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High Velocity .1a.'1f~ and Energy-Loss ivieasuremertts 

* T:lalter H. Barkas and Sten von Friesen·. 

Lawren.!e Radiation Laboratory 
Urriv;rsity of California 

Be .:-keley, California 

ABSTRACT 

Heasurements v-rere mad<~ of relative stopp~..ng; po'\lrers of several 

m<~i.erials in the proton· ener,D'" intervals 750-600 Nev, 600-450 Hev, 

4~i(l .. _300 Mev and 750-0 Mev. By collimation and magnetic ar1alysis a 

11 jlE:ncil beamn free of degrad<~d particles was extracted from the 18411 

c~rc-lotron. Using this beam ::.n 11 good geometry11 the stopping powers of 
,, 

.AJ., Pb, U and er:lUlsion were neasured relative to Cu. 

The total ranges yiel•l the most accurate estimates of the mean 

eJ:dtation potentials. It in assumed that the mec>..n excitation poten-

.. 

thl of Al is· 163 e.v., and that at 750 Hev. substantially all the 

t:Le:ht binding corrections required are those for the K and L shells.· 

. The mean excitation potenti.S.:.s in e. v. found with these assumptions 

an;: copper, 323; lead, 826J uranium., 917; and eniulsion, 328. The re-

stlts from the differential ~·topping-power measurements are in general 

accord with these data. HowE:Ver, the agreement of the differential 

m.sasurements vtith the theoretical ratios could be improved by raising 

the above mean excitation potentials of Al and Pb or by lowering. 

~ .. 
Pern1anent address: Department of Physics, liniversity of Lund; Lund, Sweden 
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tt .. ose of copper, uranium and emulsion. This experiment confirms the 

g€neral shape of. the I/Z vn Z ·'­curve found by Bru~er and Segre, and 

1orl:en similarly normalized, i1: in reasonable absolute agreement. The 

·status of the emulsion range--energy table is reviewed in the light of 

tl:ese and other relevant mea:;urements. Incidental observations were 

m~.de on the scattering, stra&;gling and attenuation behavior of a 

highly collimated monoenergetic beam of protons which li.ras brought to 

r€,st in a large block of copper • 

. ~ .. 
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High Velocity Rru~ Jill3 l~nerroz:-Loss Measurements 

.... --:r 
Walter -I;I. :Ba:r kas · an.d :Sten :v.on t F.ri~sen:c: 

Lawrence Radiation Laboratory 
Univer::;ity of California 

Berkoley, California 

I . IN1'RODUCTION 

The problem presented hy the stopping of a charged particle in 

matter has intrinsic interest. It is also of considerable practical 

irnpc·rtance for deriving parti.-~le energies from range measurements. 

Because the Bethe-Blocll theory of stopping is derived 'With an 

as:mmption that the particle · .reloci ty is large compared "!i tn the velo-

cii~r of the atorrd.c electrons, the approximate applicability of the 

theury at lo>ver velocities is largely a matter of good fortune. At 

a· oortain low velocity, it br;a.lf.s dovm completely. Jt1oreover, there is 

no Iirascription for correctin~ the theory at the lowest Yelocities; 

at :.ntermediate velocities onLy piecemeal and progressively leas reli;.. 

ab1o theoretical procedures are available to correct for the tight-

binding of the K · shell, the L shell, the 11 shell, etc. 

In the last few years !;;he '"ork o! Lindhard and Scharrrl has held 

fo::-th the promise of a formalism with a greater range of validity. Their 

-· ----------1}'·, ., 

Pmma.nent address: Department of Physics, University of Lund, Lund, Swaden 

., 
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thEory extends the possibHi--.y of calculation to much lower velocities. 

·It applies best to materials of high atomic number for which a statis-

tj.c.al description of the eleetron density is valid. For these elements, 

thE) tenability of the Bethe-Hloch theory always has been questionable 

e:>:cept at ver;y h;i:gh velocities. On the other hand, their fon,~ulation 

h<LE not as yet the si.'1lple eln1:,ance of the Bethe-Bloch theory. A 'ltay has 

ne:t been found to express th~) v;hole effect of the atom-dynamics by a. 

s:i.r.gle parameter such as the mean excitation potential. Aecurate energy-· 

lc-t:s calculations ha·te not b~~en attempted with this theory, although com-

pt:tations someHhat in the sp:.rit of the Lj.ndhard-Scharf:t' theory have been 

~ .. 2 mc.ce. 

At :relatively high velocities"' the Bet.~e-Bloch theory, with small 

ccrrections, remains the mosi. practical means for calculating energy-loss 

r.::tes. Somo of the cu:..·rer~t ;p·oblems in connectlon with it are: a) how 

tte shell corrections are to be made so that tho mean excitation potential. 

ir: velocity independent, and b) hm"l this velocity-independent mean excita-

tion potential depends on th~, atomic number. 

Huch of the range a.'1d energy-loss data f-rom which the existing J.n-

:::'orr.ation is derived have· be<:'n obtained at such low velocities that large 

tight binding corrections az'(:, required, and .the way in which these are to 

be :nade is some\1/hat obscure. This is especially true of the M shell 

and higher corrections~ For this reason, measurements at sufficiently 

high velocities for the ·shell effects to be small are best for Q.efining 

the. mean exci.tation potentiaJ.. 

Heasurements by Bakker and Segr'e3 \tfere made a.t a proton energy 

of ~ 300 Hev, so that the shell effects were not large, and they were 
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disregarded. Total rc:mee mea~ urements for hi.gh proton velocities were 

made by Hath,zr and Segr~.h Tl:e interpretatj.on of these results' has been 

uncertain because experiments at lm1e1.~ velocities~ have tended to give·. 

hither corrected values for t:he mean excitation potentials than those 

resulting from the measuremen1 s of' Hather an.d Seg~. 

It has been suggested6 as a possible explanation of this discre-

par .. cy that v<hen the range is J.arge> nuclear interaction effects become 

imi)crtant, so that nuclear scLttering as l'{ell as coulomb scattering tends 

to ~horten the project.ed ra.ngo, (i.e., the mean depth of penetration of 

ch;,:q~ed particles v-Ihich are iHc:ident normal to en absorber). ~1hen the 

ra:rl§:t3 amounts to as much as one mean free path .for a nuclear interaction, 

sud, an effect is exp3cted ol:·sady to be serious. ~';'hereas the data of 

. ' Ba1:ker and Segre should be ra: .. atjvzly insensitive to this effect, it is 

'\ . d thoHght that the results of M<Lther and Segre are affecta .• 1'hey measured 

tot.;J. ranges, and the geometr;r of their detector was such as to accept 

protons scattered through lar,~e angles. Only relative stopping pov1ere 

. ' weJ~o measured by Bakker and S·3gre, so that raising ot- lowering of the 

mean excitation potentia~ of Al to which their data was normalized, af-

fer~ts their derived exci tatio·J potentials. In addition, tight-binding 

ef:tncts should not be neglect~d altogether in calculating mean excitation 

po·t.ontials of heavy elements fro:r..t their data. 

To -aid in resolving son.e of the existing problems regarding 

stopping pov.rers, we thought it would be useful to carry out an experiment 

in uhich special care was exerciBed to eliminate known interfering effects • 

1·{e have designed this experiment a) to use several proton energies all 

so :1igh that shell corrections are small, b) to minimize scattering 
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corr::ctions by using a 11 good-3 eoJi.'iGtry" experi<T:ental arrangement, 

c). to 'loJOrk vr.ith elements of l::oth high and lmv atomic ·numbers, and 

d) to include materie-ls for i·;hich absolute range:-energy measurements 

or· r:Jliable theory ex:Lst up tc high energies • 

. A difficult;y in the ems;loy.'tl.ent of high particle velocities for 

the ietermination of the me8.1"1 excitation potentials is that the energy-

loss rate becomBs insensitive to the mean excitation potential, and very 

good accuracy· of mea.$urement is dcmended • 

. In this ne\v experim.ent ''~e have employed the proton beam of the 

184" cyclotron to make mea.su.r~o:nents in ngood. geometry" of the relative 

atop_?ing powers of Al, Cu, Pb ~ U and nuclear-research emulsion. The 

bean energy was knovm to be close t'" 750 MGv. Relative stopping 

povn:rrs in the energy interval:: of 750-600 IvJev, 600-450 Mev, 450-300 Hev, 

and 750-0 Hev tvere measured ldth errors that in most. instances 1.vere 

soma tenths of a percent. Emulsion was included in the experiment be-

. caus:;, in previous work7 its absol·t.Lte stopping behavior has been studied 

thr;nghout. this velocity interval. It was thought that it would provide 

a me ms, in addition to the r<mge i.n aluminum, for absolute energy cali-

brat:i.on, and the experiment -wouJ.d provide an over-all check of high-

ener.~ range curves. 

