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The Multiple and Plural Scattering of Fission Fragments
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The multiple and plural scattering distributions of fission fragments in Au, Ag and Formvar
foils have been measured. The value of the Born parameter in this experiment is more than an
order of magnitude larger than values that have previously been involved in such measurements.
Since the fission fragments are only partially ionized, some approximation must be made to account
for the additional electronic screening. Two different models, which may have some application to
other experiments involving partially ionized particles are presented. The experimental distributions
are compared with those predicted by the theories of MoLiEre and of Nicam, Sunparesan and Wu
and only with the theory of MoLiEre is it possible to obtain reasonable and consistent agreement

with experiment.

There are two basically different theories de-
scribing small angle multiple scattering, one due to
Mouitre 1 2, and the other due to Nicam, SUNDARE-
san and Wu 3. These theories predict essentially the
same results for small values of the Born parameter
a=2Z,Z,/137 S, but for large values of this para-
meter, i. e., when the first Born approximation is no
longer valid, the predictions of the two theories are
very different. In the definition of a, Z; and Z, are
the nuclear charge numbers of the scattered and tar-
get atoms respectively, and f is the ratio of the velo-
city of the scattered particles to the velocity of light.

The calculation of the multiple scattering distri-
bution of a beam of charged particles requires some
knowledge of the single scattering law. This is given
by some modification of the RurnErrorp law in-
cluding, most importantly, the effect of the screen-
ing of the nuclear CouLoms field of the target atom
by electrons.

To account for this screening, MoLIERE approxi-
mates the THomas—FERMI potential by

ZyZy¢

3
V()= fi;ai exp (— b;r/ry) (1)

:
where e is the electronic charge, a; and b; are con-
stants, and r, is the THomas—FermI radius given by

ro=0.885ayZ,” " (2)

in which a, is the Bonr radius. Using this potential,
MoLiERE calculates ¢ (), the ratio of the single scat-
tering cross section with screening to the RuTHER-
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FORD cross section for an unscreened Couroms field
as a function of the scattering angle, x, and for
various values of a. For small scattering angles,
where the impact parameter is large and the screen-
ing therefore most effective, q(y) approaches zero,
while for the largest scattering angles, which result
from the passage of the impinging particle through
an unscreened region of the atom, ¢(x) becomes
unity. This general behaviour of ¢(y) is important
in the development of the theory, and the actual
form of ¢(y) determines the screening angle, a
parameter which enters into the determination of the
shape of the multiple scattering distribution. This
screening angle, x,, is defined by MovLiEre through
the relation

Xm
Inz,— — 5 — lim T D gyt | @)
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Mouikre then calculates y, for a =0 and for large a
and by a method of interpolation obtains the result

22 =202 (1.13 +3.76 o?) (4)
Xo=H/prg (5)

in which p is the momentum of the scattered par-
ticle.

where

Nicam, SunparesaNn and Wu (hereafter referred
to as NSW) object to MoLIERE’s development on the
basis that an inconsistent approximation in all or-
ders of a, except the lowest, occurs in the deriva-
tion. NSW account for the electronic screening in a

1 G. MoLiERE, Z. Naturforschg. 2a, 133 [1947].

2 G. MouiEre, Z. Naturforschg. 3 a, 78 [1948].

3 B. P. Nicam, M. K. Suxparesax, and Ta-You Wu, Phys. Rev.
115, 491 [1959].
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simpler manner through the use of the exponentially
screened potential

V(T)=(Z1Z‘262/T) exp(—ﬁ”/"o) (6)

where u is a factor of order unity which is to be
adjusted so that this potential best approximates the
true potential. The screening factor, ¢(y), is calcu-
lated using the second Bor~ approximation result of
Davrrz 4 for the single scattering cross section of a
relativistic Dirac particle. The resulting expression
for the screening angle in this case is ®

Za2 = XM2{1 sl QXM[ (1 —ﬂQ) In Xu
+0.2310+1.448 821} (7)

where y,=u 7.

Since w is of order unity, and, since ay, <1
(Scorr ¢ shows that this is a general requirement for
the validity of the small angle approximation used
in the theories), it is seen from Eq. (7) that y, and
the NSW y, will always have approximately the
same value. On the other hand, in MoLiERE’s deriva-
tion, y, is seen to depend directly on a when a is
large. It is the difference in these values of y, that
causes the major difference in the predictions of the
two theories. This discrepancy has been discussed
by Scorr® and by Smon?. In particular, Sivon
shows that MouiERE’s result for y, is correct in the
classical limit, i. e., for large a.

