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THE RANGE-ENERGY RELATION IN EMULSICN
PARET I: RANGE MEASUREMENTSY

Walter H, Barkas, Paul 4, Barreit, Plerre Cider,
Harvy Heckman, Frances M. Smith, and Harold K. Ticho
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introduction

For some time it has been realized that 2 complete e_xperime_!‘s’M Te=
atudy of the range-enevgy relation in exulsion would be desirable. The tech- »
nique of stacked emuleion pellicies hasg beet developed so that ‘-g-mulsiou a'orsfit‘ ; |
is a most important instrument for high-energy physics, but empirical range- 3
energy data have not been available for vmy' high particle velocities. Even at
low emwgies the range curve has nut been known well, because the deneif"'g" of
the emulsion from which mest of the information v:anmzl wag 1ot known,, or wan
known to differ {¥om that of the Et’deGd emulaion. Recently, the need for re= )
Hable data at very high as well 28 at low velocities for measuring the dgcay i
energics of hyperons and of K 'mesons became acute, making this wé:k im'psr.%i
ative.

Some possible pitfalls in a range-energy experiment are reliance on

secondary etandards or unproven rpethcda for the estimate of parucle enex-giew., g

and fzilure to measure irue wc.t%fied parfciule rangesn Measureient af tlm
mmnam&a of particles by deflecting them through 18¢° in an a«:cnra@ely meane

ured wagnetic fleld greatly reduces the firet uncertainty. Algo, by meas_t}__z‘e.‘
pasis of the visible length of particle tracks in emulsion, one may aveid a scai

tering correction in roeasuring the rectified range. The advantages of fncor-

porating these features in a range-energy experirment were obvious, therefore

when we underiook new measuraments we introduced these technigues as wall
a8 precise kmowledge of the emulsion density, In another respect the expexi-

b, snent described below devia%:efa frow comvention. It is usual >t'o collindate beame

strongly to obtain a group of m "moemergnﬁi« particles by bending in a magunetic

- fleld, ’r‘hzs., however, leads to ulit ecattering: We prefer to use a small source

3 ; B o s ‘ e B 5 ,. >.f‘ ; : 5 o “‘ 'v 'i"-_r k h hgos ) L v v -
- This work was Jdone under the auspices of the U, 5. Aromic Emergy Commiseisn,




e gecmetyy,  We calculate momenta from the known source pob

R mwd pmﬂt and direction of imera«w"wm of each gpagmrie ifsmjw%m“;

aesm” iy

G with thw emulmim., This snables us to caleulate individual mcwenﬁa to 2 paf%
R in one %.houga.ndo or better, and every track provides useful Tange damg ' The iy
: immtwaxian Was riamg‘%d prima rily to yield mi’t:wma.zmn regarémg t!'m mm

P IR U

w:}%&fﬁ %hmr Maa,’mé;ica} distribution has been the auhje:ct of amzthe:r mwﬂy

.

M@asurerx,ﬁm w3 1 Emulamn Sens _s, and bhrinkage Factm’

Tne: Ilfm-d G.5 »zemuiamb geed in this experiment was irﬂm a amgie
mamu&,.tm‘mg ba.tci‘; {M}Z@ 3% Prioy to use 3t was stored 50 feeat uudm'gramﬁ;
_ oy ﬁevefal we&ekm m the mnmzfawtuw«v*s i‘ight p&ckaginge Tquiiibrium” j
i '. rempm# to the water congent of the exnuision %hmrpfora wag approatched‘

