA Owtiine,  Supply Average
VO o m W T oM &
Ly 128 9 s C  ©31025C 16 1500 01
-1/8 9 S c €310258 16 1800 0l
(Cont'd) 125 9 s C  ca0s6 16 180 o1
136 9 s c  c308 17 1250 05

10 H c 7102 18 1500 0.01

wmeEh — H c C70114D 19 1500 0.01

10 H c 2060 18 1250 0.75

10 N c 2067 20 1250 0.75

10 H c M3 21 1250 0.75

10 H ) 21 1250 0.75

10 H ) 21 1250 0.75

107(¢s-11) ~ 10 H c Ml 19 1250 0.75

10 H C  4MIA 19 125 0.75

10 H c M6l 19 1500 1.0

1-1/2 10 H G 18 1250 075
10 H C  CNsIN 2 1600 0.5

0 H C cmB8 20 1600 05

110(5-20) 10 H C  crol4c 19 1800 10

11 10 DW ¢  45% 23 2000 0.1

112 10 H C  COIlE 19 1800 10

10 H GY 18 1800 05

11s 10 H C  CToIl4F 19 1800 05

10 H c  CnsiQ 2 1800 05

10 H C C7I32A 20 1800 05

17 10 H ¢ crna 19 1800 0.5

127 10 H ¢  C75Y 4 125 0.75

132 10 H C  cnsiw 18 1500 05

138 10 H c  C5IY u 1500 0.5

101(¢s1) 12 H 1 C70007A 25 2000 0.01

106(S-10) 10 H c 6 % 1250 075

2 10 H c 22 27 1500 20
107¢s-11) 10 H c 2061 28 1500 20

10 ] c 208 28 125 0.75

|
,‘
|
|
|
|
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TYPICAL CHARACTERISTICS AT THE
SPECIFIED SUPPLY VOLTAGE AND 22° €

Sonsitivity

Sowly Rodont Laminons Carront é‘:% 5
TR G ek Gtk e D lmeine e
1250 3 1300 250 10 4 %104 05@10

1250 45 2000 160 7 44 x 104 05@l0 1-1/8
1250 28 1400 100 5 x 106 03@5 (Cont'd)
1000 54 175,000 65 200 31x 108 083@20

1250 28 660 30 7 23x10° 1900@4

1250 28 420 30 45 15x10% 1700@ 4

1000 36 "~ 36,000 45 45 1x10¢ 45¢20

1000 60 16,000 L] 20 2.7 % 108 26820

1000 36 22,000 45 2] 6 X 108 16@ 20

1000 36 22,000 45 27 6 > 108 16620

1000 36 22,000 45 2] 6 x 108 16@20

1000 36 22,000 45 27 6 % 108 16020

1000 3% 22,000 45 27 6> 108 @2

1250 43 8000 60 10 1.7 x 108 5@10

1000 % 36,000 45 45 1x10° 452 1-1/2
1500 70 56,000 85 10 8.1 x 108 08320

1500 70 56,000 85 70 8.1 x 108 02620

1500 77 11,000 180 25 1.4 x 108 4@ 10

1250 89 4400 300 15 § x 10¢ 2620

1500 n 11,000 180 25 14 x 108 4010

1500 79 56,000 67 4 7% 108 02@7

1500 Ikl 39,000 67 33 5 x 108 03@7

1500 79 39,000 67 33 5 x 108 03@7

1500 79 65,000 67 55 82 x 108 04@6.7

1500 L4l 39,007 67 3 5 x 108 03@7

1000 24 8200 60 20 33 x 108 0@ 40

1250 40 10,000 200 50 25 x 108 1620

1250 40 2400 200 12 6 % 104 3alo

1250 28 940 30 10 3I3xi0¢ 4004

1000 20 50,000 40 100 25x 100 200@20

1250 40 4300 50 6 12 % 108 a2 2

1250 64 - 80 - - -

1000 61 96,000 16 120 1.6 x 108 620
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PRELIMINARY SELECTION GUIDES
For Photomultiplier Tubes by Diameter (cont’d)

RCA Photomultiplier Manual

RATINGS
';:::“ $Speciral Nomber  Viewing Cage RCA Outling, ——;;y lv;:p—
SR -5 R )
m
10 H v 2063 29 2000 20
10 H c 5819 2% 1250 0.75
10 H c 6342A 30 1500 20
107¢s-11) 10 H C 6655 30 1250 0.75
(Cont'd) ~ 10 H i 7746 3l 2500 20
10 H vV 8053 29 2000 20
12 H | 7850 25 2600 20
7] H ] 6810A 32 . 2400 20
4 H 1 7264 32 2400 20
108(S-13) 10 H c 6903 30 1250 0.75
10 H Vv 463 29 2500 10
10 H 1 7326 33 2400 10
ME0) —; H 1 4459 25 2800 10
14 H ] 7265 32 3000 10
ty (Co:l'd) 3 12 H 1 C31000A 34 3000 10
12 H ] 310008 34 3000 10
e 0 H v C70109€ 2 50 10
T T H i 7268 32 3000 10
: 15 10 H c 4518 30 2000 05
f 10 H vV 523 9 2500 05
12 H 1 2575 34 3000 02
116 12 H i 8850 3 3000 02
12 H 1 8851 34 3000 0.2
19 12 H I C31000F EY) 2500 10
12 H ] C31000F 34 2500 10
120 10 H vV 8664 35 2000 20
10 H vV 8664/V1 35 2000 20
126 5 H i 31024 3% 6000 05
130 10 H c CT164R 30 1500 05
137 1 H i C31000K 37 2000 01
3 107 s-11) 10 H v 20648 38 2000 20
10 H vV 8054 38 2000 20
110¢S-20) 10 H vV a4 38 2500 10

