
UCRL-11114 

University of California 

Ernest 0. 
Radiation 

lawrence 
laboratory 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. Division, Ext. 5545 

MULTIPLE SCATTERING OF HEAVY IONS 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



'. 

I. 
:· 

:: 

. . ' 
Submitted ~o Physicar Review·· 

•' 

_ . .-

. •' 

' ' 

UNIVERSITY OF CALIFORNIA 

L~wrence Radiation Laboratory 
Berkeley, Cali!ornia · 

AEC Contract No: W •740~·eng~48 

. ' 

,·· 

. ' ' 

' . . . 

. , 

MULTIPLE SCATTERING OF HEAVYJONS 

William Ci. Simon · · 

May 28. 1964 

.. 

'· 

t. 

,_.· 

UCRL-~11~4 

. · .. 

' ,·,.· f \. 

·. ll . 
'; 

. . . ' 

.. 

~-

.· 

~-·. ..-.:,. 

;· 

.. 

... 
' . }. .. 

~ .. ; ;-""': 

; , 



·'. 
... . -iii-

. .. ·. 
UCRL•t t 114 · 

>. ' I ~ • .'lo" ~ • ' .. .• 

:;. 

·' 

... ·· .. 

-· ·.·., 

·, 

,. ' ; ~ ' . 

.. '. ~ ... -. . ~-. . ' . 

M u 1 tip le S c at t e r i n g o f H e a~ y _1 o ' ~ :-_ . 
William G. Simon · · ·. ·:;' _:· .·. . ' ~- ~;;-·:~ . -~ ,.· ·~< 

Lawrence Radiation Laboratory : ·:: .. : · ·. · ·. ; 
University of California -:: '· . · ' · 

.. · Be.rkeley, California · · ·~ i ·: '/ '· 

.. ··. 

. . -~·. . . . ... 

. ·, ,··· 
'. May 28~. 196.4 

·ABSTMCT ' 
·' ·. .· . . . . ; 16 

The mul~iple scattering distributions of 164-MeV 0 ions from Au, ... . . ' 

·· Ni, 
. . 40 . - .· 

and Al foils and of 400-MeV A ions !rom Al and Zapon 'foUs have 

been measured. These measurements are of interest because they involve 

-~ ... 
. large values (2.9 to 30.8) of the Born parameter ~ (which = z1 z2/ 137~).· 

. Th~ t/ e widths found in this experiment are in complete agreement with 
. .. . . . . . . . ./ ll 

· : those calculated !rom Moli\re's 'lheory and verify its accuracy to within~· 

2% for large value.s of a.. However, the accuracy is not sufficient to verify 

·the detailed shape of the calculated distributions. ·The res~ults of earlier 

experiments involving values of a.> i have also been compared with 

MoHllre's theory. These results, with a few e·xceptions, agree to within 

5 or 10o/o with calculations based on.the theory, and are scattered about the 

theoretical value& in such a way that no systematic differences can be inferred. 

Moli~-re's theo.ry agree& ~ell with experiment for large values of a. because 

it relies on a classical calculation of scattering to account for deviations .... • ' . I . l 

. from the Born approximation. The theory of Nigam, Su.""Uiaresan, and Wu, 

. : ·which usea a second Born approximation, overestimates the widths of the 

. distributions by as much as 60o/o. ·. 
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INTRODUCTION 

,•\ . '. 
. The prC?blem .o! calculating a multiple-scatte~lng fl~tribution involves. 

::~;. . ·;· .. :-. . : two steps: first one must be able to calculate the single scattering·distri-

. · ':._.' ··: ·-·.·::: ·, ·;.bution:; second, one must then be abl~ to calculate-how this ai~gle scattering 
. . . .. .:· -~- ... , _ _. . . . , . ; ! ,,, . • 

.'-· . affects the propagat~(m of a beam of particles through matter. The second 

' . .. · .. ·o:: _.·problem baa apparently been· satisfactorily solved.by the Wentzel-Moliere 

·· -. · .. · .... method. 1 The_ first steP,-~~hich contains. all the phys~ca ~the proble~---~ 
. . ... z 3 : - - '.· 
has been subject to much controversy. • ln regiona where the. Born ap-

' : . . 

.. - '• 
· ·._; · proximation is strictly applicable, there bi general agreement as to what 

the single scattering distribution should ~e. ' .. ' . ~- . ' ;,_l .. The Born approximation is 

: ;: .. 

