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The reaction C' (d,n)N" has Q= —0.28 Mev and so is expected to show strong direct interaction effects
even at low energies of the bombarding deuterons. We have made an extensive study of this reaction at 14
values of the deuteron energy between Jid, ——1.45 Mev and E& ——2,95 Mev. At each deuteron energy the
differential cross section was measured at about 20 angles between 0' and 165'. Neutron time-of-Right
techniques were used and each point on each angular distribution represents the detection of at least 10'
neutrons. Direct interaction effects are seen at all bombarding energies in the backward as well as in the
forward hemisphere. The differential cross section at 0' shows very pronounced "resonance" structure but
this largely disappears in the integrated cross section and is due chieRy to interference between the direct
interaction term and the probably quite small compound nucleus contribution. A rough method for elimi-
nating the interference terms between the two mechanisms in the differential cross section is proposed and
applied. The resultant "purified" angular distribution is remarkably close, in the forward hemisphere, to
that predicted by simple stripping theory. A backward maximum, much lower than the forward peak, is
also present but not accounted for.

INTRODUCTION
" 'T is well known that the angular distributions of the
~ - outgoing particles in (d,p) and (d,n) reactions
leading to definite final states show strong peaking in
the forward hemisphere for moderate deuteron bom-
barding energies. Butler and others' have shown how
to interpret these distributions in terms of the angular
momentum /, carried into the target nucleus by the
captured particle. The original formulations of the
theory made drastic approximations and, even in the
most favorable cases, were not able to explain the
experimental shapes in all their details. Modifications
which have taken into account the Coulomb and
nuclear interactions of the particles involved have
improved the fit with experiment especially in the
angular regions away from the primary maximum in
the distribution. At lower incident energies the
theoretical patterns are especially sensitive to the
particular model chosen for the nuclear interaction. '

At the present time there is no consistent method
of including the contribution to the differential cross
section from compound nucleus formation. Such con-
tributions exist even at incident energies above the
Coulomb barrier of the target nucleus. As the incident
energy is made equal to or less than the barrier height,
compound nucleus effects tend to become more im-
portant, and in many cases may dominate over the
stripping contributions, smearing out the strong
asymmetries in the angular distributions. The initial-
and final-state interactions, both nuclear and Coulomb,
however, have a similar effect and it is impossible to
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assess the relative contribution of compound nucleus
formation merely by inspection of the angular distribu-
tion. Even if the pure distributions (stripping and
compound nucleus) were well-known, interference
between them would invalidate any simple subtraction
procedure at one bombarding energy. There have been
various attempts, all more-or-less unsatisfactory, to
assess the importance of compound nuclear effects in
deuteron induced reactions at low energies. ' '

It has been pointed out recently' that (d,p) and (d, n)
reactions initiated by low-energy deuterons, leading
to residual nuclear states of low Q-value (&2 Mev),
may actually show stripping patterns superior to
those seen a,t higher energies and higher Q-values.
Qualitatively, a low Q-value reaction means low
binding energy of the captured nucleon in the residual
nucleus. Thus, the ingoing particle need not be closer
than a few fermis (I fermi=10 " cm) to the nuclear
surface when captured. Furthermore, the outgoing
particle needs only a small momentum transfer (owing
to low incident deuteron energy and low Q-value)
which it can get from the internal deuteron wave
function even though the neutron and proton may be
widely separated at the time of stripping. The out-
going particle, therefore, never gets close to the nuclear
surface and need never feel the effects of the nuclear
interaction. Thus we satisfy one of the basic approxi-
mations of the primitive stripping theories. This
picture can explain the well-developed stripping
patterns which are observed at low deuteron energies.
The effects mentioned above should be more marked
for (d, p) than for (d,e) reactions at low energy in all
but the lightest nuclei owing to Coulomb barrier effects. '