; smm vmfameﬂ amd ex«teﬂ@r edg% were wimmed Erﬂm t?wmu Tha deaait. vl

in this lahafamr;rq:? The inciridusl densiuﬂs in g/»::wr33 wer&* L 8243 3 3?‘ /.
3,838, 3.832, 3,814, 3.836, 3,810, 3.810, 3.821, 3.819, 3.408, . 3,827, 3.8,
3 825., 3,828, 3,813, 3.815 (Av, 3.8225}, The fluctuations are x‘eai,, and their
ex’is%sme ham prevmumky been mentioned in connection with the measuremmnz E
of range atraggling. ° They have important implications. In thif study the
samples taken were each about 4 cm® of 600 -micrpn emulsion, In smaller

volume elements even greater variations must take placs, For short rangwg 5

‘ denaiﬁy tluctuation of the order of 1% thezefore snay be eupectedg and data frm:*

any one smulsion plate cannot be relied upon o be better than this ne mattef

ow mamy rmnges are measured. (It is suggested that this effect may be aue

Feas Ot Why a number of ohaervers have found an apparent dk&ﬁeﬂrﬂnca h&tweem
mgngsﬂ i aamples of G.5 an_l of .2 emulsion, which at the saine densi\ty ahawdf |
mm be ﬂatactably different i stopping power.} Long ranges, which sarmple a ' .
lﬂr@a nmri: of the emulsion voluine, are less affected by local density flackuas T |
ti@asﬁ Tut'a contribution to the range siraggling fxom t‘ae amwlaiem hetsrngeﬂmw ‘
may ﬁmmrﬁhfless ke expacted.

The amm and weight of each plece of en leion, .aimsr with- the dem Wy, ‘
{,,mzez *‘Ew ave:z:ag@ tm"kmaam This agreed to within § /2% with the rwea*abe thiele
( nens nk the ahepts J@%wmﬁmd from tm, sw&.rwa.li tﬁmgnaimw of the stacks into Faney i

hich the @mmairtm was mwmmm,, ¥ i : e




_dryﬁng hathm the emm%sims tmcm-eaaea wers meaam;ad agaim Tha Vaﬂuuv; ‘

1 eatlmm&es of the shrinkage factor all wre included in the interval, 1. 97 m 3.'334;"

‘ .'.{This ﬁmzlud«es one measurernent: derivid fatataatic.dlly from the ra:nges ﬂi L
mum‘.s origin&tin;: la el dvays virdth wrymg dip a.ugies, which gave Z 02 :z:'f}j 03,

Apparatus and Exposure

The eyperimom wae carried out in the vacuum c‘hambr O‘F thm 13&4&«:&

; -rye:ﬁotrmn Picm, pvotuum,, ﬁritanan dm&emna, E*Ier:’e and aiplm pat'ﬁclel'wﬁ

Q,.w) -
tightly eiamped Btat‘kﬁ‘ L An edge taf eavh WO mi‘ued ﬂat. The st' ,'ku warew L
xpuaeé o p&rﬁc!ea iucid«em zmrmal ¢ the milied surfaces. Frﬁm the;ihsv y ,

: drfed oug w‘hen such a Btack ia 3@& in vacuun Zvor the half qur required,
out :iw ewr.pmrimenﬁ: is nagﬁig inle uﬂtk‘parf‘d with the partirie ramges, s

j'f‘(b) :




Calcmatimn qi" Mcm ranm

£ y,-"r‘l_

T{ze calculasuon of the m oman%a Mﬁowed cl.a 3

Mv&&sm: mmem mf Rangaé

z 4 d%ﬁ.

The range is deimed hw; JR,@ ija f!~ ciyﬂ

}(éxz s dy” + 88 :1:;?}1/2 :




_ﬁfﬂﬁi‘“xc'ﬁ segment ars measurad either' by an evepiece reticle calibrated fo Q1%
or bgr 2 mechanical stage with a screw motion of similar accuracy. vaﬁim ' .
i t&m pmmctmns of the ith segment Ax 4o gﬁyﬁ,, and Azy, one c@mputea an @3& ma?mﬁ Bt

thze ramge frmn ‘
s 3 axt v ay o st Az )2

i i i
T’h@ track is taken to extend between the sxtremities of ‘ma firet and féﬂt ?gra'i“tm
in the track, Tracks that show ev%dsﬂce of inelastic acstiwiag are éiﬂcwdedg
It is required that the diﬁtmb\.xt#ma of ranges be consistent with ﬁ;he e:xpected
raage atraggimge

