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STOPPING POWER AND ENERGY FOR ION PAIR PRODUCTION 
FOR 340 MEV PROTONS 

Department .of Physics. Radiation Laboratory 
University of Ca~ifornia, .. Berkeley, California 

August 3• 1950 

The relative stopping powers 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 H2, He, 

N2• o2• and :A at 340 Mev proton energy has also been measured. The results 

are shown in Table II. 

) 

* Zeeman Laboratory, University of Amsterdam• The Netherlanc;ls 
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STOPPING P(]]l{ER AND ENERGY FO'R ION PAIR PRODUCTION . 

Intll"oduction 

FOR .340 MEV PRdrONS -

Co Jo Bakker and Eo Segre 
.. . 

Department or· Physi CSD Radiation Laboratory 
University of Califomia9 ~erkeley 9 ·California 

August 3 9 1950 

The avelt"age ·lt"ate of energy los·s of fast particles due to ionization 

o:rdy is given by the well=known Bethe formula1 

/;;;7'<1. 
dE 4w~4&2 . . ·[ · 2mv2 

=-"' NZ ln-- = 
dx mv2 I · 

(1) 

in whlch e and m are, the electronic charge and mass 9 ez is the charge of 

the incident pa:clicle 11 NZ is thenumber of electrons per unit volume of 

~topping mater.ial 9 ~ ~ ~ and I is the mean excitation potential of the 
c 

atoms in the stopping materialo 

This folfmula l;lolds when_ v >> uk where uk is the velocity of the orbital 

electrons in the K=shell of the atoms in the stopping_materialo Effects 

~oh_ as lfadiation» nuclealf interactions and so on are not taken into account 

in forn:ula (1) z they may play an increasingly important part at· higher 

Extensive tables based on formula (1) have been computed by Aron, 

_ Hoffinan. and Willia.ms2 of the Radiation Laboratory of the University of 

Califo~iao In these tables the mean excitation potential I_was chosen 

proportional to .'Z 8 in accordance with Bloch0 s theory3 developed on the basis 

of the Thomas=Fermi model of the atomo The value of the Bloch constant I/Z 

was chosen to be 11 0 5 ev in accordance with measurements by R0 Ro Wilsono 4 

In cases where the con.di tion v >> uk was not, fulfilled correction terms were 



-5-

·1 added to for.mula (1) given by Livingsto~ and Betheo 

Experimental · 

UCRL 850 

Since the 340 Mev protons of the Berkeley cyclotron afford a good oppor-
·. . . I. .. . 

tunity of checking the semi=empirical part_or the stopping'power'calculation 

and the result i.s of practical importance,!) we decided, using these particles, 

to measure the stopping power of various elements spread ov~~ the per~odic ~s-

The high energy protons or the 184=inch cyclotron are stopped by 93 0 '7, · 

g/om2 of copper (ionization extrapolated, range) as Jll~asured frqm tP,e Bragg 
' ··~ • _; • r • ' ' • 

curve at the end of the range (seE') below) 0 In the &xper~ents approxim,atel,y 

30 g/cm2 of copper were replaced by the material to be i.nv~stiga:ted" By again 

measuring. the Bragg curve at the end of the ra.ng;e th,e mas~· ~to.p:p~ng po~r .9~ 

the various materials relative to copper couid be 4etenn:t.ned0 
• I ' -

At the initial . . 

energy or the protons (measured as 340 Mev from the f'adi-q!:J of t:hE;~ orbit and 

magnetic field in the cyelotr~) the energy f~ss ind~ced 'b;· 30. ~cm2 _of copper. 

amounts to about 75 Mev0 The mean energy or the_protons in the absorbing 

materl. al is therefore about 300 Mev o 'T:P,e experimental arr~ga:Jteri.t may be 

essentially seen from Fig 0 1" The fast protons eme'lr&ed f'lrom the concrete wall 

surrotmding the 184-inch cyclotron through a collimator of l/2 inch inner dia ... 

·meter at the exit,!) passed successively through the mEa,terial to be investigated,!) 

through 56 0 -70 g/cm2 or copper and then.!). in order tp measur~ the l3ragg curve, 

through layers of copper that could be varied from 0 to l~ times 0 9 72 g/C"!A2'~_ 
. ' 

The latter were mounted in 2 inc:n holes arranged near the circ'tltllferenQe of a 

large wheel ·which couid be rotated from a dist.anoeo 'Th~ J!l~a~ll;rEm!.entt; of all 

12 positions could- be made in ·about 10 minuteso · As ~ IQ.e~f:Jl,lrin~ ii;lstf'U]D.ent . 

for the protons ·we used an ionization chamber fi.lled with ar~on -b.o atm9SphE;,:r,ic 
-~~ 

.-, . 

