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Angular Distributions from Deuteron Bombardment of Beryllium and Boron*
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The angular distributions, from 10' to 160', of the emergent particles from the reactions Be'(d,p)BeM "~,
BM(d P)B"n~, and B"(d,e)C's "*have been investigated. The proton distributions were obtained at incident
deuteron energies of 10, 9.2, and 8.1 Mev while the neutron distributions were obtained with 10-Mev
deuterons. The proton distributions are analyzed using the Butler theory of deuteron stripping and, with the
exception of the distributions from B"*,are in agreement with l„=1 at forward angles. The distributions
from the first excited state of B" are not in agreement with any curves based upon the Butler theory,
indicating that stripping does not play a major part in this reaction. The neutron distributions are analyzed
using the treatment of Owen and Madansky, which allows heavy-particle stripping as well as Butler strip-
ping. Reasonable agreement between the data and this theory for the ground state is obtained by using
approximately equal amplitudes for Butler and exchange stripping and angular momenta of l =1 and l =0,
respectively, for deuteron and exchange stripping. The analysis of the distribution for the first excited state
of C'2 shows /=1 for deuteron stripping, but does not provide a unique choice for the angular momentum
in exchange stripping.

INTRODUCTION spins, a differential cross section of the form

'HE study of the angular distributions at forward
angles for emergent particles from (d,p) and (d, n)

reactions at intermediate energies has provided a
considerable amount of useful information. When these
distributions are analyzed in terms of deuteron stripping
theory, limits upon the spins and parities of the final
nuclear states can be set. A number of authors' —' have
treated the problem, making use of diferent assump-
tions and formalisms, and have obtained similar results.
In all cases, the theoretical treatments predict forward
peaks with a rapid decrease in intensity at angles
larger than that of the primary peak. Recently, studies
of the reaction B"(d,n) C", in which the angular distri-
butions were extended beyond 90', showed a significant
contribution at backward angles. 'Owen and Madansky'
proposed that the nucleon detected at large angles may
have originated in the target nucleus, rather than in
the incident deuteron. This mechanism, heavy-particle
stripping, predicts significant contributions to the
differential cross section at backward angles. The treat-
ment is patterned after the method of Bhatia' and
includes both deuteron and exchange stripping and
allows interference between the two mechanisms.
Using the Born approximation and employing anti-
symmetrical wave functions for the outermost neutron
in the boron nucleus they obtain, after a sum over the
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The j&(kE) terms are the spherical Bessel function of
order (l+z) and k„and ks are the wave numbers
(center-of-mass system) for the outgoing neutron and
incident deuteron. The quotient As/At gives the ratio
of heavy-particle stripping to deuteron stripping and
is treated as an adjustable parameter. The B"(d,e)C"
reaction has previously been investigated and analyzed
in this manner for incident deuteron energies from 0.6
to 4.7 Mev and the experimental distributions are in
good agreement with the theory. In the present work,
the reaction was investigated and analyzed at 10 Mev
to extend the range of measurements, as a test of the
effectiveness of the heavy-particle stripping theory,
and thus to determine the relative importance of the
two mechanisms. In order to observe the e6'ects of
heavy-particle stripping in other reactions, the angular
distributions from the reactions Be'(d,p)Be" "* and
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B"(d,p)B""*were investigated at incident deuteron
energies of 10, 9.2, and 8.1 Mev. Heavy-particle strip-
ping should be most apparent in a nucleus where the
last proton or neutron is loosely bound. The fifth
proton in B"has a binding energy of 8 Mev as compared
with a binding energy of 15 Mev for the fourth proton
in Be', so that comparison of the angular distributions
of protons from the (d,p) reactions on the two nuclei
should indicate the eGects of heavy-particle stripping.
An investigation of the reaction B' (d,p)B"* has the
feature of providing additional information concerning
the spin of the first excited state of B".Theoretical
calculations"" of the level structure lead to the expec-
tation that the spin and parity of this state is 2 .
Measurement of the lifetime of the state by Wilkinson, "
Thirion's" determination of the angular correlation of
the gamma rays from the reaction B"(d p)B"*(y)B"
and a determination of the angular distribution of
gamma rays following inelastic proton scattering from
this level by Bair et al. '4 have con6rmed this prediction.
Work by Evans and Parkinson, "who have investigated
the angular distributions of protons from the (d,p)
reaction on B"at deuteron energies ranging from 6.1
to 8.1 Mev, indicated some agreement between the
Sutler curves for 7= 1 and the distributions from the
first excited state of S".This would set a lower limit of

