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The number and distribution of disintegration protons to be expected from the H2(n, p) reaction at 90-
Mev incident neutron energy is calculated phenomenologically. No assumption about the character of
nuclear forces is required, the impulse approximation allowing direct use of high energy n—p and p—p
scattering data. Agreement with experiment is satisfactory, there being no evidence for a difference between

n—mn and p— p interactions.

INTRODUCTION

N a previous paper,! hereafter referred to as I, a

method has been set up for treating high energy
n—d inelastic scattering. The method, called the im-
pulse approximation, requires a knowledge of the n—p
and n—mn scattering amplitudes as well as the deuteron
wave functions, continuum and discrete. It does not,
however, require a knowledge of the nature of nuclear
forces. The first experiment on the H2?(n, p) reaction
at high energy has now been carried out at Berkeley
by Powell and associates,? using the 90-Mev neutron
beam from stripped deuterons. Since information is also
available on n—p scattering at this same energy? it
is possible to test some of the predictions of the impulse
approximation. Such a comparison of theory with the
90-Mev experiment is carried out in this paper as a
sequel to I. In part I it was also pointed out that if
one is confident of the accuracy of the impulse approxi-
mation, one might derive the magnitude of the n—mn
amplitude from the H*(n, p) experiment. This deriva-
tion will be performed here.

It is worth explaining qualitatively why the inelastic
n—d scattering is a more useful application of the im-
pulse approximation than the elastic, when both are
theoretically tractable by the method. The difference
lies in the relative importance of interference effects.
Elastic scattering is, so to speak, completely coherent.
It has its origin mainly in small momentum transfers
and no observation can be made to tell whether the
neutron or the proton in the initial deuteron was the
struck particle. Consequently there is interference be-
tween n— p and n—n scattered amplitudes and a knowl-
edge of the phases is necessary to make a prediction.
Such a knowledge cannot be derived directly from two-
body scattering experiments, and one would have to
rely on a very shaky theory. Inelastic scattering, on the
other hand, tends to result from large momentum
transfers, and the struck particle can often be identified
because it has the higher energy. Interference effects
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are then much smaller, as will be seen, and the phases
not important.

Gluckstern and Bethe* have shown by a closure
argument that if one knows the fundamental forces
acting, then the evaluation of the total n—d cross sec-
tion (elastic plus inelastic) can be carried out rather
accurately without explicitly using the continuum two-
particle wave functions. This simplifies the calculation
enormously, but it does not circumvent the necessity
of knowing the phases. These authors also discuss in a
qualitative way the inelastic part of the problem. We
shall often have occasion to refer to their results, many
of which are independent of the nature of nuclear forces.

The formulas given in I are not evaluated exactly
in this paper because of the excessive amount of com-
putation required. The exact calculation could be per-
formed with the aid of a computing machine if the
accuracy of a future experiment should warrant it.
Here varying approximations have been made which
will be individually discussed as the need for them arises.

Before plunging into details, a brief discussion will
first be given of those features of the problem which are
understandable without reference to the theory.

A QUALITATIVE DISCUSSION OF THE INELASTIC
SCATTERING PROBLEM

In most experiments on the H2(n, p) reaction, the
final proton will be detected because of its charge,
whereas the two neutrons will slip away unnoticed. It
is therefore reasonable to categorize the possible final
states according to the energy and angle of the proton.
Following the classical idea that the incoming neutron
may hit either the neutron or the proton making up the
deuteron, but not both, it is to be expected that there
will be two fairly well defined proton groups, for a fixed
incident neutron energy. If the proton is hit it will
tend to carry away in a predominantly forward direction
an energy of the order of magnitude of the incident
energy. If the neutron is hit, the proton is likely to be
left behind with only the kinetic energy of zero point
motion which it happened to possess at the instant of
impact. This is only a few Mev and the angular dis-
tribution of these protons will tend to be spherically
symmetric. The neutron-neutron collision probability
therefore is largely responsible for the slow protons ob-
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served. One might think that neutron-proton collisions
in which only a small amount of momentum is trans-
ferred might contribute to the slow proton yield. They
can, but only occasionally, because the deuteron tends
not to disintegrate unless either a big kick is given to
one of its two particles or the spin state is changed from
triplet to singlet (in which it is unstable). It will be
shown that the latter is unlikely as a result of n—p
collisions.