·' 
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The experiment l'<'as desiened to utilize the· ext~rnal proton 

berea of the synchrocyclotroh. Fig. 1 shows schematically the arrange-

men:~ of the cyclotron.and otbr pieces of equip;nent referred to below. 

Th3 deflecting Gystem, D , is of the rager.erative type. The deflected beam, 

on ::-eaching a cyclotron radius where the field was weak, passed. through 

a p·:-e-magnet collimator C-1 $ and 1.·1as subsequ~mtly bent by the steering 

mag;1et 1·~-1 so as to be accurately parallel to the collimator C-2 through 

whi,:h it passed (\'lith the aici of tho quadrupole lens Q) into the e.xperi-

mc::-.·;,al area beyond C-2. 

The collimator· C-2 'l·m .. s of brasS· 40 .inches long. The aperture 
. . 5" t::ll 

in: :Lt v.ras a vertical 32 x ·-a- slit. From the collimator the beam 

enu::-ged into the exp0ri.'l!lentaJ. area through a. thin-walled ioruzation 

c.h 9aber by means of ~-;h:i.ch the beam current vias monitored·. The beam. · ' 

t.h~n traversed abqut J feet of air before entering the field of an 

ani~yz~ng lt.agnet, 1'{ ... 2 (magnt~t T~OR) v1here it was bent through an angle of 

ll · degrees. Precise adjustmsnt:> of position, rotation and tilt of this 

· ma~~wt were necessary. 'l'he tr~:rtical clearance bet"t.'feen the 'pola faces ot 

.J'.na.gnet, M-2 was 5/32". 'rhe 'J:rass plate S, which filled the magnet· aper­

tu:::-~l vertically, li!nited the oeam. on its low momentum side. The edge 

a.d.jacent to the beam wa~s cut ln the arc of a circle. When the beam· 

· pa3:;od through the analyili:ng :nag-flet, the. field \'iaa adjustGd so that the 

po:lnt of .maximum intensity of the bea'll .followed a path with a radius of 

cu::"ratu:re about 1/811 . greatei:' than that of the edge of the brass plate. 

Th•~ plate therefore acted .a.s 1 11 scrapern ".'lhich effectively eliminated 

degl·aded components of the be•:un ~.-h~ch had insufficient moment'Wll to clear it. 

\ .. ) 
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After th~ beam emerc;ed .from the anclyeing mv.gnet most of its 

crons section was contained i.1 a circle of about l/4" diameter, but 

ow:l.llg to small angle scatteri·:lg Hithin the analy~ing magnet, a. ;.}teak 

de,~Paded 11 halo11 surroUnded Un central core of the beam. This was 

.el:Lninated ·by the lead collim.:itor C-3, 111hich was tailored to the cross 

se·~1:.ional structure of the be :llu so that nor~b of· the central core of the 

be;~n was intercept:::d but the :thalo11 vfas largely eliminated. · The longi-

tu,il.nal diit;~msion of this· collimator, 1511 , ·was made greater than the 

ra'lj~e of the protons. •/ I 

After tilllH~rging from C-3 the· beam ·was considered to have met ·.i · 

su:r::iciently stringent requir3ments, and v1as pcr'111itted to traverse ab-

so::-hers, the energy losses in '1-Thich i':ere among the subj~cts of this 

'l'he absorbers .... ere in the form of rectangular· parallelepiped 

ro·:i,3 or bars. In cross section they were 1~: x 1 11 , The· protons traversed. 

th·a:;e bars longitudinally. · This insured tnat if a proton were deflected 

through an appreciable scattering_ angle it v.rould emerge from the-. side of . 

th~ absorb~r and be eliminated from the beam.· The emulsion absorbers 'ttere 

coa.:;t:ructed by cutting out a large number of 1 11 X: 111 squares· of 600 

mi~:~oll' Ilfo.rd G.5 emulsion which were taped into bars. At point P of · 

F'ig, l tha beam entered a r:mge analyser in the form of· a -..redge absorber 

-vrit.h a. nuclear track pla.te as tho detector.- The construction of this 

wc:i,.!e analy~'Lng instrument ·i's shown in Fig. 2. Except when t.ha U 'tliedge 

\\·as used, the nuclear track plate wa.s of. 1 11 x' 611 glass coated with 

Ilf1)rd C.2 ·emulsion,; either 50 or 200 microns in thiclmess. Y.lith the 
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U wedge, 1 11 x 1-.3/e" plate11 ~"ere employed. Each plate l'ras wrapped in 

black paper to exclude light, J:.ut. care vras taken to provide good.. contact 

bet-.,een the eiuulsion coated. fac·e of 1~he plate ant the incline9. surface 

· of the metal wedge. One end of. t.h~ plate v1as mad~ accurately flush w:i.th 

the tapered e~d o.f the Hedge, U3 all L.leasurement:::: on the plate were tO be 

taken l'!ith respect to this, thE ::nat-ked end of the plate •... 

·The dimensions in millin:eters of the vredges f'abrie&'ted of the dif'-

ferent metals are given in Table I. 

Table I 

!---------~---·--· _. ___ _!?. ____ ---~~~~---·---~~ 

•.,. ~ . 

Al 

\ 

Cu 

Pb 
l ·u 

6.2 

o. 

158.5 
158.7 
15rs.6 

2.4.1 J. ------ ---------·--

. I 
1.6 ~ 

l 
1.6. ! I . 

i 25.2 1.9 
l 
' ! 24.0 0 • .3 _____ j 

· · · . · The lateral and vertical posi tio!ling of the wedge was established . 

by finding the beam trajectory ~dth no absorbers in position. The distance 

to thu wedge, about 40 inche:: from the collimator C-3, was-maintained for 

all exposures. ·This distance n;ust be· at least equal to the range of 7!30 . 

Hev protons in Al ( z.- l metez} • 

. Absorbers I, II and Ill as listed in 'fable 11 were calculated 

to bring tile proton enel"gy do1..r.r to about 300-· l-1ev in three steps· 750-600 

"! l·rev, ·S00-450 11ev, 450-300 Uev. rl'he remaining energy wa·s to be expended. in 

the c>pper wedge absorber desc:ribed aboye. In addition the total range 

'"'· 
was found in the metals by providing absorbers plus wedges of. the same 
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mni.erial calculated to bring the pe..rtj.cles to rest near the middle of the 

rJ'Hctge. In Table II these me.~sured ranges are listed. The. absorbers were 

sujlported by a. light alum:i.rnn1 channel, and v1ere located so tha.t the 9en­

te1· of each type of absorber, I, II, or III •·ms maintained at the same 

po~1ition regardless of the ID<lterial. 
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For an experiment suet as this, it is important that the beam 

be nonoenergetic, or at least that its structure be knotm. A preliminary 

imr~stigation8 VT'ls mc:.de, and it ;·ras found that th•:J \l!wnalysed beam com:lng 

t.hr·>ugh the collimator C-2 1\'t:JS co:::nplex, consist.ing of at 1e~st tvm compo-

ne;T;s, B and B1 emerging e.c a._ small a.t1~ln with r0spect t.o each other. 