for the spin and parity of this state. Recently, Lee
and Wall" have reported agreement with the Butler
curve for /=2 at a deuteron energy of 14.3 Mev. This
satisfies the angular momentum requirements, but
leads to a positive parity for the state. The present
work attempts to remove the apparent disagreement
between the possible values of the spin predicted by
stripping processes and the values of the spin as deter-
mined by other methods of investigation.

EXPERIMENTAL ARRANGEMENT

A. Beam and Energy Variation

The Washington University 45-in, cyclotron provides
an external deuteron beam of 10-Mev energy. Since
the beam fans out in the fringing field of the cyclotron,
a pair of strong-focusing quadrupole magnetic lenses,
five feet from the collimating slits at the exit position,
aGord an eightfold increase in intensity 20 feet from
the exit slits. The beam enters the scattering chamber
through a —„-in. hole in a bismuth collimator, so that
the effective area of bombardment on the target is a
circle ~in. in diameter. In order to obtain the 9.2-Mev
beam, 16 mg/cm' of Al foil was placed directly after
the slit system of the cyclotron. In addition to lowering

'0 D. R. Inglis, Revs. Modern Phys. 25, 390 (1953).
"D.Kurath, Phys. Rev. 101, 216 (1956).
"D.H. Wilkinson, Phys. Rev. 105, 666 (1957)."J.Thirion, Ann. phys. 8, 489 (1951).
r4 Bair, Kington, and Willard, Phys. Rev. 100, 21 (1955).
~~N. T. S. Evans and W. C. Parkinson, Proc. Phys. Soc.

(London) A67, 684 (1954).
'6K. S. Lee and N. S. Wall, Bull. Am. Phys. Soc. Ser. II, 2,

208 (1957).

the energy, the foil increased the energy spread of the
beam and decreased the intensity on the target by an
order of magnitude. The 8.1-Mev beam was obtained
by focusing the 10-Mev beam upon the bismuth col-
limator and inserting 31 mg/cm' of aluminum in that
position. The resultant intensity was again an order of
magnitude lower and the energy spread greater. The
8.1-Mev beam was collimated so that the effective area
of bombardment was a circle —,'in. in diameter.

B. Scattering Chamber

The scattering chamber was a pillbox 16 in. in
diameter and 5 in. deep. The side walls were —,'-in. brass;
the top and bottom were steel plates ~~-in. thick; 4-in.
circular ports were cut in the side wall of the chamber.
On one side, the ports were spaced at 10' intervals
from 10' to 90' and at 20' intervals from 90' to 150'
with a port at 160'. On the other side, the ports were
spaced at 10' intervals from 15' to 85 and at 20'
intervals from 100' to 140' with an additional port at
155'. Thin aluminum foils with a surface density of 20
mg/cm' covered the ports from 10' to 130', while
10-mg/cm' foils covered the ports from 140' to 160'.

C. Targets

Three targets were used in the experiment. The
beryllium target was a foil 1 mil thick and 1—„in. in
diameter. It showed evidence of oxygen contamination
in addition to the single stable isotope of beryllium.
The boron targets were prepared from enriched isotopes
which were in the form of a "metallic" powder. For the
B"target, a water suspension of the powder was allowed
to settle onto a 4-mil polyethylene foil, leaving a fairly
uniform target with a surface density of 3 mg/cm'.
Targets prepared in this manner retained their uni-
formity, losing only a small amount of target material
under sustained bombardment by deuteron beams of
the order of 0.1 pa, but deteriorated rapidly when
much higher beam intensities were employed. Since
intense beams, of the order of 1 pa, were required for
the neutron work, a backing of 0.1-mil nickel foil was
used. A suspension of the B" powder in polystyrene
Q-dope thinner was prepared and a very small amount
of polystyrene Q-dope was added to the suspension to
serve as a binder. The suspension was then allowed to
settle out onto the nickel foil as the liquid evaporated,
leaving a uniform target 6 mg/cm thick. After the ini-
tial deterioration, there was no noticeable change in the
target throughout the entire course of bombardment.