.., 
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J:n ol?'de:rr to compare the absorption in the various mater'ials we had to 

~~horc:Ji.S'F.' a, 1t'efe.ren~e point in tlle various Bragg curves measured (Fig" 2b )o 

1J:L:~~'~ c,raE.'efU.Uy we a:rri ved a.t the conclusion tha.t they wewe all about equally 

a·: .•. :m:J."~~t~:·" Jn agreement with common practice we ~hose as a refer~nce the l!'ange 

g][ir·a:r:. by ~:;IHoJ intersection of the steepest tangent wi:th the abscissa!) usually 

1'·"'1~e:~·l"t;;d to ~!S the ionization extrapolated re.ngeo 

As the a.bsorption in copper was used as a standard/) in the course of i.~he run. 

\;\111bh :indeed :is an ex(:ellent proof' of' the constan~y of' the enell"gy of the pro= 

By dividing the number. of g/cm2 of copper by the equivalent number of 

g/!Cim:B of' the element v.nde:r investigation one obtains the mass stopping p<.vwe:i:' 

:r.el.ati ve to copper., Table I 9 column 2 9 shows the results of the measu:rementsc 

The me9,n experimental error of these numbers.!> .except for hydrogen., is about 

E peT·oent;a The value for hydrogen was obtained by subtracting the ca;rbon 

:f'i.gure .f'Jrom the measurement of polyethylene., which consists of long chain 

molecules and has a chemical composition C:H2o The error i.n the hydrogen f'igun3 

:Lru abou:IG 10 percent a Moreover it must be remembeJred that the ~hem.ical binding 
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Table I 

q "" Element . Mass stopping power Stopping power I . rjz ev per electron ev 

~ . 

Cu "" 1 Al ~ 1 Al "" 1 

···--·-----

1 

-
-···· 

1 H2(:tn CH2) ~~~aOJL~.· 2o9~f~ ,1., ~~tJ; J~.~i 01~ . ].f:) oft} 
.. 

s Li 1 0214 1..,062 10184 34..,0 I 11 03\ 
.. 

! 4 Be lol71 lo024 1~113 600 4 15 0 1 

6 c lo~©l.~} _ lol~. 1 0 (QAI;i:4k f!@..,4 !l Cl5! ldl 
.<,((.,, u(/· 

1.3 Al 1 0143 loOOO• loOOO~~t 160* 11 0 5>11 

26 Fe 1 0 036 ~906 ..,941 243 9a:S 

29 Cu loOOO>~< ..,8?5 ..,924 279 9 0 6 

4'7 Ag 0902 0789 0873 422 900 

50 Sn 0858 0751 0859 453 9 0 1 

74 w ~ 777 0 680 0814 .680 9 0 2 

82 Pb 0754 o660 I 0 804 737 i 900 
I 

92 u 0 720 '0 630 
I 

0 786 853 I 
a ~ 

I vo~· 

' ----

·In each column the reference value is marked by an •• o 

"'•. 
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of the hydrogen in polyethylene may have considerable influence. (Experiments 

on the effect of chemical binding in stopping power will be carried out in 

.. · the near future in,this Laboratory.) . 

.A.s 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 Ie 

It is of interest to deterinine from our data. the stopping power per elec~ 

tron.- According to formula (1) this quantity is 

·- :-/ 
/ NZ 

P.n (1- ~'2)·- ~2 J (2) 

The stopping power per eiectron relative to aluminum is 

q = (3) 

vhich was calculated f.\om our data by multiplying the .figures of Table I, 

column 3 by A/AAl • ZA,l/Z, in whic~ A and Z are the atomic weight and the 

atomic number of the element under investigation, and Atl = 26.97, Z.A.l = 13, 

the corresponding numbers for aluminum. Column 4 of Table I shows the result. 

Dr. H. Ao Bathe has kindly pointed out to us that the most favorable 

method for further analyzing our results is to use formula (3) to calculate 

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 

;vhich is accurate to ± 3 percent. Wilson's measurement, ··however 6 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 valido 
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Introducing_in formula (3) IAl =~50 ev and~ = 0 0 65, so that 

Inn 2 ,.,....2· _ n_ (_l _ ~2) _ ~2] ~ ~~ Ln ~ ~ = 13oll2. it follows that 

fn I = 13oll2 - 8.096 · • q 

UCRL 850 

-The values of ·I and I/Z are tabulated in columns 5 and 6 of Table Io 

It is seen from the last column that the Bloch "constant" is nearly 

constant between Z = 46 and Z = 92 0 The average value is 9.1 ev. This value 

is somewhat lower than the value Bethe derived in a similar way from Stephan 

and Thornton's5 total range measurements of 194 Mev deuterons, n~ely slightly 

over 10 ev. Our v~lue should be considered as more accurate. , 

As also pointed out to us by Dr. Bathe a satisfactory result.confirming 

the analysis is the average potential for beryllium8 which comes out to be 

60.4 ev. Madsen and Venkateswarlu6 have determined this value by a direct and 

absolute experiment and found it to be 64 t 5 ev. This result is not as aecu-

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 stoppingpower for air. 

The agreement within experimental errors serves to confirm ~lson's values for 

aluminum to some extento 

Analysis of straggling 

Formula (1) gives the average energy loss suffered .. by a charged particle 

in traversing some stopping material. Actually the number of collisions., which 

reduces the energy, is finite, and a statistical fluctuation in the amount of 

energy lost can be expected ("straggling"). 