·::- . . -~-···_·'{:_<·.···_"' . ~ ... 
. ··.;,_;..applicable when·the "Born parameter,". a. (which= z 1 z2/137~) iS much~ess. -'-~ 

~- ·. ' . . . . . . . q . ' 
than one• .In regions where a. .is much greater than one, ther·e are large. •; ~ 

_.r- ,_ • .'.-";.. . l 

. :' . . . . 1 4 . '- i. 

· · · '· :. · differences between the predictions of• the Moli\re theory • and those of . 
' ' . t 

. ,· 

'',, 

. . z . . ' 
the later theory of Nigam,· Sundaresan, and Wu (NSW). The experimen~l 

~ . . 
results previously available 'are not adequate to deci4e dearly betWeen· 

these two theories. Furthermore, no one had surveyed these· results with 

the purpose of examining the validit_y of these theories for large values o£ a.. 

Most of the experimental determinations o£ multiple scattering have 
. ' 

been done 'with electrons or positrons. 5 ..;~l Since an electron of appreciable 

.·:. ~ · .. : range is relativistic, the value of a. involved i& Zz/ 137, and th':la _never ex- ·. 

· · ... , :--:. ·- ... ceeds ~bout 0.6 •. This value o£ a. is not.larg~ enough to make a c~ear dis• 

• i::._ 

· .. 

I .. , 

I . 

. - tinction between the two theories. Several measurements have. been mad~ . -. 
' - .. . ; ~· ., 

' · ·. ·,_..with a.= 1.1 to z.s o£ the multiple scattering~£ protons, 1f mes.ons, and. 
' ( • • ' • • • J 

-~ . . . . 14·17 1819 
. •. f.L mesons in nuclear emulsion. Two early experimenta ' on the .. " . . 

· .· scattering o£ alpha particles from metal foils involve large value~ o£ a.·:.: .. 
· . .;_ ... 

·, 

(up to Z2. 7), but thes.e give contradictory resulta. We have ~o~par.ed·th~ 
_, ~ 

-~-··.:.-:·results o£.re£erences 14•19. with Moliere's theo~y and. have found no .: '< ... 
: ·, . - ' . . . . -:. (_, ... 

. ' . ' ~· ' : . 
1. , • 

'• ·: 

. l' 
. ( .'• 

/ 

: ... 
·' . . 

~ . . 

. ... -
. .. 

... 
1'_. 
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lc systematic discrepanci.ea. These measurements do not, however, de·· · 
!· 

. ! 
l "'. 

cisively favor Moli\re's theory over the NSW theory. Izi the experiment 
~. 

.· . . 1'6 40 
presented here we measure the multiple scattering of 0 ~ and A ions 

in thin foils, with values of CL from z .. 9 to 30.8. The exp,rime.ntal 1/e 

widths are in excellent agreement with Moliltre' s theory and verify its 

accuracy to within 20/o for large values of Cl. The NSW the~ry, on the other 
. . 

hand, overestimates the width of the clistributlona by as. much aa 60o/o. 

Moli\re's theory ia inapplicabl,e if the nucleus cannot be co~sidered 

a point charge without nuclear forces. U this c~nd.ition ia nof·-met one 

must use a nuclear form factor to describe the distribution o£ charge in the 

. nucleus, and in addition,· for strongly interacting particles, one must con-

aider ·the e~fects of the nuclear force (reference 15, page ZSS). For 
II 

strongly interacting particles, if the mean free path for nuclea,;: collisions' 
. 

is much greater than the thickness of the scattering foil, then the nucleus , 

can be considered a point charge• In this experiment it ·can always be so 
. . 16 . . . . z 

considered; for instance, for 164-MeV 0. ions penetrating a .1,84-mg/cm 

Ni fo~, the probability of a nuclear collision is = 6·x 10·6• 

EXPERIMENT 
I. 

The experimental arrangement is shown schematically in Fig. · i. 

We measure the distribution of X coordinates of the particle tracks on 

the emulsion ptate. U the effects of finite slit size and imperfect collima

tion can be neglected, then the distribution of· X coordinates is the projected 

scattering distribution in the small-angle approximation. · It has been shown 

by Barkas (reference 15, page Z48) that the projected and space distributions 

are equivalent in the se~se that one may be derived from the other provided 
. . "' ~ 

only that the scatterlng,has cylindrical symmetry. This ilil true even wbe~ . . 

the small angle approximation· ia not assumed. 

