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THE RANGE-El\iERGY RELATION IN EMULSJ.ON 
Part 2. THE THEORETICAL RANGE 

Walter H. Bark.as 

Radiation Laboratory 
Un.iveraity of California 
Berkeley~ Califo!'nia 

April 9. 1957. 

ABSTRACT 

The Be the -Bloch theory of wtopping, ir.~.cluding shell correction.m :::.nd 

the deru!ity ... effect correction. is used to calculate th~Sox·etical :ranges fo~· 

standard Ilford G.S en1ulsion.. Only the mean ionJ.zation potential is an 

adju.a~able pa:raT.eter. Ma.king corrections for the K rshello of ali ernu.lsion 

e.tcm1s e~cep~ hydrogen.b and also correcting for the L shell~ o£ iodine t oilv~n, 

and bromitle, one can obtain a fit to the measured ranges for protons of i. ~o 

700 Mev. The mean ionization potential found is 331 :t 6 ev. and I/Z ha~ a valtu. 

12.1 :t. 02 ev as an a.ve:rage for all emulsion ele:·nents except hydrogeno At lo\·F 

velocitieB the hydrogenlike atomic model used in the shell-correction calcu.lalic" 

appears to ~~veraccernll:uate the shell effects" A better agz'I:'Harnent with the expe 1 · 

··nental data for proton ene:rgiea below 40 Mev is cbtained se~rde:tlpirica.Hy. A 

range table for emulaio;."l of a~a.ndard density is given. A co.lculated range table 

for wate:r, ueefui for adjusting range!31 meaou:red under nonstandard deneity 

condH.ionri, is also included, 
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THE RANGE-ENERGY RELATION IN :e::MULS!ON 
Part 2. THE THEORETICAL HANGE* . 

WaHe.r H. Barkas 

Radi.atitm Laboratory 
University of California 
Berkeley. CaHfo!mia 

April 9. 1957 

Ern Table 1 of Part 1 we have lhted cur me:a~-rured pa-.rtide :&::e.ngeGJ with 

thei.~ i!&tiieodated statistical error~. 1 H ie now plroposed to dl'a\v on theoretical 

conside:raHont5 as well as on other experimen~al data ~o obtain the be~Bt ct.mtinuma 

functional relationmhip between the pan:tide energy <tfJld iti5 :raa1ge in emu.lr111.on., 

The same noftaHon. as in Part lis nsed th:roughot\t. The appropriately correctccl 

Bethe -Bloch theory of slopz)ing contains only one adjustable pararneter, the 

mean ionization potentiaL Z By means .of the theory we use aU £:he experimentat 

pointe to itYJprove our knowaedge o1 the range for e_ach particuialt" velocity. 

The theoretical rela~ion provide~ a means of inteX'pola.ting betwe~m. ~he experi

l'hental points. and of extra.polating trJ: energie~B beyond fchoee fox' which ranges 

have been meaau:F:ecL 

Char.acte:rizaHrm of the Stopping Medium 
-~..--,·-~---~- _,..,....-~ ..... - =-

Nuclea:r track emul~i"n is a complex subat.atlce. J..t con:;;iets of hea~.rY' 

ir..wrganic ct·yatale a few tev.ths of a micron in diameter euapended in an oJ••ganic 

rrHediurn. The matrix material, which is largely gelatin. readily abs.(<Jrbs wat<:>n·. 

and the deru~H:y of the emuJ~icn var.iee with Ht:~ water content, and also lnca.Hy 

as-1 the statistkaJ raUo.oi heavy to light componen~s fluctuatee:L The :rate at ;;;rh:i.'.'!· 

charged particle loses energy in t.he heavy component varies ~Hh velocity in 

a diffe1•ent wa_y from that in the light component, 

. . 
-·~...,. ........... ~t~~~~-..,._ ....... _. 
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We assume the average composition;.; of emuhd.cm having a density of 
., 8 ~ 5 I . 3 b .• . t>h ~ . .. T . bi 1 ...,,. . i' . d ,'jl! d . f 1 . :;. ;;. g em ,.c; oe ~ a ... gt.ven 1.n . a .e.... •.!..It'll~ ·~te:u:i. al:'a · enfnty o e··.nu e.non 

is ~-:rbi.t~l:H'Ye but it has been chosen near that twrrnallly found fen· Iifc.rc-'. G.5 