T>1•~ mean rangA of B1 w·as l"'!::;s th:1.n that of B by about lO~L · The 

sp::-nad of ranges observed. in. B' ''ras 2 or 3 tir:10s a.s large as that 

in B. The heams could also he resolved from each other by their ti:rae 

of emergence from the cyclotron. For analysing the tez,:poral behavior of 

tho beeJ.l'l, a scintillator -vra.s plAced in th<':l beam after it e;nergcd from C-2. 

v:lhUe it uould have be(,n j_nteresting to study this <-::ffect further_. 
( 

th€re i>ias insufficient t:L11e ai.lotted to the expe:rlment for u·s to make a 

detailed investigd-ion of th3 ori1in of the second b·sarn, c.nd we simply 

undertook to eliminate :l.t. 

The collilnB.t.:tng slit 
( -

C- i - - is- constructed so that th3 width and 

latr;;ral position are ;1djustable. By reducing this slit-~ddth to 1/411 

and ·rarying its position, it '.tlf\S found th'~t -the relative intensity of 

beam B' 'N"as affected, and a position was found where its presence was 

not detected. 

Aftertthe currents in C;ladrupole :Q and> magnets H-1 and H-2 

wero optimized, regulating equ:Lpment ~,aintnined the fields constant to a 

fevl_ .r~arts in -ly; ....... J. and Q were also personally 

monj_t.ored by the exp(3rimenters. - 'Ihe ·structure of the b-ea.'1l. cross-section 

vms dudied at various points -t;eyond -vrhere it emerged from c-:2. This 

was done with standard 1-3/16' x 1-5/S" films used in film badges .for 
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raiLation monitoring. 'l'hese could be exposed, developed, and fixed in a 

fe·rl minutes, and were very convenient for the purpose. Figure 3a is the 

i;·na .. ~e recorded in this 1:l8:Y of the double beam structure at the entrance 

to l'lagnet H-2 , and Fig. 3b is the image Cl.:fter B 1 was eliminated. 

' F'iglres 4a and 4b are similar prints that sh01r1 the actuaL.size of the 

be3J!l at the entrance to C-3 and at the point -w-here the. beam reached 

th3 absorber-. 

As a supplement to thi::s e:-:periment the absorption, scattering, and 

straggling behavior of this highly collimated beam of protons 1,ms observed 

as :Lt >-;as stopped in a 11 semi-1nfi.nitet1 block of copper. These results are 

.sumnarized in Appendix A. 

Exposures were made as follmvs: To determine total ranges in Al, 

Cu., Pb, and U , absorbers ani "'edges of the same materials >vere placed 

in the beam. To determine relative differential stopping powers, exposures 

we:;:-H made 1.·.rith these material3 and emulsion absorbers successively placed 

in ~!ach position I, II, &"'ld III, while mainta3.ning copper absorbers in all 

othnr positions. Each exposure was carried out tt,rice, once >'lith a detecting 

pl.:l.i~e of 200 micron emulsio: 1 and once irA th a 50 .micron plate. Inter-· 

lea,red 1;;ith the other e:xposur;s, vrere 15 in which the absorber Has copper 

alone.· These exposures -v:ere :aadc to give us an external measure of the 

bean stability and our measur.m:.ent error. 

The intensity of the e::cposure was determined by preliminary 

t i . f 1 . t t 4.• 5 X 10-fJ e :; ;s ana an exposure o 1anu e a 

tho entra..."'lce ·to the experiJ,1~m:.al area was adopted • 

amperes measured at· · 
·intensity 

This /turned out to be 

saU.sfactory except for the )0 micron emulsion exposure to obtain the 



-15-

totel range in U.- Only a sm1~ll fraction of .the beam intensity sur-

vi Y€d to this detecting plate.. In 50 micron c .. :2 emulsion, the 

tr~.ck segments of .Protons eme:•gj_ng from th" U we_re ~ badly 

sc;,ttered, ·and were ver-:r shorL so that only poor d.l.fferentiation between 

be<:ri. protons and ba.ckgrour.d WiLS obtained. Fortunately, a good range 

s:pcctrum 'l!a.s obtained from th1! · ~'00 micron pl!?.tes.· 
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The 50 micron plates were analysed at De~keley and the inde-

per:dantly e:;.q?osed 200 micror: plates were scanned in I;und. The 200 

micr:m plates were of somewhat better quality and were more completely 

am:lysed. The ·50 micron plc-.tes vrere also ca.refully measurad and 

served as a check on the 200 .micron plates. In the final analysis 

double 't';ej.ght was assigned to the Lund plates. No serious discrepancies 

were found, however, so the t-r.:dghting was of little irr.portance. 

The plates -.rera av.J,1in.; d under oil ir11.'11ersion -:.ri th either 60x or 

lOCx objectives. Each plate~ was scanned as follm·;s: 'fte. plate 1vas 

motmted on a inicroscope stag·~ so that it could be translated along its 

lorgitudinai or x-arls, the m: aunt of this translation being defined as 

x .~ It was possible to adjusi the readi.ng to be zero at the end o.f the 

plde that had been at, the t?..pered end of the 1-;edge. As x was increased 

f:rcn: zero; first no tracks -..rere seen, then a reg:ion in which protons were 

seE:.n ending in the emulsion wu;; passed. Scanning was not begun until a 
I 

ret:ion of the emulsion uas re<·.ched v;here proton endings again were not 

ser::n, but a flux. of proton tr<.cks directed generally along the x-a.xis 

Waf• visible. The plate v1a.s then scanned py moving it so that the ob-

server follov1ed the tracks in the direction in i'lhi.ch the particles w·ere 

goj.r,g; to\~ard small .values of x. Protons coming to rest :i.n the emulsion 

wex·.e counted jn each l mill:moter or each 1/2 millimeter interval of 

x , and in a y-interval defiHed by lirrJ.t lines in the microscope ocul.ar. 

To be C01.J...'l.ted, the angle of entrance of ·a. track into tha emulsion was 

rec.uired to be less tha<'l .45° to the x-a.Y..is. 
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The tracks seen to terminate between . JC. • X). millimeters and 

x <;>' :~<:, + l millimeters .f'rorn 'the end of the plate were recorded as . ' ..... . ' :J . 

meas-lring the density of end.trgs ·a.t · x a T"l +- l/2 ·millimeters. Nore 
·' 

than one traversal of the plate was made if the intensity was ·low, but 

the scanning l'fas cont~.ned to ;e ·narrow band along the long axis of the 

. plat~~ 

Because the plates were i.nclined at an angle, <X , equal to_ 
. . 

arc t.an [C c-d) /(b-a)] , .a co;l ection was required tor this inclination. 
'· . 

The 'finite thickness of the errulsion and the thickness of the covering 

. _., 

pa.per and tape was aloo incluced i.n the. caleu1a.ted stopping positions of 

'the particle~. after a. mean value of x was found on each plate. 

The range ctl.stribution derived from 7 exposures of 200 micron 

plates in which all-copper abEorbers were used is shown in Fig. ~. 
' 

It will be noticed that an asymmetry exists in the peak,_there 
- 11tail 11 

being an excess of' lou energy pa:rtlcles. '1'-he;j.i.s probably explainable as 

residue of beam B', to the presence in the beam ot degraded pa.rticles 

.from collimator scattering, ar d possibly to inelastic nuclear processes. 

Nevertheless this bean1 was ~parded as "clean', enough for> carcyill.g out 

precise range measurements •. 
:: 

As a. practical means :fc>r eliminating the effect of the low energy 

. "tdl" 1 a preliminary range e~;tilnate was found. Then the parte of the 

spectrum extending beyond ! ';-:.5% .of this ~ange were omitted in the final 

rar..ae average.. As. may be see,n from Fig. S -the straggling in' range, 
j' 
': ' .. . 

arising !ro.:n all causes, is·.~<rdl;r. more than -the theoretieal range. 
'. 

st~·Bggling,. thus indicating 
1
tr,at the beam energy remained constant, the 

. ,, . 
·' 

. ' 
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sca.t.t<~ring effects were :mtall j and obser.ver and 1.nstrumental errors did 

not eerioualy affect the data. ' : 
· .. 