• 

.. 
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I 

The beam from the Berkeley hea'Vy-ion a~celerator was _collimated 
' . ~ ' . 

by the two.ellts labeled No. 1 and No. 2 in 'Fig. 1 •. The $,<:attering foU 
i .. 

. ~ . 
· was placed immediately pehind slit No. 2. The. entire _b~am is recorded 

. :: ·;· ·. '.··~ : ...... by a 4 X 4-in. nuclear emulsion plate- with its surface perpendicular to the . 
. .. . · 

.. ~ .. beam, as shown in Fig. 1. Slit No. z, was about 0.5 mm wide. We found 
... :' 

· that if too narrow collimation was attempted, the fraction ol particles . . . 

' ' '~ • r ; ~. ' . ~ 

· .\ · · · . of the emulsion plate from the sc:~ttering foU was adju~~e·d to give .a di'stribu· 

. . ' . I . 

. sc~ttering from the edges ~£ the slit :--as undesirablr lafge. The distance 

. ' . 

·: · .. : tion of convenient size at the emulsions·. Distances v~~ying f·~om. 90 to 336' ·.' 
,~ 

. . -~ . 
c:m were used •. A stripper foU, located at the exit of tl\e accelerator, re• 

. . . " . . ~ . 

::··· · • duced the beam to a kno~n distribution of charge states~ The st.ripped o16 
• 0, • ~ • . . 

. ·. ,.. 

:.·beam is 98o/o fully charged, with2% charge .. ? ions, and a negligibl~ num~rr 
: ::·· . ; 

:: .. ,- ... with lower charges. The stripped argon beam consists o~ 52% charge-18 1 . 
'·. ~. . : ,·. . . . . . 20 

. .. . . ions, 39o/o charge•'t7 ions, an4 9% charge-16 ions. 
· .. 

'. 
i. 

'.· The energy of the beam wa·s measured by observing track ranges in . . . . . 
1X3•in. glass-backed emulsions placed so that the 'beam entered the 

. emulsion with a dip angle ~f 10.deg. No foreign or ~nergy-degraded i~ns 
. i . 16 ' . 40 . 

were found in the 0 ion beam. The A beam, however, was found~ 
-" . 

·.. . contain a large amount of .contamination. This required that the scattering 
,· I 

. ~ ' - . . . ·. 40 . . t. 

'· .. distributions for the A beam be measured with emulsions placed at a .. '· ·. 

· · ... · .': · .· :· small angle to the beam so that background tracks could be eliminated by · '-: 

·. ··>>":' _,_ ·. ::: .. ·· range and track-width comparisons. (These discriminatory procedure a :. · ... : ' . 

. . . ··,: ~:_·:: .... :.coUld not be applied effecti·vely if the beam entered the em~sio~ plat~·:.:.,- ..... :;· 
.. . . ' ·. 

f.- ' .. : • . . .~- ..• \. j. 

· .··.·.·normally.) · 
,· ·. ,, ' .. , 

~ \ '' . . . '· . 
'.·,.· 

·.· ~ . ' , . We measured distributions obtained with no scattering foU eo that· 

.. . ~ . ' 

· ... we could eValuate ~e effect~ o£ imperfect collimation. and slit scatte:r:ing; . 
•",· . 

r I·. . hi all cases these wer.e, !ouncf to be .negligible. A list o£ the £oUs and beam 
• 111 • • 

'' .. 
·: ·l: .: .': 

. . • .. ions used, together with paramet~rs of interest, which are defined in the 
. ,,c, . 
. f 

t. . results e~ction. appear• in Table 1. . . 
. ' -~ 

.. 
. '"·'· , 

. ··~ . . 

' ··-! 

' 

'I'. 

.... 

'·. 



r 
•. 

I I . 
' . 

-4 .. UCRL-11114 

. EMULSION SCANNING 
ti 
\. 

The vertical tJ'acks were counted visually under t~OOX magnification, 
• • • 

·'The projected scattering· distribution was measured by ~o~ting the number . 
\, 

o£ tracks in narrow strips, tO to tOOjJ. wide, extending ~yond· the limits of 

the distribution in the alit direction. The ~idth and spacing of the scanned • · 

areas were adjusted to achieve the desired statistics. 
' 

. A some~hat.dlfferent procedure was used in a¢af~ng the argon plates. 