ernuhion h1 equilibr.iu~n at a t~ei.ative humidity of 60%. 3 

~~£:!!~:!~ Theor_x 

For pc;.rticles of low velocity, Niels Bohr 4 . has theoretically deduced 

Geiger0 s em.piricallaw that the rangea increa~e with t:he cube of the pal'ticle 

velocity. Th1.e t:H1ggeets plotting the low ranges in e.mulr:Jion a.gainli!t th(; 3/Z 

pov:'el:' of ~he kinetic enell.'gy. In Fig. l the data a1·e seen to define st:re.ight 

line~. H should be noted, however, 'that finite inte:rcepta «u·e obtained if the 

line~ are extended to ZEH'O energy. The intercept consiate; of {a} the tern:'! 

B , which allows for the 1:·ange extenaion caused by capture of electron~ at: 
z c:. . . ' 

low pa.X'tide velocities~ J and (b~ the ove:reetima~e of the li:'<'lltges commonly 

introduced when one measut·es a eaeurated track between the extll.'emHiea of 

the first a~Ad laat g~a:irua" 'The measured le·ngili of the track of a particle cann.o.t.p 

c.f cot.u.·se, be lees than one grain diamete:r. Vrih:y aho.rt ranges a.:n:; rnea.nin.glens 

because of the granular two .. component sh'uctuzoe of ernuhion.. Adjusting the 

rangee to ~atandard. e'x-ndt:lli<H'llo we obtain the following range -energy xelation 

for 7 · < 1 Mev: 

3/2 
J\ ~ 0.0006 + 0.00138 "!" • em. 

'Ihe Beth~~ -Bloch theory is un11.aUy employed to calculate the J:>ate of 

cne1:·gy !oe~ of a fast charged parti.de penet1•ating matter. The tmcorrectt~d 

6:heory is valid. however, only in ~h.e velodty intel"val extending from a point 

well above the vt'!l1ltbdf:y of the fam~est electron in li1e stopping rnate1·ia.l t.o a 

point nea:r the minimum of ionization, In this i11terva.l the :stopping behavior. 

c;f an elen;ent. z." is chaTacterized by the elect;:·on density N.Z .. and a 
1 l l, 

"mean icmi:r..ation poten\:ial" I., (N. is the n~xmbet> of ator.cHil pe:r cubic centime:te:t ... 1 
l l 

A.cco:rding to the Bethe-Bloch theory the rnean epace l'ate of ev.ergy loss, "C.Q,i~ 
af a particle carrying z eiedron.ic 1znits of charge ie given by 
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_____ .,...___ ___ ~-..----·-""o:-~----~~~-·-- ..... --.~~~.~~-,.,...._.,.._ ... _..,. ...... 
~ ... --...~-------· _ _,__,.._,. ______________ __.....--. ....,...-...--.,.v _ _....-...,.......,....,..,.._,_-.,,_..__ 

Element 

·~· 

~ 
! 

·c 
N 

H 

0 

. 2 4 
2 ~ -w z e 

2 z 
:nc 13 

z. 
l 

47 

35 

53 

6 

"1 

16 

1 

8 

(N. Z.) 
1 l 

N. Z. 
!. , 

I 3 g1 em 

1.8088 

L3319' 

O.OU'} 

0.2757 

0.0'737 

Oc007Z 

0.0538 

0.2522 

lOLOl 

·lOOAi 

0.565 

138.30 

31.68 

L353 

32:L56 

94.97 

r (.,. z "'z 2 \ .,] 1 
1 

r~mc .., y t \ &. 

L~n --~---)- 213 ergs /em . 
Ii ~ 

( ~r·r;,_c 2 
\ JL 

1 

. z;· tnc ern 

47 .4?6 

35.143 

i.L.2.99 

8.298 

2.218 

O.iH6 

3.216 

7.597 
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Even when a mediu.!·n {such as emuhion} that contairw aeve:ral diffe!'ent 

kil'1ds of ato•mf!J is ueed as the stopping ma.tei'iat, the fo:R·x:n of Uu; energy-lose 

equation re m.:dns unchanged: 

[ 

[ l 
n .(2.mc P-U --

1 

'!~ N. z .. , and the mean ionization .potential~ 
1 l . . 

I. is found fro1.Tl 

~ 1'1. Z. frA I. 
1 1 a 

\ . 

