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The mechanism of the reaction Be9(Li7,Li8)Be8, Q = 0.36 Mev, 
from which the angular distribution of Li8 has been measured by 
Norbeck, Blair, Pinsonneault, and Gerbracht (NBPG), is analyzed 
from a classical viewpoint. The reaction is one of neutron pickup 
by the Li7, and it is assumed that due to the low reaction energy 
and relatively low mass of the neutron the Li7 and Be9 are not 
unrecognizably perturbed from the classical hyperbolic orbits they 
would follow under Coulomb repulsion. For the NBPG data taken 
at 2-Mev Li7 bombarding energy it is noted that the blurring of 
the classical trajectories due to diffraction is about 37% in the 
angle of deviation. Comparison of NPGB's cross sections per 
steradian for Li8 formation with those calculated from Ruther­
ford's formula show that 1 in 106 passing Li7 nuclei can capture 
a neutron from Be9 in encounters in which the perinuclear distance 
is as great as (S.OiO.SSjXK)-12 cm. 

The rate of radial attenuation of the probability of finding the 

I. INTRODUCTION 

BERYLLIUM-9 is the most easily photodissociated 
of any of the stable nuclei: 

Be9 -> B e 8 + ^ - 1 . 6 3 Mev. (1) 

If one explores a three-body model of this nucleus, i.e., 
two alpha particles and one neutron, a striking feature 
is the very low "packing energy," since 

B e 9 - (2a+n)= - 0 . 7 3 Mev. (2) 

In this paper we will use a crude three-body model of 
the Be9 nucleus, in which the two a particles are assumed 
to be confined to a volume not widely different from 
that consistent with the formula 

r = i . 5 X l O - 1 8 ^ , (3) 

where r is the radius and A the nearest integer to the 
atomic weight. In contrast, the neutron, like the neu­
tron in the deuteron, will be assumed occasionally to 
wander far outside the range of nuclear forces, the 
structure possessing an obviously imperfect analogy to 
a dense but small planet with a rarified but extended 
atmosphere. If we disregard the evidence from the shell 
model, place the neutron in an / = 0 orbit, and use a 
"square" well potential, the radial part of its wave 
function should have the form 

* o t o « ( l / 0 r ) < r * (4) 
with 

0 = (2MJ*0V*, (5) 

for values of r beyond the well radius. W is the ioniza­
tion energy of the neutron from Eq. (1). In the three-
body problem the interpretation of /x is not unique; it 

f This research supported in part by the U. S. Atomic Energy 
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Be9 neutron in unit volume is determined from the angular dis­
tribution of Li8, using the classical equation for the perinuclear 
separation as a function of angular deviation. In the region 
(1.5 O <3)X10 -12 cm it is consistent with the slope of the func­
tion nr~2exp(-2(3r) with /?= (2.1±0.5)X1012 cm"1. The theo­
retical value for a neutron bound to a Be8 structure by PT»=1.63 
Mev is (2/iWn)V* or 2.6X1012 cm"1. 

It is shown that the extraordinarily low (n,y) cross section for 
Li7 determined by Imhoff, Vaughn, Johnson, and Walt cannot be 
used here to describe the capture. Using a plausible cross section 
of 5X10~25 cm2, the value of n in the specified region is 1.3X1013 

cm-1, giving, for instance, the absolute value of neutron proba­
bility per cm3 at 2.0X10-12 cm radius as 6.2X1032 cm-3. 

The function nr~2 exp(—2/3f) must join on to one less steep at a 
radius ^8X10~13 cm, or the neutron probability integrated over 
all space becomes greater than unity. 

would certainly seem to have a value less than the 
reduced mass of a two-body system composed of a Be8 

core and an external neutron. 
According to the shell model the neutron should have 

a wave function characterized by 1=1, in which case 
the corresponding external radial part is 

Mr)« (l//3r+l/(32r2)e^r. (6) 

However, we shall be discussing the situation far from 
the center of the Be9 nucleus, and under this condition 
the differences between Eq. (4) and Eq. (6) are com­
parable to other uncertainties in the analysis. 

II. NUCLEAR REACTIONS OF Be9 AND THE 
THREE-PARTICLE MODEL 

The Be9 nucleus is involved in several nuclear re­
actions having extraordinarily large cross sections at 
low bombarding energy. In these reactions, there is 
always a possible mechanism by which the Be9 nucleus 
can react without decomposing into particles other than 
the three postulated. For instance, consider Be9(£,J)Be8 

and Be9(^,o:)Li6; in the first of these the Be9 can be 
considered to split in the fashion aa | n, and the neutron 
picked up. In the second, the split could be a | an. 