In these cases, the em~sion· plate, l~clined at 10 deg •#ith r~spec't to the 

~am, did.not record the entire distribution of tracks.' Therefore, a pro

file of the beam perpendicular to the ali~ was taken. Thia gives the projected 
. . 

distribution correctly, provided that the distance of the particle tracks from . . 
I 

the slit image remains small compared with the slit height. For this reason 

the argon distribution• were not extended~ large angles • 

. · 
• . . RESULTS AND DISCUSSION . . 

Figures 2 through 6 show. the experimental projected scattering dis • 
. . . eo . 

tributiona. tt'hese dif!itributions are. normalized so that J. £(9) d9 = 2 •. 

' The e~rors shown are due entirely to counting statistics; no, other· appre·· 
. . 

dable errors are believed to be present. The solid curves are calculated 

according to Moli~re'a;theory o£ multiple scattering. [Discussion.s o£ 

Moli~re•a theory have been 'given by H. Bethe, Phya. Rev. !2.• 1256 (1953), 
.. 

and by W. · T. Scott, reference 4% ] It should be pointed out that this the<?ry 

contains no free param'eters .•. Table 1 summarizes the results of thi~.·eX:-. . . 
periment and co~pares them'with two multiple-scattering theories, that of 

Moli\re, and that o£ Nigam, S\inda.resa,n, and Wu. 2 Theae are discuased. in 

· a. later section. 

• 

. .. 
'·., 



.. s. 

The full width at. 1/ e times the peak value of the distribution 1a used 
~ 

for comparing the experimental values with theory. we•d.etermined the best 

experimental values of the 1/e widths by least•a.quarea £ittina a Ciau1sian to 
. . 

the central peak of the experimental distribution. Experimental points were 

included in this £it if they had valuea of £(6) greater than 10o/o o£ the maximum 

value. . Thia avoided including the non-Ciaussian taU o£ the distribution in the 
' 

analysis. The errors give.n in the widths are extern&! errors, derived from 

the errors in the coefficients o£ the least-squares fit • . 

COMPARISON WITH THEORY 

. ' 
.In order tc? calculate multiple scattering distributions, one needs to 

know cross sections for. very small anglea, where the effects of electronic . 
screening are important. Because a multiple scattering distribution is the 

• 
result of a large number ~£ single collisions, it does not reflect the detaUed 

.. 
shape o£ the single-scattering distribution involved~ For this reason, it is 

possible to describe the effects of electro~c screening••so far as multiple 

scattering is concerned--by a single parameter x called the screening 
' . 4 

. . . t 4 . 
angle. Th~s wasl~hown explicitly by Moli~re·. • · The parameter. X~ is 

easily calculated in the Born approximation for simple potentials approxbna. . . . 
mating a Fermi-Thomas atom. Nigam, Sundaresan, and Wu used the Dalitz 

. . ~ ~ . 

formula (2) to calculate x
4 

up to the second Boi'n approximation. They 

obtain the result, 

3 . 
~- . z 2 2= 1 + 4tO. x·0· [(.t- ~ ) lnx0 + 0.2310 + 1 .• 448 ~ ] ~ ·. 

x4· . 
(t) 

where X~= } , and r 0 is the Fermi-Thomas radius, r
0

.= 0·.889 a
0 
~ .... t.f3• 

J 0 

• 
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Since the small-angle approx_lmation3. requires that o. Xo <<· t •. x
4 

never 

differs ve1y much fr~m Xo. according to the NSW calc+tion. 
. . '-. . ~·I 

Molielre's approach is· to calculate x in the limifof small.o. (Born 
. 0. . " ' . 

. . ' . 
approximation) and in the limit of large o. (classical approximation), and to 

interpolate quadratically for intermedl~te values. 22 He obtalna 

2· 2 · . 2 
· X

4 
/x. 0 =·1.13 + 3.76 o. • , (2) 

Thus, accordi~g to Moliare's result~ X.
4 

differs greatly from. Xo for 

large valu~s of G.· It is noted that M~litlre's alngle•sca.ttering formula 

[Eq. (8.4) of reference :4] does not enter into the determination of Eq. (2)•• 

except insofar as it may verify the interpolation scheme used to obtain (2). 
. . 