{ 4} 

For heavy atom;]!, descri1::.H;;d hy the .Fermi ~Thoma.s model. F" Bloch fcH.md that 
8 Rydbergo Th~a is a ueefu.l I:/Z. is a. can1::11tan.t 0 K, with a. valu.e of abou~ one 

A lJ. 

concep~ de~Spite the fact that smaH variations from constancy doubtleras cccU]:' ar~ 

thlfl electl'onic sh.eU etructul"e ia built upa and the precise value of the c·mu;tant 

h&ti~ n.ot proved eatJy t·o mea.eure. 

Ot~ the o~he:r hand,1, there is little reason to doub~ that fo:r rnvificiently high .. 

but not too high~~velocitiea an expres~ion of the fo1·m of Eq. (4} is capabi.e of 

givia1g the rate of energy loss with good acc~;.zoa.cy-" 

When the pali.·Ude velocity is towered so that His comparable to the 

veh>ciHes of some of the electrons in &:he l!l~·opping atomB. Eq. (4) becomes 

prog:r.c~aively hu:>!J valid. The tightly bound eledroi.u are pE~r~urbed only 

adiabat:ica.Uy by the moving partider and become ineffective in stopping, The 

beh!"J.Vior of the logal~ithm at Uow velocities is also w~ong. K- and L-sheU 

co~c:trfH:tion!!l have been calculated by Wa.bke 9 ~ 1·0 which e:>rt.end tb.e usabiHty of 

!:he theory toward lowex v·elociHesp but when applied to the heavy-con1ponent 

element£ of emubi,cm. the C@l'l"ecti_oow a:r.e large foif proton t-::n.ergies of even 

Bevera1 Mev. This part of ~he r21.nge-energy C\U:'ve is pe:rhapa the moe!: 1.teed, 

and the hack of an e%&Ct theory in thh region ili a !iile:riouB miefortu.ne, At h.»w 

velodH.as other effes::ts a.t~o wet in. The atopping of a. pom.itive pa.Ytide is 

irnfltP,en:t,•ced by the nC!llui:raH~ation of ita cha:rge by electror.te. tha.t ii: captureB, 5 

;awitd f(;r heavy parC>dd.ea a,t \ow velocitiefll 0 n.udea.r collision~ hacome L-np<:n·tanl:. 
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At very high velocities the unlirnited rise· -of the iodzation irr.~li~:~ or 
Eq. (4~ ~.s curtai!ea by the pola:dzabiHty· of the medium. This effect h8.o b€:en 

most thorC~ughly evaluated by Sternheime1~. 11 

Fcir a particular element on.e may, in princi.ple, write an exact 2xpreos1o 
1 

for .Si by including an additive term, which is ·usually small: 

z z) z 
~" -rs 

ci (l'~-- -J_ - - z
1 --- me em 

z .. 
l . 

Hez·e C: i~ the sum of aU the individual corrections f<H· the element ?.~: question 
~-

The co1.·reapon.ding exp?e~:H.:!ion for emulsion i~ 

··n,.z, . '·· 1 em 

In this form I is considered a fixed conatant. It ha.a a cha.racte ristic val 

which may be dete!"mined at moderately high energies where C{!)) approaches 

zero. At very high velocities C(l3} is interpreted as one half of Ste:rnheimeris 

& , and at low ve loci ties 

'Z· N.C. 
C(t?J) = ~ 

n 

The effectiv...e_ mean ionization potential deviates horn the constarat 1 by an 

approximate percen~age 100 C(!3) . 

E valuatio~~_2f_.~.!~ 

{7) 

By utilization of the curves of Wa.lske, 9 • 10 the shell con•ection cotttributir~. 
to C«f3} have been evaluated. For the. ith element we have 

) . . 
1 

K -aheU cor1·ection13 we :re made for aU the ele rnents in emulsion e:<.cept 

hydTogen, and L ~-ahell correction.f3 abo were included !or iodine, silver, and. 

bromine. With these additions the usefulneea of the Bethe ~Bloch theory i:J 

( 8) 
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extended detwn to about 1 Mev for protona, but it iB difficult to eatim4lte the 

possible errors remaining from the un.corrected tahelia and from the 

approximations in the atomic model used. Since ~li/alake 0 s calculation i.: non

relativistic, the curves do not behave correctly at high velocities. Following 

a suggestion of Dr. Waleke, we have used (3-y to replace ~ whereve1· it appea:..·· 

in his formulas. 