• . f 
Numerous density mea.suli'nnenta of the absorbers were made. The U . 

. . . . . . . . . . + . ·!·.· ·• 

absc··rbers l'tere cut trom pieces of· density 18.848 - 0.005 ·g/cc , which 
•.·' 

Was established by wei~hing· 811<'._ nl.af}~Uring the ditnensions Of pieces. after 

thej r final ac~urate' ':JlGChinin.z :i.nt.o the form of rectan.gular parallelopipeds. 

Mea~tureznents on the 5 piece$ of lead. gave densities of 11.324; 11.29£!, .· 

11~;195• 11.252, and li.:n.; g/c<:. these differed enough so their indivi­

dual' densities were used. 'l'he. density of: the Al was determined to be 

2. 7E:52 :!: 0.0017 g/cc.. The alUltinum, however, was a.ctually an alloy; 

. r/f2N4, of nominal composition. Al:93.4% 1 Cut4.5% ; Hru0.6% , an~ 

. Hg:_ 1.5% ~-By chemical1malys:.s the composition was determined to be ,·,,_, 
..... 

· Al: 9).62% , Cut 4.$7% , 1fu: 0. 44% , and Mg: 1.37%. The copper used had·· 
. ·. 

a de·~·sity of B.909 ± 0.001 g/(:C • 
'. ·,·, 

'· The path length$ in· all the :ma.tal absorbers were measur~d with· an . . 

accu·aoy an order of. ma.grtitude better than the densities eould be deter-· ·· 
' ·,I I · 

mine.c, snd the systematic errOl'fl in the density measurements limit the 
. . . :·,I ·•. 

· ult:i~~te a<:cura.ey' obtain~le. ~ The .emulsion bars, made up of 1.n x 1 11 

emuleion pallieles were e~tretu:~y machined so as to have a. square ·cross­

' sect.~on. The average a~ea. o~: 1; pellieles taken at random from the 
. . + . . 

barf• was 0. 9920 - 0.001 squaro' inche:s. The bars "-rere also weighed, and 
! 

ths ~mulsion density ~11s ~etei:mined by wei.ghing in pure cc14 and in air 

to.:~~-~\:-';~.-e53 '!: 0.002 ~co. ·. ~h~): \1el$hing and ,.densit;r measurements t-.rere 
. ~ "... ' _ _,- .. . : -~ ~ ·"' : . . : .· . ' . : . 

made :i;nmediately after· use, ctnd when in the torm of bars, 0 the enrulsion 
j .; ' ' ~ ~ t~ • j . \ •• ' • ' ·' ; 

\'laS Carefully ta.ped to' prevent watr!r ioss or. gain' by tba emUlsion • 
. i : . . . . : -. :' . " \ ~ t f ' ( ~ t • ' • ' 

• '·· . ' • t ... t' 2 ) . I • , .. ·• r . ··· ·' ;_· · · li r : ~ . 
i! l ~: ' ! . · .. :i f ) .;; f . J i ~- ,. ! 1, 

«il r'·,.,: ) v : . 
' ·•·, " •~:(}l I ~~ <i ~·' 

,: 1 ~ ' ~ i ; 1 

' jl.: .. . ' l J i . .., ! 
~' ·-'' -"' 

'. 

.• . 

. . 

.I . 
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esti~1ated the range shorteninc. caused by Coulomb sca.tter1n3 in the _.:t~:~'-');.-: 
, - • , • r 

a.b~orbar. 
. . . . . . . . ' . . . ... 

In the cal.culatioma:ot ~father and Segl"e for high velocity 

pa.rtioles, no restriction o~ the' lateral dj.splacement of the beam in 
. I • 

traversing the absorbor was m~da. Aa described ruJove, to reduce the 

scattering correction, we limj ted this distance to about l/2 inch 

by usin.g bara ot 111 x 1 11 squ;; re cl"OI3s section • 
. .. 

~l ~ ' 
.::: - The bea'!l. traversed theee longitudinally, and particles rea.ching 
'· . 

. the :adge of the bar escaped so. that their ranges were not measured. 

The ?artioJ.ee that remained i.t the rod tor its entire length traversed 

straighter paths; and the CQrrecti.an obviously is less .for them than 
~ . ·~ . ' 

tor :?articles with unrestricted paths. The geometry also ineured that . . . 

we iUed consider only srnall-·ru,gle Coulomb scattering. A large nuclear 

defhction would cause the particle to emerge from the side·of the 

abs~rber. 

" 

In order to gat an '.estimate ot the 'true range in this ease, 
·i. . . . . 

·modaL calculations have been ma.de by means ot a Monte Carlo m.et.hod. 
• . , 1 ~ 

. ' . 

. ;"' 
The· .:~und un1 versi ty electronic computer 5MIL was used and the computations 

,.) o' I 

· · "': lve have assumed the tollow:ing modalz Prot.one enter a square rod 
• '1 I , 

. . ll ';. •· . . , . . . . 

· alo::'li~ its axis. Th~ length ~t:}t. the rod equal~ the measured pra~ticsl range 
.. I • j/: ·. ,l . . . · 

ot :?SO Mev protons 1h. the m~t~riai. · The cross section· of the rod is 
. " ... . • '\. t ' ' . 

• . ' ~ ~ ~ ' 1 

l" :~ :111· • t-Ie ehoos~ a seal~\ wt\ere tha length of the rods is 100 units •. 
' ' ;II . ? {. . I ' .. 

In ·~~te sam~ unit.s th~:·wi~t~~; r~· th~ d:ltteren~ ~ds &ret.' . 
~ ~ , , , r· .. 

1; Al• 2.52 ,- Cu •;1~20 ·• Pb •.6.96, and fl• 11.12 •. 
~ . . . ' ' ·. ~ 

, I . 't I ; '\ 

I> 
. ·' 

·'" t: .. : 
.·."'? .. ,,· 

' ~ t .t 
• I 

,·· . ·, 
., 
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' 

Sum . '102 .I 100 

The particle which o~i.!ina.lly entered the rod on the · aJds · and ' 
1 

pal:-~~lel to 1 t · 1 s deflected i::t the various cell_. a and we assume in the · 

'fo:G.owing that it changes ·ita direction di$continuousl;y when passing 

fl'(lll( one cell to the next~ W•.:1 ~se a.n orthogonal system of coordinates· 

~th the x-axis in the ciirect:i.on of the motion of the. proton when 
. ·. ;. · ·, · . · . •r 10 · . 
·entE:rin.g the. cell. · Acct.lrding to equation 2.17 .6 in Rossi• a book the ,. 

·· pl'(ll·ability of finding .. a pa:tt:1.cle "'hich ·has travelle(\ the distance . x .· 

. . ~ . 
;· ,· 

; ' ) ' 

* ··OnE! makes the change ot va.ri~hlas~ 
. •· . ~ l 

Jt .• 2a
21e! a .. _r •·.2(a

2/e!>Jl, · · ·r·· 
e~ ~ .¥ + ( .3/2) tfo~ , · ~ · ~ i1.h~t : 

., ' r'7f " ., t , • 
ayde • 2(a2/e2) d.1) d;(· · . , .: ' , .. 

y ' . ' 8 y y . 
: . • :. 1 fl' ~ ,; : ' ~ ~ : . f . t .. . . . ~ .. 

\~' . 
The·n· by direct substitu¥-on~ ~t.he, new distribution ~unction is: 

. .· ;I f. ' . , , ,... , 
· ' • t · · • -~ ' · a_.::.:~ · 1 1 · ~ · 

• . ": >'jl !- ~ . 
. . '. · .. ' ' '' . < ' ~. ~~~ (~Jt9,2 /2o:2) 

Q(o, #,... )' )d.zk d'Y I- -~ 12' i • yl/2' • ' I • 
-~ . " r . ., ,..., !. i'(~)ta /'J). . . 

. _,. '-. 

