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ABSTRACT B

?hE”reaimfﬂndamentaknphyaicsf;bents in which K~ mesons (1.5GeV/c)
incident on hydrogen nuclei(protons) has been studied with the 70mm film
of the hydrogen bubble chambers operating at the Berkeley Bevatron in
the 1960's. These events were carefully scanned to determine the K~ life
time ’)l,iﬁﬁ the elastic and total cross section areas ABel. and
respectiVely. Then I obtained 7 =(1.04+0.05)E-8sec, &ei. =(0.82+0.04)
E-30m2, and«ﬁﬁﬁF(3.51i0.16)E—30m2. Also, based on the measured total
cross s ction, I approximately calculated the proton's effective radius,
Rp=<5.§§ip.l4)E—l6nu Moreover, I classified about ten different kinds
of interest events found from the film.
THEORY

The most straightforward way to understand the events with the
incident K~ beam into the liquid hydrogen bubble chamber is to divide
the events into the categories of decays and interactions.

Since the rate of decay with respect to the K~ path length x is
proportional to the number of incident beam N and the inversely

proportional to the distance K~ travels in its life time T,

J/N , ‘ - o i Nad o
-7 inere &) /S 2 Jel stic fime.,
Aax Ty where ¥ I's the reldivistic T
e --(_..L—w N
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This is the equation which I use to calculate the K~ life time later on.

Similarly, the rate of interaction with respect to the K~ path
length is proportional to the number of incident K~ beam N and the cross
section area in unit volume. Since the number of proton in unit volume
is Naf/A,where N; is the Avogadro's number, f” is the density of proton
in liquid hydrogen(0.0625g/cm3)) and A 1is the atomic weight of proton
(1.0069g/mole), the cross section in unit volume is simplyfcﬁNa/A.

Then I set Cfﬂf.:_,f Jﬂj
ax %

Similar to the derivation before,
N= Noexp(—DgL)
This is the equation I will use to calculate the cross section of the

interaction.
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If I combine these two equations above, I will get the new equation

expressing the attenuation of beams as a function of the path length x.
N= Mo ‘_L—.,XF,((%%}}__) exp (~1A/ﬂ.f:;'-;’_)

However, to obtain the life time “7and the cross section & easily, I
assume that the average K~ path length within the fiducial wvolume, AX,
is still short enough to approximate:

%/:(_/Q i __2\[\‘;( -, %{_ .dJ/Vr
where ANp and AN7 are the numbers of all decays and interactions
observed.

On the other hand, since decays in flight remove K~ from the sample
that could possibly interact, and vice versa, the number N can be
modified to N=Ng-(ANi+ANp)/2.(See Appendix 1).

Thus, I obtain:

%/_;éé . 3;0 =(ho— QREFENY .. (1>

el (N ANz+ﬁNb) B — (Q)

More accurate calculations for 7+and (3 is roughly introduced in the

and

Appendix 2.

When we try to understand these events from the respect of the
conservation laws, in addition to the familiar laws of conservation of
energy, charge, linear and angular momentum,_there are the conservation
of baryon number, 1eot0tfﬂ number ; W}Huﬁber Also, in
hadronic interaction, like K p interaction, isospin and strangeness
numbers are also conserved. I listed ten different kinds of interestwng
events found with some of these laws in the Appendix 3
APPARATUS AND PROCEDURE

At this point, it is appropriate toc begin discussing the brief
description of the method of producing bubble chamber film and also the
scanning machine I used in this experiment.

The first step in the production of bubble chamber picture is the
Bevatron (Figure 1), which 1is a large and complex device. The
positively charged protons are injected into the Bevatron with an energy
of particular electron volts such as 10MeV.
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Then the protons are accelerated circularly until they have reached
the energy desired by the experimenter. When the accelerating voltage

is turned off, the protons gradually spiral inward and strike the

target.(Figure 2) Then, an array of particles of all types at a
Y

spectrum

of energies are produced. This is the
secondary beam. To select the desired
momentum_is accomplished by a machine

called a bending magnet. 1In order to

Th\)‘eCtC\*

separate one type of particle from
others, a velocity spectrometer is

employed. Then the beam is focused

F:W@UE :2

with a device called quadrupole magnet.
By combining these devices, K~ meson beam is created and aimed into the
bubble chamber.

