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I

INTRODUCTION

Much work has been done in the field of direct
interactions in recent years;

a major part of this

work has been confined to the process known as strip¬
ping.

This paper xd.ll deal with the inverse strip¬

ping or pick-up process, and the investigation of
this interaction xdth a modified neutron spectrometer.
Among the pick-up reactions which have been already
studied at intermediate neutron energies
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The first reaction has been investigated with nuclear
emulsions at a single neutron energy.

For the fluorine

and nitrogen reactions, which were also studied at a
single neutron energy, the method was similar to the
one to be described here.

The advantage of this

method lies in the ease with which investigation can
be carried out over a range of neutron energies and
emergent deuteron angles...
The main purpose of the investigations reported
here was to determine if the effect was large enough
to be detected with the type of instrument available,
and already in use as a neutron spectrometer.^
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This

paper will deal with the first of the above reactions.
The decision to investigate this reaction i$as made in
view of the fact that this effect has been shown to be
large and the angular distribution carefully measured
at one energy.In spite of the fact that it is diffi¬
cult to use a lithium target if it has to be trans¬
ferred through air, it nevertheless seemed almost
certain that a sufficiently thick target could be pre¬
pared.

The Li(n,d) reaction seemed therefore to be a

good reaction to check as a start;

After finding the

deuteron effect, the investigation would then be
extended over a limited range of energies.

Angular

distributions were ultimately taken at 4 incident
neutron energies ranging from 15»4 Mev'to 15«9 Mev.
Reserved for the future is a reasonably systematic in¬
vestigation of deuteron pick-up as a function of energy,
angle, and target nucleus;
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II

THEORETICAL CONSIDERATIONS

Since the pick-up process may best be treated as
inverse stripping, the theory of the stripping process
will first be considered and then extended to inverse
stripping.
Stripping may be represented as:
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2

(2) „A

{n‘

The inverse of (2) would then be:

(3)

„A2

^

c

,HZ

Deuteron stripping occurs readily because the low bind¬
ing energy of the deuteron {2.23-Mev) makes it separate
easily in this type of interaction.
In order to examine what happens during stripping
to the particles of which the deuteron is made up, these
particles shall be labeled a and b.

Assuming that the

nucleon, a, is captured, b escapes \d.th the momentum it
possessed at the instant a was stripped off.
momentum,

This

(where kfc * 2; (2mE^)2) is made up of half

the energy of the deuteron, Iftk^ plus a fraction of the
momentum from the internal motion of the deuteron ftk^ .
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Thus:
lik h - ~ Iftkj + fikj
or:
-K,

k

d
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=
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A similar analysis of the nucleon, a, •will by conserva¬
tion of momentum considerations give the result:
k

*

~

-

kb

for the momentum received by a at the instant of strip¬
ping.

The vector diagram resulting from these equa¬

tions is:

J

From this diagram then:

yy

and

(5)

k* = £(k^

-kbf +

4kfclvsin*^£ J

How if the nucleon, a, is captured with the quantized
angular momentum 1, and the classical impact parameter
R we obtain:
(6)

ka R = £

where R is the radius of the target nucleus*
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The combi

nation of equations (5) and (6) can then be satisfied
for only one value of 9, for a fixed

and k^«

How¬

ever, because even classically some deuterons will have
an impact parameter less than R, and the fact that
this is a quantum mechanical effect, the distribution
will be smeared out.

Nevertheless, a sharp peak in the

forward direction results.

It will not be attempted

here to derive the exact expression for the differential
cross section quantum mechanically.

However, figure 1

gives the theoretical curve of cross section versus
angle derived by Butler for L - 1°.
The criterion then for determining whether a
stripping process is occurring is a sharp peak in the
forward direction.

This type of peak could also occur

if a compound nucleus of high angular momentum was
formed.

However, in that case the peak would be strongly

dependent on energy.

Even for a broad compound nuclear

state a few hundred kilovolts wide^a change in energy
would shift away from the peak.

