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Total cross sections for collisions between high-energy neutrons and nuclei are calculated
by means of the Glauber approximation. Both Woods-Saxon and Gaussian density distributions
are assumed for the nuclei. The two distributions yield results which may differ from each
other by as much as 15%. For light nuclei harmonic-oscillator wave functions are used. The
calculations are compared with measurements for neutron energies above 1 GeV. A simple
explanation is given to show why the dependence of the cross sections on the mass number A
is greater than A3, Although the multiple scattering series for a mass-A nucleus contains
A terms, it is shown that excellent accuracy is obtained by retaining only approximately 3A1/3
terms and a geometrical argument leading to this result is given. The ratios of the real to
imaginary parts of the hadron-nuclei forward elastic scattering amplitudes are calculated and
the decrease of their magnitudes with increasing mass number is explained. The neutron-nu-

clei data are consistent with little or no regeneration.

I. INTRODUCTION

Some years ago it was predicted™? that double
collisions (i.e., collisions with two target nu-
cleons) are more probable than single collisions
in high-energy hadron-deuteron scattering at an-
gles away from the forward direction. Since that
time a considerable number of experimental
studies of hadron-deuteron scattering have been
made, and analyses of the measurements have
confirmed this prediction.®>™* Recently a number
of analyses of high-energy hadron-nucleus colli-
sions have been based upon the diffraction approxi-
mation due to Glauber.!® This approximation is
most accurate for collisions involving small mo-
mentum transfers. Consequently it is not unrea-
sonable to expect that high-energy hadron-nucleus
total cross sections, which depend only upon the
forward elastic scattering amplitudes via the opti-
cal theorem, could be calculated quite reliably for
a given nuclear model. Such calculations have
been carried out for a simple model in which nu-
clei are described by Gaussian density distribu-
tions.™ Such a model, although quite unrealistic,
is very useful because it leads to an analytic ex-
pression for the total cross sections which exhibits
some qualitative features that are likely to re-
appear in more realistic calculations.!®* Alterna-
tive approaches for calculating neutron-nucleus

cross sections are possible using, for example,
the optical-model methods of Francis and Watson,®
Bethe,’ and of Kerman, McManus and Thaler."®
The accuracy of the optical model is, however,
less satisfactory for calculations of nucleus-nu-
cleus cross sections. The present analysis can
be extended to treat nucleus-nucleus collisions.'”
We have performed analyses of total cross sec-
tions in which the explicit multiple scattering
form of the Glauber approximation has been re-
tained. We use both a model in which the nuclei
have Gaussian density distributions and a model
in which the nuclei have Woods-Saxon shapes for
the density distributions.’®* (We have also per-
formed the calculations for light nuclei using har-
monic-oscillator wave functions.) The quantita-
tive results obtained with the Gaussian and Woods-
Saxon models differ by as much as 15%. This
seemingly small difference is significant, since
recent measurements have uncertainties which
are much smaller than 15%. Nevertheless, over
the current physical range of nuclei (A < 240) the
quantitative results are not grossly sensitive to
the nuclear model. Consequently our predictions
could serve as a rather severe test of the basic
theory. Alternatively, if we have confidence in
the theory, our predictions could serve as a test
of the reliability of total cross-section measure-
ments. To the degree that the theory is sensitive
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to the nuclear parameters, it may serve as an
alternative means for determining these parame-
ters. Since quite a number of high-energy neutron-
nucleus total cross-section measurements have
been made in recent years,®3° we have calculated
these cross sections and compared them with the
data. In addition to studying the neutron-nuclei
total cross sections, we have investigated the be-
havior of the real part of the neutron-nuclei for-
ward elastic scattering amplitude.