The 25 inch bubble chamber consists of a closed vessel containing a
liquid hydrogen with its density approximately O.O6gm/cm3 at a
temperature above its normal boiling point but under a sufficient
pressure to prevent boiling. The pressure of the 1liquid is suddenly
released. For a fraction of a second, the liquid hydrogen does not boil
but in a supperheated state. During this brief moment, the incident
beam is fired into the chamber. In a suplperheated liguid hydrogen,
boiling will start with the formation of gas bubbles at nucleation
centers in the liquid, and particularly along trails of ions left by the
passage of a charged particle. At this point, a photo is taken of the
particle tracks. The bubble then collapse under a recompression stroke,
and the cycle can be repeated.

Actually, my job is from here. I scanned the events in 500 films
taken at the Berkeley Bevatron in 1968. Operation of the film scanning
machine SP-V(A) is very simple.

The first step is to turn on the {kwn\oaihnﬂ WvuﬂWh£;1

three pole black circuit breaker

and push the start button located
at the back of the SP-V(A). Then
I loaded the film. With the

, can
tnble.
forward/backward controls on the

SP-V(A) operator film controls,

; SPYA i
the film can be moved, and the opergen & m (LD Scanher
view 1,2,and 3 switches can be Covtyels

used to see the superposition of F?gume 2
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the views in which photos were taken from different directions. But,
the frame number is correct only in the view 3. Now, we are ready to
start scanning the films.
CALCULATIONS AND DATA REDUCTION — ANALYSIS

Having described the scanning procedure, I will now describe the
results that were obtained from my 500 film scanning. All the raw data
taken is contained at the end of this report, and the Table 1 below
shows some numbers of events and the calculated value of the total

number of incident K~ beam (discussed later).

kinds of events or number of beam number of events

all decays (ANp) 144

tol decays 8
interactions 137

elastic collisions (AN ) 41

all interactions (ANz) 178

total # of incident beam (Np) 4860+£220

Table 1

1)Branching ratio

First of all, I determined the branching ratio of the T4d decay from

my data. k of events (K — @@ (%
8<ti Feverls (K2 RER) _ T’i:: = .0 556

Since the ratio of thsese two counts are not statistically independent,

random error will be:

(D). _ (o)
Clag +503 e & which is 0.10% of BR.

Therefore, I conclude BR=(5.56+0.10)%, and this value has only 2.5%

discrepancy with the reference BR value.

2)Determination of the total number of incident K~ beam

I have to determine the total number of incident beam, Ng, in 500
films before the further analysis. I estimate that number accurately
enough by counting only 50 films randomly. Since the total number of
incident beam in 50 films is Np=486, using the
Poisson statistics, the standard deviation is (486)1/2=22.O (See
Appendix 4). 1In order toger M, I multiply these results by 10, and T
conclude:

Np=4860+220.

3)Correction for the cross sections
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Before I start calculating the cross sections, I would 1like to
calculate the correction value because I have the systematic errors
included in my data. The major source of the systematic error is the
difficulty in observing and identifying & small angle of K™p scattering.
To treat this situation, I assume that for the recoil length greater
than 1 cm, I probably have a good scanning efficiency at all azimuth
angles. To convert this to the proton momentum, I used the range-
momentum graph(attached with raw data) found in Review of Particle
Properties, and obtain Pp=143MeV/c. Since in this case the momentum of
incident K~ and the momentum of scattered K~ are almost the same(PK =
1.5GeV/c), from the Figure 4, PKeépp. Then I obtained 0=0.0953rad.

Now, to convert this small angle to the o)

5 -l

"é ol -
correction of the elastic cross section, ,‘:::ffIEE:::ilfgéhmo”
I used the information that the differential Kty
cross section at small angle has been ?f@%urc A

measured to be approximately dd/dt=70mb/

(GeV/c)2 where t is the square of the

invariant 4-momentum transfer, and tg(P®)2

at small angle. From the Figure 5,
tmin=(PrOmin) 2=pp2=20450 (MeV/c)?2.
AG=(At) (46/At)=0.143E-30m2.