Nigam, Sundareaan, _and Wu are thus incorrect in trying to trace the dis- · 
. :, 

crepancy between (1) and (Z) to errors in Moli4lre•s single•acattedng formula. - . 
Furthermore, these author's apparently failed to observe that the so-called 

• 
- . 

"correction term" in Eq. '(Z) (the second term) actually represents a· . . . . .. 
. . . 

. correct classical calculation for X · and that it is not correct to inake · 
. a. . : . 

· assumptions about its validity (or a. >> 1 'on the baB-is>of a diaagreement 

between thiatand their Born-approximation result. It should be pointed .. 
out that the NSW 'calculations .c:liffer from Moliare•s in ways additional · 

to the discrepancies between the X 's •. The NSW theory contains new 
• • . C1 . 

terms ~rising from relativistic effects and from spin-dependent terms. 

These are, however, all too ·small in our work to affect the results. Further• 

~ore, N~W use a free. parameter I"' in the form of the scattering potent~al, 

(3) 

NSW introduce 'I"' to account for the fact that the form of (3) does not exactly 
'- . . 

. fit the Fermi•Thomal! distr~bution. ~~e quantity XI"'=IJ.X.
0 

then r.epla~~~ X. 0 

• 

.• 

in the theory. Moli~re, on the other hand, uses a more complicated expression 
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·than (3), and £its the parameters to the Fermi-Thomas~potentlal, thus 
.~. ~ A4~ 

. . . . . !'!-· 3 
V . '· introc~:ucing no free parameters. The parameter I" ha~ ~een calculated 

··!· ~- . • ' :1! 

.-.,~··· , ·. to be 1.12, but NSW fou~ that in order to fit e~erimen~ distributions of 
'!--': ~ . .· . .'' • • l i 

:; · .: .. ':,i:.: • multiply scattered electrons, th~y ~eded to use a value;.~£ ~"·= .t.S •.. "!o 

,. . .· . : . ~ . b.av.e, therefore,· c~culated the 1/e widths for Jl = 1.2. and 1.8. 

. ,: In Tallle I we compare the t/e widths calculated acicording to Moli~re'a · . . . . . 

... 

'. ' 
' . . . 

· ·. · · theory with those obtained ~ this ·experiment. Tho agreement is excellent •. 
, . . . I . . 

. Values of the Born parameter o. are also given in Tabte ·1. I~ is seen· that · 
f' , ... 

. '.: · .. 
'i • •. ". 

.• .... 

: the second (claseical)tterm of Eq. (2) is dominant in all cases, ~d the ·. · .. 
. . 

·validity of this term is well demonstrated ... We also list in Table I the 1/e· 

widths according to the NSW theory. ~ show that the Born approximation 

greatly overesthnates ~e width& of these distribu'ti~ns. The .theoretic~ lj 

. .... curves for the ~SW theory V:ere calculated as outlined by Scott, 3 ~d hie'\
1 

tabulated values of the NSW "D" functions w~re used. We included alf ~ 
.. 

'terihs of the expansion aeries for which the D functions were tabulated.·,· 
. . 

The calculations for the Moli~re theory were performed ae outlined by . 
. ·. 1· . . . 
Molil!lre, using his tabulated value• of the "f'' functi~ns. 

'., ... -.. . ,, 
· coMPARISON WITH MOLIERE·•s THEORY OF ·oTHER EXPERIMENTS · 

.-. THAT INVOl, VE LARGE. VALUES OF o. 

As mentioned.earlier, the only other measurements of multiple 

. ·: ' --:-

23 . . . . .· . . . ·.· 
Wi~liams to show ~t a· classical calculation of the multiple scattering· ... 

.. ·· . : .. ·.· . 
.. ·. · :~ ·· distributions was' appropriate to these cases. Gei~er measured the most . : .. ·. . . . 

., ::: ... probable v~ue of the spatial scattering angle fo·r alpha particles, and ; : ·. · 

Mayer measured the. average projec.ted. angle of scattering.· Both authQre 
. : 

reduced th_eir results 'to• a foU thi~~ess:equiva.lent in stopping to.~ em of air.: 

. ' 

f '· . ' . 'I 
.· 

. . 

' ~ .. 
( 
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· We calculated the foil thicknesses using the range•energy .iablea of 
. 24 . . ~ 
Bichsel. Tables ll and W s.how the comparison betwee, ~eae experi• 

mental results and. calc~ations according to Mol~clre• a theory. The results .. 
' •' 

of Geiger are consistently higher than. the calculations of Moli~re•a theory 

by 5 to 10%. The results of Mayer are ~ather scattered about the theo• 

retical values. 
' . 14-17 . ·" . . 