The fast group of protons will be even less beset by
ambiguities. If one considers only those with energy
above 20 Mev, there is little need to worry that they
may be the residue of an n—# collision, since the deu-
teron contains such momenta with a very small proba-
bility. Off hand one might expect these fast protons to
be distributed like the recoil protons from free neutron-
proton scattering. The slightly surprising result of this
paper is that at small angles the intensity is sharply
reduced. The reason is that exchange collisions which
project the proton forward with high energy leave the
incident neutron with relatively little energy. It then
may find itself in a region of phase space already
occupied by the second neutron, a situation forbidden
by the Pauli principle.

This exclusion effect, although it is easily observable,
does not produce a major decrease in the over-all in-
elastic cross section, being restricted to a small solid
angle. A much more serious decrease in the inelastic
cross section results from the reluctance of the deu-
teron to disintegrate when only a small amount of
momentum is transferred to it either by an n—n or
by an #—p collision.

THE ACCURACY OF THE IMPULSE APPROXIMATION

As shown by Wick and Chew,® the order of magni-
tude of the error in the impulse approximation is given
by (a/R)(1/kR), where a is the two particle scattering
amplitude, % is the relative neutron wave number and
R the deuteron “radius.”’f The largest and most im-
portant amplitude in this problem belongs to the triplet
neutron-proton system and can be estimated from ex-
periment? to be ~iR. The neutron wave number is
~%1R™ so the order of magnitude of the error is only
6 percent. We shall, however, make approximations in
the evaluation of the impulse formulae which introduce
somewhat larger errors than this.

THE IMPORTANCE OF INTERFERENCE EFFECTS

Gluckstern and Bethe* have calculated the con-
tribution of interference terms to the total 90-Mev
neutron-deuteron cross section, using Born approxima-
tion with various conventional static potentials to ob-
tain the phases. The most reasonable of their potentials
is the half ordinary-half exchange or Serber potential
for both the n—p and n—n interactions. This choice

5 G. C. Wick and G. F. Chew, to be published.

t By the “radius” is meant the average nucleon separation
distance, 3.2X 1071 cm.
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fits fairly well the high energy neutron-proton scatter-
ing,? but fails completely with the proton-proton.® In
any case, with this assumption, they find that 16 mb
out of the total of 117 mb measured by McMillan,
et al.” are due to interference between neutron-neutron
and neutron-proton scattered amplitudes. The elastic
part of the total cross section had previously been
calculated by Chew? with nearly identical assumptions,
and he found that out of 59 mb the interference con-
tribution was 15 mb. Too close a comparison of these
numerical results is unwarranted, but it empirically
apparent that the great majority of the interference
contribution is associated with the elastic scattering
and only a small part with the inelastic. This is not at
all surprising from the qualitative arguments given in
the introduction. The explanation becomes quantitative
if one observes that as a function of the momentum
transferred in the collision the interference term in the
elastic cross section is very nearly identical to the inter-
ference term in the total cross section. Ignoring the
Pauli principle and the spin dependence of the scatter-
ing, and using the closure result of Gluckstern and
Bethe,* one finds that the interference term in the total
cross section is (in the notation of I) proportional to

2 Re r1,*r12F(q) 1)
where

Fg)= f dre=3-5o(7), @)

the symbol q representing the momentum transfer,
k;— ko. On the other hand, the interference term in the
elastic part alone is proportional (with the same con-
stant of proportionality) to

2 Re r1,*1125(q), 3)

where S(g) is the “sticking” factor defined in reference
8. It is given by

S(g)=F*(q/2). 4)

The functions S(¢) and F(g) are numerically very
similar, both having the maximum value unity at ¢g=0
and falling off with an approximate width of 2e, if
a=1/R. For a well-known form of the deuteron wave
function,??

[aﬂ(ﬂ-i-a) ]* (eer—e")
Po\r)=
2r(B—a)?

the functions F and S are plotted in Fig. 1 as a func-
tion of ¢/2a. The fact that for small ¢, S is actually
somewhat larger than F seems to be a real effect; but
within the accuracy of our method, we are justified in
ignoring the difference between the two functions and

» (B=6a), (5)
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therefore the interference effects in the inelastic part
of the cross section.