. the Mism and the terminea of the trak liea near &he X ax.iaa_ ?I’%mh 00 d‘
' of the terminus ave designated ¥, ¥, and Z, A3 a check of the ran

ureraents, the indepandently m@asmnd @um }'.'.Axi R may be cump' d =
_ X. For tracks that lie in a single sheet of emulsion, “the measurad diiiem L
X - Rx is a random wvariablie of expec tation valus zero, The situatio*x‘ 2 morz

g s =  eomplicated when 2 track traverses several peliicles, The finite ﬁﬁ'a;in”” :

the possibility of surface amsi@m gurface graininess, .a.mzmzfect matchin,
the coordinate frames v the two pellicles; loszs as sensitivity at the surface:w'
:m& the possibility of air gape between surfaces, all may intyoduce sya‘&@umtic ’
contributions to the expeciation value of X - E&. - {in some Empartém? pmwﬁshml
researches, tissue paper has been packed bea@we en p@hwieaﬂ but we avoided :
auch & further complication.) We find that a systematic eifsct g»enara,ﬁy etxia:t;i;;
and the %@Eét&tiom value of X < R_ is nezmally positive. Whereas R" is af: &3
lowes iimit for the true range, R 2 R_+(X - R )is an approximate mppmr ‘ﬂ & g
s limi%" x{ will be less than the ?rme ramge i some of the path in emmlsmn ia* hoa

'nu&i‘meam and measured, and R will exceed the {vue range if gaps a:ciaf: ‘bmtvm B
uﬁi&:‘leao The meaning of By s‘ia wade clearer if it is written X + {fi <R )

quantity X is then the wa‘m contribution to the meas wememo bat,a hwamm& SR

M; c‘a%aring,, a contribution to the range {given to sufficient accuracy by

B
= ,;.‘vemag&ah« the existence of alr gaps, s statistical approach may ke taizeﬁ, b ol

e 3 cornes from the y and » components of the particle miotion. ,7 To in="

. &ik‘ gﬂ&[‘ﬁ exist, the m»-.gn&mt%e of ?“i; should be positively correlated with the
'magszkmde Gf X - %x, Tzr malie partisies of ﬁliﬂlaﬂy’ different momenta ¢om-~

pmmhle,, one miln«cs Az 8 zst.aaam.,-:,mﬂ an e:mm&ing x'aagﬂmmmmamum curve Er'm




] wh;ch me mea.sxx el rang@s devw%e mnw b md"” ammma.m 7_£uppm¢:'§ai A :
mt‘mfiarrd range fow a particls of momentuim p, azd R X, R s m
eorrmpumdiﬂg quamiﬂwﬁhﬁradmed above, | Thsm Wl (iesﬂna. ¥

pg--ﬁw—-u aﬁdm':»««-«ﬁ—w

' In Fﬁg, Z is sbown the lea.mtzsqmrea stsraight llne cadculated iz

bR valuea of u and a for plons in a small stack. The true rauge is tak

R {1 +<M>0} .

3 3 Mo

meaxa,aremmt of tlw c?epth of pemetratiem %, agrees with the maza
Large val\ues of @ correspond to large possible erzoras.. Tra;ks gi
s a’s may be disc:arded without bigsing the range meaaureafne‘nﬁg 1f tht
it - the miean va.lue <o ealculai‘ed for the remsinimg tracks is an indicat
poesmie aystemaﬁ.ic erro: uneraduced by fhe aix @pacas in ﬁ::w smeka

o rected the weraaﬂ mean vaﬁuca <<y>‘> of p. %:0 {M .,.g"_. ¢ Thm !