Therefore, I will add this value to the cross

=@

C‘ dt mip

section values which will be calculated later l:kgxuf C;

in this report.

4)Correction of the systematic error for the number of decays

Before I calculate the K~ life time, I would like to correct the
gsystematic error including in my data. The major source of this error
is the fact that some K™» u~y decays are missed since the mass of ¥
particle is zero and these decays occur with nearly zero degree to the
incident beam if the momentum change is small. Other 1 prong decays are
involved by ®° particle and its mass is sufficiently enough to reduce the
momentum of the emerged particle so that the decay angles are enough to
be detected. 1In the case of K™» n~yv decay, the neutrino momentum is:

B= By ek .

UEKC + 03D (See derivation in Appendix 5)
Then the momentum of muon is Pp=1538MeV/c, which corresponds to the
nearly maximum momentum of the muon in the relativistic momentum diagram

in the Appendix 6. From this diagram, T conclude that although the

decay angle in general is large enough to see, when the decay angle 6=C,

the decay is hard to detect.
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Now, considering the ability of our eyes, I estimate that the minimum
decay angle at which good scanning efficiency can be realized is
approximately equal to the small angle of deflection of the kaon when

the proton-recoil become invisibly small, which I discussed before,

(Figure 6). 6kﬂﬂy
= ? N 5_';. K‘ o~ \f \’ (‘,:f.:. u

interacion »
p; Gl e O

That is, ©1=69=0.0953 rad. Then, since the kaon is spinless, its decay
is isotropic in the center of mass frame, and we can approximate at
small angles by ©=0%/2, where 8 is the angle in lab frame and ©* is that

of the center of mass. It leads that:

0*=20=0.191 rad and . = 0705
Thus, I can estimate that the fraction of kaon decays of 1 prong which
were missed as a result of invisibly small Kinks is 6.06%. (I multiply
by two because €* is the angle above the incident beam line, and I need
to add the angle below the incident 1line, too.) Now, from Table 1, the
number of all decays is 4ANF144, and we know from the reference that the
probability of K—= a~y decay, ANy, is 50% of all decays, soAN/u before
considering the systematic error is 72. Then, I have the following
equation:

AN+ (0.0606)4Ny, corrected™Nu, corrected-
Then, ANy, corrected=’7- So, the number of all decays corrected is

AND, corrected=144-72+77=149.

Although these discussions of systematic errors are non-inclusive,
the major sources of errors are included, so I assume that the
systematic errors will be nearly eliminated if I consider these
corrections.

5)Calculation of the K~ life time

Considering the above discussions of the systemtic errors, now T

will calculate the life time T using the equation below.

-.éA—/—?- = l — ( NO - 4.;’\‘ r '_h’_')ﬁ_i (J)
A)( dr}q 64 ‘}.. l‘): —

where now N,=4860+220(statistical error), ANp=149, and Ax=0.2894m.
Then, I obtained:
> =(1.04+0.05)E-8sec.

From the reference Valuei::1.22E—8sec, discrepancy is 14.7%.
L

This % value is not samll, and it suggests me that there are other
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systematic or statistical errors involving. The one possibility that I
remind now is the systematic error when I counted Np. There was a
difficulty of distinguishing the parallel 1incident beam and
un-paralleled beam. That is, sometimes T might include beams which do
not have 1.5GeV/c, such as the K~ beam that collided to proton before
entering the fiducial volume.

Here, it is interesting that since the life time of K~ meson ;"7 , 1is
extremely short, in general it is not feasible to measure it at rest.
However, if K~ meson has a velocity which 1s close to the velocity of
light{in my case, ¥ =1.39 and B =0.950), the pass it takes is measurable
length for us, and it allows us to measure the life time.

6)Calculation of the cross sections

Next, I will calculate the elastic cross section de and total cross

section 4 , using the equation below.
Ne . _Aadf /., ANc AN p
Q2 - 4t (st

Then, I obtained &. =(0.81+0.04)E-30m? and 3¢ =(3.47+0.16)E-30m2.
Adding Ad.  calemlated Betore,

Ber.=(0.82+0.04)E-30m2.