In Sec. II we present some basic formulas rele-
vant to neutron-nucleus collisions at high energies.
In Sec. III we calculate total cross sections for
Woods-Saxon density distributions and for harmo-
nic-oscillator wave functions and compare our
predictions with measurements. Cross sections
for Gaussian density distributions are discussed
in Sec. IV as is the rapidity of convergence of the
multiple scattering series. In Sec. V we discuss
the A dependence of the cross sections and the
study of density distributions by means of cross-
section measurements. In Sec. VI we investigate
the real parts of the neutron-nuclei forward elas-
tic scattering amplitudes. In the final section we
present our calculations for neutron-deuteron
cross sections.

II. BASIC FORMULAS

In this section we shall present a few of the ba-
sic formulas of the theory. A more complete
description of the material is given in Refs. 1 and
13. The forward elastic scattering amplitude for
hadron-nucleus collisions may be approximated by!*

Pu@=it [Y1-[1-% [“aariasiaad loas,

(2.1)

where AS(q), the form factor of the nucleus, is
given in terms of the single-particle density p by

S(q)=4‘—;r j:r singr p(r)dr, (2.2)

and f(g) is the hadron-nucleon elastic scattering
amplitude. The incident momentum is 7k.

At high energies hadron-nucleon elastic scatter-
ing angular distributions exhibit sharp diffraction
peaks near the forward direction. They are quite
accurately described by amplitudes of the form

f(fl)=£—2%@e'ﬂ°z/2, (2.3)

where o, is the hadron-nucleon total cross section,
a is the ratio of the real to imaginary parts of the
forward elastic scattering amplitude, and B is the
slope of the hadron-nucleon elastic scattering in-

tensity near the forward direction. If we assume
Eq. (2.3) for the form of f(q), Eq. (2.1) reduces to

Fn(0)=ikj:§1_[1_g—*;':)£&

X fo mJo (gb)e~B/2 5(q)q dqnbdb.
(2.4)

The hadron-nuclei total cross sections may be ob-
tained from F,;;(0) by means of the optical theorem

0 =(47/k) ImF ;,(0) (2.5)
=41rRefw31—[1—(1—_zi:£ﬂ

><I:’J0(qb)e'ﬂ“2/2 S(q)q dq:|A€bdb .
(2.6)

III. TOTAL CROSS SECTIONS FOR WOODS-
SAXON DENSITY DISTRIBUTIONS AND
FOR HARMONIC-OSCILLATOR
WAVE FUNCTIONS

In this section we calculate neutron-nuclei total
cross sections for a wide variety of nuclei. For
the heavier nuclei (A > 27) we shall assume density
distributions of the form

C
Ap(r)_1+exp|(‘r—R)/a|’ (3-1)
where C is a normalization constant obtained from

the condition

fp(r)df =1. (3.2)

For convenience we also define
t=4aln3. (8.3)

For lighter nuclei (4 < A <12) we shall assume
density distributions obtained from an independent-
particle harmonic-oscillator model. The single-
particle densities are given by

p(r) =Z4<Y—1:>m [1 + (?—g)'y"’r{l e (3.4)

When this expression is substituted into Eq. (2.2)
and the result used in Eq. (2.4) we obtain

(" (1-ia)o,y?
F,,(0) —zkfo 31 - [1 ~sri ey

4B 4Bb2y
X (1 TA(1+2%8) A1 +2y25)2>

A
_.2,2 2
Xe~Y b /(1+2y B)] sbdb,

(3.5)
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TABLE I. Nuclear parameters together with references.

R t (,,.2)1/2
Target (fm) (fm) (fm) Reference
He 1.711 32
Li 2.44 44
Be 2.42 41
C 2.47 33
Al 3.07 2.28 34
Fe 3.94 2.5 35
Ni 4.09 2,51 36
Cu 4.16 2.5 35
Zn 4,22 2.50 35
Ag 5.14 2.3 43
cd 5.21 2.3 43
Sn 5.32 2.53 37
w 6.52 2.16 38
Pb 6.67 2.21 39
Bi 6.73 2,12 40
U 7.11 2.05 38
where
A2 (3.6)

B= 63"

Although this integral can be performed analytical-
ly, the result is a rather tediously long expres-
sion. Alternatively, it can be evaluated quite ac-
curately by standard numerical integration tech-
niques.