This argument of course fails if by a spin change the
deuteron is thrown into the singlet state, in which it
cannot be bound. Statistical considerations give this
possibility a weight of only # and a more detailed con-
sideration of the probable spin dependence of the n— p
interaction reveals that the chance of a final singlet
state should be less than 10 percent. It therefore seems
consistent, in view of experimental uncertainties,? to
neglect all interference terms in calculating the inelastic
part of the cross section. This practice will be followed
here and obviates the necessity of knowing anything
but the magnitudes of the n—» and #n—p scattered
amplitudes.

THE TOTAL YIELD OF FAST AND SLOW PROTONS

To calculate the total inelastic cross section, we may
avail ourselves of the method of Gluckstern and Bethe.*
These authors, by a closure argument, show that re-
placement of the actual final two-body wave functions
by plane waves is approximately equivalent to calculat-
ing the sum of elastic and inelastic scattering. We shall
therefore employ formula (21a) from I, which follows
from the use of plane waves, and substitute into
I-(15) and I-(16) to obtain the total cross section. The
elastic part alone will then be calculated and the in-
elastic obtained by taking the difference. In making the
subtraction it will be assumed that all interference
terms (between n—#» and n— p scattering) cancel out,
the argument for this being given above. The reason
for such a roundabout procedure is to avoid the two-
body continuum functions, which are difficult to handle
analytically.

In the notation of I, then, the total cross section is

2
o'tota1=ffdkpdkmh—;{[%,rlpil2+—}[r1pa(2]go2(k2)

+ 03 720t 2411 725 g0 (k1) — 2 Rego(ky) go(ks)
X[E (10 (r2p) 5 (115 *(725°) — § (1159 *(r25°)
=31 (ropt) JH[3 | 12t — 721t 2
41| ri*+72°| Ylg?(k,)+interference terms}
X(Ert Est+E,— Eo), (6)

with the integration to be extended over only one
hemisphere of the ki, space.
If one writes down the formula for n—p scattering
at the same energy,
2
dcrnp/dklp:h— Hr! [+t [ S(Ert-Ep— Eo)  (7)

Yo

and the formula for z—» scattering,

2
do’,m/dkm—

Yo

{2712t —rart[24+2 | r192+721° | }

X8(Er+E;—Eo) (8)
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then one sees that except in the third term of (6), the
same combination of #—n and n—p scattering ampli-
tudes occur. This third term tends to inhibit the emis-
sion of fast protons forward and represents the effect
of the exclusion principle as explained in the qualitative
discussion above. Its effect on the total cross section
will be shown later to be about 15 percent.

Formula (6) may be rewritten in an even more sig-
nificant form if a change of variables is made for the
term arising from n— p collisions:

)fdwlp[4 [715¢]2
2r
g+ = [ gt
h'l)o 4

Ototal = —— dk2g02(k2) (

mkia
) [ o
h2
X[ |71t 7| 41| r12°+721°| 2] —exclusion

principle term--interference terms. (9)

Carrying out the analogous operations with (7) and
(8), one gets

mko
o.nptotal_;;_( » )fd{,olp[4 l flpll 2+ lf'lp l2] (10)
0
mko
o.nntotnl—.};__( pon )fdw12[4l1’12 "1’21‘,2
Vo
+1 l1’12"+7'21’[ 7.(11)

Because the energy-momentum conditions in the two-
body problem differ from that in the three, the scatter-
ing amplitudes in (10) and (11) are, strictly speaking,
not to be evaluated for the same magnitudes of initial
and final momenta as in (9). In (10) and (11) the mag-
nitude of both initial and final relative momenta is
ko/2. In (9) the initial and final relative momenta de-
pend on the variable of integration, either k, or ko,
but the integrands are strongly peaked around zero
and at that point both initial and final relative momenta
take on the value ko/2. It is well within the accuracy
of our method to neglect the variation of the ampli-
tudes, giving them the value which they take on at the
maximum of the integrand. If we do this and simul-
taneously replace k1, and k2 by ko/2, we arrive at the
following very simple result, also found by previous
workers*!® who used the Born approximation,

Gtotal= (1 — €)anpotel 4o tote 1 T (12)

where eo,,*%! is the exclusion principle correction and I
represents interference terms.