Consider the first of these reactions. Deuterons from 
it are easily observable under laboratory conditions of 
bombardment with proton energies as low as 0.100 Mev. 
The formula for the Coulomb potential barrier height 
B in Mev for protons recommended by Blatt and 
Weisskopf1 is 

B=(ZPZr#)(r*A*+p), (7) 

with Zp and ZT the atomic numbers of projectile and 
target, respectively, and p—0 for protons. Using r 0 = 1.5 

1 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley & Sons, New York, 1952). 
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TABLE I. Some exothermic reactions possible from Be9 

nuclei bombarded with Li7 projectiles. 

Yield at 2 Mev from 
thick targets per 

Reaction Q (Mev) microcoulomb 

Be9(Li7,Li8)Be8 0.37 3.8X104a 

Be9(LiV)B12 10.47 2.3 X103 

Be 9 (L i»N 1 5 18.10 (1.5-2.2) X103 

Be9(Li7,^)C15 9.10 ^1.9X102 

a Thin-target yield corresponds to 3.0 X10-27 cm2 cross section. 

X10~13 cm we obtain £=1.85 Mev. At 0.180 Mev, or 
0.1B, the total cross section for this reaction is 5X10-26 

cm2 according to Hatch.2 If it were necessary that a 
compound nucleus be formed before this reaction and 
its competitor Be9(p,a)LiQ, which has approximately-
equal cross section, could proceed, the maximum cross 
section would be about half that estimated from 
Coulomb barrier penetration calculations. According to 
Blatt and Weisskopf1 this maximum should be about 
3X10~27 cm2. Thus at this energy the cross section of 
Be9(^,J)Be8 is some 16 times the maximum value con­
sistent with penetration through the barrier to a dis­
tance of 3.1X10-13 cm [Eq. (3)] from the electrical 
center of the Be9 nucleus. The classical minimum dis­
tance of separation, given in general by 

nnin=(2ZpZre2/MFp2) (8) 

is in this case 3.1X10"12 cm. Vp is the speed of the 
projectile in the laboratory system. The inference is 
clear that in Be9 the neutron may be picked up, with 
detectable probability, at radial distances large com­
pared with those of Eq. (3). 

In search of further information about the Be9 

nucleus, we may turn to the reactions of Be9, as a 
target, caused by Li7 nuclei as projectiles. It is char­
acteristic of nuclear reactions initiated by heavy ions 
that many competitive exit channels are open under 
the same conditions of bombardment. Murphy,3 who in­
vestigated proton groups from the reaction Be9(Li7,̂ >) C15, 
using 2-Mev Li7 ions, has listed twelve competitive re­
actions, all exothermic. In Table I we list only those on 
which some cross-section data are available. 

The first three reactions are from Norbeck and 
Littlejohn, the result on the total cross section of 
Be9(Li7,Li8)Be8 is from Norbeck et alt (hereafter re­
ferred to as NBPG). Murphy quotes the cross section 
at 90° in the laboratory system for Be9(Li7,£)C15 as 
1.3 X10~30 cm2 per steradian. The figure given in Table I 
as a target yield is an upper limit, assuming isotropic 
distribution and Murphy's quoted result. Inspection of 
Table I shows again that the high cross sections corre­
spond to reactions in which the Be9 can be considered 

2 G. T. Hatch, Phys. Rev. 54, 165 (1938). 
« P. G. Murphy, Phys. Rev. 108, 421 (1957). 
4 E. Norbeck, Jr., and C. S. Littlejohn, Phys. Rev. 108, 754 

(1957); E. Norbeck, J. M. Blair, L. Pinsonneault, and R. J. 
Gerbracht, Phys. Rev. 116, 1560 (1959). 

an aggregate of a particles and a neutron; the more 
profound rearrangement required for Be9(Li7,^)C15 

occurs with noticeably less probability. 
The reaction of outstanding probability in Table I 

is Be9(Li7,Li8)Be8; it has a certain analogy with 
Be9(^,J)Be8 in that in the former case a Li7, in the 
latter a proton, could cause the reaction by picking up 
a neutron from the outer regions of the Be9 nucleus, 
leaving the residual Be8 relatively undisturbed. The 
probability of compound nucleus formation for this 
reaction has been published by Murphy3 based on the 
computations of Feshbach, Shapiro, and Weisskopf.5 

They are given again here, in Table II, for the first 
four / values. We see that this one of at least 12 possible 
competitive reactions, all of much higher Q value, is 17 
times more probable than indicated by the barrier 
penetration of the 1=0 partial wave, and five times as 
probable as the maximum indicated by the sum of the 
partial waves from 1=0 to 1=3. 