In order to obtain qualitative features of the
cross sections predicted by our analysis, in our
earlier work' we used simple parametrizations
for R and a in Eq. (3.1) given by Elton.3' These
parametrizations are useful for understanding the
gross behavior of the total cross sections as func-

tions of the mass number A. However, in order
to treat the nuclei more realistically, it is nec-
essary to consider each nucleus as a different tar-
get with values of R and a (or y) obtained from
measurements on that nucleus. In the present
analysis the values of R, a, and y are obtained
from electron scattering experiments and from
observations of mesonic x rays. (Our calcula-
tions, consequently, contain no adjustable param-
eters.)

In Table I we present the values of R and ¢ used
for the heavier nuclei and the values of the rms
radii used for the lighter nuclei, together with the
references to the measurements®*~* from which
they were obtained. The rms radius is related to
v in Egs. (3.4) and (3.5) by

(r® =y~2 (E__Z____Ii_) +a, (3.7)

where a? is the mean square radius of the proton,
taken to be 0.726 fm?,% and Z is the atomic num-
ber of the target.

In Table II we present the values of oy, @, and
B used for the basic amplitude f(q) given by Eq.
(2.3), together with the references to the mea-
surements*~% from which they were obtained.
The parameters are the average of proton-proton
and neutron-proton data near the incident momen-
tum of interest. The incident momenta listed are
those for which neutron-nucleus cross-section
data exist.

In Tables III and IV we present the results of
our calculations and compare them with the data.
Corresponding to a given target and a given mo-
mentum, two entries are shown in the tables if

TABLE II. Average nucleon-nucleon parameters together with references.

Momentum oy B
(GeV/c) (mb) a (GeV/c)™? Reference

26.5 39.1 -0.34 8.79 27, 46, 47, 57

21 38.8 -0.34 8.19 28, 46, 56, 57, 64

18 38.7 -0.33 7.95 24, 27, 46, 48, 57, 58
16 38.9 -0.33 8.64 24, 28, 46, 49, 57, 58
14 38.9 -0.31 8.64 24, 28, 50, 56, 57, 58
13 39.0 -0.35 8.73 27, 49, 50, 58, 59, 65
12 39.4 -0.35 7.66 24, 27, 46, 48, 58, 59
11 39.5 -0.34 8.08 28, 50, 56, 59, 60, 64
9 39.7 -0.32 8.03 21, 50, 56, 59, 61, 64
8 39.9 -0.34 7.26 28, 46, 51, 57, 58, 59
5.7 41.7 -0.40 7.37 19, 29, 52, 53, 59
3.8 42.6 -0.42 7.09 19, 54, 55, 59

2.4 43.4 -0.02 6.25 19, 26, 54, 56, 60, 62
2,14 44.6 -0.32 6.25 19, 54, 56, 59

2.1 43.7 -0.20 6.25 19, 26, 54, 56, 63
1.925 43.3 -0.20 5.97 19, 26, 54, 56, 63
1.775 43.0 -0.20 5.97 19, 26, 54, 56, 63
1.65 42.8 -0.20 6.30 19, 26, 52, 56, 63
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measurements exist for that target and momen-
tum. The upper entry is our theoretical predic-
tion and the lower entry is the measured cross
section. The measurements at 1.65, 1.775, 1.925,
2.1, and 2.4 GeV/c are by Schimmerling et al.?®
Those at 2.14 GeV/c are by Coor et al.,*® and those
at 3.8 GeV/c are by Lakin et al.?® At the higher
momenta, the measurements at 5.7 GeV/c are by
Parker et al.,”® those at 8, 9, 11, 14, 16, and 21
GeV/c are by Engler et al.,*?® and those at 12,
13, 18, and 26.5 GeV/c are by Jones et al.?”