Prior to the works of Bepnyakov et al. 8710 and
SmioN 7, most multiple scattering experiments had
been done with electrons or positrons, therefore in-
volving values of a (=0.6) for which the NSW and
Mouikre theories predict approximately the same
result. BEpNvakov et al. % 9 measured the scattering
of protons in Cu, Al and polystyrene foils where the
maximum value of a was about 20. Direct applica-
tion of MoLiERE’s theory yielded distributions in
agreement with the experimental results for Al and
Cu, and agreement was obtained in the case of poly-
styrene by replacing the Tromas—FErRMI potential
used in the MoLErE theory with a more accurate
one obtained by the HarTrREE-Fock method. The
distributions of 4 MeV N!* ions and 5 MeV 016

4 R. H. Davrrz, Proc. Roy. Soc. London A 206, 509 [1951].
5 This equation appears in ref. 3 with a plus sign before the
term 4 a y, since the scattering of electrons is under con-
sideration. For the scattering of positive ions, the minus
sign must be used.

W. T. Scorr, Rev. Mod. Phys. 35, 231 [1963].

W. G. Simoxn, Phys. Rev. 136, B 410 [1964].

*
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ions scattered in Al (a=230) were also measured 1°
and were found to be in approximate agreement
with those calculated on the basis of MoLIERE’s
theory using an approximation consisting of the re-
placement of the square of the nuclear charge of the
scattered particles by their measured mean squared
ionic charge.

Smvox measured the multiple scattering distribu-
tions of 164 MeV 016 ions and 400 MeV Ar% ions
in Au, Ni, Al, and Zapon foils with values of a
ranging from 2.9 to 30.8. He found that MovLiERE’s
theory accurately reproduced the experimental re-
sults, whereas the theory of NSW predicted distribu-
tions that were as much as 60% too wide.

In the work reported here, fission fragments se-
lected according to mass, energy and ionic charge
were scattered in Au, Ag and Formvar foils with an
experimental arrangement designed to measure the
projected angle scattering distributions. The maxi-
mum value of a involved is 848. We have, therefore,
the opportunity of comparing the scattering theories
of MouiEre and NSW with experiment for values
of a that are from 1 to 2 orders of magnitude larger
than previous experimental values.

Theoretical Scattering Distributions

In addition to the difference in yx, according to
the theories of MoLiEre and NSW, the latter theory
also contains additional terms accounting for spin
dependence and relativity effects. With the para-
meters involved in this experiment, these terms are
negligible, and, except as noted below, the distribu-
tions of the projected angle, ©, are given in both
cases (using the appropriate definition for y,) by
the same expression:

2
CIONCIO)

10) =0 9) + 0P L 1D g

where B is defined by the transcendental equation

B—InB=InQy—0.1544. (9)

8 A. A. Bepnvaxkov, A. N. Bovarkina, I. A. Savenxko, and A. F.
Turivov, Zh. Eksperim. Teor. Fiz. 42, 740 [1962] ; Soviet
Phys.—JETP 15, 515 [1962].

9 A. A. Bepxvaxov, V. N. Dvorerski, I. A. Savesko, and A. F.
Turinov, Zh. Eksperim. Teor. Fiz. 46, 1901 [1964] ; Soviet
Phys.—JETP 19, 1280 [1964].

10 A, A. Bepavakov, V. S. Nikoraev, A. V. Rubcuexko, and A.
F. TuLivov, Zh. Eksperim. Teor. Fiz. 50, 589 [1966]; Soviet
Phys.—JETP 23, 391 [1966].
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£, is a measure of the total number of scattering
events and is defined as

Qo= 11 (10)
4 2 2
where = = N;%}EZJ—Z{— (11)

N is the number of scattering atoms per unit vol-
ume, ¢ the thickness of the scattering foil, e the elec-
tronic charge, p the momentum and v the velocity
of the impinging particle. In Eq. (8), 9= 0/x. VB.
The functions f, ¥ and f® are tabulated by
MouiEre 2 but we have used the more accurate table
of Scorr’s ¢ “D” functions which bear a simple re-
lationship to MoLiERE’s “f” functions.

The values of y. and y, must be corrected to al-
low for energy loss in the scattering foil and to ac-
count for the mixture of elements in the case of
Formvar. These corrections are made according to
Mouitre 2 and Scorr 6.