By investigating the angular distribution of the Li8 

as a function of bombarding energy as it increases from 
2 to 4 Mev in the laboratory system, NPBG have shown 
that the Li8 comes from a projectile Li7 which has been 
tagged as Li8 by neutron capture. A priori, there was 
the improbable possibility that this particular reaction 
could have proceeded by proton transfer from the Be9 

target to the projectile Li7, in which case the Li8 would 
have appeared as a modified target. This paper will 
attempt to show that additional information con­
cerning the Be9 nucleus may be extracted from the 
angular distributions observed by NPBG. 

III. ASSUMPTIONS OF THE PRESENT 
CALCULATION 

In the original Butler6 treatment of stripping and 
pickup reactions, it was assumed that Coulomb effects 
could be neglected. Later, there were attempts to in­
clude Coulomb effects into the calculations. In the 
meantime experimental physicists had found that 
broadened Butler-type distributions persisted, even in 
cases where it was clear that the Coulomb effects were 
not to be considered as absent. 

In this paper the Be9(Li7,Li8)Be8 reaction will be con-

TABLE II. Probability of compound nucleus formation for 2-
Mev Li7 projectiles on Be9 targets. Observed a for Be9(Li7,Li8)Be8: 
3.0X10~27cm2. 

0 1.7 X10-28 1.7X10"28 

1 2.9 X10~28 4.6X10"28 

2 1.2 X10~28 5.8X 10~28 

3 0.25X10"28 6.0X10"28 

5 Feshbach, Shapiro, and Weisskopf, Atomic Energy Commis­
sion Report, NYO-3077 (unpublished). 

6 S. T. Butler, Proc. Roy. Soc. (London) A208, 551 (1951). 
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TABLE III. Values of rj, etc., for various nuclear collisions. 

Fraction of 
7} barrier 10%min 

Experimental situation [Eq. (9)] height [Eq. (8)] Remarks 

8.6-Mev a's on Au target 35 0.34 2.6 Pure Rutherford scattering. 
2-Mev Li7 on F target 16 0.22 1.4 Coulomb excitation; no nuclear reactions.8-
2-Mev Li7 on Be target 7 0.35 1.6 Neutron pickup observed; reactions with 

Be9 "core" 100 times less probable. 
4-Mev Li7 on Be target 5 0.70 0.8 Nuclear reactions of all types 
9-Mev d's on Al 0.19 0.46 .0.21 Butler stripping, no Coulomb effects 

influencing reactions.15 

a C. S. Littlejohn and G. C. Morrison, Phys. Rev. 116, 1526 (1959). 
b See Butler, reference 6. 

sidered in quite the opposite fashion. We will assume 
Rutherford scattering as the principal factor in the ob­
served angular distributions, and treat the nuclear re­
action as causing a mild perturbation of the classical 
hyperbolic orbits. The perturbation will be estimated in 
a very elementary fashion. Such a treatment must be 
justified in two steps, the first of which is to inquire 
whether, for the elastically scattered Li7 nuclei, there is 
sufficient validity to the orbital picture. This question 
has been considered by Bohr7 and depends on the value 
of 7}, where 

<n = 2ZpZTe2/hVp. (9) 

rj is thus the ratio of rmin, [Eq. (8)2 to X, the de Broglie 
wavelength divided by 2ir. If i£M, diffraction effects are 
negligible and an elastically scattered projectile, de­
tected at angle 6C in the center-of-mass coordinate 
system, may with confidence be said to have traversed 
a hyperbolic orbit given in that system by 

r(a) = j7mm(csc|0c cosa—1)_1 cot2(|0c). (10) 

Figure 1 illustrates the coordinate system used. Table 
I I I lists values of rj and other significant quantities in 
certain experimental situations. In this table the bar-

FIG. 1. The coordinate system used to describe the projectile-
target collision in the barycentric system, a is the angular devia­
tion of the line connecting the objects from the perinuclear posi­
tion OO'. Bc is the deflection of the projectile. 