* hf,l thank Dr .• S. B .. 
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Th~,: variables -zft
7

· and 

wi:t.b variances of 
.. 

''· '. .f. 

' . 
·' 

; I -21-
•, i 

I . 

· X C~.re independ~n t'1 'IT norm.ul, •• distributed .. ·y . - ...., 
•'' . f 
1
1 l 
I. 

I . 

' I ·i I 

'l 

and· 

For·· the different cells 'lite ch<·Ose ~y a.nd "Y a.t random from normal 1\.y 
·.:, 

· diEtribution~ with the approp:l'ia.t-3 o' s. If we orrd.t the j.ndex · y , we . 

' get :'for the project:i.on ot t}le trajectory on the y;y plane a. series of 
· 1 • . , ~ ., · ·· • • • • . • :· • · · r! ~ · 

. ·: 
( 

values 
•,' . h., \'' 
' ~ ' , 

',.t ~ i. 
·.. . ~~ ·. 
,· "I . -... 
. ~ .. , "X2 , • • • . ~ , 'Xn ' .... 

' '(t 
. ·.· .··: (' 

'! i:· 
'' 

Fro~ these we calculate the at1gle rfn J which the projection ro.a.kes m'th ~ 

: the!L:xt-axi.s in cell n and jts direction of motion· on 'ente~iri.g cell' n 1'. 

~ : 
· . ·.- gi ve:l by an angle . 'f'n • We do the sszne for the projection on the xz 

:r·: . 

plaM. .. . . . ':!:he value a has bee:n calculated for each cell from 

·. ·!+;:. 
~; ·, ?.,; e ' \. 

'. ~ !_., 

':. 1 ;_ 

) 

' ;! 

( 2 .1·' ~2 
= l6:nN - r .· ....lt ·· 

Z . 2 .(::nc 
.A e , f3 p 

•' 
•' I 1'' 
'' 

(Rossi, 2.16.4) • 

vla. ,;:;m now calculate the diata:::tce between the Point" where the particle 

ent•:.l."s and leaves the cell. :r 1 In order to take into aecGunt ·the fact 

. ., :. '• 

' '' ~ j • 

.. . 
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\:lhen calculating the. true I"ange · SI•UL starts in cell number one 

and ~oes along producing its own random numbers and using the o.orrespond$ng 

and tt • n 

As soon as a·partic~e escapes .from the rod thro'ugh one of its side 

· su.r£.1cas the calculation i;s broken oft. The machine makes a new attempt, . 

registering the number of the cell from which the escape took place. 

A SllpplGlllentary condition has been that only particles, lvhich reach the 
' . . 0 

end ;)f the rod at an angle of less than 45 to the axis shall be in:... 
' \ 

clud,~d. Nuclear scattering h8s not been taken into aecount11 A cut-off 

at ·J.;; . standard deviations ha.s been applied. 

,· 

The results of the Monta Carlo calculations aret 

---------'7"""'5;::;0_,l:.:.;~e:;;.:v:..· .:.P.:.r?ton Ran e Corrections 

Attempts Sllccessful 
· attempts 

Ratio Correction 
%· 

--------------------------------------------------------~ ··,u· 
·. ·nu 

Pb 

·lJ 

1431 

1356 
23ll 

983 

100 

'' 400 

200 

200 

14.3:1 
3.4:1 

ll~6:l 

4.9:1 

0.076 :t 0.003 

0.228 :!: 0.005 

0.518 ± 0.013 

0.696 ~ 0.019 

copper· 
Fig1::-e 6 shows the distribution of escaping particles al~ng the/rod~, 

F'igx:-e 7 shows the cfistribut.ion .of the individual range corrections. 

:en order to check the corr~ctness of the calculations we also com• 

pu.t·31i the correction for an 'i!Jf'initely wide copper rod and got the value 
• 

0 

{ ~.: 1 ' , O ~ 0 

•', 
0 

A 

0 

O O • ,: l ' 

0.4.5H :1: 0.013%. This agrees' \Hll )lith a'va.lue 0.45% obtained. 'f'~om 
: <t t }' • I ' ' • 

' >' ·. .~; -~ . . ' ~ ~ 
Mat!1ur cmd Segres formula.· ::; · ·· 1 

~:'he corrected ranges meas\tred in this· e~er~Eu\tare given in :Table II .• 
t .. • . ·i .. 

' . 

•' ., . 
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f:1: Cu.Eq. 
"£·Ratio 

zrJ.29 .. __ . 314.91 
...... t)~~f:.?P: 

I' 

TABLE II 

The Absorbers Used, the Approximate Energy Interval They Encompassed, a."ld 

Their Measured Copper Equivalents in g/cm2• 

. .fh Cu. EQ,.t 
.. ?Ratio 

U Cu.Eg. 
·Ratio' 

415.62 ' ?14.91 4.32.50 .314.91 
' ,.. . .. . l :319~ L;r73l• 

_Jh Cu.Eoo.= 
· ·~~~Ratio 

Energy Interval 
0-1ev) 

750- 0 

• • I - - ..._ - ...,.~ , ~· • : . 

79.01 ,.· . 89~ 90 
0.8789 

71.47 .·' 81.27 

O.S794 

61 • .34 . 69'~ 67 

0.8804 

..........-.:.' 

, 
118.7.3 90.20 

. ' 1 • .3162 

108.71 82.32 

1 • .3205 

93.67 70.76 
.1. • .3238 

121.5.3 89.68 
1.3552 

111.49 ' 82.10 

1.3580 

94.60 ' {68:86 

1 .. .3738 

94.644 94.20 
:1.0026 

\ '. 
85.831 85.26 

1•0067 

73 • .346 72.61 
'1.0101 

I 
(750 - 600) 

II 
'(600 - 450) 

Ill 
(450 - .300) 

~ 
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VI. ,THE RANGE STRAGGLING 

The distribution of p::•oton endings in the plates \'tas recorded. · · 

· Oi.r:i.ng to a small asymm9tricaJ~ bo.ckground, as show-n· in ·,rig. 5, the high 

. ent:rgy side of the dist:!'ibut ~on was nearly gaussian,· but the other side· 

wa(; slightly· distorted. It 1ra.s found that the straight line obtained 

fl~c~m the high energy ,Part of the curve _when the dai;.a were plotted on 

11:nc·rmal-distribution11 graph paper gave reliable estimates of the appar-

. ent; range straggling. 

The pe~centaga straggling is g!_yen in the first row of Table III. 

· Tht: second row lists what thu standard deviation of the ranges -wo~d be 

wo2·e the sole. straggling ef~>~ct that caused by scattering. 'l'he third 

rc1\l' is the Bohr straggling a:l calculated by Sternhaimer11• The reai-

. due; must be attributed to the:! energy dispersion of th<}' primacy beam, 

ej:fects of energy losses to nuclei, inexact correction for scattering, 

. 'I' ABlE III 

Rangn Straggling Effects •. 

Star1dard deviat~Of.lS e.xpres~ed in p~~rcent of mean range.-

~---------------------------------------------------------------~ 

-----,._-<"..;.'··' '"2±2~-.:z.~ . .E.--~--!.-----I . 
Observed Total l.ll 1.30 1.33 1.57 · I 
Scattering Effect ) 0.03 .l .2 0.25 J 

I 

Bohr Straggling 

Residue 

' It ~ 

. ' ., 
! • 

0.99 1.06 

.76 

l.OS 

1.11 
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ar.d· perhaps other unknown effects. l"lhile the statistical reliability 

of these data is not high, a ran~e st.ra'ggling of perhaps 0.6 - 0.8 ~ 

cctld be assigned to energ.v tl:i .. sp.::rsion of the beam. The extra strag-

gling in uranium may have stHtistical significance. 