' See, for example: McEllistrem, Jones, Chiba, Douglas,
Herring, and Silverstein, Phys. Rev. 104, 1008 (1956); M. T.
McEllistrem, Phys. Rev. 111, 596 (1958); J. B. Marion and G.
Weber, Phys. Rev. 102, 1355 (1956); G. C. Phillips, Phys. Rev.
80, 164 (1950).
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The C"(d,e)N" ground-state reaction has a Q-value
of —0.281 Mev, ' so that for low deuteron energies,
according to the above discussion, well-developed
stripping patterns might be expected to result. This
paper presents the results of a study of the angular
distributions of the neutrons in this reaction over a
range of incident energies from 1.45 to 2.95 Mev in an
attempt to study the importance to the cross section
of stripping and compound nuclear contributions, and
to observe the interference eRects between the two
mechanisms.

In addition to this particular consideration the
effects of direct interactions of other types (e.g. ,
heavy-particle stripping and surface reflection) formed
a secondary objective of this work because it is well

known that severe disagreement exists between experi-
ment and usual stripping theory at backward angles.

Peaks apparently corresponding to levels in the
compound nucleus N" have been observed in the C"+d
reactions in the energy range 700 kev to 5 Mev'4 and
in the B'0+n reactions' at the same excitation in N".
Thus, compound nucleus formation is known to occur
in deuteron-induced reactions on carbon. The ground-
state (g.s.) spin and parity of N" is ~~, and since the
spin-parity assignment of C" is 0+, angular momentum
conservation would predict that, if the reaction pro-
ceeded predominantly by stripping, the angular
momentum of the captured proton would be l„=1.
The angular distributions of the outgoing neutrons in
the C"(d,e)N" (g.s.) reaction at various energies' '
have shown that such is the case, and thus that stripping
does indeed occur.

In order to study the interference between compound
nucleus formation and direct interaction, one takes
advantage of the nature of these processes by realizing
that effects contributed by the compound state are
very sensitive to the energy of excitation (and hence
to the bombarding energy), whereas those contributed
by direct interaction processes should be relatively
slowly varying functions of the bombarding energy.
On this basis it is desirable to make measurements of
the angular distribution at energy intervals whose
spacing is small compared with the observed level
spacings. A corollary of these remarks is that, where
two such mechanisms are competing, an excitation
function taken at a single angle, will not, in general,
give a reliable indication of their relative intensities.
Further difficulties arise in the location of energy
levels in the compound system by observation of
maxima in the differential cross section at one angle.
This procedure may give rise to apparant differences
in energy of identical levels which are observed through
different reactions. For example, the differential
cross-section maxima observed, say, in C"(d,p) C",

F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77
{1955).' Middleton et al. , Proc. Phys. Soc. (London) A66, 95 (1953);
Benenson, Jones, and McEllistrem, Phys. Rev. 101, 308 (1956) ~
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FIG. 1. Target and detector arrangement employed in the
measurement of the reaction C"(d,e)N".

C"(d,m)N", and B"(n,p)C" may appear to correspond
to difkrent sets of "levels" in N'4. '

The present study of a (d,e) reaction, in which the
angular distributions are examined over a wide range
of incident energies, is made possible because of the
extension and improvement of time-of-Gight spectros-
copy to the fast neutron region. The use of millimicro-
second pulsing techniques in conjunction with Van de
Graaff accelerators' has already shown the broad utility
of the method for fast-neutron spectroscopy.

See Figs. 8 and 9 of McEllistrem, Jones, Chiba, Douglas,
Herring, and Silverstein, Phys. Rev. 104, 1008 (1956).

9 L. Cranberg and J. S. Levin, Phys. Rev. 103, 343 (1956).
"C. M. Turner and S. D. Bloom, Rev. Sci. Instr. 29, 480

{1958). The actual timing system employed in the present
experiment has been modified from that described in this reference
(see text).

"The design of the shield is described in Landon, Elwyn,
Glasoe, and Oleksa, Phys. Rev. 112, 1192 (1958).