D. Proton and Neutron Detection

The detector was a proton spectrometer modeled
after that of Trail and Johnson, 'r modiled so as to
detect protons directly. A longitudinal cross section of
the detector is shown in Fig. 1. Protons enter a thin

'7 C. C. Trail and C. H. Johnson, Rev. Sci. Instr. 27 468 (1956).
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Fxo. 1. Longitudinal cross section of the detector when
used for neutron detection.

foil above the axis of the proportional counter section,
pass through the proportional counter, and are stopped
in the scintillation crystal. When neutrons are being
detected, appropriate foils prevented all charged
particles from reaching the detector. A polyethylene
radiator was placed directly before the counter and the
recoil protons from the radiator were detected in the
same fashion as for direct detection of protons. When
a 40-mg/cm' polyethylene radiator was used, the
eKciency for neutron detection was 1.75&(10 ' times
the numerical value of the n pscatte-ring cross section
measured in barns.

The proportional counter was filled with a mixture
of 90% argon, 10% CO2 at a pressure of 14 cm Hg. A
section of a cylindrical shield (whose voltage cor-
responded to the undistorted field at the same position)
covered a 240' angle and electively limited the active
volume of the counter to the region through which the
protons passed. For the (d,p) investigation, a single
collection wire of 3-mil tungsten was used, while for
the (d,n) reactions the wire was separated into two
parts, and in the region where the two wires met, the
shield covered the full 360'. This provided two pro-
portional counters having no partition between them,
with the radial symmetry of the field being maintained
throughout almost the entire volume of the counter.
For the (d,P) investigations, the scintillation counter
consisted of a CsI(T1) crystal 1 mm thick mounted on
a Dumont 6291 photomultiplier tube. For the (d,~)
work, a NaI(T1) crystal 2 mm thick was used.

Identification of the proton groups was made in the
scintillation counter. By requiring a coincidence be-
tween the pulses from the proportional counter and the
scintillator, with appropriate delays to account for the
diGering response times, the proton groups were

isolated. The use of thin crystals required the insertion
of additional absorbers in front of the detector in order
to insure that the protons would stop in the crystal.
In addition to stopping elastically scattered deuterons,
the absorber also improved the effective resolution of
the detector. Because the energy loss per unit path
length for charged particles varies inversely as the
velocity, proton groups initially diGering in energy are
further separated in energy after passing through the
absorbers. With the absorbers used, the detector had
about 6% resolution for the proton work. The width of
the observed peaks was increased by the thickness of
the target and, in the case of neutron detection, by the
thickness of the radiator.

E. Electronics

A block diagram of the electronic system is shown
in Fig. 2. The pulses from the proportional counters
were fed into preamplifiers and then into linear ampli-
fiers. The pulses from the scintillator were sent into a
cathode follower and, after being delayed to bring
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FIG. 3. Proton energy spectra at 100'. The indicated pulse
height represents channel number on the analyzer. Since a biased
amplifier is incorporated into the analyzer, zero pulse height
would correspond to a large negative number.

them into coincidence with the proportional counter
pulses, were also fed into a linear amplifier. The pulses
from the discriminator output of the amplifiers were
sent into a coincidence circuit which was operated with
a resolving time of 1.5 @sec. The output of the co-
incidence circuit gated a multi-channel pulse-height
analyzer to accept the delayed pulse from the scintilla-
tion counter. The multi-channel analyzer uses pulse-
height-to-time conversion as in the design developed
by Hutchinson and Scarrott. '

P
l

Pre-Amp l- Amp F. Monitoring
IHvt

Hvl

II CF Amp

Caine. —Gate 120
Channel

PUlse
Height

Analyzer

FIG. 2. Block diagram of electronic system: P one section of
proportional counter; S scintillation counter. When the propor-
tional counter was used in two sections, a similar counter-amplifier
sequence was connected in parallel.