7 N. Bohr, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 
18, 8 (1948). 

rier height was calculated in a conventional manner, 
i.e., 

B = ZPZTe*/ro(P>+T$), (11) 

where fo=1.5XlO~13 cm and P and T stand for the 
masses of projectile and target, respectively. I t is seen 
that the case of Be9 under bombardment with 2-Mev 
Li7 ions, with 77 = 7, lies close to the region in which we 
have become accustomed to the use of orbital pictures, 
for instance, consider the classical calculations of 
Coulomb excitation. 

The uncertainty measured by r\ can be expressed in 
another way; i.e., Bohr7 shows that the uncertainty ex­
pressed in terms of the variation of the angle of devia­
tion is approximately 77-% or 37% for r?= 7. This can be 
interpreted as an uncertainty in the perinuclear dis­
tance for an observed angle of deviation, through Eq. 
(10) with a = 0 . For instance, with 0C=45° (Li8 ob­
served at 45° in the barycentric system) the perinuclear 
distance is 2.91 X10~12 cm at 2 Mev, and the region of 
uncertainty due to diffraction lies between 3.5 and 
2.6X10"12 cm. At 0C= 135°, the uncertainty is less, the 
perinuclear distance lying in the range (1 .55<r p e r< 1.85) 
Xl0- 1 2 cm. 

The second step which needs to be justified concerns 
the fact that even if an elastically scattered charged 
particle may be said with confidence to have traversed a 
classical orbit, one which has been involved in a nuclear 
reaction will in general have its orbit distorted beyond 
all recognition. There are, however, two circumstances, 
special to the Be9(Li7,Li8)Be8 reaction, which greatly 
reduce the orbital distortion. These are that the re­
action has the low Q of 0.36 Mev, and the mass of the 
neutron picked up is 1/7 of that of the Li7 which caught 
it. For a numerical example, consider the situation in 
the barycentric system, for the case of Li7 ions of 2-
Mev kinetic energy as measured in the laboratory sys­
tem. In the barycentric system the Li7 initially is mov­
ing toward the Be9 with 0.633-Mev kinetic energy, and 
the Be9 is approaching it with 0.492 Mev. If we con­
sider that the Li7 takes up the momentum of a 0.36-
Mev neutron, a simple vector diagram shows that the 
maximum deviation of a Li7 nucleus which would other­
wise pass essentially undeviated, is about 15°. The 
corresponding value for a 4.0-Mev Li7 is 9J°. For Li7 



1978 S A M U E L K . A L L I S O N 

eL or ec — > 
FIG. 2. The angular distribution of Li8 from the reaction 

Be9(Li7,Li8)Be8 at 2-Mev Li7 energy in the laboratory and bary-
centric coordinate systems. 

ions recoiling backward the angular perturbation due to 
neutron capture should be less. 

IV. TREATMENT OF THE DATA 

In describing the treatment of the NBPG data we 
shall speak specifically of the treatment of the 2-Mev 
angular distribution they observed in the laboratory 
system. The treatment of their 4-Mev data was en­
tirely analogous. Figure 2 of NBPG shows the angular 
distribution in the laboratory of the Li8 produced at 2 
Mev. Their ordinates are arbitrary units; let us repre­
sent the numerical value of any such ordinate by / . Thus 

da(dL)/dU=kfJ (12) 

where 6L is the laboratory angle, and k is the numerical 
factor required to express the result in cm2 per steradian. 
The total cross section is then 

a==2irk \ f sinSud6L, (13) 

and NBPG determined a by sinking a Be9 target into 
a well in a Nal(Tl) crystal scintillator and counting 
the total activity. They found a-=3.0XlO~27 cm2. In 
order to use this value a new distribution curve was 
constructed by multiplying each ordinate of their Fig. 2 
by the appropriate value of sinflz,. This curve was then 
integrated as indicated in Eq. (13), and k could be 
found and absolute values assigned to the NBPG ordi­
nates. The result is shown in our Fig. 2. 

The curve was then transformed to the barycentric 
system by following standard procedures. 