The corresponding calculation of the elastic part of
the cross section is made by using the deuteron wave
function as both initial and final state in the overlap
integrals and by calculating the density of final states
for a two-body configuration rather than a three. Also

10 F, De Hoffman, Phys. Rev. 76, 217 (1950).
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the spin states must be chosen as in reference 8 rather

than as in reference 1. Carrying out this program, one
finds

2\ gm0k 33
va=( —Y(— d 25(q){— ot
(hvo)(hzko)fo 7 48| 1l

33
+1% |71 *+% Re(hp’)*(hp‘)—l-gl712‘—721‘[2
+ %5 | 112070 | 2% Re(rio®+7a°)*(r1ot—rar?) l

+interference terms— exclusion principle correction

+ pickup terms. (13)

The interference term we shall take to be equal to
I in formula (12), as explained at the beginning of this
section. The exclusion principle correction is consider-
ably smaller here than in the total cross section, since
the final momenta of the two neutrons are very rarely
the same when one of them is bound in a deuteron and
the other free. Exclusion principle terms will be ignored.
The so-called pickup terms are discussed both in refer-
ence 8 and in a paper by Goldberger and Chew.? They
contribute only a small fraction to the elastic cross
section and are experimentally distinguishable, since
they are important only for values of ¢ greater than &,
corresponding to deuteron angles less than 41° in the
laboratory system. If we agree to separate these deu-
terons from the rest, thus reducing the experimental
elastic and total cross sections by about 4 mb, the
comparison with theory becomes more correct. Hence-
forth the term ‘‘elastic’ scattering will refer only to
deuterons recoiling at angles greater than 41°, The
upper limit of the integral (13) is then to be reduced
to k02.

The n—p and n—n cross sections per unit interval
of ¢* are

danp/dqﬁ=(3)(ﬂ)[%lmt|2+%lnp~l2j (14)
fivg ko
dam,/dq2= (Ef) (_1:”1) [% | ,12t_.7211 [ 2
hvo/ \ %k,
+iret+rat?], (15)

so that the combination of scattering amplitudes which
appears is not quite the same as in formula (13). How-
ever, the ambiguity is not great. It is almost certain
that for »n— p scattering the triplet dominates; so that
whatever the relative phases of singlet and triplet
amplitudes may be, the term (33/48)|71,¢|? in (13)
will be by far the largest. Correspondingly in (14), the
term 2|r;,!|? is most important, so in line with our
previous approximations the difference between the
n—p terms in (13) and in (14) can be ignored. (This
procedure amounts to neglecting the possibility of a
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Fic. 1. The “sticking” factor S compared to the interference
factor F, as a function of the momentum transfer, g.

final singlet deuteron state as a result of an n—p
collision. It would be exact if the forces were spin in-
dependent. The maximum reasonable dependence can
be estimated by setting 71,°=0. In this case one would
get a final singlet state one-twelfth of the time.)

For the n—n terms we are on less sure ground. Even
assuming that high energy n—m» and p—p forces are
equal, one still is uncertain about the relative impor-
tance of singlet and triplet scattering and it is possible
that the cross term in (13) (between singlet and triplet
n—n amplitudes) might make a difference. In the
frame work of our calculation, however, which assumes
independent conservation of spin and orbital angular
momentum, there is only one way to represent the ob-
served isotropic nature of high energy p— p scattering®!
and that is by a singlet interaction alone. If this is done
the n—#n terms appearing in (13) will give three-fourths
the contribution of those in (135), since the triplet
scattering disappears, as does the cross term.

To make a preliminary evaluation of the integral
in (13) we shall adopt what at first sight appears a rash
procedure; that is, to treat the contents of the bracket
as a constant. This leads to

o=+ (Ponn 18+ 1, (16)

where S is the average of the sticking factor over the
interval in ¢? from O to ko%. From Fig. 1, § for 90 Mev
can be computed to be 0.28 so that

0e1=0.280,,%t14-0.420 , %141 a7

If n—n scattering is indeed equal to p—p, then the
above seems as sensible a procedure as any at the present
time to obtain the coefficient of o..*%!, since high
energy p—p scattering is not only isotropic but also
energy independent.®!! On the other hand, n— p scatter-
ing is well known to have a rather strong energy and
angular dependence.? Representing this dependence as
a function of ¢?, however, one finds S=0.29, so the
effect is very small. A final check can be obtained from

