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STOPPING POWER AND ENERGY FOR ION PAIR PRODUCTION
FOR 340 MEV PROTONS
C. J, Bakker*and E, Segrs

Department of Physics, Radiation Laboratory
University of California, Berkeley, California

August 3, 1950

Summary

The relative stopping foWers for 300 Mev protons of H, Li, Be, C, Al,
Fe, Cu, Ag, Sn, W, Pb, and U have been measured, The results are shown in
Table I. The energy spent per ion-pair production in the gases H,, He,

Nz, 05, and A at 340 Mev proton energy has also been measured, The results

)

are shown in Table II,

* Zeemen Leboratory, University of Amsterdam, The Netherlsands
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STOPPING POWER AND ENERGY FOR ION PAIR PRODUCTION
FOR 340 MEV PROTCNS
C, J, Bakker and E, Segre

Department of Physics, Radiation Leboratory
University of Califormia, Berkeley, Californiea

August S; 1850

inbroduction
The aversge rabte of energy loss of fast particles due to ionization
. . . 1

cely is given by the well-known Bethe formula

GE  aneti? omve
- Nz | In - (1 - p2) - p? (1)

—— -
ax ey I

fo which ¢ and m are the electronic charge and mass, ez is the charge of
the incident particle, NZ is the nunber of electrons per unit volume of

le,
stopping material, B = %} and I is the mean excitation potential of the
atoms ir the sbtoppiog material,

This formula holds when v >> w where uy is the velocity of the orbital
sazetrons in the K-ghell of the atoms in the stopping material, Effects
smich asg radiation, nuclear interactions and so on are not teken into account
in formula {1)3 they may play an increasingly important part at higher
srargies,

Extensive tables based on formule (1) have been computed by Aron,
Hoffmen end Willisms® of the Radiation Laboratory of the University of
California, In these tables the mean excitation potential I was chosen
proportional to Z, in accordance with Bloch's theory® developed on the basis
of the Thomas-Fermi model of the atom, The walue of the Bloch constant I/Z
4

was chosen to be 11,5 &v in asocordance with measurements by R, R, Wilson,

In cases where the condition v;i>uk weas not fulfilled correction terms were



UCRL 850

= Hen

added to formula (1) given by Livingston and Bethe,1

Experimental

Since the 340 Mev protons of the Berkeley cyclotron afford a good oppor=
tunity of checking the semi-empirical part of the stopping power(calculation
and the result is of practical importance, we decided, using these particles,
to measure the stopping power of various elements spread over the periodic sys-
tem, )
The high energy protons of the 184=inch cyclotron are stopped by 93,7
g/bmz-of copper (ionization extrapolated renge) as measured from the Bragg
curve at the end of the range (see below), In the experiments approximatéiy
30 g/bmz of copper were replaced by the material to be investiggtedq By again
measuring the Bragg curve at the end of the range the masa'stqppipg power of
the various materials relative to copper could be determined, At the initial
energy of the protons (measured as 340 Mev from the radius of the orbit and
magnetic field in the cyelotron) the energy loss induced by 30 g/bmz of capper
amounts to about 75 Mev, The mean energy of the protons in the absorbing
material is therefore about 300 Mev, The experimental arrangement mey be
essentially seen from Fig, 1, The fast protons emerged from the concrete wall
surrounding the 184~inch cyclotron through a collimator of 1/2 inch inner dia-
meter at the exit, passed successively through the material to be investigated,
through 56,70 g/'cm2 of copper and then, in order %o measure the Bragg curve,
through layers of copper that could be varied from O to 11 times 0,72 g/cmz°
The latter were mounted in 2 inech holes arranged near the circumference of a
large wheel which could be rotated from a distance, The méasurements of all
12 positions could be made in about 10 minutes, As a méasuring instfument

for the protons we used an ionization chamber filled with argon to atmospheric

A
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“Crambeyr © in Fig, 1)0 A gimilar chamber served as & monitor for
et 7 . o o -

“he protsn beam (Chamber B in Fig, 1),

woder Lo gompare the abgorption in the varicus meteriels we had oo

“o w5 @ reference point in the various Bragg curves measured (Fig, £6),

tre orsngs et the meximum of the specific iomization, or the reange AT

i;;'}}

cwoazation of the steepest tangent with the abmeissa, or ths range et

bi-

e

cagimom eowid be taken for this, After considering the three poss
Sler carefully we errived at the conclusion thet they were all aboubt egually
wrowrnti o I egreement with common practice we chose as a reference the range

“he interzection of the gtzepest tangent with the absciese, usually

Ty JiL

»oed tooas the ionizatien extrapolated range,

L 4 Al

.F:

shacerpbion in copper was used =ms a sbandard, in the course of tas rwus

Lo T emsr:ts the Bragp curve of the copper abzerber was intermitiently

The result was always the same within the experimental errors,

bk inTeed g an excelient proof of the constancy of ths energy of the pro-
cem of the 184<inch eyclotron, This may be seen from Fig, 2b whers

aal wrogeas dencote different measurements,

AT
T

By fiwiding the number of g/cm® of copper by the equivalent numbe: of

bt

of e wlsment under investigation one obtaing the mass stopping power

welative to copper, Table I, column 2, shows the results of the measurements.