As a result of the approximations in his deriva-
tion, MoLIERE states that his theory is valid only
for B>4.5 or £2,>20. Therefore, when 2,< 20,
we use the results of Kemw et al.!* who have cal-
culated the plural scattering distributions for the
average number of scattering events in the range
from 0.2 to 20. It must be emphasized however, that
the proper application of their results requires a
knowledge of the actual number of scattering events
that a particle experiences on its passage through
a foil. The relationship of their results to MoLIERE’S
theory is through an approximation to ¢(y) sug-
gested by MoLIERE, namely

g2 2% (% + 122

which yields the ratio 2.2/y.? as the theoretical num-
ber of scattering events. However, for large a, Eq.
(12) is a poor approximation to the exact form of
MouiEre’s ¢(x) in that it approaches zero too ra-
pidly. Therefore, .2/%,? is smaller than the number
of scattering events that would be predicted on the
basis of the actual form of g(y). By itself, the smal-
ler number of scattering events causes a decrease in
the width of the calculated distribution, but the ap-
proximation to g(y) also aflects the definition of the
reduced angle used by KeiL et al. in a manner tend-
ing to produce a wider distribution. Since the two

(12)

11 E. Kem,, E. Zerreer, and W. Ziny, Z. Naturforschg. 15a,
1031 [1960].

12 H, Ewarp, E. Koxecny, H. Orower, and H. RosLer, Z. Na-
turforschg. 19 a, 194 [1964].
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effects are relatively small and are in opposition, the
net result should not be too much in error.

KEerL et al. tabulate the results only for spatial
angle scattering distributions from which we have
obtained the corresponding distributions in project-
ed angle by a process of numerical integration.

As a result of the smaller 7, in the NSW theory,
the corresponding £, is always large and the scat-
tering distributions may be obtained from Eq. (8)
in each case.

Experimental

The experimental arrangement is shown schemati-
cally in Fig. 1. The source of fission fragments was a
thin uranium foil mounted near the core of the reactor.
The fission fragments emerge from the foil with very
nearly their initial kinetic energies and with ionic

MAGNETIC FIELD

PREDEFLECTION

ELECTRIC FIELD

ENTRANCE SLIT PHOTOPLATE

EXIT SUT + FOIL

U235 FOIL

Fig. 1. Schematic diagram of the experimental arrangement.

charge numbers varying from about 20 to 25. A small
fraction of these ions enter a Marravce—HEerzoc type
mass spectrometer 2 consisting of the electric field of a
toroidal condenser and a homogeneous magnetic field.
This field combination selects particles with a particu-
lar ratio of mass to ionic charge and at the same time
an actual mass separation is achieved as a result of the
kinematics involved in the fission process 13. Slits were
installed in the plane of the magnet at its entrance and
exit to provide a vertically well collimated beam. The
scattering foil was mounted directly behind the exit
slit and a nuclear emulsion plate was placed at a fur-
ther distance of 280 mm, and mounted in a manner
such that the scattered particles were incident at a 45°
angle in order to facilitate track recognition later under
the microscope. Because of low intensity, it was neces-
sary to irradiate each plate for approximately 100 hours.
After development, fission fragment tracks were counted
in narrow strips on the plate parallel to the exit slit of

13 E. Konxecyy, H. Opower, and H. Ewawp, Z. Naturforschg.
19 a, 200 [1964].
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the magnet. Since the exit slit was substantially longer
than the length of the scanned strip, the experimental
projected angle scattering distributions were obtained
directly.

The horizontal slit lengths were such as to allow the
simultaneous passage of fission fragments in a 3% mass
interval which we chose to be centred at mass 135. The
weighted average of the primary nuclear charge num-
bers in this interval is 52.5 !4 and, initially, all of the
selected particles had an energy of 81 MeV and ionic
charge number of 24. After passage through the foil,
their energies ranged from 65 to 78 MeV depending on
the thickness and atomic number of the scattering ma-
terial, and the average ionic charge number was ap-
proximately 24 15, Scattering distributions were meas-
ured for the following foils: gold (0.315 mg/cm? and
0.63 mg/cm?), silver (1.16 mg/cm?) and Formvar
(0.22 mg/cm?).

Results and Discussion

1. The effective charge of the fission fragments

Since the fission fragments are not fully ionized
but have retained approximately half of their elec-
trons, some approximation must be made to account
for the additional electronic screening. The simplest
approximation is to assume that the fission fragment
has some constant charge number, which we shall
call Z., that is effective in the scattering process.
Zs; then replaces Z, in the definitions of a and ..
This model might be expected to describe the scat-
tering process generally, but its limitation lies in the
fact that the effective charge would not be a con-
stant, but a function of the impact parameter in any
single scattering event. There is, of course, a restric-
tion on Z.y; its value must lie between the ionic
charge number and the mean nuclear charge number
of the fission fragments, i. e., between 24 and 52.5.