If then the emergent

nucleons from a reaction are sharply peaked in the for¬
ward direction and if this peak is nearly independent of
energy a stripping process is taking place#
The inverse process, pick-up, can best be dealt
with by use of the reciprocity theorem which gives the
relation between the differential cross section and the

5

IN MILLIBARN^/STERADIAN
CT(6)

CENTER OF MASS ANGLE-©
Figure 1. Theoretical Butler curve of the angular distribution
of deuterons from the pick-up process for Is 1 and r0«4. 5x1(f13

differential cross section of the inverse process*

Con¬

sidering the interactions given by (2) and (3) this
relation is:

$"(0) (2J^ * 1)(2J/y? ^.ljkit
°le)

{2J5 + I1)(2JJ,’ + l)kf

where the J^s are the spins and the Ids the wave numbers
in the center of mass system*

Thus-the pick-up process

also exhibits a distribution of emergent particles which
is sharply peaked in the forward direction and almost in¬
dependent of energy.

A pick-up process is therefore

identified by the same criterion that were used to identify
stripping.
V
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Ill

EXPERIMENTAL METHOD
a

A.

Apparatus
The 14-Mev neutrons used in this investigation were

produced from the T{d,n) reaction, the source of the
aeuterons being the 1-Mev Van de Graff accelerator.

The

counter which was employed has previously been used as
a neutron spectrometer.^

It is a combination propor¬

tional counter and scintillation counter.
this apparatus is given in figure 2.

A drawing of

When used as a

neutron spectrometer, a neutron striking the polyethy¬
lene radiator ejects a proton in the forward direction
which produces a pulse in both counters.

Pulses in the

sodium iodide crystal which are in coincidence with
pulses in the gas counter are then counted.

By taking a

pulse height distribution the energy spectrum of the
protons may be determined.

The gas counter is required

to reject particles of low specific ionisation.

The xsork

on the neutron counting parameters of this apparatus was
done in collaboration with Mr. R. G. Cate and was an
extension of the work of ¥. L. Anderson.0
To detect deuterons from a pick-up process, it is
necessary only to place a foil of the element to be
studied in one of the windows of the spectrometer car¬
riage and modify the circuit parameters to handle pulses
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RADIATOR

CARRIAGE

of the size produced by deuterons of the energy to be
studied*

Since the spectrometer can be rotated about

ah axis through the target,it is quite simple to obtain
an angular distribution.

In these experiments it was

not possible to set the angle between the radiator and
sodium iodide crystal.with the accuracy that is
desired.

.

In order to take accurate angular distribu¬

tions this will have to be corrected*

The approximate

shape of the forward peak can9 however* be determined.

B.

Experiment
It was decided that as an example of the use of

the apparatus to investigate the pick-up process to
deal with the reaction
6

3Li

r

+ cn‘

5

2He

+ fi2 “ 2.57 Mev

Since the total cross section for this reaction is

89 dz 10 mb, a quite thick target is needed to obtain a
measurable effect.

From the counter efficiency for re¬

coil protons produced by 14-Mev neutrons on polyethylene
it appeared that the minimum target thickness which
could be tolerated was approximately 8 milligrams per
square centimeter.

The maximum permissible thickness

is 15 milligrams per centimeter, since thicknesses great
er than this cause the loss of a major portion of the
energy of a deuteron from the back of the target.

Be¬

cause lithium reacts with air to form a nitride and ul¬
timately an oxide^it was decided to first evaporate the
target and then evaporate a protective coating over the
lithium.

To accomplish this a dual filament evaporator

was constructed so that a protective coating could be
applied without exposing the target to the air.

An

aluminum foil .0025 inches thick was used as backing.
After evaporation the lithium was covered with a thin
film of polyethylene from the second filament.
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The tar-

get was then weighed and transferred to the spectrometer.
The target thickness x*as found to be $ milligrams per
square centimeter with a layer of polyethylene of ap¬
proximately 0.6 milligrams per square centimeter.

The

transfer time was about 15 minutes and in this time only
a very slight tarnishing of lithium under the polyethy¬
lene was noted.

However, a more marked effect was noted

where lithium came in contact with the aluminum backing,
this suggested that a good bond was not achieved between
the lithium and the backing.

This bond could probably

be improved if the surface of the foil were roughened by
etching with an acid prior to evaporation of the lithium.
It is planned to do this in the next target.
Since the counter had been calibrated for 14-Mev
protons from a 15 milligram per square centimeter poly¬
ethylene radiator, the reference for the 6-Mev deuterons
from lithium produced by bombardment with 14-Mev neutrons
will be these 14-Mev protons.