EXPERIMENTAL CONSIDERATIONS

The Brookhaven National Laboratory Van de Graaff
accelerator has been fitted with a pair of electrostatic
deflection plates in order to produce pulses of charged
particles. These plates have been placed at a point
directly after the ions emerge from the probe and
preaccelerator electrodes in the high voltage terminal
of the machine. The technique and apparatus have
been described by Turner and Bloom. " By applying
an rf voltage of 7.6 Mc/sec to the plates, and by use
of two pairs of electrostatic refractor plates, it is
possible in the present setup to accelerate bursts of
deuterons of 2 to 3 millimicrosecond (mpsec) duration
so that one burst per period of the rf voltage (about
130 mpsec) with an average current of about 0.2 pa
can be made to impinge upon targets placed at the end
of a suitable length of beam pipe.

Figure 1 presents a schematic diagram of the experi-
mental setup. A thin carbon target was prepared by
smoking a clean tantalum blank in a benzene flame.
The thickness of the target was measured by weighing
and determined to be approximately 0.3 milligram)cm'.
Neutrons from the (d,e) reaction in the target pass
down a known flight path inside a suitable shield, "
which could be pivoted from a point beneath the
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energies below this value, however, too high a discrimin-
ator setting could result in an appreciably reduced
neutron efficiency and too low a discriminator setting
could produce an undesirably large continuous back-
ground. This eGect was investigated by plotting the
neutron group counts with background subtracted as
a function of discriminator setting. It was possible
(with the exception of the backward angles at the
lowest bombarding energy) to set the discriminator
low enough so that for most of the data presented
herein, at least, 98% of the neutrons detected in the
plastic scintillator were registered properly. At Ed= 1.45
1Vlev and 0=1SO' this effect did not exceed 5%. A
block diagram of the electronic circuits employed is
shown in Fig. 2.

A typical time-of-Right spectrum is shown in Fig. 3.
The ordinate gives the total number of counts for a
given number of coulombs of integrated beam current;
the abscissa is channel number on the 100-channel
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FiG. 2. Block diagram of millimicrosecond timing apparatus.

target, and were detected by a 1~-in. diameter by 2-in.
long plastic scintillator" mounted on an RCA type
6810A photomultiplier tube. In these measurements
the Right path is about. 100 cm. The timing of the
neutrons is accomplished by referring a "fast" signal
from the anode and dynode No. 13 of the phototube
to a beam phase signal obtained electrically when the
deuterons enter the target, " in a special time-to-pulse
height converter. The converter is based on an rf
vernier technique'4 suitably modified" for the present
purpose. The output of the converter was displayed
on a 100-channel analyzer which was gated by a "slow"
signal from a pulse-height discriminator. This signal
was obtained from dynode No. 10 of the phototube
and provided a means of pulse-height selection of the
signals displayed on the 100-channel analyzer. The
discriminator bias on the slow side was suitably
adjusted so that neutrons corresponding to N" in its
ground state were detected with close to 100%electronic

efficiency for the range of deuteron bombarding
energies used.

For neutron energies above 1.5 Mev no difficulty
was experienced with discriminator settings which
were set at a few percent of the maximum pulse height
observed for neutrons of this energy. At. neutron

"Type Pilot 8, Pilot Chemical Corporation, Boston,
Massachusetts."I,V. Kane, Rev. Sci. Instr. {to be published).