Technical Data 149 "
|
TYPICAL CHARACTERISTICS AT THE '
SPECIFIED SUPPLY VOLTAGE AND 22° € !
Supply Radiant Laminoss Corront Currot it “%:-'" E
WO el ok ek i)t iaaie e ;
1500 % - n_ - - - :
1000 40 80000 50 100 2x1i* 6@20 ;
150 64 25000 80 31 39x165  4@2
1000 6l %000 76 120 16x1¢ 6@20
1500 5 10000 70 130 18x10* 16@20
1500 56 00 70 42 6x1e 4@9
1800 56 510000 70 640 91x10* 64@160
2000 5 3000000 70 3800 54107 1000 @ 2000
2000 5 3400000 70 4200 61x 107 1000@ 2000
1000 48 72000 60 % 15x10¢ 0@
2000 68 1,000 160 25 16x1¢° 48@12
1800 64 38000 150 88 SIx1F 3@
20 6 430000 150 1000 66X 10*  30@300
2400 64 3000000 150 7200 48x 10’  50@1000
000 7 200000 200 700  35x10°  5@200 2
000 M 210000 200 700  35x10°  5@200  (Cont'd)
1500 68 300 160 8  5xIt  02@6
2400 64 2200000 150 5200 34 x 107 50@ 1000
150 719 39000 67 3B SxIF 0u@7
150 7 32000 60 27 45x1*  05@13
2000 97 970000 85 850 1x100  1@200
000 97 70000 85 60 13x10¢ 06@200 iE
000 97 70000 85 620 73x1¢  06@200 H
1500 45 18000 250 100  4x1*  10@30 '
1500 45 18000 250 100 4x10 10630
1500 69 18000 67 11 26x1¢  1@15
1500 69 18000 67 7 26x18 1@l5
3000 82 10000 72 9 13xi0  4@85
125 40 20000 200 10 5x10 %@l
150 35 2,000 330 200 6x10°  6@100
1500 64 - 8 - - -
1500 64 35000 80 43  54x1¢  4@9 3
2000 68 1,000 160 25 16x10°  483@12
c et e C -
 —— - -~ et e A s i
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PRELIMINARY SELECTION GUIDES
For Photomultiplier Tubes by Diameter (cont’d)

' TYPICAL CHARACTERISTICS AT THE

A as ) SPECIFIED SUPPLY VOLTAGE AND 22° ¢
Tobs Spactral Nomber  Viewing Cage RCA Ouwtline, Supply Average | Somitely Ansde Dark Mominat
Dismeter Respoases #  Cosfpe- St T : Supply Radizat Lominons Curront
laches Stages m:: turec IL.'O u.::a“- v(E"E.)" m ! Veltage Cathote Anede Cathode Anode l:'l:i- Mu-hm:- m:-‘nu
v Y | v mA/W AW wAfim Aflm (Agpor) Semsifivity A/Im Iaches
112 14 S | €70045C 39 6000 1.0 5000 €0 - 140 - 5 x 108 500 @ 1000
3 115 10 H v 4524 38 2500 05 1500 1 32,000 60 27 A5x 10 @13 3
(Cont'd) 117 4 S I co0450 39 6000 10 500 72 - - - Ix 10 100@ 10000 (Cont'd)
122 10 H v 4521 40 2000 0.5 1500 87 19,000 83 18 2.2 % 108 2@15
107 (51 10 H v 2065 41 2000 20 1500 88 - 110 - - -
10 H v 8055 41 2000 20 1500 88 35,000 110 4 4 x 108 4@9
1e(s-200 10 H v 4465 4 2500 1.0 2000 68 1,000 160 25  16x108 48@12
5 10 H ES 2500 0.5 1500 80 32,000 67 ] 4%x10° 15@13 5
115 o K v 3z @ 200 05 150 88 13000 77 115 15x10°  2@09
A/incident Imd
\ 2 Vv ﬁf&” 8 20 05 175 88 130000 77 5 15x100  20@9
A/incident Im!
‘\) .
118 14 H RG] 4 300 05 2000 88 2,600,000 77 2300 Ix 100 60@ 2000
W W | coi3e M 300 05 2000 88 2600000 77 2300 3x10'  60@2000
s See bar chart of Spectral response on page 156. ® Type numbers with prefix C are developmental
» Viewing configurations: H, head on; S, side on; types. Each of these C numbers identifies a par-

and OW, dormer window. ticular laboratory tube design but the number and
e Cage structures: C, circular cage; 1, in tine; and- the - i data are subject to change. No

¥, venetian blind. obligations are assumed as to future manufacture
« With blue tight source. Tungsten Iig(?t source at unless otherwise arranged.

color temperature of 2870°K. Corning .S. No. 5-58,

172 stock thickness. |
PRELIMINARY SELECTION GUIDES |
Ruggedized Photomultiplier Tubes by Size '