Je =(3.5140.16)E-30m2.

From the graph of the cross section vs. laboratory K~ beam momentum
(attached at the back of this report) in the Review of Particle
Properties, I read the reference values as:

Stoi=3.30E-30m2.

ret
3e =0.85E-30m2.
et -
Then, the discrepancy tests show that the % errors of my results are
6.4% and 3.5% respectively.

7)Calculation of the proton's effective radius

Based on my measured total cross section,
T can calculate the proton's effective radius
as follows:

Assuming the density of proton itself

and the density of K~ meson are roughly

equal ; - =3 Qo et cal
q " s ab Me e ' Ro= Q“f’ ?R ?‘:131; aeetion
voure RS2 P\F‘S o VW= XY K

\:'5;54-,;,,_ = CS-'NW
But, from the Figure 7, Rk:Rgeopr-
And from my result, I set dﬂﬂgﬂ}kmn:nRgeoz

(This is reasonable since from Frauenfelder,

C%mmﬂj3fm2) Combining these equations, the Faﬁ“‘% 7
proton's radius will be:



Ro= »—,“‘l“)_._i‘?; = 5 Q8K(O 5y Then with comechon, E} (585 1 O14) x /0"‘;”
i (S .

8)Determination of the resonant particle

Now, it is interesting to discuss the determination of a single
resonant particle which will be formed by the Kp interaction. Using
the theory of special relativity, if we consider this event from the
center of mass frame(Figure 8), the
velocity of that frame is fgcm: K P vetnant particle

—@ Oe— @ ot ey
Pc/E=0.596 so that ¥ =1.25. Since s
mihar Fenal
Einitial= d Eems where Einjtiai v
F”}%.LL!L‘ qf

=JEE;§§1;;;%+nmJQ, Ecm=2020MeV.
But, because the resonant particle 1s at rest in the center of mass
frame,this energy value is the same to the rest mass of the resonant
particle. Thus, Mpegonant=2020MeV/c2.

From the table of the elementary particle in Perkins(page 412), this
resonant particle might be 5(2030) or /1(2100). To determine one from
these candidates, 1 have to check the quantum numbers. The Table 2

below shows the gquantum numbers associated to this event.

K + © —5> recchant (@) Al
charge - & neutral neutral neutral
lepton 0 0 0 0 0
baryon 0 1 Z i ]
strangeness -1 0] -1 -1 -1
isospin I  1/2 172 0,1

I3 ~1/2 1/2 0 0
Table 2

From the table, isospin number makes me finally determine that this
resonant particle is 3(2030) v A,
CONCLUSION

Well, this experiment has been particularly difficult since I had
never studied particle physics hefore. Although my life time value has
14% discrepancy, I was surprised at my results of cross sections whose
discrepancies are small. I think that my results will be improved if T
carefully count the number of incident beam Ng which momentum is 1.5
GeV/c only. Anyway, the experiment was very interesting as well as

educational.



1)Modern Physics P.Tipler,1978.

2)Introduction to High Energy Physics D.H.Perkins,Addison-Wesley,1982.

3)Subatomic Physics H.Frauenfelder and E.M.Henry,Printice Hall,1974.

4)Review of Particle Properties Rev.Modern Physics 56,1984.

5)Alvares Group Scanning Training Memo in book form in Physics library.

APPENDTXCES

Appendix-1:Derivation of the effective number of meson averaged over
the target length
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APPENDIX-2: More accurate way of the calculations for 7 and &

If we consider the decays in flight which could possibly interact if it
does not decay, and vice versa, it means that ANp and /Ny are dependent
each other, and I think that this way of calculation is more accurate than

the one introduced in my theory section.

Siha dCN;J -ANGO where A= ,,}@
ANp= ~Nop= fNoo Adx
Jo

= anxsl o @ipX e

[d]

_ STasbIAX
" [{+hN°({ e )

A ] ook~ L—-f‘“”@)zir 1

Now. ¥ T consder only Frst order Teom and neglect second,

AND= Ao siX .