11 R. Birge, Phys. Rev. 80, 490 (1950).
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Fic. 2. The function F(ksinf,), which determines the re-
duction in the fast proton cross section owing to the exclusion
principle.

the Born approximation calculation with the Serber
force,® which also very closely gives this same result.
The reason for the validity of the procedure which
neglects the variation of the cross section is that most
of the n— p cross section is relatively isotropic, even at
90 Mev, the large variations occurring over only a small
interval of ¢

By taking the difference of formulas (12) and (17)
the inelastic cross section is obtained

oin=(0.72— €)anpt°tel40.580 0t (18)

To the extent to which a group of fast protons can
be experimentally distinguished from a slow one, this
result can be further broken down. For if

o'in=0'fast+U'BIOWy (19)
then
otast= (0.72— €)on ], (20)
and
Oston=0.580 %1 21)

according to the argument given in the introduction.
Our result for the total inelastic scattering is am-
biguous only as to the magnitude of ¢, the exclusion
principle correction. If it is possible to distinguish
clearly between a group of fast and a group of slow
protons, the size of the slow group is connected directly
by (21) to the neutron-neutron cross section. For ex-
ample, Powell? gives 20 mb as the slow proton cross
section, using 10 Mev as the dividing energy between
groups. This implies a neutron-neutron cross section

GEOFFREY F. CHEW

equal to 20 mb/0.58=35 mb=-10 mb, where the un-
certainty reflects theoretical as well as experimental
difficulties. Such a figure is well within the limits re-
quired by equality of #—#» and p— p interactions.®!

We may at this time also compare theory with ex-
periment for the fast group of protons. Powell gives
51 mb as the fast proton cross section, while the total
neutron-proton cross section is 83 mb.” In the next
section the exclusion principle correction e will be esti-
mated to be 0.15. Formula (20) then predicts that
otast=(0.72—0.15)X 83 mb=47 mb. Agreement with
experiment for both slow and fast integrated cross sec-
tions is therefore satisfactory.

If one is skeptical of the possibility of separating
the fast and slow groups in this particular experiment,
one may start from Powell’s total inelastic cross section
of 71 mb and equate this to (18). Using the known
value of o,,%t!, one finds gn.tt!=[(71—47)/0.58] mb
=41 mb.

Powell’s measurements, however, allow a more de-
tailed test of the theory, since they contain information
about the angular distributions of the protons. Let us
consider next what the impulse approximation has to
say about this aspect of the experiment.

THE ANGULAR DISTRIBUTION OF
THE FAST PROTONS

If one is interested only in those final states for
which the proton has a high energy then the pair of
particles which most strongly interact after the colli-
sion is the pair of neutrons. Therefore in formula (I-21)
one must choose the upper alternative, that is, the one
containing the overlap integrals 75¢ and /,:°. We need
keep only the terms generated by n—p scattering, and
substituting into (I-15) and (I-16) one finds the fol-
lowing formula for the cross section for emission of a
fast proton into dk,,.

do/dk,= (27 /o) f kol |11y "L (33/48) | Tt |2

1| Lo [ | 710" [ | T "+ 2 [ Im?[ 2]
—Re[(1,)*(r2p) { (33/48) [1** 12" — 6 I1**] 12"}

+ (r15°)*(r25") ol 1™ I 12 — P51 21**]12°)

F 15 (11125 +715*725") Tt 112"+ I 1 15) ]

+3 Re(ri,)*(r1p")[ | I [*— [ T[]}

X(Ert+Ext+E,—Eo). (22)

The triplet interaction between the neutrons is cer-
tainly sufficiently weak that one can replace Is* by
go(k2) but the singlet interaction in the s state is by
no means weak. Indeed the virtual resonance, as pointed
out by Gluckstern and Bethe,* will reflect itself by a
sharp peak in the proton spectrum near the upper
limit. At a much lower energy, with a clean spectrum
of incident neutrons, such a peak ought to be detectable
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and will be of interest as a check on the neutron-neutron
scattering length. In the Berkeley experiment, however,
the neutron beam has an energy width of about 30
Mev, so that such details are entirely obscured. The
shape of the proton spectrum is largely a reflection of
the incident neutron spectrum.