';:‘ Spocrn o ata ENVIRONMENTAL YESTING®
Confgy- . Militery Quaity Tube
g Rospenne® raben Swuctrs Trpe Specitcaton? Comermance Shock Viratens Accleraten Tomperaturs Sometr
S-4 S c 8571 - Design ¢ 20¢g 15g —45 4-75°C
1/2 (102) 11 ms 5-2000 Hz 1-1/2 hes 5 min 8#;5 172
$-5 S C C70129H - Design 0g 20¢g 15¢ —45-+-75°C
(104) 11 ms 5-2000 Hz 1-1/2 hrs 5 min g+hrs
s-1 H 1 701028 MIL-E-5272C 1009 g 0¢
3N (101) 1l ms 20-2000 Hz 15 min 3/
Design 0¢g 20g 100g
11 ms 20-2000 Hz 6 hrs 1 min
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PRELIMINARY SELECTION GUIDES
Ruggedized Photomultiplier Tubes by Size (cont’d)
Nominal ENVIRONMENTAL TESTING® Nominal
e IR e IR e e e N
3-& 71) H | [ 4460 MIL-E-5272C 100% ?fl! }n s 22& %ooo Ha 15 min
Design g%ooo Hz 6 I';rs }O:n:
(s‘ibl’l) H i €70102€ MIL-E-5272C 100% Slﬂll 'zm 228_%000 He 15 min
3/ Desir ?1) s mooo Hz 6 hrs {O:.i: 34
(Cont'd) 115 H | C70102M MIL-E-5272C 100% Ilil! cms 223_5000 He 15 min (Cont'd)
Design g? r'ns 228-50(!) Hz 6 hrs %‘r‘iu%
124 H ] C70102N MIL-E-5272C 100% ﬁl e 22%“ e 15 min
Do ME Rwomews  ims
115 H ¢ C31016A ;al%hsm Design ﬁ g ﬁ;&m“‘zs)l y2hrs 100¢
1 1s H c c310168 ML STD Dsign 18 , BILOm) s 0F 1
(8“}71) H c [TTITY MIL-E-5272¢ 100% ft‘) g 22& £ 00 He 15 min
Design 22&5000 Hz 6 hrs {or?u:
(51371) H [ 4461 MIL-E-5272¢ 1008 ?1) g ﬁ 8200 e 15 mid
Design zzggmo Hz6 hrs }(:)llfl
i 3(}71) H c C715IN MIL-E-5272C 100% ﬁ 5000 H2 15 min 2
Design :1“11 s zzg-gooo Hz 6 hrs %".?.#.
115 H c C7151Q MIL-E-5272C Design g‘ll g g_gm ML 6 hrs }0:‘ 1
(sl-lz& H c c70114C MIL-E-5272C Design ﬂl g %8-5000 He 6 hrs }o'?'ig
(%{) H c C70114D MIL-E-5272C 100%% 3‘1’1‘:..: g_;m e 18 min
D Bt Blwowmsws  lms
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PRELIMINARY SELECTION GUIDES
Ruggedized Photomultiplier Tubes by Size (cont’d)

Nowinal _ ENVIRONMENTAL TESTING® Nominel
Oivmtar Psssinl pron: S Ly Specificabon’ Oualty .
amet e Conlrmante Sheck - Vidrston® Accoleration Tomperstwre Diameter
112 H c C70114E MiL-E-5272C ! Design g 20¢g 100g
Hms 20-2000 Hz 6 hrs 1 min
115 H c C70114F MIL-E-5272C Design 0g 20g 100 g
11 ms 20-2000 Hz 6 hrs 1 min
1-1/2 115 H C C70132A MIL-E-5272C Design 0¢g 20¢g 100 g 1-1/2
(Cont’d) 1 ms 20-2000 Hz 6 hrs 1 min (Cont'd)
117 H c C70114) MIL-E-5272C Design 0g 20¢g 100 g
1ims 20-2000 Hz 6 hrs 1 min
S-11 H c €1701328 MIL-E-5272C 1009 20g
1on 20-2000 Hz 15 min
Design 30¢g 20g 100 g
11 ms - 20-2000 Hz 6 brs 1 min
120 H v 8664 - Sample 150 g 60g
11 ms 48-3000 Hz 15 min
1500 g
50 ms
2 Design 60 g 150 ¢ 2
48-3000 Hz 6 hr 6 min
120 H v 8664/V1 - Sample 150 g 60 g
1Ims 48-3000 Hz 15 min
1500 g
50 ms
Design 60g 150¢ ;
48-3000 Hz 6 hr 6hr
a See bar chart of spectral response on page 156. © For detailed information on environmental testing, !
» Viewing configurations: H, head on; and S, side on. request a technical data sheet on the specific type.
« Cage structures: C, circular cage; I, in line; and f Quality Conformance Inspection: 100%, every tube
v, venetian blind. tested; sample, some tubes tested from each lot;
4 Military Specifications: and Design, initial tubes only are tested.

MIL-E-5272C, 13 April 1959, Amendment 1, 5 x Vibration: éyclmg ranges from minimum; to maxi-
January 1960; mum to minimum; time is total time for vibration
MIL-STD-8108, 15 June 1967 in three axes (equal time for each axis).
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SPECTRAL RESPONSE AND
RELATED PHOTOCATHODE CHARACTERISTICS — e

