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ABSTRACT 
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The ionisation lose by cosmic-ray tAo meeoae f.D bellum gaa bas been 

measured a a a function of momentum. The tordz&ticm loa a was determined with 

proportional counters ancl the momenta were measured by a magnetic spectrom

eter_which reaolvecl particles in the momentum region from S.l Bev/c to 140 Bev/c. 

It was found that helium ga• at Z. 7 atmosphere• pressure exhibits a denaity•eftect 

saturation of the moat probable ionization toea ·and that this saturation is complete 

at a p/t~-c value of about 200. Under the concUtlona ot bormaU.atlon uaed in this 

experiment, the value of the ionisation los • at which the Fermi plateau occurs ie 

l.Z8 • .04 times the value at the minimum. Thie ia in agreement with calc:ulatloae 

baaed on the Stemhetmer theory for the particular counter flUing used in this 

experiment. 
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IONIZATION LOSS IN HELIUM•t 

Robel't E. Lanou. Jr. 1•• an4 Henry L. Kzoaybill 

Yale Unlveraity, New Haven, Connecticut 

AprU 1, 1958 

I. INTRODUCTION 

When a taet charged particle traverses matter it loeee energy by ita 

blteractlona with the atoms of the material. Two of the ways this loss is observed 

are by the ionization aa4• in aome ea•••• the Cherenltov radiation. Attempt• have 

been made to calculate the dependence of theae eurgy loeaee aa a function of 
momentum. l·ll The principal results of theae c:alculattone are ln good agreement 

with experimental observation •. ll·Z4 However. f.n the region of high momenta it 
' 

ia uncertain how much of this total energy losa manUeeta itself ae iotdaatton and. 

how much aa Cherenkov rad.iatiQn. Sternhetmer, in his treatment ol the denalty

effect corrections to tJae Bethe·Bloch calculation, baa •uasested a method to com• 

pute thia cUvislon o£ energy lose. Ia order ~o make an experimental comparlaon aa 

••pertment baa been performed using bilh•1l'Jomentum J.t. meaona of the ~osmic 
;J..:'P,_Hl;_~. J·. ~ ~ . ' ,_;. "') ·,,. . • . , I. ~-.,~ .... ,f.-~,:·:~?,;:· . 

:racU:atton. meaavlna thelr most probable lonieation toea aa they traverae a quaattty 
Of helium aaa and compawlng the reault expected when the calculated Cherenkov 

lose ta subtracted • 

. ·lL EXPENMBNT AL PltOC.EDVllll. . . . ~ . . -- ' 

·' ·, . .. . . . . . ... 11\ orclel' .~o ••••ve .the momentum··ottbe c:•amle•ray . .., meaou. a D)apettc: 
'· .... ~i·M~.-r)··~~';lt~- . . · . · ·. :· ~-~-~~ t. · •... -: ·.:~· · ·1\ . -~ · · ~ ;.~-~ '".!. n;,._ ~ •·• -~ >: ~ ~r· .-1"'~ ,. ... ,~ 

: ··· , ··:. · ~.,.c:tromete.r._wae coutrute4. It couiate4 of a thl'e•-tray Gelaer-Muller eouat.er 

l 

hocloacope in coajunctlon wlth ·two regtoas of magnetic field. Theae regtona of 

magnetic field were bon magnetiaed (ln the aame aen.eet to 17,800 fl&uas. l'rom 

the geometry. vab.tea of the magnetic llelcla, and correctiona for multiple scattering 

ud momentum loll in tlle iron, the momenta ef the particles wer• detel'mlne4 by 

measurement of their deflectione. In Ftg. 4 the rutiment• of the epectrometer 

:a:re·:ttlutirated. T~y• A,' B. and Care the three traya Of the hodo•c6pe;;·they 

are made up of two layera of 1-cm-cti.ameter Oelger-Nuller counter•. thua the 

• Wol'k supported in part by the U. s. Atomic Energy Commletion 

f Submitted (by REL) in partial fulfillment of require meats for Ph. D. degree from 
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uncertainty in horizontal poaitlcm of the meaon, aa it traverse• the tray, la 