In spite of the .large thJcknesses of matter traversed by these 

:p1•c.tons, the. straggling does .not short any clear influence of nuclear 

· coJJ.isions. An interaction ~~ausing nuclear excitation generally is a 

catastrophic event leading to a substantial loss of energy, and one 
deflected 

in: v1hioh the particle is r.orHalJ.y/out of the good ... georn:etrJ beam. 
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VII. STO?PING PO"I\'ER RESULTS 

rJhat we obtained in t-1is experii11ent were the mass stopping powers, 

' fl);~ several ener.~ intervals, of Al; Pb, U a.Tld emulsion relative to copper. 

Tho total ranges in Al, Cu, :?b and U were also observed.. The proton energy 

Wi~:3 known only insofar as it ·can be inferred fror:l these ranges. 

In Table II we have l.Lsted each absorber and its observ-ed copper 

equivalent~ These figures e w.ble us to calculate the mass stopping powers· 

rnJ.ative to copper. Because \1Je have also measured Al/Cu and emulsion/Cu 

rai.ios all our re~:>ults cf'.n a> .. most as well be related to Al or. emulsion. 

Tht: ranges in the aluminum a~oy have been converted to range in pure 

a.J.nn.inum. using Bakker and Segr'e• s relative stopping powers. 'l'he emulsion 

abEorbers have also been adjHsted to the equivalent absorber of standard 

emtlsion having a density of 3.815 g/cc, assuming that the density change 

w<:.e caused by loss of moisture. 7 

In Table II the measurement uncertainties are not given separately 

fc.z each entry because the s:i tuation, as explained below is rather com-

plicated. Each measurement <:onsisted of the determination of a range 

' 
eithGr in a pure material or in a two-component absorber. To find the 

statistical error in this part of the measurement_. we referred to the 

numerous measurements of the range in pure copper tha.t ;-;ere carried out 

al tarnately with oth{~r runs. These ranges have a standard deviation of 

0.01 g/cm2 for a single deteud.nation. 

In addition, there are small uncertainties in the density measure-

ment.s, as discussed .t>;bove. frobably additional errors were introduced 

be !.mso the geometry of the experiment could not be made. precisely the 
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f.ame for the various n.bsorbo:::rs. They -vrere not all of the same size. ' 

Finally, the scattering correction.is only approximate. The typical 

c::rror in· measurement, therofore, is perhaps z 0~2 g/cm.2 of copper. ' 

' i 

I . 

. I , 



-28-

VIII. DETE~UNAT Wl'J OF NEAN EXCITATION POTZNTIALS 

In this exper:unent totial ranges t-;ere measured and very thick 

":toilsn were employed for th J differential stopping pov;er measurements. 

Thoy produced substantial cl: mg<.:.s in tho particle velocities, so that a 

d:L:~fercntial anergy loss for..mlc, is not applicable.·· Ranges arid range 

d:Lfferences were thsrefore u. ~ed to determine rr.ecm excitation potentials. 

H. Bichsel
12 

has calcilated theoretical proton ranges in the 

m;a,i;erials 1:~hich we adopted f.)r this study. Ha assumed a. numb•:1r of different 

mHan excitation potentials, :[ • For each choice of I , the range inte­

g:~ation 1-ras made for a) t1o ?hell corrc-lctions, b) K and L shell corrections 

at!<:ordi!l,<1 to \llalske13 and c) K a.11d L shell corrections, plus trial .corr.ee-;~ · 

t~~~~:rs for other shells. Att.·lillpts to fit the low-energy e;r,pirical data 

W•We made using th•.::ise higher shell corrections. 

There is rather gener.:J. <::.greement that 163 e.v. is close to the 

1~J'ue mean excitation potent.c.al o:': A114,l5,16 • I'Jhen the rang·e of a 

7:Kl lVIev proton in aluminum w l.S calculated using this value of I , the pre-

s<mce of Halske' s correction { was found to produce a cha,.'1ge in the range 

o~~ only a part in 3000 1 so that it is unlikely that any inadequacy of 

tlw shell corrections could 3er'iously affect the range in alurn:inum. He 

i:.lterefore assume that. this :~cmge provides an absolute measure of the 

bo<m energy. It irnplies t[l~·~ the bea.-:l energy was 752.2 Mev. 

vJith this bea:rn energy, we interpolate ,Bichsel's calculations, and 

o'bi.ain mean excitation poten'.,iaJ.s for the. other absorbers from the observed 

tCJt <J.l ranges. The results a::-e shown in Table IV in 1-vhich the apparent mean 

e;~citation potential is calcnlated \vith and \dthout tvalske's carrections. 
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Table IV 

Hean Excitation Poteniials in e.v. Derived from 'J;'otal Ranges 
·-------···"""-·-··-=·":""·-·-~-··· ~--··· --·"·-·~·--·····-····-------........ ,. .. ,_ .. ____________ .. __ ·~··--, 
\ N;-~or;~;;;,:-~· ·-· . ... ... <;9~~:'-~--!e::;--· __ .· !!r~~uml 
1 'VJa.lske' s correctiom: 323 826 917 j 
l for K & L shells 
L---------------·-----·····---· ·--- -- ..... ----~··-~--~·-~·-· .. ·-··-·--.. --··----·-------

vlliile they are not laige, evidently some allmvances must be 

mad9 for shell effects, even at 750 Hev. According to an estimate 
. . 12 

of Bichsel 1 M and N shelJ corrections w-111 be about one half the 

mag:1itude of the K and L shell corrections. If we assume that this 

is ::orrect, the respective·v.slues 322, 818, and· 908 e.v. are our 

estimates of the mean excitation p:)tentials of copper, lead a.'1d 

ura1ium. 

· In addition to total ra.>J.ges, Table II lists 12 ratios of range 

difterences for three velocity· intervals. These are essentially inde-

· pe1dent measurements. Beca.tw':l they are ratios of differences, however, 

t:N accuracy deteriorates, .:.nd ~::he ralative error r>.w.y be several .fold 

larger. It is perhaps wisest, ther0fore, to use these values chiefly· 

·as t!hecks of our other results. 'For this 1-re have interpolated the 

ta.b:.es of Bichsel that were calculated with Walske' s corrections. 't<le 

us,~d the mean excitation pote·1tials derived with shell corrections from 

t:w total ranges. Theoretic3.l va.lu::;s of the differential stopping 

pou€.!r ratios were found in this uay for all the absorbers except 

. . 1 . 6 h' h emulsion. For emulsion,; we uJed the tab e of J3arkas , w J.C vras cal-

cu.::_nted td. th viaJb?e,b' s K · and L shell corrections and a mean excitation 
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:~•>terJtial of 331 e.v. 'rhs results are given in Te.ble V. 'l'he agree-

ffi'O}llt is reasonably good. In only om~ case does the difference exceed 

1;~. · On the other hc:..nd., thf;n i::; evidence that systematic effects may 

b':: present. The theoretical l~at.io~; for Al and Pb seem low, -v;hile 

those for U and emulsion a~·e in g0od agreement with the measurements. 

Tl1n entries in the table c-rouLd give no indication of systematic effects 

i::' the mean excitation potential of Al and Pb \<rere raised a small 

a.ruount, or those of Cu , U , a11d emulsion s:L":lilarly lm.,rered. 

Table Y! 

Heasured and Ca 1_cula.ted Stopping Potier Ratios. 

Th~~ theoretical calculations used. mean exci ta.tion potentials as follows: 

e.v. 

Walske's corrections have been :made. 

~- Emulsion j Al/Cu Pb/Cu V/Cu --Cu 
-?5o- 600 Hev (Ex:p.) • S7f39 1 .. 3162 1.3552 1.0026 

I Theoretical .8729 1.3064 1.3588 1.0075 

I 600 - l~o50 Hev '~"· ) .8794 1.3205 1.3580 1.0067 \ .• ;.:x:;:) • 

! Theoretical .8?06 1.3123 1 • .3662 1.0073 

i 450 - 300 I.fev (J~xp.) .8804 1.3238 l.373S· 1.0101 
l__ 'I'heorctica.l .8677 1.3202 1..3763 .1.0079 

Of course, to do so is i:npossible while r::a:intaining the measu:red total 

ra:ges as a constraint. The internal consistency of the measureraents,. 

tr .. tn•efore, seems to ·be incomplet•.t.. A possible alternative is that the 

tl- €oretical curves, Oii. 1-rhich \ie have leaned heavily, may be at fault. 