if Hp molds ta the stack are homwogeneously distributed and if the actual @*‘ i

a6 £ to t}m tracke to within few x»“crrzm: on each shest, Afler S¥epoliicies

| are mmmted andl processed, the edgs is of courss distorted and bl ckn*xm}'* “2;&;:? AT
e hmre mun&,, by using the grid 3s a reference aysten, thai the Line of a,ammu
of tlm emuision edge with the glees {when viewed by & lsm&-(amm m‘bjecﬁvo mfauyh ‘
ﬁm glasa} is a reliable indication of the original edge position, Of course iﬁ
the e:maleioa has pull ed away irom t}w glass, or if the pelifcle has ﬁmaﬁ mcumml
80 wet and warm that it is distorted, this will not be true. By miiling two @y~"f;i '
posite edges of the ﬁtack@g we discovered an effect for which cor rwtimm m.ms
mqmmdo Clarmping the stack canses an outward distortion or fdow of the emuﬂiu ¥
sion wbica iz at least partially reversibie on veleasing the pressura, Iheremm
the X and ¥ componsats of particle ranges shrink when the rompremive farce
ip relieved. This effect was found to amount to 0.2% in the largeat stacks t»o- :
0,5% in the smallest stack employed in this experiment. This corwc&m wWae
made, but no m.hm diamrtwm effects wers found that could sigﬁﬁicmﬂv aﬁact
the ranges. ¢

, I order that the rate of enesx gy losa 28 calculated themv’eticamy mwy
be emmpamd with the siope of the easmgémcal @nm!*gyoramga curve, we reqni 4@

md unprcmwmd amulsion, It is pessible, of courss, eadmm other wmav
on ‘what ia moeant by the range in ernvizion, and "ranges" differing Erc:":"
V‘x:m.ﬁd be obtatned by measurements ou the same tracks, Some mbaeawf‘

J'exampias diaregard scatiering in the vertical plane in rectifying r&@gem ﬂﬂ-
othes approximation thal is somatimes made ln sdjesting ranges to mﬁamiar&

eondi timm ig to assurme that the product of the dengity obtained from tcﬁu- rwex- ,
a.H Jﬁight and volume eof the stack and the totel distance traversed by ths paﬂ‘&m
.»-';n aamiag to rest in the gtack is a constant, Thm is corract, however, miy

r atiem ».iemmity ig &%@md&méo

A dinetwent of Data to kguivalent Froton Ex RLEEE -
CunGer *smmﬂawﬁ b@mﬁ&a’m o4 Lvmxai«ry =

&&ﬁ our messured : &ugm have E:aa'fm «,@nmmmx et @gwiv&lem prﬁm’
s %‘mmm The senversion i made the agh the qumnﬁty L W =B, < Bk

oo mw-‘z@ﬁ”‘y iz & iunction aodely of the particle velocity, fc. (It is the smﬁtm&

in oz.emnweme:sg of an anthproten of this: VFIQL‘M@’@? B 33 the rauge in s:emti#ﬁ@te“
"~.Q£ say heavy pm,x'rwe pariicls o v‘*amity @ &:a, chavge }Zev.g; apsd miags | M m m'nfr.a




; L
Lok the proton wass. The & rxr. E‘! in added to M, w.'m.,,, for e rﬁmg,e:ef.ﬁgr?‘4:3.&;5&07'&'*.
=, = A ] . A
causaqd by the ﬂek&%ﬁi‘&f&'ﬁﬁ‘t'&"‘f’ of kmmm"ﬂlv charyerd per ticlen by electron aimrb—«
o ment ab low velocitics, At velocities mmcmn&iy high that the lox ranlmﬁﬁ
! : v 5 TP
2 stfippedg B, 1s a coustant, An eptimate of it has been made by Parkas: -

i

: L ; T
B 1.2 % 1077 33 (<2 S 1,;53":‘
; ' 'K‘lw particle kinetic energy we smahalme iav a The qtmm"*y ¥ = T,&M

is the kineﬁu energy of 2 proton of wmtrcity ﬁc, Thie e,cperimem ia ;ie&igned 'ta

ralmims for ail heavy ctw.rgeé wmrtifelmo

In m» couvarw:m of mu g"% an ;

of stauda.rd'em.mlmwm | Water is relas ively m@re: exfective im sto;pgaing ai:
particle velocitiss, We do net quote emulsion ranges in g/cma b@cam
ranges wm.l*i not be ind&ge*a dent of the wa&er coment of the emnlsiano "

Hferd Ltri }3@'@?0’ eﬁtﬁm&ted ihis -t be i

_ 'vaighﬁ inecraments in prams.
Lm 8 select & denaity ulﬁ p«cmz 9.5 the de sneity of " standardh awuhimir

aM'-'a 4 3 simple and accurate formula for the range in smulsion nf nm'n@ T

Re]

dezm{iv,, & g/cm » wWe tnake the' Tather ggm»d mmm’mmmaztmnw ﬁ.