The results of the transformation to the barycentric 
system are shown in Fig. 2. In the transformation, the 
absolute values of the experimental errors in points 
taken at large angles are greatly increased. If these 
points in the original data were low and close to the 
background, the magnification of the error may make 

them unusable. Thus at a point at 0C=167° in the 
barycentric curve, obtained by the transformation from 
135° in the original laboratory data, the NPBG experi­
mental error of ±0.20XK)-2 8 cm2 becomes ±1.9XK)- 2 8 

cm2 in a total value of 4.7X10"-28 cm2. A slight mistake 
in estimating the background would totally invalidate 
such points, and they were discarded in the analysis. 
The angular range, in dL, of the data used extended 
from 20° to 105° at 2 Mev, and from 10° to 100° at 
4 Mev. 

V. RATE OF ATTENUATION OF NEUTRON 
DENSITY WITH INCREASING RADIUS 

Pursuing the idea of using orbital pictures, we can 
calculate from the Rutherford formula the cross section 
for elastic scattering of the Li7 projectiles, and compare 
this with the cross section observed by NBPG for 
those which have become radioactive by neutron pickup. 
In the barycentric system, the Rutherford formula is 

{da(dc)/dr}R=^rmir? csc4(|0c). (14) 

A crude attempt to allow for the perturbation of the 
orbits of those Li7?s which capture a neutron was made 
as follows. I t was assumed that the increment of mo­
mentum increased the angle of deviation, which was 
primarily determined by the impact parameter and the 
Coulomb repulsion. Thus a Li8 product nucleus appear­
ing at 6C is assumed to be a modified scattered Li7 

which would otherwise have appeared at an angle 
(6c-5). 5=15° was used for 2 Mev, and b = 9^° for 4 
Mev, neglecting its variation with Bc. Thus the proba­
bility that a Li7 nucleus catches a neutron along its 
orbit will be 

\da(6c)} /\da(ec-5)} 
PQc)=\ s i n 0 c / s in(0 c-5), (15) 

I dr J N ' I dr ) R 

where the subscript N refers to the experimental data 
of NBPG expressed barycentrically. The effect of the 
5 correction is small compared to uncertainties intro­
duced by the lack of defmiteness of the orbital picture. 

Let us now suppose that the capture of the neutron 
occurs essentially at the perinuclear distance, and that 
the region of capture extends over a length of arc of 
the orbit equal to the perinuclear separation,8 which 
from Eq. (10) is 

rper(^) = i r m i n [ c s c | ( ^ - 5 ) - l ] - - 1 c o t 2 [ : i ( ^ - - 5 ) ] . (16) 

Equation (19) is to be applied to a Li8 nucleus which 
appears at 6C in the barycentric system. 

Let |'AW |2 be the probability of finding the neutron 
in unit volume at distance r from the electrical center 

8 The assignment of effective length of arc equal to perinuclear 
separation is obviously rough. However, the perinuclear distances 
with which we are concerned are so great, and the decay of the 
neutron probability function so rapid, that use of various low 
powers of rper in the effective length of arc has very little effect in 
the determination of /3. 
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TABLE IV. Summary of computational steps. 

1979 

Description of operation Numerical values 

1. Selection of original NPBG datum 
at 2 Mev (see Fig. 1) 

2. Transformation to barycentric 
system. 

3. Adjustment for perturbation by 
neutron capture, Eq. (15) 

4. Computation of Rutherford cross 
section, Eq. (14) 

5. Calculation of rper, Eq. (16) 
6. lO-i2P(0c)/rper 

{da(8c)/dti)N = 5.15X 10~28 cm2/steradian 
at 0z, = 45° 

{^o-(0c)/^}iV = 2.4XlO-28cm2/steradian 
a t0 c = 77°54' 

{^cr(0c-5)/^O}Ar = 2.6XlO-28cm2/steradian 
a t 0 c - 5 = 63° 

{da(6~)/dQ,}R = 2.3X 10~24 cm2/steradian 
a t0 c = 63° 

2.35X10-I2cm 
4.8X10~5cm-1 

of the Be9 nucleus. Then the simple assumption we 
have just made is 

P(0e) = \$(rper) | V c f p e r ^ c ) , (17) 

where ac is a kind of capture cross section of the Li7 

nucleus, suitable to the conditions of the encounter. I t 
is expected that the attenuation of \yp(r) |2 as r increases 
will be extremely rapid at the large values of r which 
concern us; 0.8X10~12 cm<f<4XlO~ 1 2 cm. We shall 
show later that <rc cannot be the radiative capture cross 
section of Li7 for a free neutron; in the absence of any 
direct knowledge concerning it we shall assume that its 
variation throughout the barycentric velocities with 
which we are concerned is small compared to the rate 
of variation of \${r) |2. If this is correct, each value of 
P(Bc)/rver deduced from the data of NBPG will be 
proportional to the neutron probability density func­
tion per unit volume a t distance rper from the Be9 

electrical center. To assist in following the calculation, 
Table IV traces the interpretation of one particular 
NPBG datum through the computations. 