Four measurements . . of the multip~e scattering of protons and· 

"""' ~ . tr and J.L mesons .in nuclear emulsion biyolve values of o. > 1: .These· cases .. -
do not involve well-defined values of o., but we may give approximate values 

by assigning to Z the value for silver, which comprises about one half of the 

ernulsi~n by weight. These measurements are ta~e'n along the particle's 

trajectory, and thus do not involve a definite value for ~. We take an average . . . 
I 2 . . 

value of ~ over the range ·interval measured to arrive at a value of o. ·for the 

purpose of judging how badly the Born approximation criteria are violated • 

Thus .. 
. . 

47 
0. = __.. --,---:--

137 (13~) 
. . 

It should be empha~;tized that the calculational procedure for obtaining the 

·theoretical results listed in Table IV are perfectly well defined even though . . . . 
we cannot give a_ definite value to o.. Tab~e IV summarizes the results of 

these emulsion rneas.urements. ~: The theoretical values for references 14 and 
. . 't2. . 

17 were calculat~d by using the relation of Voyvadic and Pickup, which is 
. . 

derived from the Williams' theory with the employment of Moliarfl's "y" f~ctor, 
. . . 2.5 . 

rather than for Molitlre's theory ~t~elf. . T~is should make nc. difference i~ · 

the~e comparisons, since Voyvadic arid. Pickup ata~e that the results of this 

procedure agree to withi.n 1% with results. calculated en~irely by MoliE1re' s · 

theory. The ·agreement ~ith theory is generally good. Two facta shoUld b.e 
. . 

kept in mind in evaluating these .res~t~. Firat, the parameters measured 

' . 
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- 0:~~ '_--in an emulsion or cloud chamber experime~t are not simply C:fmnect-ed to the 

i·· ...... 
.. '· 

. -

··. ' 

_multiple scattering distribution~ a~d a great amount of interpil'etation, in• 
~· 

volving various approximations, must be made before the reaulta can be 
0 

compared with multiple acattering theory. Second, errors ~ther than" 
. . . . 

statistical errors are generally preaent, and are not eaaUy detected. These 

- .errors in general cause one to overestimate the scattering. .. 
·-·~' - . ,. 

'I 

Finally, we summarize. in Fig. 7 the results of this experi_ment and all 
__ , 

other experiments ~own to .us which involve value~ of o. ~ 1: As;ains~ o. .we 

plot the p~rcent disagreement of the experiment8.1 resultf4- with those calcu• . 
~ . . 

lated according to Moliare•s theory: ·I 

0. 

·. 
4 (pe"rcent) = V (e?CPtl) .. y (Moliare) , X iOO, 

V (Molil:re) 

······ 

where v stands for the quantity measured in the experiment ( 1/ e width, ' 

"scattering constant," etc.). 
• 
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Table I. Summary of measurements done in this experiment and 
. '. 

comparison with the results of Molillre and of Nigam, 's~daresan, 

and Wu. (Angles are in degrees.) 

ProjectUe 

·Target 

Z, Projectile 

Z, Target 

0 16 

Al . 

8 

13 

Mass, projectUe 16.0 

Mass, targ~t 
nucleus 

Thickness 
(mg/cmZ). 

Q, 

Xa. Moli~re 

26.98 

1.74 

5.07 

0 :t.6 

. Ni 

8· 

Z8 

16.0 

58.71 

1.83 

10.9 

Au 

8' 

79 

16.0 

197.0 

3.tz 

30.8 

~ 

Al 

d.8 

13' 

39.94 

.26.98 

0.320 

11.4 

Xa.• NSW, ._.,:t.iZ Z.86Xt0"'4 3.70X10-4 5.ZOXt0•4 i.79X10•4 

X , NSW, J.L=i;S · .4.61X10 .. 4 5.94X10-4 8.33X10"'4 Z.87Xt0•4 
Q, 

W t/e' J.L=i.iZ 
I 

W t/ e' J.L=i.8 

< • 

Zapon 

18 

. -
39.94 

-

' . 
· W i/ e' Molil:re 

W 1/e' exptl 

. 0.416 

0.346 

0.339 

0.579 

0.560 

0.449 

1.335 

1.198 

o. 751 

o·.t4Z 

0.136 

0.108 0.052 

. 0.339:1:0,006 0.445:1:0.009 o. 7 39:1:0.017 o. 109:1:0.005 ,• 051:1:.001 

a a. is not ~ell defined for a mixture of elements; we have assigned the 

value for carbon to this case. . This is for comparison only; the ·calcula ... 