This AND s ndependent on
considerr He humber of dt’cdd%s. which could PO--:bl}/ 4‘/6{(1/ F T’Mﬁ- Al not
wmterneT betore..

<p T wit Take second Order Ferm also, 70,

" 2
ANp = AN, [ C2xbXdT

i’ /ary
ANT = bMs KéJ)O‘ CA“I‘F);@)OL
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APPENDIX-3 Ten different kinds of events recorded (Roll number 5450)

Frame number 427
baryon 0 1 1 0

strangeness-1 0 9 Li
} KO —» ® + T
e baryon 0 0 0
lepton 0 0 0




1l

lepton

lepton

baryon
strangeness

baryon
lepton

lepton

baryon

baryon
strangeness

baryon

K~ — n- o+ v

- e + Vot vy
1 Il -1 -1

K+p—-a>F+R+N
0 1 0 0 1
-1 0 0] 0 -1
B 5 A+ v

0 0] 0

0 -1 i
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#457/,//ﬂ—~\axx\ K + p-=>T® + & 4+ -
7 : baryon g I 0 0 1

/, T strangeness -1 0 0 0 -1

baryon 0 - 1 0
strangeness -1 0] 0 -1

baryon 0 0 0

#574 E K + p ->R+T+A
¥/ .
/ ) R’ N T = 0+ Y
ﬁ ;fH‘ =l lepton 0 1 -1
3 % v, |

\\-/;’//
#5087 K + P> TE+RaRe 3"
e/ w= I\ baryon 0 1 ¢ ° g 1
-/ _I;E ,// . strangeness =1 0 o @ e =
> |
- ))-’.F_/
}’K |
\ .z;}\_ =t

\ ™~

APPENDIX-4: Verification of the Poisson statistics in this case

The statistical error calculated by handy Poisson statistics way
is varified by the ordinary way to calculate it.

Since§5V0=486, and N=9.72, standard deviation =*4‘Elif where
d=N;-N is 2.955. Then, S§ = =2 =0.42 '
so that I obtain the average number of incident beam in one film:

Nifi1m=9.72+0.42, so, for 500 films, Nspofj1ms=4860+210

which is approximatelzﬁi?me &0 the Poisson’'s way.
(L £

(]
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APPENDIX-5: Calculation of the neutrino and muon momentum

O—E; Y4 Me = 4a3.T MeVz2
\weod é—?m?ﬁ.—? Ma = (6B57 MeY/oz
My = O
Pr = (.L5GeV/e
Brom +le Mman sf  momesdun
B=B+
Fk ﬂ-F§-+fﬂu =X EL1=F1F+FL —D
From the (onservalton o1 enengy,
Ex=EBatkEy

Ex =JEucFemict + BC  wwn®,
(Ex-80)"= (R Bic s mgck
salve for Yo, thow, we obtain?

_ it mided A
Py = T 27,77 MeV/ics

&)ﬂ
Pu= (538 Meyia

APPENDIX-6: Relativistic vector diagram for K- —s iiv decay

Fom The dervations ot ossoddted eguations n +ha err\“n“\‘ ot Ph,s‘ms_,

111 Bubdle chawber labovcﬁorj

S b (O MaeHCMC™ Muc?
B ot e coter of mass Fame = B Es
_ (T (M pooyay

E= " o e e~

n= R =laisle - 3033

%P’ = 1544 VeV

= 036LMeVe
0

Pr

Ey = 7B eV o / P 6
CM Frame.
From the vdlues obove, we howe e disgram os telows.
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— DoBp= TR ¥ MeV

> — % Pf=954 4 N>
B =TE3~T54 4 = 206NV
Po =783 4744 = |S37MNE

The diagram bedow shews  whon = (537 Meve .

PE\s3T L

So, the dicay e hand to detect in +his case.



t’(’ 'y ] . L

&ﬁ’szr
cbilmﬂiwn' e i |
b/ﬁfﬂi‘é@ Jnﬁl}z,ﬁm&z,maw, AP T e

iy

- - P e
7 - - -
M
1. *
. -
‘\_ '.'
.y
3, ":_‘
! -,
- - 4 v



= U} k':-# &“_f j;“
ot

B e = e




93
&9
£ic

1 97? "UD/
578

£99
7Y/
72
" oy

9o&

3+~ I
\?‘3

lec.