The mesn expsrimental error of these numbers, except for hydrogen, is about

PR

The walue for hydrogen was obiained by subtracting the carho:

Peure Trom the measurement of polyethylens, which consists of long chalr

hag a chemical =omposition CHp, The error in the hydrogen figurs

10 percent, Moreover it must be remembered that the chemieal biunding
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Table I

UCRL: 850C

Eiement

Mass stopping power

Cu = 1

q =

Stopping powsr

per eleatron
Al = 1

1 Hy(in CHy)

5 Li

Mo LWL
1,214
1,171
1,584
1,143
1,036
1,000%

-90%

0924

-873

ev

Lk o &

60,4
19,4

160%

50 3Sn -85H8 - 51 ,8869 453 9,1
74 W 0 7Y -, 680 .814 680 9,8
82 Phb o 154 - 680 -804 73% 9,0
92 U o720 0 B30 o185 852 g 9,4

! -

‘Tn each columm the reference value is marked by an * |
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of the hydrogen in polyethylene mey heve considerable influence, (Experiments
on the effect of chemical binding in stopping power will be carried out in
the near future in this Laboratory,)

As it is common practice to tabulate the mass stopping power relative to
aluminum, we also calculated this quantity from our measurements, The data are
shown in column 3 of Table I,

It is of interest to determine from our data the stopping power per elec-

tron. According to formula (1) this quantity is

4,2

dB dre 2mv? )
Al LS (- - 5 | @)
NZ

mvz

The stopping power per electron relastive to aluminum is

- n I+ [ﬂanvz-[.n(l-ﬁz)'ﬁzil

(3
- o Ipy [ﬂn 2me® - An (1 - p2) - ﬁzj )

q:

vhich was calculated from our data by multiplying the figures of Table I,
column 3 by A/Apy + Z41/Z, in which A and Z are the atémic weight and the
atomic number of the element under investigation, and Apq = 26,97, Z,q = 13,
the corresponding numbers for aluminum, Column 4 of Table I shows the result,

Dr, H, A, Bethe has kindly pointed out to us that the most favorable
method for further analyzing our results is to use formula (3) to caléulate
the mean excitation potentials I, The absolute value of I can be based on
Wilson's determination of 150 ev as the mean excitation potential for aluminum
which is accurate to % 3 percent, Wilson's measurement, however, does not
give a satisfactory value for the Bloch constant I/Z as aluminum is Too

light an element for the Bloch theory to be valid,
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Introducing in formula (3) Ipy = 150 ev and § = 0,65, so that

[ﬁn 2 mv? - {n (1 - B2) - p2] = 13,112, it follows that

oI =13,112 - 8,096 . q

The values of I and I/2 are tabulated in columns 5 and 6 of Table I,

It is seen from the last column that the Bloch "constent" is nearly
constant between Z = 46 and Z = 92, The average valﬁe is 9,1‘ev° This value
is somewhat lower than the value Bethe derived in a similar way from Stephan
end Thornton®s® total range measurements of 194 Mev deuterons, namely slightly
over 10 ev, Our value should be considered as more accurate,

As also pointed out to us by Dr, Bethe a satisfactory result confirming
the analysis is the average potential for beryllium, which comes out to be
60,4 ev, Madsen and Venkateswarlu® have determined this value by a direct and
absolute experiment and found it to be 64 Y 5 ev, This result is not as accu-
rate as Wilson's but has the advantage of being a direct absolute determination
in which, unlike Wilson, they did not make use of the stopping power for air,
The agreement within experimental errors serves to confirm Wilson's values for

aluninun to some extent,

Analysis of straggling

Formula (1) gives the average energy loss suffered by a charged particle
in traversing some stopping material, Actually the number of collisiens, which
reduces the energy, is finite, and a statistical fluctuation in the amount of
energy lost can be expected ( straggling®).

Starting with particlés ;f the same initial energy E, and R, being the

average range, the probability for a particle to have a range R is given by

the Gaussian
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1 (R = Ry)2

P(R) = > exp = >
21 (R - Ro)av 2(R - Ro)av

It has been shown by Bohr7 and by Livingston and Bethe8 that for protons

of high initial energy the mean square fluctuation in the range is
E
o =3
2 4 (9E
(R = R,), = 4me*NZ / ( ) dE
) ax
o

We calculated (R - Ro)iv for 340 Mev protons stopped in copper. The

values of dE/ax as a function of E were teken from the list in the tables of

Aron et a1°2 The result is
(R~-R) = 0,67 (g/en? cu)®
S avy

In order to compare this theoretical value of straggling in copper with
the experimental Bragg curve we "folded” the one particle ionization curve in
*
argon into a Gaussian, It was found that satisfactory agreement with the

experimental Bragg curve was obtained if we chose
2 _ 2 2
(R - Ro)av = 1,3 (g/em® Cu)