S jand .w'u‘wf/d BN /A Here h i the raage iu en ‘
f e S e 5 i e ‘ ; : i R i | PN
Lt the g ige in watex. Then ‘wa hm' AR A O U, Ll ‘:_'_“‘g‘:; PR S
L . - ‘ A2l y 5 i3 s} .'!'{ﬂiiu -~ dﬁ ) ;
II;" ,, 3 I _‘ ';>. o efrsn = «;ﬁ}arq n::-va l:.’ah"\rfl mw;m -pwo& ﬂ 3 i 2 ) n A
; . : -L %) W T gl b '




emulsmm The rangs curve for water nas heen caleulated as described in Ly

'ﬁ and to a less extent on r. We have made our vange corrections using

‘bad the general effect of increasing the ranges. The particle-mans ta%@& 4 a .Jj;u'?'_f“

‘siderably from those reporied in the literaturs for exculsion »laww,, .-;m mdcz-.w
¥ B 2

probably are

©iwhere r (= AW' is the ratio of the volume incresnient in cubie 'vﬁaiié*ff;;z‘z»:at'uara i el
e ?:h& weight increivent in grame brought about by tie addition of o cisturs io Vi L

T,

Part 2 of this report. With this one may determine the «;arrec&ion reguired

TEE

to adjust ranges measured in fiford G.5 emulsion of arbitrary density to the

corresponding ranges in standard @r*ulaicm., The correction factors are grap’wd ' :
m Fagt 3 iar the three casea {a) r = 1 ¢’ /g {additivity of vnhmms)., ﬁb) J'TE
r= 0,94 emw /g {from cur measurements), {¢) 2 = 0.84 cm /g {£rom ﬂfmmd el | t_{!
measurements). The correction factor is sesn to depend rather strongly on <

L

R ﬁ.‘_.

= 0,94 em /g,, : : A i a0 | o !

Reosulis ' : R

AT SR R M S 3 " . o il I~ T8 T,

s o i

:|_‘|‘|>‘

in a previous publication some meson wngea meaaured in i:hia pm\gmwm, ol

were reported. * In this article we include several new velocity points cxerwa*l 7 e
irom the ranges of hydrogen and helivm imm@pm as well as more axwmdéé o ’ k“ﬂ

© meson data, A re-examination of the possible scurces of error has alsg I:fe-at: . E

made. The inclusion of several arall corresticons deagcribed in mci:icm ¥ hmf

known well enough so that no appreciable error is introduced by them in the

conversion to egulvalent proton vanges., Since many of the ranges wrvmm COtiw. e

pendmm inveaugatioﬂq wag carried out to check our resuvite by dif ferem niathe

ods, = Table I, which is the moat recent and most complete ligt of @uxjm@asx«-

ured ranges, contains these results in addition to the data obtained in ‘th__m'@xio' LRt
periracnt described here. Somre of the measureinents were made in Strm&ba“ .

Hecusegion and C r’naanarm With Other bMeasurements

bMany emulzion-range data for lew velocities have heen published, and
the erulsion densities correpponding to some of these range me&@m‘amwm:ﬁ“
known fairly well. Some experiments that we have gngozm’ﬁa

o’

indicate that, if the emulsion came to equilibrium in vacuvny, the density ‘wan ' 3

: ; P 3 ey -5
probably 4,00 to 4.03 g/ em”, Iiford lad, give 4.033 g Jew” for the mean dens' < e
by - e o e g gl ? sy >0 3 R y
sity of many sawples of G.5 ewulsion dried over H,80,,  For thin layers
{B0 microns or less) of 0.2, E. 1, and G. .t enmlaion in vacuam for 2 ox ¥ houre,

sape the savidce lavez, Q:ML:;MW&%

=

this coudition probably was @p}ps‘w ched, fn gy




2 LT gty
Tanie ¥ -
sy e ey a - il 50K

Range peints derived from the measuvements. The errors indicated avé s‘%a:it_i? g

i ard deviations. Because meany differsnt kinds of partic Iw were medsm'e&,,
norxﬁalized qumtxtiea are tabulated: v = T/M and X = z R/M =1 2 x 19"5