' C. Cottini and E. Gatti, Nuovo cimento 4, 1550 {1956);
R. L. Chase and K. A. Higinbotham, Rev. Sci. Instr. 28, 448
{1957).
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FIG. 3. Typical time-of-Bight spectrum obtained with the
apparatus described in this paper. {Note; Time increases from
left to right; time zero is inferred from the position of the gamma-
ray peak; see text).

display. In this curve time runs from left to right, and,
as can be seen, about 75 channels correspond to the
period of the rf voltage (about 130 mpsec). Since the
detector is sensitive to gamma rays as well as neutrons,
a peak appears on the time scale corresponding to

- p-rays arising in the target. For a flight path of about
100 cm these arrive at the detector about 3.3 mpsec
after the deuterons hit the target. The peak marked e
corresponds to the neutrons obtained in the C"(d,e)N"
(g.s.) reaction. No other neutron group is seen as the
incident energy was too low to excite the first excited
state in N". The Oat portion of the spectrum represents
a background due to radioactivity in the target,
radioactivit;y in the room, and other sources of time
uncorrelated radiation. The linearity of the time dis-

play was periodically checked throughout the experi-
ment by use of a radioactive source as a source of
random pulses and an rf generator; the time spectrum
so obtained was flat within &10%.
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Deuteron bombarding energies quoted in this report
are those energies as read on a generating voltmeter.
The actual bombarding energies were possibly higher

by about 40 kev if the meter was accurate because of
the additional energy given to the particles by the
focusing electrodes in the high-voltage terminal.
However, because of possible uncertainties of ~20 kev
in the voltmeter readings, and because of energy losses
of the deuterons in the carbon target, it was felt that
the energies reported represent reasonably correct
values for the energies of the deuterons producing the
reaction.

The yield curve of neutrons in the C'"-(d,sz)N"
reaction leading to the N" ground state was obtained
with the shielded detector set at an angle of 0' to the
incident deuteron beam. The bombarding energy was
varied in 25-kev steps from 1.40 to 3.1.25 Mev, and a
complete time spectrum obtained at each energy; each
run was normalized to the same number of coulombs.
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FIG. 4. Total cross-section points (triangles) and 0' yield curve
of the reaction C"(d,n)N" as a function of deuteron bombarding
energy.
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FIG. 5. Differential cross section of the reaction C'2(d, n)N13 in
arbitrary units as a function of center-of-mass angle at bombarding
energies indicated.

target, and obtaining a time spectrum at each of about
20 angles at each bombarding energy. In addition to
the corrections mentioned above, it was necessary to
correct the raw data for neutron absorption in the
material around the target area, the amount of which
differed from angle to angle. It was found that for the
range of neutron energies covered, the total neutron
loss for the ma, l.erials involved varied by 15% or less."
Included in these corrections was the effect of a 3-mm
aluminum absorber whose purpose was to absorb the
N" positrons emitted by the target. Using average
total cross sections and measured amounts of the
substances involved, approximate neutron transmis-
sions were calculated at each angle. In order to check
these results a measurement of the D(d, n)He' cross
section at a particular energy, using a A1203 &(D20
target, was compared to the known d-D cross section"
in the backward angles where the neutron absorption
is greatest; thus, experimental neutron transmissions
were obtained. Agreement between these measurements

The raw data consisting of the total number of counts
in the neutron peaks minus appropriate backgrounds
obtained from the Qat portions of the spectra were

corrected for dead time loses in the 100-channel
analyzer (which were never greater than about 20%%u~),

buildup of carbon on the target, and for the efficiency
of the plastic phosphor. This efficiency as a function
of neutron energy was calculated approximately by- a
method described in the Appendix. Figure 4 shows the
yield as a function of deuteron bombarding energy at
0' in the laboratory. No absolute cross sections are
given. The curve is in good agreement with previous
investigations "

Angular distributions of the neutrons were obtained
at deuteron bombarding energies of 1.45, 1.6, 1.7, 1.8,
1.9, 2.0, 2.15, 2.3, 2.45, 2.5, 2.6, 2.75, 2.85, and 2.95
i~~Iev by pivoting the shielded detector underneath the

'5N. Jarmie and J. D. Seagrave, Los Alamos Scientific Labor-
atory Report LA-2014, 1957 (unpublished); Bailey, Freier, and
Williams, Phys. Rev. ?3, 274 (1948).
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FIG. 11.Butler fit at 2.50 and 2.60 Mev.