Sternheirner11 has given an empirical formula for 6 which estimates 

the density-effect correction at high VC'3locities. The constants in the formula 

depend otl the mean ionization potential of the stopping material. Frc"':·l our 

measurements (Part 1) at velocities at which the densit yeffect is negi'.~ible, we 

have found I = 331 ev. For this value the denmity correction iR 

C:: 5/Z::: 2.303log 10 ~'I- 2.66 + 0.103 (3-log 10 ~y;2!· 97 • (9} 

The shell corrections are already vanishingly small at the high velocii:iea at 

which the density effect must be taken into consideration. so that two different 

functions for C are applicable --one at low velocities and the other at high. 

Nllmerical values of C(!3) are listed in Table U. 

Evaluation of the Mean Ionization Potential 

'T 

13y integrating ~ = ~~ +I 2f 
'Tl 

one rna\· predict the range for an energy 

7 in an interval, where (with an assumed mean ionization poten.tial ~ lh :1'1a.~,r be 

calculated from Eq. (6). Each range measurement in Part 1 provides an alrno£Jt 

independent esti·nate of tha mean ionization potential. The best value of the 

··~·HHil.n ionization potential may be de1•ived in this way fro'Yl the meaeu1·ed points, 

Our range measurements are in satisfactory agreement with the adjusted dry

e:-nulsion measurements of earlier experLnents for T < 5 :t<Aev. As a most 

probable value we take )l = na.s micronB for .,.
1 

::: 5 Mev. There is alao 

good ag:reetnent between measurements of the W-f.L decay range. Here we 

ta.ke 'Y = 36. 5~~ Mev and ).. = 5345 :!: Zl microns. From. these pointB we obtain 

a mean ionization potential of 330 ± 7 evo 'lhe highest-energy point was obtaine..: 

with good accuracy, and it is the least influenced by ahell-correction effects. 
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Table IL C(~) Calct!la.tt~d from the theories of Vifaleke and Sternhci:ne"!" 

..... ...,:u-_..._ _____ ,,_, _____ , ____ ..,.._,_ ... _, _ _....... ____ ~ _____ ..... , ... ,,. ___ ....._.....---... --... ~---....... --· ...... · 
..... ____ ,_,..,....__.__ ..... -~------...... - ..... _ .. _1"'" ___ .. ___ ,._,_ • ...,._ __ ._ _ _..._ ...... _.. --·-·-·~-~-

'1' c 'T c 7 c 
-·-------.. -- ·------...---- --~-.. --------
l.l -0.08 i 5.0 0.072 200 0.016 

1.4 -0 .. 059 5.4 0.075 260 0.011 

1.6 --0.040 6.0 0.079 300 0.009 

1.8 -0.023 7.0 0.08·1 400 0.006 

2.0 -0.009 8,0 0.085 500 0.005 

2.2 +0J)03 9.0 0 .. 086 700 0,004 

lA 0.014 10.0 0.088 lpOOO 0.002 

2.6 0.023 ! 2.0 0<087 l, zoo 0.004 

~~8 0.031 16.0 0.083 l, 400 0.009 

3.0 0 .()38 20.0 0.078 1~ 600 0.020 

3o2 0.043 24.0 0.073 1,800 0.033 

3.4 0.048 28.0 0.067 2,000 0 .. 046 

3.6 0.053 30.0 0.065 3 0 000 0.115 

3.8 0.057 40.0 0.055 4,000 0.184 

4.0 0.060 50.0 0.048 5,000 0 ... ?.50 

4.2 0 .063 70.0 0.038 lOPOOO 0.524 

4.4 0.065 100.0 0.030 20,000 0.902 

4.6 0.067 140.0 0.023 30,000 Ll67 

4. .. 8 0.070 

.. __ .. "'"""'_,__ __ ~-- ..... _ ---- -~.--.., ....... ~--....,....,_._-....... ~---·--........ ---.... -
--------··------~ .. - -- . .. _ _ ____, _____ _,"""'' 
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From the s .. Mav point and this measurement vve derive a rr"t.ean ionizaticm 

potential of 332 * 13 ev. The other mea,aured points give values both above and 

below these values. and the over-aU weighted ave1•age, considering only 

statistical errors, is I = 327 :t: 4 ev. In view of the several corrections that 

were found necessary, however. small systematic errors may remain in some 

of the experimental points. The possible influences of inexact correction~:~ to . 

the various pointa have bee_n reviewed. and 1 prefer to quote 331 ± 6 ev for the 

mean icnb'.ation po!:enl:ial of' emulsion. The sensitivity of the range to the ·:nean 

ionization potential is shown in Fig. 2 which can be used to estimate the 

uncertainty in the range curve arising from the remaining uncertainty in the 

mean ionization potential. 