If one does not attempt to calculate the detailed
spectrum but only the total fast proton intensity at a
fixed laboratory angle, then a rather simple result can
be obtained, again by the use of closure. One finds for
the cross section per unit solid angle in the laboratory
system

1(05)=0np(0) —F (ko sinbp)oex(8,) (23)
where
3 2w g mko sl ilaya \
ous0= (T YRl ot
_21r mko 51l
aex(f?p)—a(‘l—h;)[ﬂ’m |
+i |7 |*— 1 Rery,™r1," 14 cost,.  (24)

In obtaining (23) the same sort of approximations
were made as in obtaining (12). These approximations
are harder to justify for the second term of (23) than
for the first because the peak of the integrand in (22)
is less sharp for the cross terms than for the direct.
However, the second term represents only a relatively
small correction to the first, and in any case we shall
have difficulty in knowing the exact value of oex(8)).
This quantity is the cross section for the incident neu-
tron to end up with its spin parallel to that of the other
neutron. If that happens the process tends to be for-
bidden by the Pauli principle, the amount of “forbidden-
ness” depending on the momentum retained by the
incident neutron, which is roughly & sinf,.

From (24) it is seen that ge is certainly smaller
than ¢,,, but the ratio of the two is sensitive to the
size and phase of ry,°. For example, if r1,°=r1,' then
Oex=%0np. On the other hand if 7,,°=0, then cex= o1y
These are probably the upper and lower limits. Let us
assume that oex(8,)=Koap(0,), where K is a number
which is independent of 6, and which lies between }
and £, so that

a7(05)=[1—KF (ko sinfp) Jony,(0). (25)

The function, F(k, sind,) is plotted in Fig. 2 for a
90-Mev incident neutron energy and in Fig. 3 the fast
proton cross section according to (25) with K=1%, £ is
plotted and compared with experiment. The free neu-
tron-proton cross section is also shown (K=0). For-
mula (25) must not be believed for angles greater than
60°, beyond which the proton moves so slowly that
one of the neutrons has a good chance to capture it,
or at least perturb it strongly. Agreement with experi-
ment within this range is certainly satisfactory.

The value of ¢, needed for formula (20) may be
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F1c. 3. The theoretical fast proton angular distribution for
several different values of K, compared with experiment. (See
reference 2.)

estimated by integrating the exclusion correction term,
KF(ksind,)o,.,(0,), over all angles. The result for
K=0.6, the value which seems indicated by the for-
ward part of the angular distribution, is e=0.15. Most
of this (80 percent) is due to angles less than 45°.

If one is optimistic about both theory and experi-
ment, one may say that neutron-deuteron scattering
provides a new piece of information about the neutron-
proton interaction which cannot be obtained from a
free neutron-proton scattering experiment. The new
number is K, which as we have seen depends on the
ratio of singlet and triplet amplitudes. The theory at
90 Mev is too rough to make the number obtained here
of real use in testing theories, but at a higher energy,
say 300-400 Mev, this will no longer be the case.

THE ANGULAR DISTRIBUTION OF
THE SLOW PROTONS

If the final state of the proton is a low energy one,
the most strongly interacting pair of particles after
the collision will in almost every case include the pro-
ton. Kinematically it is possible for the two neutrons
to each have high energy and at the same time a low
relative energy with respect to each other. Such a situa-
tion corresponds to a pickup process with formation of
an unstable di-neutron. It will certainly occur only a
very small fraction of the time, since the neutron-
proton pickup, which is much more probable, amounts
(experimentally) to only 4 mb. Neutron-neutron pickup
will be ignored here.

It is necessary now to correct an error in part I,
namely the lower alternative of (I-21), which contains
terms proportional to 7, and /,» and which was said
to be appropriate to the case now being considered.
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The correct procedure is to use the same formula as for
elastic scattering, except that the final state is in the
continuum and the singlet possibility must be consid-
ered. Thus while the correct antisymmetrized quartet
amplitude is still (keeping only terms generated by
neutron-neutron scattering)

(ro'—raf)Ipt, (26)
the doublet amplitude must be decomposed into that
part which leads to a final neutron-proton triplet state,
namely

Lt —ra) '+ 2(r1® 4 ra®) [ it
and that part which leads to a final singlet state
= (3/4) (o' —ra) L'+ (V3/4) (o +rat) ", (28)