The experimental results, with statistical errors
indicated, and the scattering distributions calculated
in this approximation according to MoLiERe and
NSW are shown in Fig. 2. The theoretical distribu-
tions have been normalized to the peak height of the
experimental distributions, and Z has been chosen,
within the limits indicated above, to give the best
possible agreement at @y, i. e., the value of O at
which the distribution has decreased to 1/e times

14 E. Ko~xecny, H. Orower, H. GunstrER, and H. Goser, IAEA
Report on Physics and Chemistry of Fission, Vol. I, 401
[1965].

15 H. Orowker, E. Koxecxy, and G. Siecert, Z. Naturforschg.
20a, 131 [1965].

MULTIPLE AND PLURAL SCATTERING OF FISSION FRAGMENTS

the peak height. A correction which increases the
value of 0y, by approximately 2% has been applied
to the theoretical distributions to account for the
imperfect collimation of the incident beam. The no-
tation “MouiEre (KEeiL)” indicates that the distribu-
tion has been calculated with MoLIERE’s y,, but ac-
cording to the plural scattering results of KeiwL et al.
In view of the above mentioned uncertainty in ap-
plying these results, a MoLIERE distribution, which
should not be too much in error, is also shown for

the case of Au (0.63 mg/cm?) where Q,=7.63.

The NSW distributions have been calculated with
u=1.8, the value that NSW found to give best
agreement with the experimental results of Hanson
et al.16. A calculation by NSW yielded u=1.12,
and using this value, Nicam and Mataur "7 found
agreement between their calculated difference in
positron and electron multiple scattering and the
difference determined experimentally by HexpErson
and Scort 8. The present calculations are not very
sensitive to the choice of u, but the larger value
yields distribution widths slightly closer to our ex-
perimental results.

To give an indication of the sensitivity of the @,
dependence on Z, this dependence is shown gra-
phically in Fig. 3. In cases where £2,<20, 0/, has
been calculated only according to KeiL et al. The
horizontal line labelled “@;,, (exp.)” extends from
the value of the ionic charge of the fission fragment
to the value of the mean nuclear charge. Agreement
between theory and experiment exists, therefore,
only if the @y, vs. Z.;; curve intersects this line.

It is seen from these figures and Table 1, that in
all cases MoLIERE’s theory is able to predict distri-
butions in agreement with experiment for Z.¢ in the
range from 41 to 49. The NSW theory, on the other
hand, would require Z.; values of 13 and 16 to
yield the experimental widths for the two gold foils
where o is the largest. As a decreases through the
decreasing value of the atomic number of the scat-
tering material, marginal agreement can be obtained
for Ag, and the value Z.;;=27.0 gives agreement in
the case of Formvar. Better agreement with decreas-
ing a is of course expected since the two theories
converge for small a.

16 A. O. Hanson, L. H. La~zr, E. M. Lymax, and M. B. Scorr,
Phys. Rev. 84, 634 [1951].

17 B. P. Nicam and V. S. Matuur, Phys. Rev. 121, 1577 [1961].

18 C. Hesperson and A. Scorr, Proc. Phys. Soc. London A 70,
188 [1957].
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Fig. 2. The experimental multiple scattering distributions and the distributions calculated according to the theories of MoLiEre
and NSW with the assumption that the fission fragments have an effective charge number, Zett, to account for their incomplete

ionization.
2. The electronic screening of the fission fragment In these potentials, which are applicable only if the
nucleus impinging particle is completely ionized, the Two-

A better approximation to account for the incom- MAS—FERMI radius may be written as

plete ionization of the fission fragments, and one ro=0.885 a/s (13)
having more physical significance, is to modify the
screening in the potentials given in Eq. (1) and (6). where s=125". (14)
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Fig. 3. The width of the multiple scattering distributions cal-
culated according to the theories of MoriEre and NSW as a
function of Zett. @1/ is the value of @ at which the distribu-
tion has decreased to 1/e times the peak height. The line la-
belled “@1/¢ (exp.)”’ represents the experimentally determined
width and is drawn between the limits of Zeff given in the text.