The predicted results are in good agreement
with the data except, perhaps, at 26.5 GeV/c.
At this momentum the predictions are system-
atically high by approximately 4%. It is possible
that at this high a momentum the contributions to
the forward elastic scattering amplitude which
arise from inelastic intermediate states begin to
be significant and should be incorporated into the
theory.® On the other hand, a relatively small
discrepancy of 4% can be fully accounted for by
the uncertainty in the neutron-nuclei measure-

ments (~2%) and the uncertainties in the measure-
ments of the nuclear (R, t,y) and nucleon-nucleon
(oy» a, B) parameters that enter the calculations.
Since our predictions are made using nuclear
and nucleon-nucleon measurements, we have de-
termined the magnitudes of the uncertainties in-
duced in our predictions by uncertainties in the
measurements for the parameters R, ¢, v, oy, o,
and B. To obtain a rough estimate of the resulting
uncertainties in our predictions, we assume con-
servative uncertainties of +0.1 fm in R, 0.1 fm
in t, 0.7 mb in o,, £0.25 (GeV/c)™? in B, and
+0.04 in a. For 4 <A <12, the uncertainty used
for y was that resulting in an uncertainty of +0.1
fm in (»*)"/2. In order to exhibit the effect on ¢
resulting from the separate uncertainties in the
parameters, we show in Table V the approximate
amount by which the neutron-lead cross-section
changes as the result of small independent changes
inoy, B, v, t, and R. These uncertainties com-
bine to give a maximum total uncertainty in o of
approximately 110 mb, which is ~3.5% of the total

TABLE II. Predicted and measured neutron-nuclei total cross sections. The upper entries are the predictions. The
lower entries are the measured values,

P
(GeV/c)
Target 1.65 1.775 1.925 2.1 2.14 2.4 3.8 5.7 8
He 141
142+3
Be 293 294 295 298 306 294 296 283
2909 3078 313+8 3148 308+13 3129 3015 282+3
C 357 358 360 362 373 358 369 363 348
35817 352+ 17 38017 36417 37810 371+8 36917 3706 3563
Al 693 694 696 701 721 693 718 708 681
704+18 68917 674+19 725+19 703+18 74125 666+16 718+13 6765
Fe 1202 1204 1207 1214 1201 1230
1181+31 114231 1159+ 32 1180+ 32 112137 1250 +20
Ni 1265 1266 1270 1277 1263
1266 +21 1235+19 127220 1261+19 1265+ 24
Cu 1326 1327 1330 1338 1372 1324 1372 1356 1314
1331+28 124525 1303 +28 1304 +26 1388+ 39 1325+ 33 1331+17 141030 133913
Zn 1357 1358 1362 1369 1355
143137 1397+ 34 1436+ 37 1370+35 1379+ 40
Ag 1918 1919 1923 1932 1914
1974+ 50 1887+ 46 1910+ 50 1896 +47 1904 + 58
cd 2022
2120 +30
Sn 2107 2109 2113 2123 2171 2102
2119+ 55 2025+ 50 2179+ 54 1952 £ 51 2202 + 62 2082+ 63
w 2973
297070
Pb 3110 3111 3116 3128 3188 3102 3199 31177 3108
3091+ 77 3016+ 72 3139179 3092+ 78 3209+ 55 3134+96 3071+79 324050 3235+30
Bi 3126 3127 3132 3144 3204 3118
3182 +92 3028+ 85 3090 £ 92 3072+ 89 3275+ 65 2985+ 114
U 3446 34417 3452 3464 3528 3437 3519
3440+ 72 3179+ 72 3452+ 79 3448+ 78 364091 3454 +£102 3620+ 60
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TABLE IV. Predicted and measured neutron-nuclei total cross sections. The upper entries are the predictions. The
lower entries are the measured values.