‘ ‘ The particle kinetic energy is symbolized by T. The quantity M ia the mas&
o of the particle in units of the proton, R is the range in centsmetersp 2nd z is :

the number of units of positive electric charge carried by the pafti&:ie, T

Particle e : T o) i A
{Mev) : _ (czr)
| a i MDY DR e z xxa
; : , ‘ ! o 4,&",
v 2 AL 539 £0.6 .
e ' 2,450 7 | 55,67+ 0.34x107°
d,t, He s a Sh00 | 175.1 £ 2.0 =10 AR o
d ’ 5,477 T o 0n 6l 0,64x19*4i,¢2_7:‘5’°
a ; 2 5,477 opn 205,5 = 1.4 x100% : ‘
He 10, 00 562.7 £ 216 iiﬂ-f
P A 13,96 R o e xlu‘4
P ST 2 Rl 2086 &5 x10°°
Wy A1 FRTER - 5345 ﬁZZ»,,&lQ”é
; ' 200 , | 103100507
K. s Eoh S U gy . 24,742 010
e i “ B0 - Bl UsE 0 s R
e ooy 700 A . 74,97% 0,36
el - "Fror Reference 9., . ' & Ty
L “Rangeé zﬁeaéu‘réd in Strasheurg. B ';"\‘ Sy
|
|

L
IL:’.
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. Tange measurements in the mw»v@lociw region, They have pnbii.ﬂh@d a émoﬁﬁ'

for certain times depending on the thickness. Although it was theught that the
" not correspond to dryness, and the desp lavers of emulaion probably had a
siop densities to associate with theix various measure 2d polats. Ia an saﬁ :
"ba%,f@‘u; - Bradaer et 2], demonstrated the effect on the range of,vgwying t}m ey ; :

abtainable, and their date cannot be cited Bevaune of this mwnwmm deiicmmw R

the tracks of the glowast _‘gru‘umgnﬁnu tent particlen, aﬁx have diied pu, ﬁ."c.'r:;
longer ranges, where greater depthe of penetration into swuleion ax 7 u’_} Peri-
enced, it is no longer certain that the ersulsion has dried out complesely in
Heference 3 the theory of the drying is given, and it is shown thati very long
tirces in vacuum are reguired for emulsion to reach its maximun dehéitya i
connection with the range measuremenis now being reported we performed dry~
ing experiments with pellicles of 600-micron emualsion suepended in vacuum
with both surfaces free. (This tmakes the unmounted pellicle eguivalent in dry-
ing behavior to a 300-micron plate.) Table II shows how the mean densify of
one pellicie varied with time., EBvidently the deusity of the deepest layers in
this pellicle was little atfected for perhaps the waole first day of evacuation.
Accurate range data were obtained by Vier and Jnmg for profcm enei"- ;
gies up to 5.2 Mev, % As they used thin emulsion layers in vacuum for loug
periods, we may asannne tha& the ernulsion attained & denszty of = 4,01 g/&m‘;

Ratbmt” and Gibson, Prowss, and Ru&h&aﬁm have alse made mmxy ok

table derived from their weasurements on emulaicn that had been k@pt in vm.mum

time in vacuurn: was sufficiently long in each case for an equilibrivm f.;a be atm o
tained, the times cited were;, we think, insufficient for the graaﬁer thmlmenw&a: '
They estlmated the demsﬁw m thelr emulsion as 3.94 g/f"m - This. iigur& ﬁ%ﬁ

lamer dengity, while the surface layer was certainly rather dry. ‘I‘he @iffﬁﬁ"

encgzs hotween our measursmwents and those by Gibson ot al, for promim abm’r e

5 M«av can be eutirely attributed to incorrect ase: xmpuiuns regewéing what m‘nuia :

o g i3 [ _ o
pios drymess, - but--although an attempt was made to maintain normal lab-
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