4

e A e A Y

- f

TrFr

prep— - G :,E}:l').l‘lgt USEFUL SPECTRAL RANGE TYPICAL DATA
RESPONSE PECTRAL nue: TYPICAL DATA RCA  EIA Cathode Wiatew [Rangeto Rangeto  Tymeal - Rangeto
RCA  EIN Cathede  Windew ‘ Appren. Code  Desiz Materisl  Matarial | Approx 1 Appon 05, Manmwm o A AwalR b s e
Col Desy Mot Mawin | e % Apwen 45, Wasimum mnm hweri% . S ak " e M v — i _— uhim mA/W %
. -,
.= lee of - m - [ “ / 2 /'ﬂ ' , % lzz - K'CS'Sb Oxu";‘;“um H'. Y 11 A vooopl:: 1040 83 87 269
101 S-1 Ag0-Cs 8 L r [’.’. A WA "'l f"‘ 94 30 28 04 . --
lhOI’OSl N 1A e I3 - Cs-Sb g:{;g;:?: KT AR A Ay B 800 60 48 132
102 S4 CsSb pore M t-d-]| 01180 {1036 40 a0 124 @ ~
: T 11 I 124 — Cs:Sb UVGlass redeved] Jodreedd:: 803 90 72 212
103 — Cs-Sb UV Glass p... DX 11 A AN ¢ 800 60 48 13.2 - it
15 — CsTe Hw® |QTSpeean - - ns 6l
104 S-5 Cs-Sb UV Glass fveoid poloccoqoeca:: 1253 40 50 182 Lime of
126 — K-Cs-Sb . | CO00CO00C . & 1140 72 8 274
105 S8 CsBi oo A YYYS Y 55 B 74 3 23 08 — Borosil.
Ag-Bi- Lime or T 127 - 0¥CS ) UV Glass codecodreclfeed 410 60 25 6.2
106 S10 %2 Borosit APY O § 35 508 40 20 55
G Z 128 - Ga-As UV Glass 00 X008 X0 133 250 33 7
107 S-11 CsSb ool Ay B A Y B 803 70 5% 157
Fused - 129 - Ga-As-P UV Glass oo de § Jadooodocodoce 280 200 56 17
108 S-13 Cs:Sb gy VA Ay T 794 60 48 135 , -
Silica 130 - ::‘:gb ‘é"'"":s‘ or A, Wk Fecck oo b ds] 203 200 40 9
109 19 cssb  Gosed - 153 40 65 244 e Tmeer
K Tmew — 1t Bl — ol Borosil, e oorel | Jodeeoes X 180 250 45 97
110 S-20 N 400 q Lodeceqocedef:: 429 150 64 188 - to 930
Cs-Sb  Borosil. 132 — NeK- lLimeor 00D 3| 221 200 4 104
Na-K-  Lime Cs-Sb  Borosit. esdssd] Plecefecedq: y
m - » 00 000 I R XK X B 205 300 89 208
Cs-Sb Borosil. ) S A Fused v A AAAA 32
oK 133 — K-Cs-Sb Silica seohel A YYYY # 10910 1190 60 71 22
nm - Csa:Sl; UV Glass X XXX 1 IO KRR KAAS & EEE8 428 180 77 227 OV-erade ——]— 1
13‘ hand Ga'As s ‘g‘ : & .'. .v os o .-.'.' .'."—1 .‘Q..'.'.‘.-.'. 148 Zw 37 102
m - N pyex T TE] | 3 0 77 239 apphire =
Cs-Sb yr x| Y CYYY XYY XX 7 3¢ : Uv_g’ade
135 -— Ga-As-P p oY OYYY £5YY Y Y B 303 200 61 168
14 - Na-st- gulsed A Y 'O B 300 X000 XXX J R IR 428 140 60 17.7 sapph“e
Cs- | ica . 136 ~— K-Cs-Sb Lime YY) | 0 X008 837 65 54 16.7
115 — KCs:Sb Limeor A B YY) 11% 67 79 245 :
Borosil. Lime or
137 — Ga-As Borosit YY OX0X) 00X 00X 000 105 330 35 19
116 -— K-CS~Sb Py’el Lols & AD YA 8 1140 85 97 31.2 Na-K .
138 - b UV Glass A 00 000 yeegool:] 201 200 40 9
Cs-Sb
~  K-Cs- g ARy OO 244
w Kossh Uvetss|  [ESEITTINE) 1% 6 79 A T as e
118 — K-Cs-Sb UVGlass 1 A%y A || A Y 1 8 10930 | 1140 77 8 272 WAVELENGTH — NANOMETERS
ok -y g = Emzﬂ:ns:::'t& it o= :adilnt Sensitivity at Wavelength of Maximum
- =~ 1} ey AAAAAA = [l s
U - gggp Py <= L eteteed 180 250 45 97 _ ! Q€= % Efficiency at Wavelength of Mazimem
UV-grade| prvdevviveyirvrtrertye
120 - K‘CS'sb sapphire (X XXX XX LX) [ XX - 1030 60 71 22
1 - CsTe Gused nine - - ns 12
m “w ) "
WAVELENGTH — NANOMETERS
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ELECTRON MULTIPLIER STRUCTURES

RCA Photomultiplier Manual

lectron multiplier structures are @ For Particle and Radiation Detec-
identical to those used in photo- tion
multiplier tubes. Electron multipliers ® For Use in a Vacuum System of
are intended for use in vacuum sys- 10—* Torr, or Lower
tems in the detection and measure- @& Broad Selection of Mechanical
ment of electrons, ions and other and Electrical Characteristics
charged particles, as well as X-radia- W Various Types Feature an Integral
tion and vacuum ultraviolet radiation. Voltage Divider
The maximum average anode current W High Stability Copper-Beryllium
(30 second average) for all struc- Dynodes
tures listed in the chart below is 10
microamperes.
aeA TYPICAL VALUES
Photomsl- Veltage,
RCA - tiplier Cage Number Radistion Anede 1o Correst
Bev. e of owter Opening Sysode Ampiifica-
fype s‘l-l:'i. (l:u.c) Syasdes  Structure Inches ;l: 1, tu?eg
Mo Sl Dynedes (ognal votts  Conditions
Structere por
- Flexible leads, 2000
Circular : s
cre158  931A 10 sealedin 3lx M to 1x10°
Cage bulb 3000
Glass stem, 3000
o oA e 1 Qfedle TR I0T B, lwwxwe
base supplied)
) a0
em,
CIUIK GBIOA Indine 14 fexe lacs PP o 1wwxw
base supptied)
Stacked ceramic
tndm!(m{_ 3000
. ¢ ion,
€107 8664 xﬂ‘?m 14 ring terminals, 900 % .730 to 11010 X 10°
L Flange mounting, 4000
shipped with
sealed flange
oIn ot Jenetian g Bemeds 90 x 730 o lewxe
e Blind 31017 sbove X 3500
Stacked ceramic
. and nqn-magnetic 2500 _
e s Mol q PRlERREURIC 0% B0 11010 x 1
nals, flange
mounting