If one asiiunnes ~ha.t I./ z. is a constant, K, we may evaluate it, knowing 
1 l 

the emulsion composition. Fox· I= 331 ± 6 ~v K is 12.25 ± O.ZZ ev. Act\li.ally 

the hydrogen. of the El!'l'\ulsion should probably be treated separately. U the mean 

ionization potenHa.l attributed H to hydrogen is 17.6 ev ~ we obtain !{ = 12.. 1 ± 0.2 c.v 

for the remaining elements of the emulsion. Since only about 18'!o of the e:--oulsion 

electrons are in the light ag;oms of the C. N. 0 group, this value of K ahould be 

subtutantiaHy that applyiL'lg to the heavy elements of the Ag 9 Br. I group. 

The value K = J.Z.l ev is in fairly good agreement with the results of 

Burkig and McKenzie
12 

and Bicheel, Mozley, and Arc.m, 13 while Caldwen14 

has proposed an even higher I/Z ratio. It is not, however. in accord with the 

f ... 15 lower ratios o Mather and Segre. 

Ra~~~ ~lculatio~s 

A theoretical range -energy relation for standard emulsion was calculated 

by using the ta.ble. of C(t3L and the following formulas 

(a) for "i' < . 1 Mev, 

3/2 
'A. = 0.0006 + 0.00138 'f em; 

(b) for 'f' > 1 Mev, 

'Y d'i" ), = 0.00144 + £ T em, 

i 

. - 0.5326 [IJ 030,8() ~2. 2) 
11 ~ --- ~n ~ o p 'V 

fj2 -

·- 13
2 -c lMev/cm. 

. J 



Xn order that ranges irt emulsion of other than standard density mav be 

corrected. the range in wa.tel· haa also been calculated.. The K ·-Sh•;:JU, 

correction for oxygen and the denEJity effect have beera included. 7hie waa 

done by finding an empirical function to fit CK(I3). The formulae are: 

wHh C given by 

(a.} for "f' > 0.1 Mev, 

~ · = O.OOOH + ;; .... d'7 , 
w . tbw 

. .1 

(!, w = ~- [an (L38 X 10-
4 ~2 ~/)- !32

- c] Mev/cmD. 

~2 

exp (-
1 ) (a~ low velocities); 

227 f3 2 

(b) for !3 > 0.86, we have 

.Table III is the calculated range -energy relation for water. In Fig. 3 the 

theoretically calculated ranges in emulsion ar.e compared with the measure-
' menta. The agreement on the whole is remarkably good. Of the 14 experi-

mental points. just the 0xpected number, 4 0 depart from the theoretical curve 

by more than on.e sta.nda1•d deviation. A'il.sc th®r(l is no definite mo,notonic trend 

with pa.rtide velocity. The deviations at 5.447 Mev a.nd at 2L2! Mev. however. 

are too large to be CO!npatibie with the measurement errors, and it is believed 

that the hydtogen-a.tomic model u!lled by Walske for the shell correcti.ons causea 

C at low velocHies to vary too abruptly wHh particle velocity. In fact~ by 

using a constant value of 0.057 for C (corresponding to an effective mean 

·ionization potential of 350 ev)e one obtains a virtually perfect fit to the e.xperi

ment&l data in the interval S to -40 Mev. 
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The Range-Energy Relation 