O.JJ em. The realone of magnetic field were SAE 1010 ateel kept magnetized at 

1 7,800 gauaa by Alnico VB permanent magnet a. Theee are deaigaated by M I and 

M II and each ia 50 em long. The vertical eeparation of tray A from C and tray 

C from B ia 190 em. With thla contiguraticm., the apectrometer reeolved particles 

in the region from J.3 Bev/e to 140 Bev/c. The reaolutioa on ainate particles ia 

limited at the low end of the apectrum to about 35~, chiefly by the multiple 

ac&ttering, and at the high end to about 70%, chiefly aa a conaequence of the finite 

abe of the counter• used. The a,pectrometer waa callhratecl 'by uetng it to meaaure 

the coamic •ray p. -mea on apectrum and then comparing the obaerved reeult with 

the theoretically expected one, ualag the meaaured. apectaoum of Owene and WUaoa25 

to which coraoectlona are applied for multiple acattertna. aolld aagle, and momentum 

los • in the apec:trometeao. 

B. lonlaaUon Meaavemente 

The toniaatlon measvementl weaoe made by placing four identical pro• 

ponloaal coUDtera in the coemic•l"&J meacm. beam aa selected by the spectl'ometer 

cleacribed above. Tbla gives four Independent meaaul'ements oa 011e particle. 

Tbe proportional couatera were made o£ •quare baocmae tublag ZO mcbee 

long, with a J-inch-square croal aecticm and a l/16 .. tnch waU thiclmeaa. Thia 

rectugular ab&pe .Uorcla a untfol'm path lenath in the counteao for all the paniclea 

paaaing through it. The center wire waa made of J-mll tUiliJ&ten wiaoe. The fUUng 

rniztve waa 95'fo tank helium (Matheson Co. , Inc) and S'fo eo1 to a total pl"eaaure 

ol. 2. 7 atmoephere. The tank co2 (Pureco Carbonic Oaa) waa cUatUlecl with Uquid 

alr and. dry lce-acetcme mlxtue to remove oxygetJ. and water •. The co2 waa 
acld.e4 to quench the metastable atatea of belium aiUl thua stabilize the counter 

multiplication proceaa. To aoemove the electroaeaative gaaea from the cOUftteaoe 
. 1 ' 

the gaa waa circulated through a hot calci'i.lm purUier. 
- ' 

The counter opeaoattng voltage was ZlZO volta. Each of the proportiona.l 

counters had lts own standard preamplifieao. which~ a gain of 30. The atgDala 

.were then led through Jordan aDd Bell linear amplUf.ere. The oveao-all electronic 
. ~ . . ) . 

gain of the ayatem waa 150,000, The signals were then paaaed thl'ough a gate and 

pulee-ataoetehtng ctaocutt anct recorded on a aix-cbaanel Baoueh Development Co. 
I \ 

recorder. 1\eleraolng to Fig.' 1 again: the counter•- Cl and CZ are Oetser-Muller 

counters which are used &8 a telescope to define the aoegion of unltoaom electric 

field in the countera. The counter• S, which are aU in parallel, are connected. 

t.n anttcotaciclence to diacriminate agatnet _ahower.;,.aaaoclated paaotlclea. The 

events selected tor the lOftieatlon-loae measureme,nta are defined by the 

coinclcience A+B+C+Cl+Ca .. s. 
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m. RESULTS 

A. Ionization Loe a 
The clata presented. here repl'eeem 500 hove of rmmtns time. Pal'tlclea 

that sa.tiafled aU the criteria for ionization measurements weJ"e collected at the 

r•te of about 10 per day. There wae a total of 186 such particles whlch in turn 

gave 660 ionization me&aurementa. For purposes of analytla these event• were 

divided into five momentum categories, which had roughly the same number of 

events ln each. Table I contain• a tabulation of these. 

