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STOPPING POWER AND ENERGY FOR ION PAIR PRODUCTION
FOR 340 MEV PROTONS
¢, J, Bakker*and E; Segra
Depertment of Physics, Radiation Leboratory
University of California, Berkeley, Californie

August 3, 1950

Summary ‘

The relative stopping §OWers for 300 Mev protons of Hé Li, Be,‘C, Al,
Fe, Cu, Ag, Sn, W, Pb, and U have been measuréd; The results are shown in
Table I. ‘The energy spent per ion-pair production in the gases Hy, He,
Nz, Oy, and A at 340 Mev proton energ& has also been measured, The results

are shown in Table II,

* Zeeman Laboratory, University of Amsterdem, The Netherlands
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STOPPING POWER AND ENERGY FOR ION PATR PRODUCTION
FOR 340 MEV PROTONS y
C. J, Bakker and E, Segre

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

| August 3 a‘ 1950

Inbroduction

The esverage rate of energy loss of fast particles due to ionization

cnly 15 given by the wellmknﬁwn Bethe formula’
452 . :
dE  4me*E¢ . - o2mve - - 2
R N Z = (1 - g2) - p (1
= —3 [Qn T ( (3). ﬁ} | (1)

in Wl’tﬁ‘ch‘é and m are, the eiec’troni'.‘ci charge end mass, ez is the charge of
the incident parri::icleg NZ is. the ‘mumber of electroﬁs per unit volume of .
Stépgiﬁg materi&ig B = Q‘;— and I is the mean excitation potential of the
a‘fboms;i-'.ini the stopping material,

This formula holds when v > u) where ug is the velocity of the orbital
slectrons in the K=Bhei% of éhe'atoms_ in the stopping _nrnau'i.ier‘i.zaulo Effects
such as radiatioh,g nﬁelgar interactions and so on are not teken into account
in formula (1)3 tlf‘ley\ma,y play an increasingly important part at higher
epergies, . o

Ev.}x‘tensivevtable s based on formule (1) have been computed by Aron,

. Hoffmen and_Wi;liamsz of the Radiation Laboratory of the University of'
California, In these tables the I_f;ea.n excitation potential I wes chosen
~proportional %o Z, in accordance with Bloch's theorys ’develope,d on the basis
of the Thomas-Fermi model of the atom, The walue of the Bloch constant I/Z
'{rvasvc‘::hosm to be 11,5 ev in accq_r.{ianvce with m'e;a.s.ﬁremen’cs by R, R, Wilson,47

In cases wher’ev the condition v>> W, wes not. fulfilled correction terms were
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added to formula (1) given by Livingston and Bethe,t

Experimental

Slnee the 340 Mev protons of the Berkeley eyclo‘bron afford a good oppor=
tunity of checking the sem1=emp1r:|.ca1 part of’ the stopplng powerlcalculation
and the result is of practical :meortap.ceo we deczded, using these partlcles’
to measure the e‘topping power of various elements spread.z over the periodic sys-
vom, | ” | , .

" The high energy protons of the 184-inch cyclotroh are stoppled, by '95q7.(j

g/cmziof copper (ionization extrapolated range) as-measured from the Bragg'

curve at the end of the remge (see below), In the experiments approximately

30 g/cm of copper were replaced ‘by the material to be 1nvestigated By agaln

measumng the Bragg curve a:t the end of the renge the mess stopping pewer of
the. various matemals relative to copper could be detemined A,tv the initlalv
energy of the protons (measured as 340 Mev f‘rom the ra.dius of’ the ox‘bi‘t and
magnetic field in the cyelotron) the energy }Loss 1nduced by 30 g/cm of copper
amounts to about 75 Mevw, The mean energy of the protons in the absorbing '
material is therefore a‘bout ‘300 Mevo ‘lfhe experimental arra.ngenent may be
essentially seen from Fig, 1, The fast protons emerged' f‘!;;'ohz_ th'eble‘oner‘ete wall
surrounding the 184-inch cyclotron through a collimator of 1/2 inch iﬁger dia~
“meter at the exit, passed successively through the material to be investigated,
through 56,-76 g/em2 of copper and then, in order to measurg the Bragg _eli,rve,
through layers of copper that could be varied from 0 to 11 ‘times:'O??Z g/emz.
The latter were mounted.in 2 inch holes arranged near t.he eircmnferenee of a
large wheel which could be rotated from a distence, ":Thek ;geasqreznents of &il
12 :positienseould be made in-sbout 10 minutes,  As a. méa}égﬁng”instfunﬁenfh '