(GeV /c)
Target 9 11 12 13 14 16 18 21 26.5
He 135
141+6
Li 234
236+ 17
Be 282 282 278 278 280
271+6 278+ 3 277+3 276+ 8 266+ 6
C 347 347 346 345 343 341 343 345
3403 347+3 342+3 340+3 343+3 342+ 3 340+8 3307
Al 679 680 672 674 673 677
683+3 663+5 655+5 6499 647+6 656+11
Fe 1187
1204+12
Cu 1310 1313 1309 1309 1299 1297 1302 1308
1364+ 14 1295+14 13059 1295+ 8 1295+12 1265+ 8 1268 +14 1251+19
cd 1964
1907 +32
w 2899
2720 +41
Pb 3102 3109 3103 3106 3087 3084 3093 3104
3146+ 50 3138 +38 3167x21 3150+ 19 3140+ 30 310019 3062+30 3044 +45

cross section. It is clear from Table V that neu-
tron-nuclei total cross sections are rather sensi-
tive to the skin thickness ¢ and the half-density
parameter R. However, unless oy and o are ac-
curately known, neutron-nuclei total cross-section
measurements could not be used as a means for
determining R or { to better than approximately
0.1 or 0.2 fm, respectively. To the extent that the
predictions for a given nucleus differ from the
data, one might conclude that the density distri-
bution for neutrons differs from that for protons.
For example, our predictions for aluminum, iron,
and copper would improve if the rms radii of the
neutron distributions were slightly smaller than
those of the corresponding proton distributions.

In Figs. 1-4 we compare with the data the cal-
culated neutron-nuclei total cross sections for in-
dividual targets as functions of the incident neu-
tron momenta. Corresponding figures for nuclei
with less data may be obtained from Table I. We
also show upper and lower limits on the calcula-
tions resulting from the assumed uncertainties-
discussed previously. We see that the predictions
are generally consistent with the measurements.
The sharp rise in the predicted cross sections at
2.14 GeV/c is a result of the large value of the
n-p cross section obtained for that energy and
used in our calculation. That value is more than
2% larger than the value obtained by direct mea-
surements? at 2.1 GeV/c.

IV. TOTAL CROSS SECTIONS
FOR GAUSSIAN DENSITY
DISTRIBUTIONS

In this section we shall consider density distri-
butions of the form

plr) =(nR?)~%/2¢ 7" /R? (4.1)

Although such a representation is not at all accu-
rate for most nuclei, we will find that the gross
features of the cross-section data are not badly
described with Eq. (4.1). Furthermore, since the
total cross section can be expressed in a simple
analytic form, a number of interesting observa-
tions regarding the multiple scattering series may
be easily made.

TABLE V. Changes in the neutron-lead total cross
sections resulting from changes in parameters used in
the calculations.

Ao

(mb)

Aoy =%0.7 mb +17
AB =20.25 (GeV/c)™? + 2
Aa =%0.04 +16
At =20.1 fm +26
AR=20.1 fm £51
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With Eq. (2.3) for f(g) and with Eq. (4.1) for p(»),
a straightforward calculation yields

- 2 S (A 1[A —iaJoy l
o=2mnR +ZB)Re§(-1) (I)T[zn(R’+2ﬁ)] '

(4.2)

[A different closed form expression, differing
from Eq. (4.2) in terms of order A~', was ob-
tained by Bethe.]

For heavy nuclei there will be many terms in
the series. It is possible to obtain by geometrical
considerations a rough estimate of the number of
significant terms in the series. Let us imagine
the nucleus to consist of A nucleons and let them
be distributed uniformly throughout a sphere of
radius R =7,AY%. The number of nucleons per
unit volume is then A/(47R%/3) =3/4mr,’. Now at
high energies most of the hadron-nucleon colli-

T T T T T T 17 '[7 T
§ experiment
N = calculation
380 -
360 1
_ 340 -
]
&
c - -
2
o
a
2 320 —
e
o
E
2T .
300+ BERYLLIUM
L
280
260 2 1 s L1 al 1

1 2 3 4 5 6 78910 20 30

incident momentum (GeV/c)

FIG. 1. Neutron-carbon and neutron-beryllium total
cross sections as a function of incident momentum. The
curves represent the upper and lower limits of the pre-
dicted cross sections when specified uncertainties in the
input parameters are considered. See text for detailed
discussion.