In Fig. 3 the computed values of lO~12jP(0c)/rper are 
plotted as ordinates against radial distance in Be9. 

FIG. 3. The rate 
of attenuation of the 
neutron probability 
density in the Be9 

nucleus as the radius 
increases. + indi­
cates a point derived 
from 2-Mev data, 
• one derived from 
4-Mev data. The 
solid line is a plot 
of the function r~2 

X e x p ( ~ 4.2X10%) 
adjusted to the points 
a t f = 2X10~12cm. 

10 ° t 

• 
1 ** 

• * " \ 

i - •" I 1 

1 1 1 

Ordinates 1 

. IO- ,2P(0J , 1 

1 rper J 

- Abscissas 

•f 

Points marked with a cross are from NPBG's 2-Mev 
data; circled points are from their 4-Mev results. 

The data seem most reliable which lead to radial 
distances between 1.5 and 3.0X10 -12 cm. At larger 
radial distances the data arise from experimental ob­
servations on Li8 in the forward direction and at low 
intensities with respect to the background. At smaller 
radial distances the unreliability of the 4-Mev data due 
to the effect of diffraction and barrier pentration make 
our simple interpretation unreliable. 

One of the firm predictions of the quantum me­
chanical model of a nucleus is that the radial part of 
an acceptable characteristic function for a particle 
outside the range of nuclear forces where the nuclear 
potential energy is zero, is given by Eqs. (4) and (5). 
Thus we have 

and 
|^(r) |2 ocf-2 exp(—2/3r), 

{d\Hr)\2}/\^(r)\2==--2r-1(l+Pr)dr. 

(18) 

(19) 

3 4 

We assume that Eq. (18) is the form of the function of 
Fig. 3, and determine fi through the slope at r= 2X 10~~12 

cm, using Eq. (19). This gives 

ftxp=(2.1d=0.5)Xl012cm-1. (20) 

If we approximate the Be9 nucleus by a two-body model 
in which the neutron moves with respect to a Be8 core, 
the theoretical value of /3 may be deduced from Eq. 
(5), using JF=1.63 Mev. I t is 

fth = 2.64Xl012cm-1 . 

Considering the uncertainties involved there is reason­
able agreement. The curve drawn in Fig. 3 is a plot 
of the function r~2 exp(-2/fr) with /5=2.1X1012, the 
ordinate being adjusted so that at ^=2X10~1 2 cm the 
value is 2.5X1CM. I t is seen that in the range 
1.5X10-12 cm to 3X10~~12 cm such a function expresses 
the experimental attenuation quite well; at larger r, 
however, the attenuation of the probability seems less 
rapid. The explanation of such an effect is not at hand; 
as we have noted, the points concerned represent 
measurements of Li8 in the forward direction in the 
laboratory at low intensity, very near the background, 
and may be in error. Furthermore, for the small angles 
of deviation from which these points at large r arise, 
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the uncertainty in rper due to diffraction effects is much 
increased. 

VI. ABSOLUTE VALUE OF THE 
NEUTRON PROBABILITY 

Although no rigorous deductions were obtained con­
cerning the absolute values of |^(V)|2 in the region 
1 .5X10- 1 2 0<3X10- 1 2 , an attempt to calculate it 
uncovered some points of interest. The procedure was 
based on the following idea. If the absolute values of 
|^(V)|2 were known along the orbit of the Li7 as it 
passes through the neutron "atmosphere" in the outer 
reaches of the Be9 nucleus, the probability of capturing 
a neutron could be expressed as 

P{ec)= f I ^ M M , (21) 

which is an obvious refinement of Eq. (17). dl is an 
infinitesimal length of arc along the hyperbolic orbit 
and is connected with an increment da in a (Fig. 1) by 

dl=[(dry+r2(da¥J, (22) 
or 

dl= {(drY sin2a+r2[d(cosoO]2}" csca. (23) 

The integral of Eq. (21) was numerically evaluated, 
using various assumptions about \${r) [2 and crc, as out­
lined below. The integral was expressed as a sum of 
contributions from increments of path Al associated 
by Eq. (23) with increments A(cosa), near coso:=l, 
which corresponds to the perinuclear separation. 