for the protons we used en ionization chamber £il1ed with ar{g_onb to aﬁﬁgsphe;gie

s

R

Lk}
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pressurs { Chamber C in Fig, 1), _A‘gimilar chember served as & monitor for
the pr@ﬁ@ﬁ bean (ghémber B in‘Eigo 1),

In order %o compare ﬁhe absorptign in the various materials we had %o
shoogs e reference point in the vgriqua-éragg curves measured (Fig, 21:»:_)_o

RBither the rangs at the maximum of the specific ionization, or the renge at

rasetion cf_fhe steepest tangent with the-abseissﬁg or ths range at
ekl meximom could -be teken for this, After comsidering therﬁhree pessibi-
Iitien cevefully we errived a% the conclﬁsion that they were all ébdut eéually
zeaurats, In agreement with common practice we thsé as a reference the rangs

z by the intersection of the steepest tangent with the abscisse, usually-

referred to ag the ionization extrapolated range,
As the gbserption in copper was used as a standard, in the course of ths rum
i the messurements the Bragg curve of the copper abscrber was intermittent1y7

s ol Joko

ired, The result  was alweys the same within the experimental srrors,
whish indeed is en exeellent proof of the constancy of ths energy of the pro-

Gon besm of the 184-inch eyclotron, This'may be seen from Fig, 2b where the

4 erosses denote different measurements,

By dividing the number,of.g/bmz of cépper by the equivalent number of
g/@mﬁ of the element under investigation one.obtains the masgs ét@pping p@wer
relative Yo copper, .Tabie.Ia column 2, shows the results of the measurements,
Thé mesn expérimental error of these numbarsg,except for hydrogen, is about
Z percent, The value for hydrogen was obteined by subtracting the carben
Pigure from tﬁe meagurement of polyethylenes which abnéists of long @hain
molscules and has a chemical composition CHp, The errof in the hydrogen figurs

iz sboub 10 percent, Moreover it must be remembered that the ghemical binding
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Element . _'Mgsg‘stopping power Stbpgiig power Iev  *:/?»
. o : per electron . ev
Cu = 1 AL =1 AL =1 -
1 Hy(in CHp)| g.0r0: 2,884 1,280 16,8 18,8
5 1i | 1,214 1,062 1,184 54,0 11,3
4  Be 1,171 1?024‘ 1:113 60,4 15,1
6 C 1,888 11: 1,084 7@94 12,9
13 AL 1,143 1,000% 1,000m 160% 1,5%
126 e 1,036 .906 0941' 243 9.3
29 Cu 1,000% ,875 924 ‘279 9.6
47 Ag ,902 789 ,873 422 9,0
50 Sn .858 LTSl 859 453 9,1
74 w 777 4680 ,814 680 9,2
82 b ,754  0660 .804 757 9,0
%92 U 720 4630 ,786 I 853 9,2

'In each colum the reference value is marked by an * |

R
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of the hydrogen in poljethlené may heave consi&erable influence, (Experiments
on the effgct of cheﬁic;1 binding in stopping power will be carried out in |
thé near future'in‘thisﬂLaboratory;)_w

As it is qumon”prgctice to tabulate the mass stopping‘pdwer relative to
aluminum, We also calculated this quantity from our measurements, The data are
shown in colﬁmgv5 of Table I,

It is of inﬁerést to determine from our data the stopping power per.elecé

tron, According to formula (1) this quantity is

dx v? I

"ﬂ/ Lt E Y e (1- B2 - B2] (2)