The difference between the experimental and theoretical value of the
straggling constant must be ascribed to inhomogeneities in the absorbing layer,
which for copper are small, and to the spread in energy of the initiel protons.
If we suppose the latter to be the main effect it follows that the spread in
initial energy of the 340 Mev proton beam gives rise to an additional straggling
with (R - Ro)gv = 0,63 (g/’cm2 Cu)2 which denotes an average energy spread of

the proton beam of about 1/2 percent, This value is in satisfactory agreement

*
The range~energy curves of Aron et al, (ref, 2) were used to determine this

curve,
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with what one expects from the geometrical arrangement of the collimators

and the small magnet which bends the proton beam into the exit hole in the
concrete wall surrounding the 184-inch cyclotron, Moreover, a similar result
follows from the study of the threshold range of the reaction Clz(p,pn)cll

by Peterson, Aamodt, and Phillips9 of this Laboratory.

From our analysis we derive that the mean range R, of the protons is 92.4
g/bmz Cu, which according to the table of Aron et al, corresponds with 334,7
Mev initial proton energy, It should be remarked however that Aron et al, used
for copper the velue of T = 333,5 ev whereas according to the present paper
Ioy = 279 ev, This increases the value of the initiel proton energy by 2 per=-

cent to 341 Mev, *

Energy for ion pair production

The energy for ion pair production by the 340 Mev protons of the 184~inch
cyclotron was measured for the gases hydrogen, helium, nitrogen, oxygen and
argon, The proton beam was allowed to cross two identical ionization chambers,
One, filléd with argon at atmospheric pressure, served as a monitor, The other
was successively filled with the gases to be investigated, In order to compare
the results corrections were made for differences in temperature and filling

pressure, The energy per ion production W follows from

energy loss

w =
number of ion pairs produced

In this relation the numerator is the rate of energy loss —-gg-which for
bis

the various gases is to be found in the tables of Aron;2 the denominator is

*An entirely independent measurement of the energy of the beam made by Mr.
Mather using the properties of the (rrenkov radiation gives 345 Mev, However
the two results are not comparable because they were obtained with the beam de-
flected in slightly different ways and this change is enough to justify the
slight discrepancy,
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proportional to the ionization measured in the ionization chamber,

The second column of Table IT lists the values of - JE-used to derive
from our measurements the values of W relative to argon, which is shown in
column 3,

Recently Chamberlain, Segré and Wiegand measured the number of ion pairs
produced by one 340 Mev proton crossing 1 cm of argon at atmospheric pressure
end O0° C; this number is 169 and was obtained by combining the ionization
measurement with an absolute current measurement by means of a Faradsy cage,

It agrees with results independently obtained by V, Z. Peterson., This result
is of practical importance because it can be used to measure beam currentsin
a gsimple way avoiding the somewhat tedioﬁs use of a Faraday cage.

Combining the last number with the theoretical wvalue of - g— for argon
we find WA = 24,84 electron volts per ion pair, This allows the determination
of the W's of the other gases, The result is shown in column 4 of Table II,
For comparing we added in column 5 of Table II the values of W measured at low
energy(Po - g-particles) by Alder, Huber and Metzger,lo

We wish to thank Dr, Karl Strauch and Mr, T, Thompson for their help
during the measurements,

This work was performed under the auspices of the Atomic Energy Commission,

Information Division
scb/8<5-50
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Table II
Gas - —ﬁ—-——(Mev/cm) W/‘WA W(ev) W(ev)
340 Mev p 340 Mev p 340 Mev p | Po - a-?&rticles
hydrogen| 5.84 x 104 1,40° 34,9 35,1
helium | 5,34 x 10~% 1,02 25,3 30,2
nitrogen | 3,49 x 10~3 1.31° 32,7 36,3
oxygen | 3.92 x 1079 1,23 30,6 34,5
argon 4,02 x 10~3 1,00 24,84 27,6
air (cal- 32,2 35,8
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Figure Captions

Fig, 1

Fig, 2

The experimental arrangement A is the comcrete wall surrounding
the lB@-inch cyclotron, The 340 Mev protons pass throuéh a
collimator with 1/2 inch diameter exit hole, B and C are ioni-
zation chambers, X is the material under invegtigation, with
stopping powerrequivalent to about 30 g/bmz of copper, Cu is
56.70 g/cm? of copper absorber, D is & wheel, by which dif-

ferent thicknesses of copper absorber could be inserted,

a) shows the complete experimental Bragg curve for 340 Mev
pfotons stopped by copper.

b) gives the end of the Bragg curve on an enlarged scale, The
crosses and circles denote measurements at different times,‘

The steepest tangent has been drawn in,
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