T T T T T T 1T [ T T

760 1
$ measurements

i m calculations A

740} ; .

ALUMINUM

total cross section (mb)

640 1 1 ) Lo |
15 2 3 4 5 6 78910 15 20 30

incident momentum (GeV/c)

FIG. 2. Same as Fig. 1 for neutron-aluminum total
cross sections.

sions within the nucleus will be small-angle col-
lisions, particularly if there is no net deflection.
Consequently it is reasonable to expect that in the
great majority of cases a hadron would undergo
at most that number of collisions it would have
experienced had it traversed the nucleus along
its diameter. That number is the product of the
number of nucleons per unit volume and the effec-
tive volume swept out by the hadron as it travels
along a nuclear diameter. The effective volume
is the product of the diameter 2R and the effec-
tive cross section o of the hadron. Taking 7,
=(2)'/%(1.25), the motivation for which we de-
scribe in the next section, we obtain 3Roy/2m7r,®
=(30y/277,%)AY® as the number of significant
terms in the series. For neutron-nucleon colli-
sions at high energies oy =39 mb, and we obtain

T T T T T T T T T T
@ measurements

m calculations

COPPER

total cross section (b)
»

1.2 1 1 1

Ill 1 1

1 1 1
15 2 3 4 5 6 78910 15 20 30

incident momentum (GeV/c)

FIG. 3. Same as Fig. 1 for neutron-copper total cross
sections.
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FIG. 4. Same as Fig. 1 for neutron-lead total cross
sections.

approximately 3A'% as the number of significant
terms in the series for neutron-nucleus cross
sections. Thus, even for a heavy nucleus like
207pPb we would expect only approximately the first
18 terms to contribute significantly to the sum,
rather than all 207 terms. From numerical cal-
culations we find that for A =207, the first 15
terms of the sum contribute ~99.95% of the total
cross section and the first 18 terms contribute
~99.995% of the total cross section.

To illustrate some properties of the series (4.2),
we rewrite it in the form

A
o(A) = lZz)lgx(A) ) (4.3)
where

gi(A)=27(R? + 26)(—1)'+1<?>%Re [E%IT(R—TF)_;-S;]’ ’

(4.4)
220

210 -

200 -

190 3R%=5.1 .

180 -

0 (j,A) (mb)

170~ —

160 -

—

150

1 2 3 4 5
i
FIG. 5. Partial sums, given by Eqs. (4.4) and (4.5),
for an A=5 nucleus.

o (j,A) (b)

FIG. 6. Partial sums, given by Eqs. (4.4) and (4.5),
for an A =180 nucleus.

and we define partial sums o(j,A) by the relation
i
o(j,A) =7 &/(A). (4.5)
1=1

In Figs. 5 and 6 we show o(j,A) as a function of j
for 1.7-GeV/c neutrons and A =5 and 180. We note
from these figures that the series (4.2) converges
quite rapidly, requiring roughly 342 terms to ob-
tain excellent accuracy. However, we also note
that premature truncation of the series would lead
to grossly inaccurate and often unmeaningful (i.e.,
negative) values for the cross sections.