Stnce the proportional coumera measure the totallcmizatlon of the v. mesons 

as they traverse the gaa mixture, the pulae ·height measurement• are eubject to 
Lanclau fluctuattona. Therefore, each momentum category hal a diatrtbutlcm of 

pulae beightt. Fl'om thie dletrlbution the moat probable value of the pul•e height 

ud tb.e meclian value caa 'be found. However, tble distribution ie not a pUI'e Landau 

type, 1tnce it repreeents a compo\llld distribution wblch re1ulte from the ionisattoll 

lose of the meeOile having the eeveral momenta contained within the limit·• of the. 

category. Fvther, it bas previou1ly been ahowoZ6• Z7 that ob1erved pul1e-height 

ctletri'butiona tor nearly monoenergetic particles clo not always give Landau 

c.UatributlOD.e ot the proper relative width. Consequently, care. muat be taken ln 

atatlng wbat the momentum ia for aa observed moat probable tonl&atton 1011. In 

tbia experiment we have uaed the following technique: 

The pulae-helght dhtributione for aU the momentum categories have been 

normalized U<l plotted together ancl the reaultlna diatrlbution determined. Thia 

ie then taken u tbe "effective Lanc:la.u" dlatributloa. Tbla distribution waa found 

to have a 60,_ fuU width at j. maximum. By ue of thia diatributton and the 

theoretic-ally e~pected depenclence ot pulee height upon velocity an expected com

pound cllatri'butloa waa computed. for each momentum catego1'y by numerical 

lntearatlon. The value of momentum at which the mocle of thla calculated clistribution 

occurred ia then the value for wb.leb the experimentally obael'ved mode ahould 

·be plotted. Upon performing theae Integrations it waa found that the thus determined 

momentum &&J'eed, within~ experimental error, with the value of the mediaD 

momentum of the category. Aa a conaequence of thia, we have used the experi

meataldy determined m~d.tan momentum of a category for comparilon to the 

mediaD value of the observed pulse -height dlatrlbutton for the category. The 

result• are tabulated in Table land plotted in Fig. a. The etated errore on the 

median• &l'e computed. on the a1aumptioa that the puleea falUns on either aide 

follow the binomial cliatrtbutton and that the pl'obabUity of a pulae' • falling on one 

pa.-ttcular aide le i; then the error il taken as the cUatance the chosen median 

value muat be 1hifted to include ~of the total number of pul1e1, N. 
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Also plotted ln Irig. Z. a1·e the theo:retical curves for the 95~ heliu·m and 

Stfe CO~ mixture at a pressure of 2. 7 atmospheres. To calculate these curves we 

have uaed Eq. (1) for the most probable loss due to ionization and Cherenkov 

radiation. 

where 

= 
aw Ne

6 p1 :£ Z.l 

meal: At X 
ancl 1'J = E 'I· • t 1 

(l) 

and p1 ia the c.ienaity of tbe1~~6eonatltuent, E Zi and:& A1 are the atomic number 

aDd weight, 't la tlle lonizatl(m potential in electron volta, X te the thteknes8 of the 

layer in centimeters, N ie Avogadro'• number, m ia th4 mass of the electron, 

aDd the other symbols have their conventiou.l meanings. The 6 , __ is the density-m&A 
effect cort"eatlon, which ia calculated in accordance with the Sternhetmer theory. 

The parameters used in this density-eflect correction are listed in· Table II. 

Equation (1) te obtained by extend.lna the Landau18• 29 treatment to gas 

mixtures; the pertinent points of thia extenaicm are contained in the appendix along 

with cletaila of the denaity ... ellect calculations. 

The curves oi Ftg. l are calculated on the basis of two different values 
30 

for the ionization potential of bellum. Curve A io ueing that calculated by Williams 

(44 ev) and Curve C ie using that extrapolated from Bakke.r and Segre31 (Z6.8 ev) 

by Sternheimer. Both CUI'vee are normaliaecl bt the l'egion of the ll'Jinimum. 

Curve B ia obtained by aubtl'&cting the Cherenkov rad.iatiou, ae predicted by 

Sternheimer theory, 7• 8 bom Curve A. CurveD baa 'been obtained in the same 

manner from Curve C. 