integrated cross section is very different in its structure
from the differential 0' cross section and shows none
of the sharp and pronounced "resonances" though it
is in the total cross section that compound nucleus
effects must appear if they truly represent a major
contribution to the reaction mechanism. A similarly
interesting comparison is between the 0' and extra-
polated 180' differential cross sections. It is seen that
the correlation is poor and sometimes there is an
anticorrelation. This is indeed what we should expect
if the bulk of the "resonance" structure is due to
interference effects between the two mechanisms. The
clear conclusion of this study is that although such
maxima and minima at a given angle indicate the
presence of compound nucleus resonances whose spacing
in excitation is of the order of the spacing of the struc-
ture in the 0' differential cross section, " we cannot
say more than this and in particular cannot conclude
that a resonance level exists at excitation corresponding
to a maximum in the differential cross section taken
at any arbitrarily chosen angle.

Equally persistent with the forward maximum,
though not so well-marked, is the backward maximum
at less than 180' seen at almost all bombarding energies
(the two energies where it is not clear, Ed ——2.30 and
2.45 Mev, have strikingly difrerent behavior near 180'
and this is obviously another demonstration of the
importance of interference effects). Since this back-
ward peaking at a finite angle carries through the
whole range of bombarding energy (Fig. 14), it must

equally be a direct interaction phenomenon though

'0 The level spacing alternatively might be rather less than this
and we see the result of interference with the fluctuations of the
compound nucleus level density.
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FiG. 12. Butler fit at 2.75 and 2.85 Mev.

"G. E. Owen and L. Madansky, Phys. Rev. 99) 1608 (1955).

not one predicted by the simplest stripping model.
This might emerge from a more refined calculation of
ordinary stripping as a distorted wave effect. It might
alternatively represent some additional direct inter-
action mechanism such as heavy-particle stripping. "
This latter we should expect to be relatively un-

important here because of the very high binding energy
(18.7 Mev) of a neutron in C". As a check we have

plotted some of the observed cross sections as a function
of the magnitude of the heavy-particle momentum
transfer vector (Fig. 15). No correlation is observed

between the backward peak and any single heavy-

particle effective radius of stripping. It is concluded
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mation of this plan without, however, having ve&'y

great confidence in the outcome. We have chosen a
procedure that enables us to allow to some degree for
the expected change with bombarding energy of the
direct interaction pattern itself." We have seen that
in the forward hemisphere the correspondence with
the simple stripping pattern is good. We therefore, at
each deuteron energy and for angles forward of 90',
refer our experimental results to our best fit to the
simple stripping theory arbitrarily normalized at the
peak of the angular distribution (see Figs. 8 through 13).
These experimental to theoretical cross section ratios
are then themselves suitably averaged and then used
to reconstruct an average experimental cross section
referred to a particular arbitrarily chosen deuteron
energy (we have taken E&=2.85 Mev). In the back-
ward hemisphere we have no such theoretical pattern
to guide us and so have simply averaged the experi-
mental results, suitably fitted at 90' to those resulting
from the earlier procedure in the forward hemisphere.

c (d.n) N G.S. Q= -0281 Mev

E

O
&C

I I I I I I I I I I I I I I I I

l4 l.6 la 20 22 24 2.6 2.8 M
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FIG. 17. Radius chosen for "best fit" to Butler theory as a
function of dueteron bombarding energy.

that the described procedure is not essential to the
method. Good agreement is obtained between experi-
ment and the Butler theory even if other averaging
processes are used Lsee Fig. 191.) We can offer no
explanation for the excellent agreement between
experiment and the simple theory until a realistic
computation using distorted waves has been carried
out. It will be of the greatest interest to see whether
this calculation can account for the systematic behavior
backwards of 90' for which the simple theory fails
completely.
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FIG. 16. Stripping momentum transfer. Normalized yield,
JV, (fI)/r4', as a function of the ordinary stripping momentum
transfer magnitude q for a number of bombarding energies.