Let us assume that the absolute value of the neutron 
density is given by 

| ̂  (r) |2 = nr~2 exp ( - 2/3r), (24) 

with p= (2.1d=0.5)X1012 cm"1. The most obvious at­
tempt to evaluate n is to do it independently of Eq. 
(21), namely by space normalization of Eq. (24) to 
unity, setting 

4wn f exp ( - 2&r)dr = 1. (25) 
J0 

This is done in the elementary theory of the deuteron, 
and neglects the fact that inside the region of the po­
tential well the function is no longer the one postulated 
in Eq. (24). Carrying out this step Eq. (25) produces 
^=/5/27r=3.34Xl0 n which is unacceptably small. To 
show this, consider the observations on Li8 produced 
at 90° in the barycentric system from a 2-Mev Li7 

beam. The perinuclear distance in this case is (2.03 
=b0.25)XlO~12 cm. Evaluation of the integral of Eq. 
(21) along a length of arc 3 XlO - 1 2 cm shows that in 
order to account for the observed P(0C) of 6.5 XlO - 4 

the value of <rc would have to be 2.9XlO -23 cm2, too 
large by a factor of ~ 100. 

I t is interesting to note, however, that the cross 
section for the capture of a free neutron by Li7, fol­

lowed by 7 radiation to the ground state of Li8, is 
completely unacceptable here The velocity of the Li7 

nucleus through the neutron "atmosphere" of Be9 cor­
responds to a neutron kinetic energy of a few hundred 
kiloelectron volts. The capture cross section of Li7 for 
free neutrons in this energy region has recently been 
measured9 and has the extraordinarily low values of 
(5-20) X10"30 cm2. The factor of discrepancy is more 
than 106. I t is clear that there must be sufficient coup­
ling with other parts of the nuclear constituents con­
cerned to remove the excitation energy in some other 
form than electromagnetic radiation.10 

Finally, we may obtain a "plausible" value of n and 
the absolute probability density by assigning a "plaus­
ible" cross section to the Li7 nucleus for neutron pickup 
under these conditions. Such a plausible cross section 
is 5X10~25 cm2, corresponding to a geometrical cross 
section whose radius is the sum of 2.8XlO -13 cm for 
Li7 and 1.2X10"13 cm for the neutron. 

At this point another consideration enters, namely 
that the diameter of the Li7 cross section is not negli­
gibly small compared to the perinuclear separation 
(8X10~13 cm vs 2.03X10-12 cm). Thus the change in 
the neutron probability function across this diameter 
will be appreciable, and the average across the Li7 

disk will not equal the value at its center. A purely 
geometrical calculation of this effect gave the result 
that the probability of the Li7 capturing a neutron is 
3 5 % higher than would be indicated by the value of 
\$(r) |2 taken at the electrical center of the Li7 nucleus. 
Thus the correct value of P(6C) for an orbit with peri­
nuclear distance 2.03X10"12 cm is 0.65X6.5X10"4 or 
4.2X10-4. Using this value of P(6C) in Eq. (21), with 
\yp(r) |2 expressed as in Eq. (24), and carrying out the 
integration numerically gives n= 1.3XlO13 cm - 1 giving, 
for instance, \yp(r) |2 = 6.2X1032 cm"3 at 2.03X10"12 

radial distance. 
This value of n is surprisingly large, in fact, it can be 

shown that this value of n cannot be correct and at the 
same time have Eq. (24) represent the neutron function 
all the way out from the Be9 center to the radii under 
consideration. Applying the normalization integral Eq. 
(25) with the lower limit set at r=a instead of zero, 
with ^=1.3X101 3 cm"1, /3=2.1X1012 cm"1, we find 
a=8.8Xl0~ 1 3 cm. This may mean that the neutron 
probability function, rising rapidly in value as r de­
creases, must flatten out somewhat before r—a. 

The points plotted in Fig. 3 in the region 0.8X10"12 

O < 1 . 5 X l 0 ~ 1 2 cm seem to invalidate this conclusion. 
There is no obvious flattening as r decreases. But these 
points are all from the 4.0-Mev data where we are at 
70% of the barrier height (Table III) and the tunnelling 
effect into the classically forbidden radii can no longer 
be ignored. I t is probable that due to this tunnelling, 
near 1X10~12 cm radial distance, the values of P(dc)/r 

9 W. Imhoff, F. J. Vaughn, R. G. Johnson, and M. Walt (1958). 
1959 Nuclear Data Tables U. S. Atomic Energy Commission. 

10 This point became clear in a discussion with G. C. Morrison. 
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are actually characteristic of shorter radii than those 
at which they are plotted in Fig. 3, and the predicted 
flattening is thus concealed. 