Normalization of the runs at each angle was per-
formed by a monitor consisting of a double proportional-
counter coincidence telescope fixed at an angle of 35'
to the beam. Absorbers were placed in front of the
monitor and bias levels on the coincidence circuit were
set so that only protons which stopped in the second!

' G. W. Hutchinson and G. G. Scarrott, Phil. Mag. 42, 792
(1951).
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nucleon is accepted into the target nucleus in a definite
state of angular momentum, so that for l=3, the
neutron added to the B"nucleus to form B"in its first
excited state would be in an f state. It is therefore
improbable that the state can be formed in a deuteron-
stripping process. The low cross section for the state is
consistent with this conclusion. In view of the strong
energy dependence of the shape of the distribution, it
seems probable that the agreement between the Butler
curve for l=2 and the data at 14.3 Mev is purely
accidental. "

Inasmuch as there is some tendency toward agree-
ment between a curve for /= 1 and the observed distri-
butions for the excited state, the possibility of another
mechanism, spin-Rip stripping, has been discussed. ""
This process is essentially deuteron stripping, but as the
proton leaves the target nucleus, an interaction be-
tween the two Qips the spin of the proton, thereby
providing an additional unit of angular momentum.
In this way, it is possible for the neutron to be accepted
into the nucleus in a p state and still conserve angular
momentum. An investigation of the polarization of
protons from the reaction B"(d,p)B"* has shown the
sign of polarization to be consistent with this me-
chanism. '7 Evans and French" have recently made a
calculation in which nucleon exchange in the B"(d,p) B"
reaction is considered. Their results are in fair agree-
ment with the data at 8.1 Mev, but fail to predict the
strong peak in the vicinity of 70' that is exhibited by
the data for 9.2 and 10 Mev. It should be noted that
this treatment di6'ers markedly from the "heavy
particle" treatment.

Although no quantitative calculations concerning the
presence of a contribution from heavy-particle stripping
have been made, the features of the distributions allow
several inferences to be drawn. Comparison of the
distributions from the ground states of Be" and B"
indicate that the expectation of relative enhancement
of exchange stripping in B"is justified. The isotropy of
the "background" for the ground-state distributions
of Be" implies that heavy-particle stripping is probably
of little importance. No attempt has been made to fit
the data with theoretical distributions. The angular
distributions from the ground state of B"show strong
deviations from isotropy at backward angles, however,
and these shapes seem energy dependent. Since the
angular distributions from compound-nucleus formation
are essentially isotropic at the deuteron energies
involved, the observed distributions indicate the in-
Quence of another mechanism, which may be heavy-
particle stripping.

B. Neutron Distributions

The angular distributions of neutrons from the
reactions B"(d,n)C" "* are shown in Fig. 7. The
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In both cases XI=82=5.9)&10 '3 cm, /„=1, l,=0. The ratios
between deuteron and heavy-particle stripping theory are shown
in the figure.

energy of the incident deuterons was 10 Mev. Com-
parison of the relative intensities -of the ground state
and erst excited state can be made directly from the
ordinates. The errors in the neutron data are the
statistical errors resulting from the low counting rate
and subtraction of the background.

The angular distributions of both states show the
strong forward peak characteristic of deuteron stripping
with /=1, as had been found previously by Maslin
ef a/. for 9-Mev deuterons. "By the use of Eq. (I), the
differential cross section for heavy-particle stripping,
the fit was attenpted for the ground state and is shown
as a solid curve in Fig. 7. With the parameters shown,
the curve is in qualitative agreement with the data.
At lower energies, Owen and Madansky' have Qtted
the same reaction and their choice of l=0 for heavy-
particle stripping with Ar/As=1 is in good agreement
with the parameters used in this distribution.