Ia order to normalize the experimental data to these curves in a region 

where there are no 4enaity-efiect corrections (l. e., a low-momentum region) and 

to have a point containing a small atatietical error, an ionization measurement 

was performed in which aU particles in tbe group had a momentum greater than 

161 Mev/c as determined by a range meaa\U"ement. The median momentum c! thie 

group was 1.3 Bev/c. It contained Z474 pulee-helght measurements. Using thie 

point as a normalization we £ind that the Fermi plateau ia at a value of l.Z8 * .04 

·• timee the minimum. The plateau is reached at a pf.,.c of about ZOO, which lain 

general agreement with the theory. On the '?asia o( this normalization it appears 
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eithel' that more of the energy lo&a eac:apea as Cherenk"Ov radiatiou or that tlie 
value of the icmtriatloa potentt&l is lower tha.n that calculated by WUUama and 

more nearly ~·~~lJ~ by Bakker and Segre. 

Moment\U'Jl interval 
SBev{c;} 

1.5 to 6.5 

6.5 to 9.5 

9.5 to 15 

15 to 29 

Z9 to 140 

Table l 

. Mea.taa momentum 
JB!v{c) 
s.z 
6.9 

l?.SO • .5& 

1a~to ifJ .as 
10.9 19.15 ... 89 

18.3 19.75 •.95 
40 .)9.6SIII.70 

• • • . . . . . . . . . . ~-. . . . . 
>0.26 l.l 16.80 •• zo 

,· I 1) 'Jiable !!, . " 

Mecliau pttte4t 
ht. relative to 
l .• s B!tv/c, 

~l.OS 

1.08 

1.14 
1.11 

1.17 . .. . . ~ . 
1.08 

!'- I~ .. 't ::.; Ji~> .... ~"'.?! ' . 

Para.metere tor He and co1 mixture (.hY are tr1 B. ydbera unita:),. : ~.,.. 
.. - .~. 4 ..... 

hv 1 1.8 11 o r\tr X i c .610 n = 2.2 X 1020/cc 

h"z. 13.0 31 
fa u 111 a xn •. osH hvp = .. 04 

hll 3 4.1 f] 0 .03)6 ~'He= 1.80 
.. 

h"• 1.3 '• 0 .03)6 'co a • 1 ~z·o 

h"s 4~.J '' 4 ~ • 44 ••. fs = nnrx h •. 0672 • • 

hl'6 4.0 £6 = .0672 leo o 94,.?ev 
a 

hY7 2.9 f • 37 . 8 . .. 

7 nro x 2l c .ts• ' .. 

\ 

., 

. , .. :. 

. ,, 

... . i 



B. c,t~""ti~ o( ghe~•nkov ~-~ 
Ia ot-4er to calcu~&te· the Ck•••n1lov loee· aa a faction of raomerttum we 

utiliae tAe formtalae of Ste&al\hetmel'. 1• a wldch atve the amount of eueray to b-. 

. e\lbuute4 f1'01t1 tlle total lODi&attolllo•• plotte4iA cuvee A ud Ct. ha. a. 

,,, lc•' .. 
WChel' • A IJ[ ~ fa I .. l) (2) 

s, z.,J •J bP 

anti 

(S) 

where I J ia tlut oeclUator eta•e-aath for the ~leal tl'aaltlon to the flret ~excited 
•tate, aJJ 11 the hal£ width of the Uaee of the·· optlcal 1pectrum. bp u equal td·'· .,,~."'* 

l.flbvJ/c, where b f.e the Jracllu.e of the cyUncl.er outel4e of which lt ia aeev.med that 

no cUrect iOD.laatlcm takes plt.ce, aftd A • :E , 1/'r. •l (lee Appeacll&). 

AA4 ta the Umlt of Wah momentum we have 

(4) 

ID thia tbeory tt Is &latm~ed that tt te the t'Uet exct.tecl 1tt.te of he.Uum 
that 40mifl&tea the procee• and thel'elore all the conetant1 of tile equation• a..-e 
those recommeachd lu 1\efel'ence 8. We iaave reduced the fj by SS'Vt to tab account 

ot the preaence ot the COz la t._ m~e an4 have uee4 the plae'!'a lreq•ntcy, 

"p• ef the He·C01 mbcture. Coaeequently we have uaed 

" H , S ''J = 17.3 _,P· e r; 11.~. •J • OtafXlO"" • bl' 0.1 em, A e 0.07? Mev. &Dd 
p-mbc. -

tj • 0.,55 X .6 3 a 0.3-17. 