Technical Data 159
XA TYPICAL VALUES
.m‘:: "JF::"" wc:t;. Nember tor Radistion X.'.“.'.':. Carrest
. 0 Opening ifica-
W e e T Structare tnches o' tea ot
Stacters (ml;s Gmiﬂm
. S't:’c'lz:e:enmic
. a r con- 2500
camie so64 LN 30 iruction, ring 900 X .7 .
Blind terminals, llacglge X 1% 0 Hol0 X IF
mounting
Kovar ?nge,
ass stem,
C31019 4460 In-Line 14 (16) flexible 250 = .005D. 3?20 5 x 1°
leads, shipped 4500
in plastic bag
£y dort 2000
CINA 4460 Inline M |40 naled 250 0050, to 5 x 10°
in bulb 4500
s
Integr. s
£ 4460 In-Line 14 (3) flexible 250 x .0050. 3230 5 x 10°
leads, shipped 4500
in plastic bag
. Integral divider, 3000
CIOINC 4460 In-Line 14 -shipped-in 250 =+ .005.D. to 1 X1
plastic bag 3500
Kovar flange, -
e 4460 Inline 12 ('f:)ssa:uﬁ' 250 =+ .005 D 3:-90 25
xible =+ : g
feads, shi 4000 X
in plastic bag
gm;;‘ stfwl) 2400
CHONA MB0 Indine 12 e 250 =+ 005D o 25X I10°
:tmd unsealed 4000 X
(1 oo 3000
CI0102F 4460 Inline 10 exidle 250 = 005 D. to 1 X107
leads, shipped 3500 X
sealed in buid
Kovar flange,
. glass stem, 3000
CT0162N 4460  In-Line 10 (12) flexible 250 = .0050D. to 1 X10°
Ieads, shipped 3500
in plastic bag
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ELECTRON MULTIPLIER STRUCTURES (cont'd)

TYPICAL VALUES

m.&ut- Vaitage,
RCA - tiplier Cage N Radiation Anode te Curreat
Dev. whe Structure of Outer Opening Oynede Amptifico-
t'y:o sﬂf&- (em) Bynsdes  Stractwre inches 'nl.w 'l’m at
: (eqaal voits COI:“"':S
Structere per stage)
Glass stem, 3000
IO M60 Indine 10 (Ifexble g5 0050 o 105X
leads, shipped 3500
unsealed in bulb
. (16) rod termi- 3000
CIO120E 8053 ‘gf.“ng"’“ 14 nals, shipped in 800 == 0100. to 1t010 x 10°
! plastic bag 4000
Circul (13 fox 2000
ez 8571 o 10 eae 06 X 375 o IXIE
Cage feads, shi
: unsealed m)?nb 3000
(13) tab termi- 3000 .
¢t 7850 In-Line 12 nals, shipped 375 + .0050D. to 25 X ¢
in plastic bag 4000

HIS section shows the dimen-
sional outlines for RCA photo-
multipliers. See the Preliminary Se-

s
o~
cuass -
ENVELOPE -, |t =— vmrugu _
S P
it Il a3
. 103 .
73
iR, N A
124
o
y -0
- T4 -
CATHGDE -
PROTECTNE 4
FEn T - -+ 4
!
-~ 1t GOLO~PLATED
o SEMFLEXSLE LEADS
L 0 2 004 DIA.

si0t 233 oia.
po—| —-08 wm.
23 n-] e T
J L f '
{ 203 !
B N S _____i 146
- I
138
1—“ 408 {
-.08
— - oils |
CATHODE M \
PROTECTIVE T—1 1 i 3
[ o =
X} L GLASS ENVELOPE
. 1 GOLD - MLATED
¢ SEMFLEXIBLE LEADS
t__ 01 £ .004 DIA.

161

Outlines

lection Guides in the Technical Data
Section for outlines and basing ref-
erence numbers.

L
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FACEPLATE —|
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~J e S -
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31085 c310858
“se 4516 % A-3.7 Max. 3.94 Max.
c1ee2s e Cr08420 8-326 +.06 350 +08
c1e1m2€ cToma2) CT0842K Y —12 =12
cimnm CT0042R C-0.87 Max. Dia. 0.755 Max. Dia.
cre1028 D-0.5 Max. —
E— 0.38 Max.
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p2st T% | 350 T | 326 = 015 .5-
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hdx ook
-4- 290
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T 1
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118
Fsax, o1a"]
-
N R 22
; 1
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1
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AK DA
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F_z.o%&oc_,
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Basing Diagrams

This section shows the basic dia-
grams for RCA photomultipliers. See  Tramnis =veiore

the Preliminary Selection Guides in L rm i
the Technical Data Section for out- nvELOPE RIGID ENVELOPE TERMINAL

line and basing reference numbers. P omeNTATION Svagor

Temporary bases are given at end «

of this section.
Key to Terminal Comnections on Basing Diagrams.