The stopping power per eléctron.relative to aluminum is‘

~laTs [mzmw?- fo(1-p2) - 2]
- fnIpy 4 [ﬁn 2 mv? - fn (1 - p2) - ?2]

q = (3)
vhich was calculated ﬂ{om our data by multiplying the figures of Table I,
column 3 by A/Byy  231/Z, in which A end Z are the at;mig weight and the
atomic number of the element upder investigabtion, and AAl = 26,97, ZAl =13,
the corresponding numbgrs fof aluminum._ CoiumnA4 of Table I shows the result.
@ Dr, H, A, Bethe has”kindly pointed out to us that the'most-favorable
methOé for furthervanalyzing éur results is to use formula (3) to'cal;ulate

the mean excitation potentials I, The absolute value of I cen be based on

»Wilson's determination of 150 ev as the mean excitation pétential for aluminum

which is accurate to £ 3 percent, Wilson's measurement, however, does not

give a satisfactory value for the Bloch constant L/Z as aluninum is too

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

[gn 2mv? - (a (1 - p2) -,33] = 13,112, it follows that

o

{nI=13,112 - 8,096 q

‘The values of T and I/Z are tabulated in colgmﬁs 5 and 6 of Table I,

‘It is seen from the last column that the Bloch "constant" is nearly
constent between Z = 46 end Z = 92, The average valﬁe is Qollev,' This %alue
is somewhgtllgwe; than the value Bethe derived in a similar wey from Stephan
and Thornton's® totai renge measurements of 194¥Mev deuterons,.namely slightly
Nover.lo ev, 'Qur value should be considered as mére accurate, |

As also pointed out t§ us by Dr, Beﬁhg arsatisfactofy'resulﬁ.confirming
the analysis is the average potentiel for béry%lium, which comes out to be
60,4 ev, Madseﬁ‘and Venkateswarlu® have determined this value by é &ifect aﬁd
absolute experlment and found 1t to be 64 ‘ 5 ev° This result is not as accu-
rratg as Wilson's but has the adyantageuof being a direct absolute determination
in which, unlike'Wilson, they did not meke use of the stopping. power for air,
" The agreement within exﬁerin@ntal errors serves to confirm‘Wilson's:values for

aluninum to some extent,

Analy51s of straggllng

Formula (1) gives the éverage eﬁergy loés suffered by a charged partlcle
in traver51ng some stopplng material, Actually the number of colllslons’ which
redudes the.enérgy, is finite,band a sfatistical fluctuation in thé Amount of
energy lost can be expected ( straggllng") |

Startxng w1th partlcles of the seme initial energy E end R, being the
average range, the probablllty for a partlcle to have a renge R is given by

the Gaussian '
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1 (R -'R,)?

P(R) = exp = ,
, tn. 2. , 2
2n (R = R oy | 2(R = Ro)av

It has beenvshbwhvby ﬁoht? an@!by Livingston and Bethe® that for protons
of highbinitial energy the meean. square fluctuation in the range is
CR»RO)iv = 4metnz /o'%>3 dE
o - .
We calculated (R - Ro)ivvf¢r 340 Mev protonswstopped in,coppér° The |
values-o£>dE/Hx as a function of E were teken from the list in the tables of

Aron et al,z The result is .
2 4 - 2 2
(R-R) = 0,67 (g/fem? Cu)
) O'av

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

“p.

experimental Bragg curve was obtained if we chose
‘ : 2
(R - Ro)iv = 1,3 (g/om? Cu)’

The difference between the_eiperiméntal and theoretical valué of the
stfaggling constant must b§ ascribéd to‘inhomégeneities in the absorbing layer,
which for copper are small, and to the spread in:energy of the.initial,protons,
If we suppose the latter to be the main effect it follows that the spread in
initial energy of the.540 Mev proton bea@ gives rise to anvadditioﬁal‘straggling
with (R = Ro)iv = 0,63 (g/bﬁz'Cu)? whiehndendfes an gvefage energy spreéd‘df

the pfoton 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

curvse,

[
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with what one expects from the geometrical arfangement of the collimators
and the small magnet which bendéithé éfdton beam intb.fhe.eiiﬁ hole in the
concrete wall surroundlng the 184~inch cyclotron. Moreover, a similaer result
follows from thé’ study of the threshold range of the reactlon Clz(p pn)Cl1
by Peterson, Aemcdt, and’ Phllllps9 of this Laboratory.