This is encouraged by the fact that the angle at which
the backward maximum is found varies only very
slightly and unsystematically with deuteron energy.
The resultant averaged distribution is given in Fig. 18,
together with the simple stripping pattern. We believe
that to a crude approximation we have eliminated
the direct interaction —compound nucleus interference
terms and that what we have revealed is the direct
interaction pattern plus a presumably more-or-less
isotropic compound nucleus contribution. It seems
that the latter term is probably quite small and
perhaps very small. The closeness of the fit in the
forward hemisphere between experiment and the
simplest theory is astonishing. (In the averaging
procedure we employed the fitted theoretical Butler
angular distributions but we would like to emphasize

"The obvious way to introduce the effective incoherence is to
use a target thick compared with the spacing between compound
nucleus levels. This procedure is adequate, however, only if the
direct interaction pattern itself is constant in this energy range.
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FIG. 18. Angular distribution (2.85 Mev, r =4 ferrnis) with
interferences removed. Dashed curve: Butler pattern for r=4.0
)&10 "cm and Eq =2.85 Mev. Full curve: composite experimental
curve for Eq=2.85 Mev. (In the forward hemisphere at each Eq
the experimental angular distribution has been expressed in
terms of its best Butler fit for Ed&~1.9 Mev. The logarithms of
the ratios to Butler for all Eq at each angle have been added and
their mean taken as a measure of departure from Butler averaged
over the whole range of deuteron energies considered. In the
backward direction the experimental results have been averaged
and a fit made at 90').
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the fraction of incident neutrons that are absorbed is

1—exp L
—(rr Ha H+ rrcirc) L]=—1—exp (—rico IL),
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and the probability that the initial collision will be
with a proton is

Pi
——X/1 —exp (—rrco. IL)].

Some of the neutrons scattered by carbon in the
plastic will subsequently interact with a proton. The
relative probability of an interaction with a carbon is

oI—(nH/rrC) oH

We call the probability that a neutron interacts with
a proton after scattering from a carbon p..

Then the efficiency e is
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FIG. 19. Average of angular distributions in the regions of 1.6
Mev —2 Mev, 2 Mev —2.45 Mev, and 2.45 Mev —2.85 Mev. The
dots in each of the 3 curves represent the arithmetic mean of the
measured yields at each angle in the corresponding regions.
Solid curves represent the Butler fits calculated for energies in
the middle of the averaging regions.
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APPENDIX. EFFICIENCY OF THE
PLASTIC DETECTOR

The detector is a cylinder of diameter h and length L
uniformly irradiated by monoenergetic neutrons in-
cident along its axis. The respective densities of
hydrogen and carbon atoms are eH and ~ and the
respective nuclear neutron cross sections are 0-H and ag.
Define o.I= (eH/ec) o.H+o.c. The probability of a neutron
interacting with hydrogen is

('+H/ric) oH o t oc oc
=1——=X,

0f, 0~ 0 II

=p L1+p. (1-~)+p.'(1-~ )+
e= pi/(1 —(1—X)p2].

To calculate p2, (a) we neglect the attenuation of the
neutrons passing through the scintilla, tor, (b) we
assume that the carbon scattering is isotropic, and (c)
we make the approximation that the neutron scattered
from the carbon sees a spherical scintillator of the
same volume as the cylinder, i.e.,

-",xR'= -'mh'L
7

2R= (-'O'L) *

The differential probability of a neutron seeing a
length / of scintillator is

3
dp(l) =—1—

i
—

i
dl;

4R (2R)

each of these lengths / has an absorption for neutrons
given by

I(f) = 1—exp (rrco. rl),
so

I(l)dp(l)

Integration gives

3 ( 2l 3 (' 1l
p'=1—

]
1—

f

—a-*] 1+-
I

2x E x')

Where X= 2Rrroo. I Or X= (2h'L) 'rroa I.