08 260
0.9 260
a8 z50
0.2 /90
04 (b0

2.4 /5D
AF 270
2290

2.9 290
43 /e
A6 270
08 290

03/8D

coll

58

azp

P

H———
2

I /g

. Y

R %%

ERTT
/o
(9. Tene
2l 2am

| /% b

(1 Sopu

235
O, Yo
V="

Z.E e

/6\4:”!/



L Lf 280

a3 /o

08, 270
28, 300
OY 300
49 230
O] (40
,AZ 260
Sy

Aé (0D
ob 140
822 250
2230
O 280
AFJ0
AL [0
a7 /4o
a8 270
49 2320
A3 240
QY /40
b2 (70
0.8 280
A2 [8D
A4 260
oY) 220
lﬁg /90
{. 531./ /20
2.8 (70
0.5 190
10‘7 290
0.9 250

ol




Bom | loc. ! ol
L orgn |06 2/0
7 208 | 0&/0
D& XD
7 gl 0bm0
) e a2
@ 7 A5 230
_ g 90
b7/ VAL,
519 0.3 240
20 46 20
s ol -
o1 (40
§2z 0b 140
— Op7e0 )
$73 05220
o Zan 4
§29 | 87180
w2 pg 130
528 fﬁ 260
" oY 230
%) g2 49 22
 p38  pb (8D
¥ pic w0 4 |
¥36 ‘@gé 2/0
; 23290
;{gg 45/90
Rl VA
E/?ggvo
P |\ OF 2o
%igg 1S 240
50" . b(z0
ﬂ C\r-ﬁ \{)q{um

|

2p

2p

op+V

dcay

Ip
P

[0

b

——

s




35 45
\ \ 3_\4
2o
Fiom
g; 953 ﬂé’zs:—a
958 0] 200
P 1o |
oy /5% 0
‘ZGS’ J?zéo
o0 43 260
7é/ 02 170
26Z £6.6290
7‘3 JES W
76 Qb 260
87 8 |49 230
. L4150
%9 640
N L4 1’?{7 Z30
. W ak290
‘ &‘cz_/lo
Ok D
b2 290
w mg 20|
S a0
25290 |
B |
¥/ o/ 10
. 4& 7o
T 409 0€ 90 |
, 99 2.8 /0
e,: 972 . 0.3 [Yo
% P9 &9 /90
¢ 79’? 0& 300
7 “ ﬂé /70
08 280

i,

Colli.

—"

1A= { Aegesy
[P
¥
Ip
p
/
/3
P
= l 7
4P =
i_ZP&\)\
2|
1 e
|22
|
Hs
mEs
=5 Lp
B
zp
op
"l 76
(F
| .| /p