~ From our ‘enalysis we derive that the mean range R, of the protons is 92,4
g/bm Cu,‘ﬁhich according to the table of A:on et al, corresponds with 334,7
Mev initiai proton energy;_ It should be remarked however that Aron et al, used
for copper the value of T = 333,65 ev whereas according to the present paper.

Toy = 279 ev, This increases the value of the initial proton energy by 2 per=

cent to 341 Mev,*

Energy for ion pair production

The energy for ion peir production by the 340 Mev protons of the 184-inch
'cyclotfon was measured for ﬁhe\gaées“hydrogen, helium, nitrogen, oxygen end

argon, The protbn beem was allowed to cross two identical ionization chembers,

Vs

One, filled with argon at atmosphéric pressure, served as & monitor,' The other

wes successively filled with the gases to be investigated, In order to compare
the results corrections were made.fo% differences in temperature and filling

pressure, The ehergy ?ervion proddction"w follows from

energy loss

W= . —
" number of ion pairs produced

ih this relation the numerator is the rate of energy loss -{?ivmich for »

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 Csrenkov radiation gives 345 Mev, However
the two results are not comparable because they were obteined with the beam de-
flected in slightly dlfferent ways and thls change is enough to Justlfy the
slight discrepancy, = * = - .

)
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proportional to the ionization measuz_'eq. i.p the ionizafion chamber,

The sgc‘xond column of Table II lists i_':he‘ jalue'g of ~ %—us’ed to derivé
from our measurements the values Of W re’létive to argon, ﬁﬁ;’.ch is shown in u
column Sov |

Recently Chemberleain, Segr\g and Wiegz_a.nd__ meé.s’uréd the number of ion pairs
produéed 'by one 340 Mev proton crg;‘svsing 1 cm of argon af atmospheric preséﬁre
and 0° Cj this nimiber is 169 and was obtained by combining the ionization
measurement with an abéqlu‘be curreht measurement by meens of a Faré.dzy cage,

. It agrees with i‘esglts independenfl_y obtaihed, by V, Z. Peterson, This result
is of pracﬁica’l_ im?orte.nce because it can be.usegvi to measure beam éurrents'in
a simple vway avoiding the somewhat tem’;‘fo?us use -of a Faraday cag’e_.. |

Combining the ]Ee.gt number with 'bhe:‘ the‘lore.t_ical Valué of -gE—x— for gféén
er find WA = 24,84 electron volts per ion _pair, J’ﬁis alloWs the determination .
6f‘ the W's of the other gases, The resﬁit is 'showh .:;Ln column 4 of Table II,

For comparing we added in column 5 of Teble II the values of W measured at low

energy(Po - g-particles) by Alder, Huber and Metzger,lo '

We wish to tha.n'k“Dr, Karl Strauch and Mr, T, Thompson for their help
during the vmetva’.surement_so. .

This work was perfo.rmeci under the auspices of the Atomic Energy Commission,

!

Information Division
scb/8=5-50
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culated) |.

os | -Z(wo/on) | WA, | Wew) | wew)
| 340'.B;if'ev p o 540.1&.1317 P 34;0 Mev p Po -Aa-i)articles

<hydrgéen 5,84ﬁx~19"4 1,40° " " 34,8 35,1
< helium | 5,34 x 107% ... | < 102 . 25,3 30,2
nitrogen| 3,49 x 107 | 1,315 32,7 36,3
oxygen | 3,92 x 1075 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 Ceptions

Fig, 1’

Fig,l 2

?he.gxperigenpaljaprangement A ds the ccnnﬁme-wall'surrounding |
the ;d%ednch e&cletron. The 340 Mev protonS»pass:throuéh a
collimetor with 1/2 inch diemeter exit hole, B and C are foni-
zaticn chembers X is the material under 1nveet1gat10n W1th
stepplng power equlvalent to about 30 g/'cm2 of copper, Cu is
56,70 g/bm of copper absorber, Dis s wheel, by whlch dif~.

ferent thlcknesses of copper absorber could be 1naerted

a) shows the complete exper1menta1 Bragg curve for 340 Mev
protons stopped by copper
b) glves the end of the Bragg curve on an enlarged scale. The

crosses and clrcles denote measurements at dlfferent tlmes,

The steepest tangent has been drawn in,

-
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