According to Bour 9, if colliding atoms with nu-
clear charge number Z; and Z, have individual
screening given by Eq. (14), then the combined
screening can be represented approximately by

§ = (Zl’/a - Z;/;)‘/z. (15)

Since the fission fragments are partially ionized, the
screening should be given by some value of s lying
between Z,"”* and (Z,"*+ Z,")"s. This correction can
be introduced by multiplying the existing term in
the exponent of either of the potentials by some fac-
tor F with a value between 1 (fission fragment fully
ionized) and (Z,”+Z,")":/Z,"* (fission fragment
not ionized).
The potential used by MoLiERE then becomes

3
Ve(r) = L2 e* > a;exp(—Fb;r/ry)

1

(16)

r

19 N. Bour, Kgl. Danske Videnskab. Selskab, Mat.-Fys. Medd.
18, 8 [1948].

D. KERR, G.SIEGERT, K. KURZINGER, E. KONECNY UND H.EWALD

and g, is replaced by
2or=FHh/pr,. (17)

When the factor F is included in MoLERE’s calcula-
tion of y,, the expression giving this parameter be-
comes

22p=73p F2(1.13 +3.76 a%) = F* 1,%(1.13 + 3.76 a2).
(18)

In the case of the exponentially screened potential
used by NSW, we need only replace © by F 1 wher-
ever it appears and to adjust x, as in Eq. (17). The
NSW expression for the screening angle is then

tap=Fyi{l1—-4aF 2, [(1-F) In(F?y,) (19)
+0.2310 +1.448 2]} .

Since the maximum value of F is different for each
scattering material, we write it in the form
(Zl’/s+22’/:)‘/:

where 0 < f < 1. The factor f, which is the ratio
of the actual increase in screening to the maximum
allowed increase, is used for comparison purposes.

Scattering distributions calculated on this basis
and fitted within the limits of f to give the best
agreement with experiment are shown in Fig. 4.
Where appropriate, the results of KeiL et al. have
been used, and, as before, we have taken ©=1.8 for
the NSW curves. KeL et al. have calculated an exact
distribution for ;=20 and therefore, in the case
of Ag (£2,=20.0), this result has been applied.

Fig. 5 shows the experimentally determined values
of @y, and the dependence of Oy, on f according
to the two theories for all the scattering foils. The
theoretical and experimental results for Au (0.315
mg/cm?) require special comment. The dependence
of Oy, on f, calculated with MoLiERE’S ¥, but with
the distributions of KeivL et al., appears unusual in
that @;, increases after reaching a minimum at
f=20.4. This may be understood if one considers
the two opposing effects which influence the width
of a scattering distribution. As the screening in-
creases, the scattering angle in a single scattering
event becomes generally larger tending to broaden
the distribution. At the same time, £2,, which is
taken to be the average number of collisions, de-
creases, tending to make the distribution narrower.
When £, is reasonably large, the latter effect domi-
nates. However, when (2, is of order unity, it has
little influence on the distribution of scattered par-

F=1+f (20)
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Fig. 4. The experimental multiple scattering distributions and the distributions calculated according to the theories of MoLIERE
and NSW with the potential employed in each theory adjusted to include the effect of the electronic screening of the fission
fragments.

ticles, since most particles are either undeflected or
are scattered only once; only the percentage of scat-
tered particles decreases with decreasing £2,,. There-
fore, at some point the first effect must become do-
minant causing the distribution width to increase.
Regarding the experimental result for Au (0.315
mg/cm?), it was pointed out in a previous section

that the value of £ is probably less than the true
number of scattering events. This is particularly
evident in this case, where £, =2.31 when the theo-
retical value of @y, is closest to the experimental
result. This value of £, implies that 10% of the
beam pases through the foil unscattered, but the
shape of the experimental distribution places an up-
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Fig. 5. The width of the multiple scattering distributions cal-

culated according to the theories of MoLiEre and NSW as a

function of f (see text for definition). )1/¢ is the value of @

at which the distribution has decreased to 1/e times the peak

height. The line labelled “®1/,(exp.)” represents the experi-
mentally determined width.

per limit of 2% on the contribution of the unscatter-
ed beam, or a lower limit of 4 on the average num-
ber of scattering events. If the experimental distri-
bution is corrected to account for this percentage
of unscattered particles, then agreement can be ob-
tained between MoLIERE’s theory and experiment.
From Figs. 4 and 5, and from Table 1, which
summarizes the experimental and theoretical results,
it is clear that the NSW theory fails for the large
values of a involved in these measurements. The
distributions predicted using the most favourable,