Starting with particles of the same initial energy E0 and R
0 

being the 
. -

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

the Gaussian 

~. 

.q_ 



t 
c 

P(R) = 
1 

2TT (R ~ R ) 2 
o av 

exp 
(R -· R0 )2 

2(R .- R0 )
2 
av 
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. 7 8 
It has been shown by Bohr. and· by Livingston and Bathe that for protons 

of high initial energy the mean square fluctuation in the range is 

E 

J 0 f.:dE~-3 
(R - R ) 2 

o av = 4ne4Nz \. 
dx 

0 

dE 

We calculated (R- R0 )!v for 340 Mev protons stopped in,copper., The 

values of dE/dx as a function of E were taken from the list in the tables of 

2 Aron et alo The result is 

(R = 

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 Gaussiano It was found that satisfacto~ agree~ent with the 

experimental Bragg curve was obtained if we chose 

' 
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 smalls and to the spread in energy of the initial protons o 

If we suppose the latter to be the main effect it follows that the spread- in 

initial energy of the 340 Mev proton bea.IJl. gives rise .to an additional straggling 

with (R - R
0

)!v = 0 0 63 (gfcrn
2 

Cu)
2 

which denotes an average energy spre~d o£ 

the proton beam of aboutl/2 percent., This value is in satisfactory agreement 

* I 

The range-energy curves of Aron et al., (ref., 2) were used to determine this>. 
curveo 
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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 1 a similar result 

follows 'from the study of the threshold range of the reaction .cl2(p6pn)cll 

by Peterson1 Aamodt6 and Phillips9 of this Laboratory. 

From our analysis we derive that the mean range R
0 

of the protons is 92.4 

g/cm2 Cu1 which according to the table of Aron et al. corresponds with 334.7 

Mev initia~ proton energy •.. It shoul.d be remarked however that Aron et al.· used 

for copper the value of r = 333.5 ev whereas according to the present paper 

rcu = 279 ev. This increases the value of the initial proton energy by 2 per

cent to 341 ~ev.* 

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# nitrogen6 oxygen and 

argono The proton beam was al.lowed to cross two identical ionization chambers. 

One~ filled 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 - dE 'Which for 
dx · 

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

* An entirely .independ'ent measurement of the energy of. the beam made by Mr. 
Mather using the properties of the r.e~enkov 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 ch~ber. 

The second column of Table II lists the values of ... : used to derive 
... 

from our measurements the values of W relative to argon. which is shown in 

column 3o 

Recently Chamberlain, Segre and Wiegand measured the number of ion pairs 

produced by one 340 Mev proton crossing 1 em of argon at atmospheric pressure 

and 0° C~ this number is 169 and was obtained by combining the ionization 

measurement with an absolute current measurement by means of a Farad~cage • 

. It agrees with results independently obtained. by Y, Z. Peterson. This result 

is of practical importance because it can be used to measure beam currentsin 

a simple way avoiding the somewhat tedious .use ·Of a Faraday cage. 

0 

Combining the last number with the theoretical value of - ~ for argon 

we find WA = 24 0 84 electron volts per ion pair, ~his allows the determination 

of the wv 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 = a.=particles) by.Alder1 Huber and Metzger.10 

We wish to thank Dr., Karl Strauch and Mr. T. Thompson for their help 

during the measurements., 
- . 

T'his work was perfo.:rmed under the auspices of the Atomic Energy COmmission. 

Information Division 
scb/8-5-50 
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Table II ; ·' ' 

~ -
! ·• i .. 

Gas - dE (M~v/cm) wjrrA.. W(ev) W(ev) 
dx. . . .. ,. 

340 Mev p 340 Mev p 340 Mev p Po - a-particles 
- ·~ 

. ·hydrogen 5.84 ·x lo-4 1;,405 
' 

... 
34.9 .. 

35~1 

helium ·5.34 X lo-4 . ~ . . .. 1;02 ' 25 .. 3 30.,2 

nitrogen .3.49 X lo-3 . .. 1.,315 ; 32.7· 36.;3 

oxygen ·3.92 X 10-3 1.23 30.,6 34 .. 5 

.argon 4.02 x •lo-3. ·1.00 24.84. 27 .. 6 -

air· (cal;.. 32.2 35 .. 8 
culated) -

,· 

-
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Figure Captions 

The -~xperi~ental arrangement A is the c~e wall surrounding 

the 184-inch cyclotron., The 340 Mev p;rotons- pass through a 

collima~or Vfith 1/2 inch d.iaiiJ.eter e:JQ. t holeo B and C are ~oni

zation chamberso X is the material under inve~tigation; with 
' 

stopping power equivalent to about 30 g/c;IIJ.2 of oopper 0 Cu is 

56.70 g/cm~ of copper absorber" D is a wheel, by which cU..f ... 

ferent thicknesses of copper absorber could be inserted, 

··~): sho~s the complete experimental Bragg curve for 340 M'ev 
proto~s stopped ,.by coppero: 

. . . 
c~;osses and circles d~note measurements .at different timeso 

The steepest tangent has been drawn' in., 

: ~· ,'· 

• 
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