DX

S2um
AN ZF O

i\ JoG
o (8. Fan
b 2

28m |
SO0z
2z Jem




-y

9%
oy

%2
23

1W0Y

Dot w0
%6
g 908
79

. 700
7/2
7/’5

e 4/5 o0

9/
'/3’ 7

W

B a5

2109 290

0429
UE 30
M 23

ﬁl? .2490 -

!M 250

Y
2.6 [30
]w:no
4é 200
B
4.8 290
{

07 200

13. 290
46 300

04 320

0.6 24D
0% 320

J

bbb 290|

callki
2p

2p

(i

; 22‘?m

285G apv
2.6 cov
285m0
O 2o

\ /2%mn

(3Cem
& | on
Fbeyr

W

PR
| /8 em
I ] om

| £Som




TFowal | \omten |
&5 I P {‘ it ol oy L A
- X [ﬂbeu

Y YOS E TR
' C O 150 ‘ \P ——
690, 0§ 260 /' Se e o 4 , : izé%'
), é”” 09 250 / 2p % Py
Booil 4 (90’} | | 06w |
_ 0.6 10D - O -4
- ob 2w 2# iy g
¢l qon , | o, Ao, S SRg—— o
478 wo | : J LI S — ;ﬁw
2{% 05 240 e a5 ovijee
6 ;’g 03 1a0° | | b9 an
_ ' | g'? 290° ; | l{ P — /S Lam
| f&E 190° B | e ¢
o 02 2%0° | Bom
%ﬁg Qb 24| 2p 2?. ’ / m
AT M —
% S8WS 260 [ > I 24 / 2.9m. | (0
b88 A3 (10 1 s b
- 4.7 240° 'szJf ] S|
/8 L AS e ) =i
67..» 102 10°| 2p FF
690 p¢ 200° 3
£/ o\/ m’ P
p727 ‘ 6 2 o
40 | i if’
I ,C?S 20 :2-_E>
15 05290 |
L5 I-JJ; 2 327 s




-

Zém |

l&ﬁam g

| 234ow



o _\;\,;
: DL
?.z.;?, 2.['_7\—;35
Framett } locstron
SH we H
75 | 0w 287
% . |DS, \BF
5'97 - D‘br lw
G5 1N
|08 240°
598 |02 2*70
599 | 065 |40°|
550 (DR o
| O 220°)
s=| &‘7 260°|
Ceo- 0.9 340°
£92 wo |
594»0 >
foe 0|
£80 109 230
08 330 |
162,20
SE7 No |
S8 107 240 |
5% o | |
S99 Mo { o
591 | D& 260
A2y B |
Sq3 | 62 (860
544 0.5 250
S‘\B No
[ 6 20
%97 [ b5 240
Sq% | 04 220
599 05 130°
600 O 130°
L‘ AL LR

-0 o[t

op
2e

2P

< # ofbam

(1S

2%

33

| (S8 /

Q— &im

(8o
Sbun
(2 0cwe
[%Senv

C2me .
[3Fem .

26cm -
L\ an

ASelcy 2=

i f‘1130vw 2 ;

62em .

| g _

1o8em

: ? #v‘?m \

\\Dtm\,

T o

- Bllom.

U Sem

| 2390w

4domw



OP

o @
>34, . o
N m
. Co‘llﬁmn
T | 06330
. 08.95¢°
'S4 O 1?0
T4S 6a 240°
b o
A7 po
S48 WO
S99 NO
e 04 &P
551 64 3a0° o
S50 No
553 NO
354 No
TsS NO
5SHNO Y -
==7] -&g' (a0°
DR (4
Cs3 wNo = | - -
5593 05, [20°
O-b. "
SEO No
S6| wo
T62 08. 95
S6% MO h
se4 o
5 WO
56 o
567 MO i = |
568 wo
: gl 04 (7
S0
S 0., 80°
s72 Db, 140"; |

2P

_— Ty 1

s |
o

# of beams:
(OGom
O dom

2l |8 2amn

=8

2 B

18 Qo

— Y RO

 —

25 Lo
2557 ewu

- A Bowu

LI

»20\‘ o
l *Z 8o






L £ +P
K+ P T Oy
Bowett ( \ . (O \ :
o~ scatre | dostie it | derditn | Ascay Ty | AX | ¥ .6F oeans
a8F2 ol 140° ey~ 4. & om
483 O 260° 2p Q.Bom |
484 wo |
48C WO | o
Go6 Bl | ] P
il 0F A5 | OP+ 1 ‘. | 2om|
488 Mo ) 11 | | '\.‘
469 0.3 W |  eddaaagr > 37 o
441 o | '.
493 NO 1l | ‘.
403 o ' I | | ! |
&% 03 360 \ op | | Qo |
e 6t 500 ‘ (g e S I‘ -
405 po | \ | | | &=
440 D,ELJGOO V| e l-...._—-—a-l S 3om
4417 o 2% op \ ' L dbem
Qq? o { { \ \
499 no ‘ \
S00 wo ' | \
Ep| we _ \
509 .ag-.w Op | 4;43_%\
cod Mo x ‘\ | .
ToE WO 7\ \ | \. 7
Sob pNO ’ . | 1 ; )
il [f] 90 | lp " (&70m | w
057 140° > \ - 26.bam
= A
F 653240 [P 40 m
Sof wo. | ]
Ty NS U]B"l 2P l \ l l'@\m k