At all high velocities the theoretical range curve is the beet available, 

but below about 40 Mev the calculated shell correctionD are imperfect and a 

semie·npirical determination of the range-energy relaHon is preferrf'!d. Ad

justing the Geiger-Bohr relation to emulsion of standard density, we use 

~. = 0.00006 + 0.00138 ,:slfor the initial part of the curve. Vigneron16 has 

utilized the bes~ of the old data including those from Rotblat6 an.d Cfier and 

Jung 
7 

to prepare his range table. The data for proton energies up to about 

5 Mev were derived from thin layers of evacuated Ilford emulsion. ·.r .e 

.appropriate, density was certainly near 4.02 g/cm3, and we have assurned this 

density in adjuating the empirical data compiled by Vigneron to standard 

conditione. Between 1 and 5 Mev this curve ie in excellent agreement with 

our measurements, and one may reasonably adopt it as a standard :range

energy relation. Above 5 Mev the data quoted by Vigneron correspond to 

progreasively lower emulsion densities, and one cannot make a simple density 

adjustment. One can, however, assume that the ratios of our measured 

ranges to those computed from the uncorrected Be the -Bloch theory define a 

slowly varying function of the particle velocity. and thus can obtain a sn1ooth 

semiempirical range curve. This has been done in the interval 5 Mev < T < 
·-' 

40 Mev. Above 40 Mev the range has been determined solely from the theoretic~: 

1!. • The range calculation has been terminated at 35,000 Mev for a number of 

reasons, particularly because the particle maes begins to enter a. in an 

explicit nonnegligible way. The compilation of ranges that results from these 

considerations is given as Table IV and the comparison between the table and 

the measurements of Part 1 are given in Table V. 
. 17 

Recent measurements by Friedlander~ Keefe an.d Menon at 87 .4. 117.9 

and !46.5 Mev are in a velocity interval where we have made no measurements. 

Their ranges are on the average one percent lower then those of Table IV. 

Their energy calibration w'as rnade by determining the ranges of the sa,11e 

particle groups in. aluminum. the range curve for which was derived from 
18 

the work of Bloembergen and van Heel:'den. The ratio of emulsion 

ranges to aluminum rangeo must vary smoothly and m(ilnctcmkaJmy ia this' 

region, but !or the energy points cited their observed ratios are 1.215~ 

1.178, and Ll rH respectively. Evidently uncertainties of 1% or Z% are 
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Table IV 'I'h . . vRL~:nt-.9 

Th~ bee~ ;:;~l~;e.nergy rfelat.ion ~or standard emulsion. . 
· " ln uae o thus table are obt ·. d ·f h 

measurement teehninues a d. t... . c:une 1 t. e range . th . , n de correetlone are th ____ :'::_e experunental pa,.-t of this work. e same aa those applied 

--~-"- - ... ---~ 
7' A. 

(Mev) (em) 

G.Z 
0.4 
0.6 
0.8 
1.0 

l.Z 
1.4 
1.6 
1.8 
2.0 

2.5 
3.0 
3.5 
4.0 
4.5 

5.0 
5.5 
6.0 
6.5 
7.0 

7.5 
8.0 
8.5 
9.0 
9.5 

10 
11 
12. 
13 
14 

15 
16 
l7 
18 

'19 

l.8x10 -1{, 

4.1 
7.0 

10.5" 
14.4 

18.7 
23.4 
2.8.6 
34.3 
40.4 

57.4 
76.7 
98.3 

122.3 
148A 

176.5 
Z06.5 
238.4 
272..4 
308.2. 

346.0 
385.7 
427.2. 
470.6 
515.7 

562..6 
662..8 
769.6 
882..5 

1002. 

1129 
12.62 
1402 
1548 
1700 

7" 

(Mev) 

2.0.0 
ZZ.5 
25.0 
2.7.5 
30.0 

32.5 
35.0 
37.5 
40.0 
42.5 

45 
50 
55 
60 
65 

70 
75 
80 
85 
90 

100 
110 
12.0 
130 
140 

150 
160 
170 
180 
190 

zoo 
220 
2.40 
2.60 
280 

~ 
(em) 

1858xl0-4 

2283 
~744 
32.43 
3777 

4347 
4952. 
5591 
62.64 
6970 

7709 
9275 
L097x!0° 
1.278 
1.471 
1.675 
1.391 
Z.H7 
2.353 
2.600 

3.124 
3.686 
4.2.86 
4.923 
5.594 

6.298 
7 o034 
7.800 
8.596 
9AZ1 

lO.Z7 
12..06 
13.95 
15.92. 
17.99 

300 
32.0 . 
340 
360 
380 

400 
420 
440 
460 
480 

500 
52.0 
540 
560 
580 

600 
620 
640 
660 
680 

700 
72.0 
740 
760 
780 

800 
82.0 
840 
860 
880 

900 
920 
940 
960 
980 

~ 
(em} 

20. l4xlo0 

22.37 
24Q67 
27.04 
29.48 

3L98 
34.53" 
37.14 
39.81 
4Z.SZ 

45.2.8 
48.08 
50.93 
53.81 
56.73 

59.69 
62.68 
65.71 
68.76 
7L84 

74.96 
78.09 
8l.Z6 
8-c,l.44 
87.65 

90.88 
94.13 
97o40 

100.7 
104.0 

107.3 
110.'7 
i 14.0 
117.4 
120.8 

.,. 
(Mev) 