VII. CONCLUSION 

Although the methods of calculation used in this 
work could be considerably refined, for instance, in 
allowing for the effects of diffraction and orbit per­
turbation by neutron capture, it seems better to await 
further data which confirm the rather surprisingly large 
size of the Be9 nucleus indicated here. As the study of 
heavy ion interactions proceeds, neutron pickup may 
be found from beryllium using even heavier projectiles 
and under circumstances where the orbital picture is 
less blurred than in the present case. 

INTRODUCTION 

THE measurements reported in this paper are con­
cerned with the elastic scattering of fast neutrons 

by nuclei of mass three. They are part of an extensive 
program of investigation at this Laboratory of the inter­
actions of the very light nuclei. The long-range objective 
of this program is to reconcile the scattering, reaction, 
and ground-state properties of the very light nuclei 
with the information about nuclear forces derived from 
analysis of n-p and p-p scattering. Supplementary 
knowledge of nuclear forces may be sought in the 
study of excited states and interactions in systems of 
a few nucleons. From the latter point of view, neutron 
scattering by the very light nuclei is of special interest 
since direct observation of the scattering of neutrons 
is not feasible at present, and the character of the n-n 
force must be inferred from a study of the interactions 

f Work performed under the auspices of the U. S. Atomic 
Energy Commission. 
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The idea of using such a classical approach for the 
interpretation of heavy ion nuclear collisions is not new. 
It has been developed in a series of papers by Breit and 
his collaborators,11 and has been applied to the reaction 
Au197(N14,N13)Au198 by Mclntyre, Watts, and Jobes.12 
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of neutrons with bound systems of nucleons. The 
possibility of many-body nuclear forces can also be in­
vestigated through the study of systems of a few 
nucleons. 

Much theoretical and experimental effort has been 
devoted to the study of p-d and n-d interactions. 
Reviews of the subject have been given by Massey1 

and by Mather and Swan.2 A bibliography of more 
recent experimental work will be found in recent papers 
on n-d elastic and p-d inelastic scattering.3'4 The calcu­
lation of nucleon-deuteron interactions with tensor 
forces has been formulated,5 but the present state of 
nucleon-deuteron scattering theory is inconclusive. 

1 H. S. W. Massey, Progress in Nuclear Physics, edited by O. R. 
Frisch (Pergamon Press, New York, 1953), Vol. 3, pp. 235-270. 

2 K. B. Mather and P. Swan, Nuclear Scattering (Cambridge 
University Press, New York, 1958). 

3 J. D. Seagrave and L. Cranberg, Phys. Rev. 105, 1816 (1957). 
4 L. Cranberg and R. K. Smith, Phys. Rev. 113, 587 (1959). 
5 B . H. Bransden, K. Smith, and C. Tate, Proc. Roy. Soc. 

(London) A247, 73 (1958). 
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Differential cross sections have been obtained for the elastic scattering of neutrons by tritium and by He3 

at £«—1.0, 2.0, 3.5, and 6.0 Mev over the angular range 27° to 161° in the cm. system. The Los Alamos 
large Van de Graaff accelerator and pulsed-beam time-of-flight facility were employed, and the scattering 
samples were contained in small thin-walled stainless steel spheres. One-third mole of He3 was contained 
at 5000 psi and one-half mole of tritium was prepared in the form of CaT2. Absolute cross sections were 
determined from a comparison with the scattering from a thin shell of CH2 at each energy, together with 
calibration of the relative sensitivity of the detector as a function of energy by the known forward yield 
of the T(p,n)Hez reaction. The angular distributions for n-T scattering are in excellent agreement with the 
calculations of Bransden, Robertson, and Swan based on a Serber exchange force. The w-He3 measurements 
favor qualitatively the Serber rather than the symmetrical exchange force used in the calculations, but the 
agreement is poorer than that obtained for n-T scattering. The polarization of elastically scattered 1-Mev 
neutrons was found to be less than 5% for both samples, unlike the strong polarization observed in w-He4 

scattering. 