'l'tere is no evidence f:corn th'' experimental data. for a velocity-dependent 



-31-

SjTtematic error, hm,rever~ 

The magnit;ade of the discrepancJ-~ can be. illustrated by the ratios 

f'm· emulsion. If c::mulsion i;; compared with Al throue;h the ratios of 

AJ. to Cu · and emulsion to Cu , we find that the emulsion mean ·exci-

t~1t.ion potantial ·rrould have i.o be reduced to JOL, e. v. for agreement. 

On the other hand, raising tLe me en excitation. potential of Al to 

1/'E e.v. also would bring ai•out agr(:>e:r1ento 

The Al to t*tulsion ratio obtained in this 11'fdJ1 is subject to 

a r.umber of errors and :may r!•present art zxtreme fluctuation. It could 

bE:, caused by small errors in more than one measur"'nnent that have in 

. tU s case been addi tiveo 

As reported in a pr.::l:minary account of this ex:peri.ment17 ·our 

d t all .r.o· ... h , ~ th r;r,~- vs z t:. a gener, y con..:.~rm ~, e S!iape ot e :.. . . curve found by 

" B~~ker and Segre. Their da.t;~, of cou.rse, are to be normalized to 

IP.l == 163 e.v. Whereas I/Z = 12.5 for Al, we find that it falls 

tc 11 for copper and to lC! for lead and uranhun. 

\ 
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IX. R,<;i.JAlli S CN 'l'EE E!·J:ULSIGr~ S':'ANDARD 

Becaus3 it is much net d8c1 for measurements of reaction and 

d:i.sintegr.s.t.ion energies of eJer;tent.ary particles, the rrm.go-energy 

rElation in emulsion has .;ssnuso. a specia~ importa.nce. It is th;; only 

m.steri.al in 11hich ab~>olut.e z, :::,:;:r·:-.wil and :('ange mcasureme:r;ts have been 

m;;ce at velocities as hish a.i tho~;c o.r thi~~ experim.ent. 7 

Other measurertl3nts, ir eluding thi.s one, rely on the theoretical 

e:xtrapola.tion of lovJ-energ;y n ec: .. S'l:rements for an absolute standard. 

Pa.r·t::.cle r<::.nges measured in (!!i~lsion., v;h:il·s beset 1.dth certain special 

problems, illso ha.ve ::m advant as~0 in being free of the scattering error. 

T.he range is simply the visible length of the pa.~ticle 

pab. in eruulsion, 'a:hd:. 1s cE sil:7 rf:lct:i.fied. 

This eJ:;::::erim.ent r~lat<': s th·'~ stop~:d.ng pm,·er of emulsion to that 

of :opper in three v.:o:locity :intervals. These three ratios, vihich are 

:lnd epende:nt of each othe~ do h:;t c;)ni.'ir::1 '.\fell the measurements of 

rr . 18 t 1 1 . r eJ..nz 8. a OWe!' VG OC:L ty. ),t a. proton r·m.crgy i.l!hich •,re novJ' believe 

to 1ave been "'3' 7 , .. ;.• b. )'~ev., h<3 'tea3u;.~ed tn. eJ:rulsion/copper range ratio 

o.f 0.990 ± .003. On the otter hand, at 208 Hev De Carvalho an:t 'i.~ 

17-... ~ "dn!"''~l9 J.: ..o. .J..:,.. tlC..!4 .found the ratio tc be 1.005 ± o.oo6, in agreement vii th what 

wouLd be e:xp0cted from our d.da.. If we t.ake the value 323 e. v., 
dGrived above, for the mean (Oxcitation potential of' copper with 1tJalske 1 s 

cor.rGc.tions, then our emulsion stoppjng pm-1er ratios to copper give for 

I:JmuLsion a mean excitation pct.~nt:La.l of 328 e. v., in excellent agree-

me:-1·::. -v;rith the value of 331 e. v. implied by the absolv.te range­
.6 

mo:u·mtu1n measurements. 
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In emulsion, a. n•.mt'ber of syste1:.atic effects can be introduced 

ill the measurement of track-:.engths. Corrections were inade for them 

in establishing the range-erinrgy relation7 • 'I'hey inc~ude, ·for example,· 

th~= track-lensth lost :>:>et..reen pellicles, and the distortion caused by 

Coli;pression of emulsion. Sudl ;Dfi'ects do not enter as corrections in 

tld.s expr;riment. It was recnmmen(.lGd in connection ....... ith the emulsion 

r<!I ge ta.ble6, that the method of· applying corrections . be the ~ame as 

th.:.t used in measuring the· rn . .-·'l_ges o.f Barkas et el. 7 Systematic errors 
. trn.cing 

thEn are not .introduced in .~:> 11")>(· ,1: particle tracks through the· emulsion~ . 

~·lhM1 compared with tne rar:g•3:: me;;u;ru.red in this e.xperi.'Il''.mt, however, 

s~'f:temat.ic differences still c.ar; enter. All the corrections made in 

R.(lf. 7 11re:re in the direction to jncrease their tat·lll.nted range. It 

·· iH possible, if there rema.in:; a measurable systematic error, that it 

mHJ" be one of overcorrection~ t.bc..t the tabula.ted emulsion r.anges ma:y be 

tc;c, long vih~n compared · .. ..n.th J'i'lnges measured by the method of this ex:peri-

r:J.E:r;t or b~r tracl{-tracing i>'itltout e.pplying corrections. 

~o study this possibi>.ity, we shall revir:::-v.r the relevant published 

me¢ .surement s. 

The ranges of nt·3son sucondaries from K- meson decay were measured 
?·~ '":1 ~,, /"'\'""'!' 

in a nwnber of researches.,,....;_,~--,~ ... ,.,;.) vlith the present best values of 

th~ masses of K, 1t and ~ rue:~ons, 24 the expected ranges ar.e 11.86 

em .timeters and 20.96 cent:.meters, respectively, for the K 2 n and 

K,.... modes. 
t'"· 

'I'he weighted avnrages adjusted for emulsion density, but not 

in(.luding all the co.rrectionD em.ployed in preparing the range table, ar.e 

lJ.. 72 ± 0.05 and 20.8l ± o .. oa centimeters. 

'l'he correction for radiative decay, ..,.-rtich tends to lower the 

. nwe.sured r;_mges also has not be~:m made. The differences here are 1.2 

ar.c. 0. 7 percent. 
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A test was made of the range tables at. very high energies by 

l"eldman25 • For pions with a,r. energy equivalent to protons of 1600 

Hev, she measurod a rangG th:; t was 1.005 ± 0.010. times that given 

b}' ·the emulsion range table. 

Friedlander et a.l. 26 n~.ade direct comparisons of emulsion with 

al.um.inum at velocit"ies sotne\'IL'ii.t lower than those of our experi.;11ent. 

Fer protons of nominal energr 146.5 !"fev~ they measured a median range 

of 60.13 !: 0.20 rnillimete~s in emulsion of d.enai.ty · 3.?91 :t 0.004 g/cc~ 

vJhen altmii_'r'J.u;n absorb~~rs of ~).0805 g/cm2 and. 11.4864 g/cm2 v1ere 

st,ccessively placed in the b:·.sr:t the ranges in emulsion were reduced to 

41.42 ± 0.17 and + 25.18-0.21 millimeters, respectively. 'l'hese 

TlJ.ElE surem.ents did .. not include adequate scattering corrections, and 

' -tc~t al ranges. are therefore sHbject to tl.oubt. Differential energy 

, lof;s measu:r<ements are not sensitive to them, however, and we can 
; . 

. dnc.uce Ai/emulsion .ratios as follows from their paper: 

146.5 - S? ,4 r:iev , . 