4460 4516 7761 Cremsnre
CInee- croieame cisteme

-4- ‘ 1. -12.
* Suppliod with temporary base A. * Supplied with temporary base B.

® Suppiied with temporary base D.

* Supplied with temporary base C.

C ¢ -
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L
DINECTION OF RADIATION:
WTO END OF BULS

-1-
CIe114C° CIl4E

261> ceze

-.
* Supplied with temporary base B,

cnsiee

m
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4483 4523 8053
CI0109E
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Reguest technical data
sheet for electrede

$ Supplied with temporary base E.

RCA Photomultiplier Manual

M-

DY — Dynode

G —Grid

IC — Internal connection
(do not use)

NC — No connection

P — Anode

K — Photocathode

Basing Diagrams

TEMPORARY BASES

-»-
-E-

DY — Dynode

G —Grid

IC — Internal connection
(do not use)

NC — No connection

P — Anode

K — Photocathode
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Absorption  spectroscopy 100
Acceptor level 8
Afterpulsing 41
Anodes .. 24, 25
Atmosphere 36
Band gap ... 7
Bandwidth, noise .. . 68
Basing 27
Bialkali photocathode ... 10, 1t
Black-body radiation 119
Boa-and-grid multiplier structure ... 23
C athodes
bialkali ... . 10. 11
ERMA 10, 11
multialkali 11
opaque ... 10, 19
semitransparent 10, 19
trialkali e 1
Cerenkov  radiation 77. 86

Charge integration .. ) 93

Collection efficiency 20
Compression, signal 110
Conduction band 7
Conversion
of units 112
Counting 46, 51
interpretation 89
photon .. 95
Current control 55
Current protection ... 110
Current rating
anode current 32
cathode current 31
D ark CUMTENt s 19, 40
equivalent anode dark current input
(EADCI) 42
reduction
Dark noise

C
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Data, classes of

Densiometry
Detection
digital method
low-light level
photon counting
Doping

Dynamic compression
Dynode ...
box-and-grid ..

Eanci
Electric field. exterior
Electron affinity ..
Electron multipliers
time response .
Energy band .
Energy sources . -
ENI
Environment
atmospheric
shock
temperature
vibration
Equivalent Noise Input (ENI)
Extended Red Multi-Alkali
(ERMA)  photocathode ...cvv
Eye characteristics .

Fatigue s
Fermi level ..
Fluctuations
Flying leads .
Flying-spot ~ SCANNING  oovovrrrorororsrsnon
CRO
objective kns ..
photomultiplier
Forbidden band ..

G as 10Nization .,

H ysteresis

51
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Integration, Charge w93 apphications ” Sp::;r:;ycopy ¥4 U"'f‘)r"‘i‘y' spacial [T 1 |
characternistics s 82 time 7

current  protection 1o o
LAMPS s s 120 data 37 z:al_bt'_lm: PR 49. 3(: Valence band L]
Laplace  eqUALION oo 9 2 design ... 19 atistical fluctuat Venctian-blind multiplier structure .. 22
Lasers 121 -for PhOtOMEtry s 97 .'. ) Vibration o 35
srange FNAET o 89 -for photon counting 9% emperature rating : 32 Video amplifier. ... 93
Life expectancy . e 52 -for RaMan spectroscopy ... 107 Tirne—domam reflectometry (TDR) 25 Voltage divider 103
Light detection . 9y -for scanner o2 Time a8 .. 16 tapered 109
photon vounting 95 sensitivity 37 in photoemission 16 -for pulsed operation . 106
Light feedback ... 67 testing 126 in secondary €mission 16 ~resistors 14
Light sources 121 Photon noise 56 Time response P . 48 voltage ratio 104
Lineanty 53 Power SUPPIY ..o jlo electron-multiplier ... 26 wiring 107
Logarithmic photometry ... 99 high-voltage 1o Ti.me spe.ct.roscopy X7 voltage — rating .o 0
stability 1 Time stability test 2
Pulse counting 46, 106 Transit time 28 . .
Magncuc field M, 36 Pulse heiyht -spread 25 Wiring tech 107
Matching distribution 63
calvulations 130 FESOMULION ... 46
factor 132
source-detector 127
Multiplier analysis 24 Quantum efficiency 40
i Multipliers
contribu'tioq to noise 61 Radlant
for scintillators 82
Sources
structures 22. 23 -
Radiation
black-body ... 119
Negauvc clectron affinity e 3 sources 120
Noise Raman spectroscopy . 101
-and bandwidth cs  Ratings 30
dark 66 anode current 32
gas iomzation 66 cathode current 31
gTOUP | and |1 sources 6 teMPEerature ..., 32
multiplier contributions ..... esoronne 60 n.‘?e'iffﬁ light gg
photocathode contributions 51 Regenerative effects 31
photon 56  Ruggedizat ion resorsiesn 26
statistics for dynodes 61
Scintillation
0 utput-current control 55 COUNEET oo
materials
mechanism
Paramclers, design 30 processes
% Peak-to-valley ratto ... ... 46 spectrometer .
!’ PhOIoca.“‘o.dC 6 19 Secondary emission
i contribution to noise 57 statistics.  effect of .
opaque 10 time lag
reflection  at- 54 sensitivity
ruggedized ... 26 blue
semitransparent 10 integral radiant ...
sensitivity 9. 38 loss so
spectral response 39 1 38
transit-time difference 25 radiant ... 38
Photoemission 5 Shock . 3s
time lag 16  Signal compression T 110
Photometry 97  Source-detector matching ... 127, 129
color_ bal g 98 Spacial uniformity W wne 53
densiometry 99  Spectral response | 19, 39, 127
logarithmic 99  Spectrometry ... — . 100
unmts 113 absorption .
Photomultiplier ... s, 19, 37 Raman " 101




186 RCAPhotomultiplierManual  Contributors 187

LIST OF MAJOR CONTRIBUTORS TO THE
RCAPHOTOMULTIPLIER MANUAL

el = - S
rama- e~ St =

.