tional procedure does not involve this arbitrariness, 

• 

.~ 

• 

.... .. 
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Table II. Comparison of Geiger's results !or the mpst probable 
. ';;' 

' 'I 

scattering angle with the results o£ Moliclre•s theory. The alpha.:. 
... I 

. ~-

particle energy was 6.26.MeV. 

Foil Scattering angle (deg) 

Element thickness 
t-•·-

(mg/cm2) Observed Molillre a. 
.. 

Au 0.386 19.9 z.t · .1.96 

Sn 0.277 . 12.6 .. 1.5 ' ' 1.43 I 

, .. 
Ag 0.267 11.8 1.5 '1.40. 

Cu 0.206 7.3 1.1 . 1.05 

Al 0.146 3.3 0.6. 0.67 

Table m. Comparison of Mayer•a results for the average projected 

scattering angle with0the results .o! Moli4lre1s ~eory. The alpha. 
. . 

par~icle'energy was 4.84 MeV. 

. . Scatt~ring angle (deg) 
F.oil 

Element. 
thicknes£ 
(mg/cm ) a. Observed Moliare • 

'Au 0.3.86 ,. 22.7 . 1.72 2.40 
I' 

Pt 0.377 22.4 ~ 1.85 .. 2.35 

Ag 0.267 i3.5. . 2.00 .1.69 .. 
Cu 0.206 8.3 1.36 1.25 

. 
· Al. 0.146. 3.7 0.93 o.so. 

·. . .. . . 
-'· : 

II 
I 

I 

' ' 

• 

.. 
' 

• '. 
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.1. : , : .. q"abl, IV. 
' r . j:. . 

.. ~ 
Comparison of multiple scattering measurements made in 

~~ 

nuclear emulsion with Molillre's theory. 
1 ~;. ,. '· .... 

·. t· .. 
.. i .. 

r" • . .. . , .. Ref. · Particle 

-
. 14 proton and 

J.l. Mesons 

14 · _protons , 

-15 . · J.1. Meson.s 

16 

17 

17 

protons . 

'If Mesons 

~Mesons 

Energy 
(MeV) 

s-5o 

9-35 

0-4.5 

0-55 

3.1-7.2 

2.8-6.1 

: . 

0 .. 068. 1.32 

0.020 2.45 

0.040 1.72 .. 
0.062 1.37 

0.076 1.24 

0.087 1.16 

Moli~re 

.Kc a25.9 

I<.<:>= ~· 146 ·. 

K0 .·= 0.117 

K .. = 26.3 

K =26.3 

• . Experimental 
I 

. 27.5 :!:0.5 

o. 149 =o. oos< c) 
'. 

0.105 ::t:O. 005 

2s. 1 =o.42(d) 

25.8 ·. :t:0.4z(d) 

(a) For ~ defin;_tion of the scattering factor Kc and K, see reference 15, 
. . . . . ~ I 

·'' ' pages 294 • 296. 1 
·· .. 

_ · · .... (b) · For a definition of the scattering fac~r K0 , aee reference 15, page 326. 
'. 

•• j" 

. . ·The calculations of k 0 from Molitlre•a theory a·re ·t~en from Fig. 24 of 

reference 16. The J.L•meson results ·reported in reference. 15 were 

obtained without a cutoff angle. The measurements in reference 16 
. . : 

' I 
. were done wi~ a cutoff angle .of 4•. 

• . . . 
(c) This value .diifera from the one given in reference 15." The ·original 

·calculations used R. in~tead of R~ in Eq. ·(8. H .• 7) of reference 15<. 

:This correcti.on was suggested by Dr. Barka~. 

(d) We h~ve averaged the values for plus and minus particles, since 

no diiference could be detected between· them. · . 
. . 

' . ·. • .. . . . 
• ~I r • ~~ 

~ o I ' ·. 
.. . . 

• I 

" . · .. ; • 
r • I .. 

. · ·.• ... 
• 

'· 
f •• ~ 

·,, 

.. 

.. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com~ 
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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