The fit to the distribution for the excited state,
shown as a solid curve in Fig. 7, is not as impressive as
that for the ground state. A backward peak is predicted
and present in the observed data; but there is a peak at
60', which is not accounted for by the theory. Several
variations of the parameters for heavy-particle stripping
were employed with no improvement. Considering the
rough nature of the derivation of the differential cross
section and the generality of the assumptions employed,
the agreement is probably as good as could be expected.

SUMMARY AND CONCLUSIONS

The present work has presented further evidence
that the dominant mechanism involved in the (d,p)
reaction forming the erst excited state of B" is not
deuteron stripping. The low relative cross section, the
energy dependence of the angular distributions, and
the general poor Qt of the standard stripping distribu-
tions are all evidence of this. Since the assignment of
the value /=1 cannot now be justified, the assignment

"J. C. Hensel and W. C. Parkinson, Phys. Rev. 110, 128 (1958).
"N. T. S. Evans and A. P. French, Phys. Rev. 109, 1272 (1958).

"Maslin, Calvert, and Jatfe, Proc. Phys. Soc. (London) A69,
754 (1956).
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of 2 for the spin and parity of this level is not excluded.
Since the mechanism which is usually most probable
is apparently not allowed, one must consider less
probable ones, such as spin-Qip, heavy-particle strip-
ping, and, of course, compound-nucleus formation and
interference between the various mechanisms.

The experimental data considered for evidence of
heavy-particle stripping give some useful results. As
one would qualitatively expect in the contribution
from heavy-particle stripping, there is more anisotropy
in the angular distributions of the protons from the
B"(d,p)B" reaction, in which the last proton is more
loosely bound, then from the Be'(d,p)Be" reaction.
The agreement of the B"(d,n)C" data with the theory
now provides an energy region from 0.6 Mev to 10 Mev
over which this reaction is 6tted by the heavy-particle
stripping theory, with only the radius of interaction as

a variable parameter. Since this parameter must
simulate the various distortions of the wave functions,
which are certainly energy dependent, it does not seem
unreasonable that it should vary, as it does, from
3.8&10 "cm for the low-energy data to 5.9)&10 "for
the present data. The success of this crude theory in
this reaction indicates that the heavy-particle stripping
mechanism must be considered as an important con-
tribution to the stripping reactions.
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The conversion electron spectrum following Coulomb excitation of Ta"' has been remeasured with greater
accuracy. The results are internally consistent with the rotational model of Bohr and Mottleson and are in
excellent agreement with the gamma-ray angular distribution and yield data of McGowan and Stelson.

INTRODUCTION

I~OULOMB excitation of highly deformed odd-A~ nuclei offers an excellent means of testing the
rotational model of Bohr and Mottelson, ' since one can
excite the first two rotational states above the ground
state. Thus, one can compare the ratio of the energies
of the states, the reduced transition probabilities for
exciting the two levels, and the E2 to M1 mixing ratios
for the 6rst rotational state transition and the cascade
transition from the second to the first rotational state.

The most extensive measurements' ' of the quanti-
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ties mentioned above have been made for Ta'". In
particular, McGowan and Stelson~ have made accurate
measurements of the yields and angular distributions
of the gamma-rays following Coulomb excitation of the
6rst two rotational states above the ground state. The
results of these measurements are in good agreement
with the theoretical predictions. The previous conver-
sion electron experiments'' seemed to indicate some-
what smaller E2 to M1 mixing ratios than the gamma-
ray experiments; however, the experimental uncertain-
ties were quite large.

The conversion electron spectrum following Coulomb
excitation of Ta'" has been remeasured with greater
accuracy, particularly for the cascade transition. The
results are in good agreement with the theory and the
gamma-ray results.

EXPERIMENTAL PROCEDURE

The experimental arrangement has been described
previously, The only change has been to replace the
Geiger counter by an anthracene scintillation counter,
This reduced background from the accelerator and also

9 Huus, Bjerregaard, and Elbek, Kgl. Danske Videnskab.
Selskab, Mat. -fys. Medd. 30, No. 17 (1956).