Let us now calculate the total cross sections us-
ing Eq. (4.1) for the density distribution. For this
density distribution R is related to the rms radius

T T T T1rrrT II T T TrTrT III T
L,
neutron - nuclei cross &
[ sections at 1.65 GeV/c P T
Z
- e Mischke et al..Bugg et al P +
o Schimmerling et al.
Woods - Saxon density
1000 ____ Gaussian density —
3 r 4 ]
S ]
.§ r // 7
o /i
© - 7 —
@ v
2 a4
° - ” B
9 //
- 4
£ 7’
o 4
2 | z —
100 - A
E 3
4
- -
- B
40 ool TS S I R T B

1 10 100
atomic weight

FIG. 7. Neutron-nuclei total cross sections at 1.65
GeV/c as a function of atomic weight. Calculations us-

ing Woods-Saxon and Gaussian density distributions are
compared with each other and with the measurements.
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(r*)"* by
R=VE(AH"2. (4.6)

We shall take the variation of the rms radius with
mass number A to be that given by a uniform dis-
tribution whose half-density radius c is given by
the usual 1.25A%3 fm obtained in optical-model
analyses of nucleon-nucleus collisions. For a uni-
form charge distribution, (»*) =3¢?/5. Therefore,
we obtain

R=VZ1.25A"% fm. (4.7)

The total cross sections are, therefore, given by
Eq. (4.2) with R given by Eq. (4.7). How do these
cross sections compare with those obtained from
a Woods-Saxon density distribution? The qualita-
tive differences are rather insensitive to the inci-
dent energy and incident particle. The cross sec-
tions obtained with a Gaussian density distribution
are lower for A less than approximately 40-60.
For larger values of A, the cross sections ob-
tained with a Woods-Saxon density distribution
are lower. We illustrate this difference in Fig. 7
where we present the calculations with the two den-
sity distributions and the data for neutrons at 1.65
GeV/c. For the Woods-Saxon density distribu-
tions we assume that*? 1=2.3 fm and R =(1.184Y3
-0.48) fm. We note that the differences between
the two curves are relatively small, never exceed-
ing approximately 15% in magnitude. However,
the calculation with the Woods-Saxon distribution
appears to be in significantly better agreement
with the measurements both in the qualitative
shape of the curve and in the actual magnitudes,
than does the calculation with the Gaussian distri-

09 T T T T T T 1.8
-
08 -11.6
0.7 —14
N i

086 \ A=16 12
- / \ —-—-Re(bn) 4 2
os- \ Rer Hi0€
[ . \\ ====p(r) -
[T} / \ - (™
@ , -}
04 08%
L [

!
0.3_— ./ 0.6
/
0.2~ h 04
(o} E-I 0.2
R-a
0 ] M lo

b,r (fm)

FIG. 8. Woods-Saxon density distribution p (r), ReI'(b),
and Re[bI'(b)] for an A =16 nucleus.

bution. The A dependence of the total cross sec-
tion is predicted quite accurately with the Woods-
Saxon distribution.

V. NUCLEAR DENSITY DISTRIBUTIONS

We have seen that the total cross sections ob-
tained with Woods-Saxon density distributions may
differ by as much as 15% from those obtained from
Gaussian distributions. To that extent total cross-
section measurements may be used to investigate
nuclear density distributions. Is there any region
of the nucleus to the density of which the total
cross sections are most sensitive? To investi-
gate this question we write

o A
I‘(b)=1—[1—;1—k f Jo(qb)f(q)S(q)qdq] . (5.1)

If we refer to Eq. (2.1) we see that the total cross
section is given by

o =4ur Re[dT(d)}db .

Thus we may think of 47 Re[dI'(b)] as the contribu-
tion per unit length of impact parameter to the
total cross section at the impact parameter 5.

In Figs. 8 and 9 we show Re[bT'(b)] as a function
of b for several values of the atomic weight A. The
Woods-Saxon density distributions described ear-
lier are used for these calculations and are also
shown in the figures. We note that Re[sT'(b)] at-
tains its maximum value for b~ R - a. Near this
impact parameter the effect of decreasing density
is most effectively compensated for by the large
cross-sectional area presented to the incident
beam. The values of » which contribute to this
maximum are therefore 2R - a, which constitute
the surface and outer regions of the nucleus. How-
ever, although the outer regions of the nucleus
are being probed most by total cross-section mea-
surements, it is important to bear in mind that the
other regions of the nucleus also contribute signif-
icantly to the cross sections.