1000 
lZ.OO 
1400 
1600 
1800 

2000 
22.00 
2400 
2600 
2800 

3000 
32.00 
3400 
3600 
3800 

4000 
4l00 
4400 
4600 
4800 

5000 
6000 
7000 
8000 
9000 

10000 
11000 
lZOOO 
13000 
14000 

15000 
20000 
25000 
30000 
35000 

'A. 
(em) 

lZ4.2xl0° 
158.7 
194.1 
2.29.9 
266.1 

302..4 
338.8 
375.3 . 
411.7 
448.0 

484.2. 
520.4 
556.4 
592.3 
62.8.1 

663.7 
699.2 
734.6 
769.9 
805.0 

840.0 
1013 
1184 
1352 
1518 

1682. 
1844 
2.005 
2.164 
2323 

2479 
3249 
4000 
4735 
5459 



Table V. The tabulated ranges comps.1·ed wHh the measurements. 

------·- ... --·-·- -.. .-.-... - .. ----·--·-------------------· ---·------...... - .... ___ .. _____ ·-~·---- .... ·----·-·---.. ---·-----·-··---
'Y >. measured ), table 

(Mev) (em) ( c ·11} 

---·· --------- -----·. ··--·--------~ 

1.295 l0.7 ::t: 0.2 X 10 -4 20.9 X 10-4 

2.421 6 -4 53.9 ::1:: 0. X 10 54.7 X 10-4 

2.4 5 55.67:.t:O .34 :r 10-4 55.7 X 10-4 

5.00 175.1 :A: 2.0 X 10 
•. 4 

176.5 X 10-4 

5.477 204.6 ::l: 0.64 X 10 • 4 205.1 X 10 -4 

5.477 205.5 ::t: Ll X lo-4 205.1 X 10-4 

lO.OO 562.7 :i: 2.6 X lO - 4 562.6 X 10-4 

13.96 1 -4 988.3 :t: A X 10 997.2 X 10-4 

21.21 2056:1: 5 X 10-4 2064x 10-4 

36.55 5345:1:: 22 X 10-4 5348 X 10-4 

zoo 10.31::0:: 0.07 10.27 

340 2.4 0 7 42 0 0 l 0 24.67 

540 51.15:!: 0.45 50.93 

700 74.97~ 0.36 74.96 

--------··--· ... -----· ·--... ~--



present in the measurements by Friedlander et al. The actual ral:ios o.f t.hci:r 

7.'anges to those derived from Table IV are 1.007, 0.982, 0.990. It io 

noticeable that the1e 1.•atios rise and fall with their emulsion/aluminum .;.· .. tios. 

In carrying out l:b.e numerical work 9 Mr. James Ba.ker and Mr. Kent 

Cut•tis were very helpful. Mr. Curtis programmed the range calculation foT 

the IBM 650 co:nputer. ! wish also to acknowledge the valuable advice received 

from Dr. Walske and Dr. Sternheime1· on the application of their calcu.latiom> 

to emulsion. 
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Fig. L The range-energy data for 7 < 1 Mev. The l!ltraight lines are found 

when the (presumably smoothed) ranges from Rotblat6 are plcttcd 
~z . 

against 'T • The upper line is for aipha particles and the lo'!,.cl' line 

is for protons. The dotted extensions of the linea give intei'cepil; of 

1.9 fJ. and 0. 74JL, respectively. The crosses Bhown are experimental 

points for protons found by Clier and Jung 7 with the errors indii.:ated. 

The data are for vacuum ~desiccated emulsion. 

R 61 Fig. 2. Graph of -· - o the percent increaae in mean ionization potential 
I tAR 

to bring about a 1 percent increase in emulsion range. (3c io th~ particle 

velocity. 

Fig. 3c The deviation of the measured ranges from the purely theoretical 

range curve. !3c is the particle velocity. 
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