Frome e |
d‘%@- E O\.E) Z_BCP% &1
D |l 1agl e |
4-5‘ 4’ i 1 Owg: lUO“ ;qkaﬁm nl '
AT ‘GL‘T 3_30[ s | ,_g‘gom: =
JFDW 24P\ | | \p B0om | {4ucks
4% &0) =2 1 ' e | M i . i\
4 o3P | op | L 192
458 ’ ‘ _ \ | % |
459 { g& ;wo‘ | op | | | | aBom
d0 Dz lec” | . lp  — 23&m
AR s - ‘ | L
4z b7 I%° N | | (7.0
4= No | | |
T IR S U A | T e by | g
e =] | _ -‘ | | | (D tracks:
- d6lb o .1 : : { A 2. lr 11 ; w3
O T I BT T
o aey bTz3e I \p e
4 no | | | | | |
470 04 23° | BECEE > (2dom |
a9 wo | || | | . ! 15 har R
472 - 09. 24 [ ] iegO——— "N
4% 0.7 228 | op | (OSow.
41 No ] | | | ) o
dne oD | 1 | f D
_496 No ‘-_ I ' E . } _
4 wo o | | [ e
403 0% %S  ap | g
20900 | | sl \ ‘ _qpl | | Mee pall
40 0§ & Gp 9! | I
3 03 1% \ | \ e dom |
42 05 230 | L AP ,fii‘i.um.\



04, 180 |
b (o

432 |03.20° |

E i 0 130% |

434 £ los 5o’
Qb (40’

S &6 |0Z.2° o —
&y |
d@‘? _ @»E’ Bﬁf F '
e ob 140
o 439 D5 e |
440 W .
{4#10 A,
447 0.3 \q0™
A=A
L 44 03 36
] ad.ae®l -
- 445 10& 2" )
04 280
ﬁ:&mojh”d}i:g; N
B Al 104 2%
- e (10)

lo5, 2t

g | 5. 190° |
4=0 |03, 0™

Opoay |







Particle Data Group: Review of particle properties S55

PARTICLE DETECTORS, ABSORBERS, AND RANGES (Cont’d)
Mean Range and Ene';'gy Loss in Liquid Hydrogen
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Range and energy loss in liquid hydrogen bubble chamber, based on Bethe-Bloch equation (Section C.1 above), using an average ionization
potential for H, of I = 20.0 eV, which is an approximate average of the experimental result of Garbincius and Hyman [Phys. Rev. A2,

1834 (1970)] and the theoretical resuit of Ford and Browne [Phys. Rev. A7, 418 (1973)]. Bubble chamber conditions are chosen to be

those of Garbincius and Hyman: parahydrogen of density = 0.0625 g/crn3 (note: range oc 1/density), with vapor-pressure 60.8 1b/in?
(absolute) and temperature 26.2°K. The functional dependence of the Bethe-Bloch equation is not experimentally verified 1o better than
about + 1% over h?e momentum ranges. It should be noted that the number of bubbles per cm of a track in a bubble chamber is nearly
proportional to 1/8<, not dE/dx. For the linear portions of the range curves, R oc p3-6. Scaling law for particles of other mass or charge
{except electrons): for a given medium, the range Ry, of any beam particle with mass M,,, charge z,, and momentum pj, is given in terms of
u}e range R, of any other particle with mass M,, charge z,, and momentum p, = pyM,/M,, (i.e., having the same velocity) by the expres-
sion:

My/M,

=
zt‘,'/z.2

Ry(My:2y,Pp) = [ ] R, (Myi2y:Py = PpMy/Mp) -

Rev. Mod. Phys., Vol. 56, No. 2, Part Il, April 1984
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PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES (Cont'd)
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Hadronic total and elastic cross sections vs. laboratory beam momentumn py., ., and center-of-mass energy squared s.
Figures courtesy V. Flaminio, W.G. Moorhead, D.R.O. Morrison, and N. Rivoire, CERN.
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