The reaulte ol the calcua..ttou uatng theae formulae ancl parametel"• are ahoWft 

tn :s-t8 • s. 
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APPENDIX 

Calcu.laticm ol Most Probable Loss 
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In the Landau treatment of the c:olltaiO!'l loee, 1.7 use ie made of the 

di!ferential collision probabUity forts. mesons with electrOl'ls in the form 

Zw Ne4 p EZ w (d = .......... .._...._ ... __ _ 
mv.Z EA 

1 ,.. 
c 

(S) 

where N is Avogadro• a number, J;A and :&Z refer to aummations over the A 

and Z of the molecule in question, vie the meaon velocity, and~ ia the energy 

loss in the colUslon. ·~(«) Js then the probabiUty (per unit length of path) of an 

energy 1011 ~ for a particle of initial energy E. 

This expreaaicm lor the probability b to be uaed in the aolutton of the 

distribution function which i1 Equation 5 of Lanciau' 1 paper and which ie reproduced 

here as Eq. (6). 

f(X,A)·c tk +t o+6 
I • 
·i o+6 

"' 

(6) 

F'ol' a. subatance that coneiets of a mixture ot several constituents we say 

-·-zw Ne 4 p
1 

E z
1 

w(c) = :Z: w1 (E") a E --.t1-"-........ 
t mv 7JA1 

1 ;r • (7) 

where the aummation over l refer• to the aum over l conatituenta. 

Maktna Wle of JCq. (7) in (6), we find that the function baa its max lmum at 

" 5 A= A = :Z: ,..! (ln 5).5XlOZ !J + 1--z) • (8) 
0 t .,... 1 i (1., ) 

where the symbols are thoae defined in Eq. (1). 

The Density Effect 

In order to calculate the denaity-effect correction• to the moat probable 
5 loa• we tuJOn to the Sternheimer treatment. In thia paper the reduction in 

eneray loes due to the polal'iaation ol the mecUum l& deacribed aa 

v z + ,z 
[ E fj ( j • ~ 
j "J 

a z ) .. f (1--)J, (9) 
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• 

3 where n ia the number of electrons per em , m ta the electron mass, fj 

is the oscillator etre:ngth of the lth transition, whoae frequency is v J' and 1 ie 

a irequency that i& the solution o£ the equation 

• 1 0 (10) 

Here "J ie to be expreased b:• terma of the pla1ma frequency ot the medium, 

" cvJ = :J... ,, 
"p 

" = p (11) 

We whh to calculate the 4enaity effect of our particular counter fUUng, a mixture 

of helium uci carbon dioxide. Since the _density effect i.e laraely the result of the 

eo-called. distant collislona, we propose to treat the. gaa flllina •• a homogeneous 

mixture of C02 and h.eUum and not dtatblautah between a COz collision and a heUum 

cotUala. Thi• reduction In eaergy loea lor the mixture le then 1\lbtracted from 

Eq. (8) for the moat probable totalloea. Tbia ia done by defining 

v .Z + ll. J ·· · a z 
6mlx • ~ fJ ln. ( •/· • J (.1-- )); (12) 

the net 1"eault is then Eq. (1). Note that 11 6mix diUers from J: , 1 61 in that 

the pla1ma frequency ia tbat of the total mixture and therefore t 
;j of Eq. (11) are different from thoae for the conatituenta alone. For the 

counter filling used in thia experiment the cUfference is neg Uglb le. 
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Fig. 1. Spectrometer. 

Fig. 2. Ionization Resulta. Cvves A alltl B: sterllhetmer U 

Curve• C and 0: Sterflheimer I 
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l'i&• 3. Cherenkov loa a va momentum £or He "' COz mixture at Z. 7 atmoa. 
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