Setting, as before, r12!=74'=0 and 71’=79’=7nn,
we then arrive at a formula for the slow proton dis-
tribution:

do® 27 a2 B
[ 3 I t
dkp hvo et

(27)

+11151°12]| 70n|26(Ex+t Ex+E,— Eo),

where the integral over dk, is to be restricted to the
region k,<ks,. Closure cannot be applied to this case
and while the evaluation of (29) as it stands is a well-
defined task, it is very tedious, requiring a double
numerical integration for each value of k,. Thus to
find the total number of slow protons at a fixed labora-
tory angle involves a triple numerical integral! The
data now available do not warrant this much labor,
and so far only rough approximations to (29) have been
attempted. Reference to part I, Eq. (20) shows that the
overlap integrals, /,.* and I, are functions of the
variables, $(k,—k;) and %(k,+k;). Actually the de-
pendence on the first variable is much more sensitive
than on the second, and one possible approximation,
described by Gluckstern and Bethe,* consists of neg-
lecting the dependence on %(k,+k;), giving the in-
tegrals the value they take when this vector vanishes.
Because of the orthogonality of the continuum triplet
n—p states to the ground state, however, such an
approximation neglects completely the contribution of
the final triplet states. (Z,1*=0 when %(k,+k;)=0.)
Actually, from the closure results, we know that the
triplet states contribute somewhat more than do the
singlet to the total number of slow protons; so this
approximation is evidently poor.

A better result can be obtained by keeping terms
linear in 3(k,+ ki), although an honest consideration
of the problem shows this procedure still to be quan-
titatively inadequate, except for protons going back-
ward. (From kinematic considerations, backward pro-
tons on the average involve small values of }(k,+k,)
and large values of (k,—k,), while the reverse is true
for forward protons. This follows from the fact that
the neutron, as the struck particle, generally tends to
go forward.) The backward protons corresponding to
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a final triplet state turn out according to our rough
method to be almost isotropically distributed, but the
intensity increases near 90° and probably has a maxi-
mum somewhere between 45° and 90°, where it is
easiest kinematically for 1(k,—k;) to be small. The
exact position and shape of the maximum has not been
determined, the approximation not being valid in this
region. The protons corresponding to a singlet state
are even more concentrated between 45° and 90°, as
already shown by Gluckstern and Bethe,* so the over-all
effect remains that of a maximum in this region with an
isotropic backward tail. No statement can be made
about the slow protons between 0° and 45° until a
method of handling large values of (k,+ k;) has been
developed.

The experimental determination of the “slow’’ proton
angular distribution in the forward half plane is difficult
because the “fast” protons are so much more numerous
there. The poor definition of the incident neutron
energy thus causes trouble. In the backward half-
plane, to which only #—#n collisions can contribute
appreciably, Powell? finds an approximately isotropic
proton distribution, in agreement with our qualitative
guess. There can be no doubt from the data that the
intensity of slow protons rises sharply in the forward
half-plane, but the details of this part of the reaction
will remain obscure until a high energy neutron beam
of well defined energy is available.

SUMMARY

It has been shown explicitly that by the impulse
approximation one may calculate high energy inelastic
neutron-deuteron scattering with rather little am-
biguity if one knows the nucleon-nucleon cross sections
at the same energy. The total number of disintegration
protons is particularly easy to obtain because closure
may be applied. Also easily found by the same method
is the angular distribution of fast forward protons. This
differs from free neutron-proton exchange scattering
because of the action of the Pauli principle; and the
difference might conceivably be used as a measure of
the spin dependence of the n—p interaction at high
energy. In addition, a formula has been given for the
angular distribution of slow protons. This formula is
discussed qualitatively but not evaluated. Comparison
of the various results with the experiment of Powell
at 90-Mev neutron energy shows no serious disagree-
ment, so that one may tentatively conclude the theory
to be adequate. The value of the #—n cross section
derived here from the experiment is consistent with the
directly measured p—p cross section.

The author is grateful to Professor Powell for ad-
vance communication of experimental results and
thanks are due Mr. Richard Stuart and Miss Patricia
Boland for assistance with numerical computations.
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Professor Bethe who kindly set to the author a pre-
print of their own paper on this subject.