A 6-Mev deuteron loses

more energy in the proportional counter than does a 14-Mev
proton and will give a correspondingly larger pulse.
Therefore to make an identification of these deuterons
it is necessary to reduce the gain of the gas counter to
a suitable value.
the background.

This also has the effect of reducing
Since polyethylene is present it is also

necessary that the reduced gain be too low to count
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14-Mev protons.

A curve of the number of 14-Mev proton

pulses from 14-Mev neutrons on the 15 milligram per
square centimeter radiator as a function of gas counter
gain is given in figure 3*

From range energy and energy

loss curves^ the ratio of energy loss of a 6-Kev deuteron
to that of a 14-Mev proton was calculated.

The energy

losses were found to be
1) For a 6-Mev deuteron
4s = 105 Mev. cm2/gm
dx
2) For a 14-Mev proton

dx

= 31 Mev. cm2/gm

Thus a 6-Mev deuteron will lose on the order of 3.4 times
the energy in transversing the proportional counter as
would a 14-Mev proton, and consequently give a pulse more
than 3 times as large.

It can be seen from the curve in

figure 3 that if the gas gain were reduced by a factor of
3 from the optimum value for detecting protons, a very
small number of counts would be produced as a result of
14-Mev protons from polyethylene.

These settings were

made on the gain of the proportional counter amplifier,
and the signal to noise ratio was then maximized by vary¬
ing the differentiation and delay time of the pulses.
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TOTAL COUNTS (ARB. UNITS)
Figure 3. Curve 1 j 14-Mev proton counts as a function
of gas proportional counter gain at a fixed scintillator
gain. Curve 2; ^Background counts as a function of gas
proportional counter gain at the same fixed scintillator
gain.

IV

RESULTS

Angular distribution of the deuterons from the

Li6(n,d)

reaction were taken at 4 different neutron

energies to determine whether the shape of this dis¬
tribution was independent of energy.

A typical pulse

height distribution from deuterons in the forward
direction is given in figure 4.

Angular distributions

at 4 energies are given in figure 5 (15.4~Mev), figure
6 (15.5-Mev), figure 7 (15»7-Mev), and figure
Mev).
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(15.9-

The dotted curve is the theoretical curve for

lp = 1 derived by Butler.
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The experimental points

were then plotted on the same scale all data being
normalized by the same factor to fit the curve at
zero degrees.

The differential cross section for

this reaction can be determined in terms of the
neutron-proton scattering cross section within the
error of the present target thickness by alternating
between the lithium target and polyethylene radiator.
Within the statistical error the points follow
the theoretical curve rather closely.
fit at

30°

In fact the

and above in the center of mass system ap¬

pears to be considerably better than in the previous
work of Frye.
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This better agreement is perhaps due

to the readiness with which background can be subtracted
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Figure 4. Typical channel histogram of deuteron
counts; shaded background histograms are super¬
imposed on the histograms taken with the lithium target
in place

UNITS
<T(0) ARB.
Figure 5. Angular distribution of deuterons from the
Li*(n,d)^Iey reaction plotted on an arbitrary scale.
Incident neutron energy of 15.4-Mev. The dotted
curve is the theoretical Butler curve.

*

Figure 6. Angular distribution of deutsrons from the
Li (n, d)He^ reaction plotted on an arbitrary scale*
Incident neutron energy of 15. 5-Mey. The dotted curve
is the theoretical Sutler curve.

UNITS
ARB.
<r(0)
Figure 7. Angular distribution of deuterons from the
L^(n,d)Hef reaction plotted on an arbitrary scale.
Incident neutron energy of 15.7-Mev. The dotted curve
is the theoretical Butler curve.
*

UNITS
<T(0) ARB.
Figure 8. Angular distribution of deuterons from the
Lr(n» d)He? reaction plotted on an arbitrary scale.
Incident neutron energy of 15.9-Mev. The dotted curve
is the theoretical Butler curve.
*

in the method used here, by taking points alternately
with and without radiator so that time dependence of
the background could be averaged out.
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