146.5 .. ll'l.9 Mev 

.8669 ;t o.oo69 

.857 :t 0.012 

}'rom the shell~correc·:;ed Al ranges, and the em:ulsion range 

table, these rat:i,os are expe:lted.'to be 0.847 and 0.849, respectively. 

Ag1•eement could be reached b;r reducing the mean excitation -potential of 

emtlsion to 307 ± 10 ev • 
. + . ... ' . 

The mass of the . .t- hy,~eron,.is best determined from the reaction 
~ ~ -

.. 0 
E -~p + 1t • The. range o{ ·~he proton is in an interval where the -.. ' ... 

i ( • 

range-energy relation ·is t;ho1ght :to be well known. The pion range of 
. - ~ -' , ~ . . . 

tho alternate mode of dec~3r~ E+-~n + .rt• ha3 been measured Zl. It 
l • f 

• d. ;, '· ' 
:. " ' 

• f t '· -.· .. 

l . . . 
. ' 
' ' 

. :" 
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... ....... 

'. 

9.2484 ± 0.049 cenUm(r:.ers. 
' 
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Using the .mass of the +· I hyparon 

fc·und from the .proton decay mode, the pion range is expected to be 

~>.3175 centimeters. 
I • . , . 

Ag<: . .tn the measured range i,s low by about 
f • ' • 

3/4 

percent. The radiation corpection, t-rhich has not beeri made, would 

tend to reduce the measured range below th:l.s predicted value. 

. ' . . 28 6 
Recently Zrelov and Stoletov measured the range of 58 

. 
l~ev protons in copper using ar. _experimental ~rrange.ment vary similar 

to that of Hather and Segre. They found a range of 257.6 :_ 1.2 g/cm2• 

From this range they obtain a .mean excitation potential for copper of 

.30 5 ± 10 ev. Using the same d;; ta., with Bichsel' s table 11re obtain 

.309 ± 11 ev. No a.J.lowance for a. density-effect correction was made 

·in deriving this figure·, althou:~h accordj.ng .to Starnheimer29 a smaJ..l, 

e(fect exists. While they .did not make' the measurement in '1good 

g9•)metry11 this appears to be an excellent measurement. It .must be 

t3.1cen as further evidence ths.t the mean excitation pote'ntial of 

C·)])per (and emulsion which is tied to it by our measurements) is 

S!)Jaewhat lower than our total range measurement would.~ndicate. 

In spite of t;he excellent accord lve foUild in our total range;· 

mr:asurements, these variou~ .!)ieces of evidence lead us to believe that 

tlw emulsion range table overestimates high-velocity ranges by perhaps ... 

In carrying out this ·~J<;pet-ime.nt we were aided by the holpful 

co<1pe:r-ation of the cyclotron crew under James T. Vale.{ To Dr. C.· E .• 
· and Mrs. K. Kjallquist . · . 

F1~~berg/we are· indebted for~ ·~he SMIL calculations. l~r. J~ c. \'Tells 
\ . . ' ' . 

hEiiped both with microscopy- nnd calculations;· and Eugene H. Huffman 
\. • ' • t 

'I. 
'• ! 
I ~ 

1, ' 
; i' .! 

ll f 
I ~, ' 
I ' 

' I 
··: 

.'i. .. ' 
,, 
,f 

I! f ;\ .. 
·' ' 
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m.a,Jle tha chemical analysis ot the aluminum alloy. The scannD!ng of 

th~~ emulsion that recordeq t'1e protons penetrating the lal"ge copper absor­

b•3l' was car;ri~d out by Pll'r. : t )uis Enos. S. v .F • would like to thank the 
.' ' . . 

L.?.Hrence Radiation l.aborator:7 for tha generous hospitality shot-m to him· 

. and the Roy~· Physiograp~ie· 'lociety of Lund for tinarieial support. We 

:;a::'B most grateful to. Dr. ·H. 3ichsel for the use of his range. tables • 
•• - . . : • t ~ ~:· 
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APPENDIX 

The 11pencil beam11 prep3.red fo:r the ranee experiment ·was studied. 

in .:3ome detail as it was brousht to rest in a large copper block. 

fuzri~sion layers embedded in t. ·1e copper were used as detectors so that 

tht~ later&l spreading, angula:- distribution, and range distribution 

'lrre::-n obtained. For scanning thi::> emulsion -w-e are indebted to Hr. louis 

T. Enos. 

The observations may b ~ summarized as .i'ollot..rs: As the beam 

tr:1~'ersed the copper it was s ~a.ttered and attenuated. The mean atten~ 

. . -25 2 
ua·:.:.on cross section of the cnpper nue1eue waa found to be 7.2 x 10 em • 

Th1~: ra."lge on the.'be8,m aris ·:vJ~' 3 311 ... 9 ± .3 g/ai·. The range straggling 

W8.:3. 2.94 g/cm
2 

whe:n\ rneasurei on i:.he axis. The mean depth of penetration, 

<iila:.nished with distance from the beam axis. apparently in a roughly 

centimeters off the axis 1~-as reduced 

by 3.6 g/cm2• 'l'hc st!'aggli .. lg o:f these off-axis protons 't'ms increased 

pe:~haps 40 percent also. 'T': 1e spreading of the beal'Jl can be Cr1.ldely 

de:;c:ribed as follows: Let . / 1/f /. ; ,P l/10- and / 1; 30 be the 

di:si.ances from. the a.xis vrher~ the density of the bea.11 is redu.ced 

rG:>pectively to. 1/2 , l/10,, and 1/30 of that on the axis. Then 

a.s :Lhe beam penetrated· the co:)pe:r. these distances increased tdth the 

depth of penet1"at:i.on, · S, acco :-ding to Table VI. 

TABU~ VI 

s (g/c.112) ~l/2. <·~) l1/10 
(em) ·.n/30 (ern) 

68.8 0.2$ 0.52 0.7 
114.5 0.42 0.82 1.1 
188.3 0.80. 1.6 2.1 
275.5 1.7 3.4· 5.1 

I ,. -, 



-38-

The median projected •U1gle made by the beam particles Hith the 

a;c.s varied liriearly with th•> dista11ce off the axis. It amounted to 
() ' . 2 3. :per centi.11eter at a dept:1 of' penetration of "296 · g/cm , v;here the 

vi~dth of the beam was near m.•:x:imum. The projected angular distribution 

of the bea.11 at this depth o.f penetration had a standard deviation of 
. 0 . . 0 

5,,(! On the bE3aT:1 axis and i:·1creased to ll at a point 5 centimeters 

o/i' ·the· axis. It remained n~~a.rly flat for about 2 centimeters on 

. e:".1-her side of the axis. 

The full details of titese observations are too lengthy for 

pJ•osentat:Lon here. f.1ors inffJrme..tion can be obtained from one of us 

(HJ:B). 

. I 

.f 

,, 
'. 
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F~.gure 1: 

l~:l.gure 2: 
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FI1 }URE CAPTIONS 

!he 184-:1.nch cyclotron proton beam. Features 
mentior.~e,l in the text are labeled. 

Shape of the uedge absorbers. 
given in Table I. 

The dimensions are 

l":l.gure .3a·:and .3b: Beam strncture at entrance to magnet M-2, before 
j and afte:· e1:L-ninating beam B 1 o 

I'jgure 4a and 4b: Contact prints ~hewing, respectively, the actual size 
of the boa;.ll at the entrance to collimator C-.3, and as 
it entert~d the absorber. 

l'1gure 5: The rango distribution of the beam in copper. The 
actual d:.str:i.bution is shown as a solid line. The 
dashed portion is syznmetrical wi t""'1 the high energy 
side of the peak. 

Figure 6: Distri bui..ion of the distance from the point where 
the part~.cle entered the copper rod to the point 
uhere it escaped. The distributions found for the 
other a.b£ ·orbers were similar .. 

:F'igure 7: Distribui.ions of range shortening caused by scatter­
ing. ThE: range reduction is expressed in percent 
of mean l'ange. The origin~ which is labeled 100.00, 
is the pc int reached by al,l unseat tared particle. 
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