20 Tn a recent publication, J. B. Mariox and B. A. ZiuMERMAN,
Nucl. Instr. Methods 51, 93 [1967], compare multiple scat-
tering distributions calculated according to the theories of
Moritre and NSW and seem to recommend the NSW the-
ory. They place no limit on the range of a for which it may
be used, and suggest, in particular, that it may be applied
to the scattering of heavy ions, in contradiction to the pre-
sent results and those of Simox.
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but unrealistic, value of f (its upper limit) are from
2 to 4 times too wide. The MoLiEre theory, how-
ever, predicts distribution widths in agreement with
those determined experimentally for values of f that
are not unreasonable for particles having approxi-
mately half their electrons. (The somewhat low value
of f for Formvar is questionable since the foil thick-
ness in this case could only be measured with an
accuracy of 20%.)

Although the results according to MoLIERE’s theo-
ry agree with experiment for both the approxima-
tions we have considered, the adjustment of the
screening term in the potential is the better and
more realistic method. It has the advantage that, for
a given set of parameters, the limits on f restrict the
value of the distribution width to a considerably
smaller interval than do the limits on Z; in the ap-
proximation assuming an effective charge for scat-
tering. Also, the value of f should be more closely
related to the degree of ionization than should Z. .

In the present case, the fission fragments have re-
tained approximately 50% of their electrons, and
the mean value of f (neglecting the uncertain value
for Formvar) is 0.4, indicating a reasonable corre-
lation between this parameter and the degree of
ionization. Therefore, MoLiErE’s theory with the
modified potential, together with the correlation in-
dicated here, may be of some use in estimating scat-
tering distributions in other experiments involving
partially ionized particles.

An examination of the results of multiple scatter-
ing experiments (see Ref. 7 for a summary of pre-
vious works) shows that MouiEre’s theory gives
generally good agreement for all the involved values
of 2 2%, For small o (electron scattering), the agree-
ment is not exact, but, at the same time, the NSW
theory predicts agreement through the adjustment
of the parameter u. In this region of small a it is
therefore difficult to say which of the theories is
the more accurate. The results of BEpNvakov et al.
and of Simon verify the validity of MoLIERE’s theory 2!
for values of a up to 30, and Simox shows that the
NSW theory has already begun to fail for a~ 3.

21 Note added in proof: M. Rocce at the Max Planck Insti-
tute for Physics, Heidelberg, has also found agreement be-
tween MouiEre’s theory and an experiment in which heavy
ions from an accelerator were scattered (unpublished, pri-
vate communication).
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Scattering foil Au Au Ag Formvar
Foil thickness

(mg/cm2) 0.315 0.630 1.16 0.22
O1/e (experim.) 0.69 + 0.03 1.31 + 0.05 2.30 + 0.05 0.62 + 0.02
MoLIERE (with Zegs)
Zest 41.2 43.0 46.0 48.7
o 666 695 442 (169) *
A 0.299 0.318 0.185 0.041
Qo 3.86 7.63 36.1 49.0
O1je 0.69 1.31 2.30 0.62
NSW (with Zegr)
Zett 24.0 24.0 24.0 27.0
o 388 388 231 (94) *
2 4.41 x 104 4.51 x 104 4.02 x 104 2.50 x 104
Qo 5.97 x 103 1.18 x 106 2.09 x 106 3.94 x 103
O1/e 1.34 1.98 2.38 0.62
MoL1tRE (with additional screening)
f 0.42 0.42 0.36 0.20
o 848 848 505 (182) *
Ao 0.491 0.502 0.284 0.060
Qo 2.31 4.56 20.0 26.3
O1ye 0.77 1.31 2.30 0.62
NSW (with additional screening)
f 1.00 1.00 1.00 1.00
o 848 848 505 (182) *
A 8.88 x 104 9.07 x 104 9.14 x 104 8.73 x 104
Qo 7.05 x 105 1.39 x 108 1.94 x 106 1.22 x 105
O1/e 2.93 4.30 5.17 1.16

* g cannot be defined for a mixture of elements. The largest individual a involved is quoted for comparison purposes.

Table 1. Summary of the experimental results and the results calculated with the theories of MoLiEre and NSW according to
the two models described in the text. Zeft and f have been chosen within their limits to give the best agreement between the
theoretical and experimental values of @1/¢. Note that when the approximation involving Zeft is used, a is actually an “effec-

tive” a directly dependent on Zetf. All angles are in degrees.

The present work shows that MoLiEre’s theory still
predicts reasonable results for a as large as 850,
while the predictions of the NSW theory and the

experimental results continue to diverge for very

large a.
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