M'_‘_ ——

Ralph W. Engstrom
Fred A. Helvy
Harold R. Krall
ThomasT. Lewis
W. Dean Lindley
Ramon U. Martinelli
Robert M. Matheson
Anthony G. Nekut
Dennis E. Persyk
Ronald M. Shaffer
Albert H. Sommer




i W

188

RCA Photomultiplier Manual

«

‘S

Other RCA Technical Manuals

{

‘. RCA POWER CIRCUITS—SP-51—
8" x 5Va")—448 pages. Contains design in-
ormation for a broad range of power
circuits using RCA silicon_transistors, rec-

stifiers, and thyristors (SCR’s, triacs, and

)dlws). Gives design criteria and procedures

| for applications involving rectification, sup-

‘ ply filtering, power conversion and regula-
tion, ac line-voltage controls, 1f power

. amplifiers, and control and low f

amplifiers. Shows du:{n examples prac-
tical circuits. Price $2.00.°%

;@ RCA TRANSISTOR, THYSISTOR &
‘?sl:)DE MANUAI 14 8" x dzﬁ&ﬁ;’)—

pages. Contains uy-to—date tive
data on over 700 semiconductor devices
including tunnel diodes, silicon controlled
rectifiers, varactor diodes, conventional rec-
tifiers, and many classes of transistors.
Features casy-to-understand text chapters,

l.;lmn* Semico!
. tions. Price $2.50.*%

. @ RCA HIGH-SPEED, HIGH-VOLT-
AGE, HIGH-CURRENT POWER
SISTORS—PM-80 (8" x 5%")—9% ¥aues.
Provides a basic undemandng of the
theory and application of the RCA line of
medium-frequency power transistors. Cov-
ers physical theory, structures, geometries,

* packaging, critical application-limiting fac-

tors, and the operation and requirements of
power transistors in_amplifier, switching,

. and control applications. Typical circuits
" illustrate the use of tramsistors in series

voltage regulators, lincar amplifiers, switch-
ing regulators, and inverters and con-
verters, and the application of complemen-

irs. Selection charts are

. transistor pairs.
: ::?Mdcd to facilitate choice of the optimum

power transistor for a variety of

- type of p U f s
military, industrial, and commercial appli-

cations. Price $2.00.*t

@ RCA SOLID-STATE HOBBY CIR-
CUITS MANUAL—HM-91 (83%" x 5%7)
—368 pages. Contains complete construc-
tion information on 62 circuits of general
interest to all experimenters. Circuits use
diodes, transistors, SCR’s, triacs, MOS
transistors, integrated circuits, and light
and heat detectors. Circuit operation is
described in detail; construction layouts,
hotographs, schematic diagrams, and parts
ists are given; and full-size drilling or
printed-circuit templates are included for
most - circuits to simplify construction.
Price $1.95.*1

® RCA SILICON CONTROLLED REC-
TIFIER E 'S MANUAL

—KM-71 (8%" x 53%7)—136 pages. Con-
tains 24 practical -and - interesting. control
circuits that can be built with a comple-
ment of active devices available in kit
form. Includes photographs, schematic dia-
grams, and descriptive wmeurs. Also in-
cludes brief ns of solid-state
components used rectifiers, transistors,
SCR's) and short scction on trouble-
shooting. Price 95 cemts.®t

© RCA RECEIVING TUBE MANUAL
—RC-27 (8" x 5%")—672 pages. Contains
technical data on more than 1400 receiv-
ing tubes for home-entertainment use. In-
cludes six easy-to-read text chapters that
provide basic information on electron-tube
operation, ratings and characteristics, and
applications. Also features a detailed at-
plication guide for receivin1 tubes; quick-
reference charts for | replacement and
discontinued RCA receiving tubes, black-
and-white and color picture tubes, and
voltage-reference tubes; and a Circuits sec-
tion that includes schematic diagrams, de-
scriptive writeups, and complete parts lists
for 36 practical electron-tube circuits for
a wide variety of applications.
$2.00.*¢
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©® RCA TRANSMITTING TUBES—TT-5
(89" x S%")—320 pages. Gives data on
over 180 power tubes having plate-input
ratings up to 4 kW and on associated rec-
tifier tubes. Provides basic information on
generic types, parts and materials, installa-
tion and application, and interpretation of
data. Contains circuit diagrams for trans-
mitting and industrial applications, Fea-
tures lie-flat binding. Price $1.00*t

@ RADIOTRON® DESIGNER'S HAND-
BOOK—4th Edition (8%~ x 5%")—1500
pages. Comprehensive reference covering
the design of radio and audio circuits and
equipment, Written for the design engincer,
student, and experimenters. Contains 1000
illustrations, 2500 references, and cross-
referenced index of 7000 entries. Edited
by F. Langford-Smith. Price $7.00.*t