In Figs. 8 and 9 we also show the behavior of

\,
\ ‘A=238 15
—-—- Re(br)

081 7 \ 4
7 \ —— Rer %
)_ 7/ \ \ ——=p -
.06 , \ 13 2
& 4 S
s
04} s 42 &
7
L 7 i
0.2 Y 1
R4 R-a
I L 1 1 1l 1 = L 1 J0
0 1 2 3 4 5 6 7 8 9 10 1" 12

b.r (fm)

FIG. 9. Woods-Saxon density distribution p (r), ReI'(d),
and Re[bI'(b)] for an A =238 nucleus.
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FIG. 10. The variations with mass number of the ra-
tios of the real parts to the imaginary parts of neutron-
nucleus forward elastic scattering amplitudes.

ReI'(d) which we note is quite similar to that of
the density distribution p(»). Since p(r) does not
possess a sharp cutoff, and since ReI’ decreases
even more slowly from its value at b =0 than does
p(7) from its value at » =0, o should increase with
A more rapidly than A%/, This is indeed what is
found experimentally. The data can be fairly well
approximated by an A*® dependence. However,
for heavy nuclei since, as can be seen from Fig. 9,
T'(b)=1 over a large range of value of b and the
bulk of the cross section comes from these values
of b, the cross sections will increase at a rate
closer to A?3, This decrease in the slopes of the
o vs A curves is readily observed in Fig. 7 where
the curves possess negative second derivatives.

VI. REAL PAIRS OF HADRON-NUCLEI
FORWARD ELASTIC SCATTERING
AMPLITUDES

A feature of hadron-nucleon collisions above ~1
GeV/c is that a, the ratio of the real to imaginary
parts of the forward elastic scattering amplitude,

TABLE VI. Neutron-deuteron total cross sections.

Momentum o(theor.) o(exp.)
(GeV/c) (mb) (mb)
1.65 81.00 80.83+0.17
1,775 81.37 81.37+0.18
1.925 81.83 82.02+0.19
2.1 82.60 82.61+0.,18
2.4 82.02 82.78+0.12
4.0 81.5 80.3 1.9
5.7 79.8 77.8 1.3
9 75.9 733 1.1
18 74.2 75.8 +0.8

K=z}
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FIG. 11. Same as Fig. 1 for neutron-deuterium total
cross sections,

is considerably smaller in magnitude than unity.
Let us define the corresponding ratios, &, for
hadron-nuclei elastic scattering amplitudes,

6=ReF,,(0)/ImF,,(0)
=5(A).

For A=1, we have 6(1) =a. It would be useful to
determine how 6 depends upon A.

Since high-energy interactions with nuclei are
likely to be more absorptive for heavier nuclei
than for lighter nuclei, we would expect the mag-
nitude of § to decrease with increasing A. In Fig.
10 we show 6(A) for several different incident en-
ergies. These curves were calculated using the
density given by Eq. (4.1). We note the expected
decrease in | 6| with increasing A. For Az 60 the
magnitude of 6 has decreased to less than one half
the magnitude of « [i.e., &(1)].

VII. NEUTRON-DEUTERON
CROSS SECTIONS

There exist a number of detailed analyses of
hadron-deuteron collisions. To obtain predictions
for neutron-deuteron total cross sections we apply
the optical theorem to the hadron-deuteron elastic
scattering amplitudes derived by Franco and Glaub-
er.’ The s- and d-state wave functions we use are
those given by Moravcsik.®” In Table VI we com-
pare the calculated values with the data. In Fig.

11 we exhibit the momentum dependence of the pre-
dicted deuteron cross sections and compare it with
the measurements.
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FIG. 1. Neutron-carbon and neutron-beryllium total
cross sections as a function of incident momentum. The
curves represent the upper and lower limits of the pre-
dicted cross sections when specified uncertainties in the
input parameters are considered. See text for detailed
discussion.
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