® RCA PHOTOMULTIPLIER MANUAL
—PT-61 (8%4” x 5%")—192 pages. The
construction, operation, and application of
photomultipliers are_detailed in this well-
Hlustrated manual. Discussions of photo-
emission, secondary emission, and the
design of multiplier structures are followed
by a description of photomultiplier per-
formance characteristics. An analysis of
statistical fluctuation and noise effects then
leads into a section on applications of
photomultipliers. Photometric and radiant
units, radiant energy sources, spectral re-
sponse, and source-( or matching are
set forth. An extensive tabulation of tech-
nical data includes a selection guide for

types. Oul

cait information are furnished. A complete

RCA Photomultiplier Manual

index adds to the convenience of this man-
ual. Price $2.50.*%

® RCA ELECTRO-OPTICS
BOOK—EOH-10 (82" x /
pages. Data from the many technical argas
nvolved in electro-optics are compiled and
unified in this manual. The presentation is
convenient, featuring more than one hun-
dred tables, charts, and graphs. A coherent
system of symbols and definitions is listed,
and data on radiometry, blackbody radia-
tion, and photometry are presented. Infor-
mation on radiant sources, lasers, at-
mg(s)rheric transmittance, and detection,
resolution, and recognition are included.
Treatments of detector characteristics,
image and camera tubes, and optics are
followed by a section on electro-optics
systems analysis. References and an ex-
tensive index add to the usefulness of this
unique handbook. Price $2.50.*}

@ RCA LINEAR INTEGRATED CIR-
CUITS—IC-42 (8%"” x 53")—416 pages.
Explains the basic principles involved in
the fabrication, design, and application of
linear integrated circuits. Includes a dis-
cussion of the basic silicon monolithic fab-
rication process, analyses of the building-
block elements used in linear integrated
circuits, explanations of the operation and
applications of RCA linear integrated cir-
cuits, and detailed ratings and characteris-
tics data and package information for
;!2(.‘5% ‘fhmr integrated circuits. Price

* Trade Mark Reg. U.S. Pat. Off,
”;m shown mlgmin U.S.A. and are
t Oﬂbﬂclhm
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Spectral Response Characteristics

RCA TYPICAL PHOTOCATHODE SPECTRAL RESPONSE

Spectral
Response

m
)
s
12
m
)
T
12
1%
1%
W
n
12
13
13
12
133
1%

138

Cathesde
KCs-Sb
KLs-Sb

Na-K-Cs-Sb
KLs-Sb

Cs-Te
KLCs-Sb
Cs-Sb
Cs-Sb
Cs-Te
K-Ls-Sb
Ag-Bi-0Cs
Ga-As
Ga-AsP

NaK-Cs-Sb

Na-KLs-Sb

Na-K-Cs-Sb
K-Cs-Sb

Ga-As
Ga-AsP

CHARACTERISTICS (cont’d)

Windew
Material

v
Glass

v
Glass

Pyrex

Uv-grade
Sapphire

Fused
Silica
Aluminum
Oxide
UV-grade
Sap%rhire

Glass
Lithium
Fluoride
Lime or
Borosit.

w

Glass

w
Glass.

Glass
Lime or
Borosil.
Lime or
Borosil.

Lime or
Borosil.

Fused
Silica
UV-grade
Sapphire
UV-grade
Sapphire

Trans-

X

X

mission O L]
e Te

Sensi-

tivi

ph/im

67
n

250

8

72

200
200
200
250
200

tiﬂt;.
mA/W
@ )\ max.

79
8
45
n
11.6

8

n
15

82~

35

61

45

n

35

61

Quantum
R

19

Dark
Emission
st22° ¢
lAI:-I'

(1A =
@ Amax. 1x18-34)

44
212
9.7
2
1.2
269
132
2.2
6.1
274
84
19
16.8

97
104
2

19

16.8

0.02
0.02

0.1
0.01

0.01
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RCA TYPICAL PHOTOCATHODE SPECTRAL RESPONSE
CHARACTERISTICS

The Chart of RCA typical photo-
cathode spectral response character-
istics given on the inside front and
back covers of this Manual contains
curves representing many of the
photomultiplier-tube spectral response
characteristics currently  available
from RCA. These curves do not show

RCA’s complete capability and, for
clarity reasons, only the most com-
mon are illustrated.

The table below summarizes the
typical characteristics of the photo-
cathodes indicated on the spectral
response chart.

22
Sessi- Quantem at n°
Spectral  Cathede  Window -'u"?& st’n.is.- -mu'i'l “‘s'sm' ('1“:-—'-.
Respesse  Materisl  Materisl Tree Roe. sh/im @imm. @ Amm VX 195 0)
101 Ag0Cs Limeor X 30 28 043 900
(18] Borosil.
1 Cs-Sb Lime of - 40 40 124 02
S4) Borosil.
1 Cs-Sb w . - 60 48 132 0.3
Glass
1) Cs-Sb v - 40 50 182 03
(+31] Glass
105 Cs-Bi Lime or - 3 23 0.78 0.13
L 2] ) Borosil.
16 AgBi-0Cs Limeor X 40 20 55 1
S0 Borosil.
1 CsSb  Limeor X 70 56 15.7 3
sn Borosil.
1 Cs-Sb Fused X 60 48 135 4
513 Silica
19 Cs-Sb Fused - 40 65 44 03
$19) Silica
118 NaKCsSb Limeor X 150 64 138 04
sm Borasil.
111 NaKLsSh  Limeor —  Notel 300 89 208 04
Borosil.
112 NaKLsSb w X 180 n 27 04
) Glass ‘
13 NaKCsSb  Pyrex X 200 n 2339 04
114 NaKLsSb  Fused X 140 60 177 04
Silica
15 KCs-Sb  Limeor X 67 ” U5 0.02
Borosil.
1e KCsSb  Pyrex X 8 97 312 0.02
Chart Contioued on Procesiog Page.

* Based on Dark Current Measured in Typical PMT's.

Note 1: Reflective Substrate
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