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ABSTRACT

9

Alpha particle energy spectra from (d,a) reactions on Li~, Be”,
Clg, Nlu, and O16 have been obtained using 24-MeV deuterons. The devel-
opment of a high-resolution semiconductor E - %% counter telescope made
possible the observation of alpha particle groups arising from the for-
mation of final states of higher excitation than previously studied by
this reaction. Angulér distributions corresponding to resolvable final
states are presented.

Marked variation in the relative cross sections of final states
was observed in most of the alpha particle energy Spectra. In an effort
to explain the nature of this preferential population these final states
are correlated, where possible, with their expected configurations. The
removal of two hucleons from the target nucleus spould favorably excite

levels whose configuration is two holes relative to the target configur-

ation. Experimentally, however, formation of levels that require additional

nucleon excitation are not appreciably inhibited in some cases. Possibly
more than one reaction mechanism should be considered. The present
evidence predominantly favors a pickup mechanism over knockout, but the
relatively large cross section to several levels can be explained more
easily by invoking a knockout mechanism.

The difficulties involved in using the (d,Q) reaction to test
the validity of the isotopic-spin selection rule are discussed. An ex-
tensive review of the 016(d,a)Nlu* (2.31-MeV) transition over a range of

bombarding energies is presented.
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A fairly extensive distorted-wave Born-approximation analysis

has been carried out for several of the (d,0) transitions studied.

b s
Good fits to the alpha particle angular distributions were obtained.
The outstanding characteristic of this analysis was the strong preference v
for L=2 transitions relative to L=0 transitions. '
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I. INTRODUCTION

Studies of both the relative and absolute values of the differ-
ential cross sections for various direct nuclear reactions lave given
insight into the detailed nature of nuclear structure. Single-nucleon
transfer reactions, such as (p,d) and (d,p), have been used for a
number of years as a method to obtain spectroscopic information. (See
for example reference 1 and references contained therein.) Two-nucleon
transfer reactions such as (d,a), (@,d), (He5,n), (t,p), and (a,Li6)
are also of interest. These reactions can reach states that have two
holes or particles excited relative to the ground state, so that addi-
tional states not excited in single-nucleon transfer reactions can be
investigated. For sufficiently high bombarding energies these reactions
have the general features of a direct reaction: they are (a) strongly
selective in the levels that are excited, and (b) the angular distribu-
tions of the outgoing: pérticles corresponding to the formation of the

2
234 Hence, these

strongly excited levels are peaked at forward angles.
reactions may prove to be another valuable tool for studying nuclear
strﬁcture.

Previous attempts to analyze two-nucleon transfer reactions have
made use of plane-wave Born-approximation (PWBA) calculations. However,
to obtain a detailed agreement between theory and experiment it is
necessary to take proper account of the interactions in the entrance

and exit channels. That is to say the scattering and partial absorption

of the incident particle, before the actual reaction event, and the

emitted particle after, can have an important effect on the differential
cross section. As shown by Tobacman5 these distorted-wave Born-approx-
imation (DWBA) calculations give superior fits to the angular distribu-
tions of single-nucleon transfer reactions. Thus a DWBA calculation
should be superior for two-nucleon transfer reactions also. To inves-

tigate the poséibility of spectroscopic identification of levels through
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fitting the alpha particle angular distribution from a (d,a) reaction,
a fairly extensive DWBA analysis has been carried out for several of T
the (d,a) reactions studied in this work, using the program developed
by Glendenning.

A measuremeﬁt of the relative cross sections to the levels in

2 1k
a given nucleus made by different reactions — e.g., C (a,a)n

Nlu(a,a')Nlu, and 016(d,05)1\11lL — can give information‘concerning both
the configuration of the level and the reaction mechanisms involved.
It should be emphasized that these two facets are inherently tied to-
gether. Several such comparisons are discussed in this work.

Direct (d,a) reactions can make only final states having the
same isotopic spin as the target nucleus if nuclear forces are charge-
independent. Since the isotopic-spin operator does not commute with the
nuclear Coulomb-force operator, the resultant isotopic-spin impurity
means that the isotopic-spin selection rule is not strictly obeyed.

Thus this reaction can be used to test the validity of the isotopic-
spin slection rulé.7

There has also been considerable speculation whether reactions
such as (d,a) proceed by a pickup or kneckout mechanism.8’9 Although
it is very unlikely that one could learn anything about the reaction
mechanism from fitting angular distributions, a cémparison of the
magnitudes of the cross sections for (d,q) reactions on different targets
" might be valuable.

In order to investigate the above possibilities, (d,a) reactions

6 - 12 N 16
on Li , Be9, ¢, Nl , and O were studied using 24-MeV deuterons.

lO(

12 :
For a comparison of final states the B (@,d)C reaction was also

investigated.

3



1I. EXPERIMENTAL PROCEDURES

A. Machine and External-Beam Facilities

The 24-MeV deuterons and 48-MeV alpha particles that initiated
the reactions studied were obtained by dsing the external beam of the
Crocker Laboratory 60-inch cyclotron. As shown in Fig. 1 the beam
was brought out through a long iron pipe, focused by a quadrupole
magnet, and directed by a small steering magnet through a 5/16-in.-
diameter graphite collimgtor and a 5/16-in-diameter tantalum baffle
collimator into a 36-in.-diameter scattering chamber.

After passing through the chamber the beam was collected in
g Faraday cup and integrated. Two remotely controlled twelve-position
foil wheels — located between the scattering chamber and the Faraday
cup, and containing various thicknesses of Al absorber — were used
to determine the mean energy of the beam. A plot of beam intensity
at the Faraday cup vs thickness of Al absorber was used to determine
the absorber corresponding to one-half the maximum beam intensity.
These ranges in Al were converted into energies by means of range-energy
tableslo based on experimental proton range-energy. data.ll

The particle detectors were mounted on a remotely controlled
table that comprised the bottom of the séattering cham.’ber,12"]75’llL
and could be rotated to any desired angle. However, the edge of the
detector holder intercepted part of the beam when measurements were made
at less than 6 deg or greater than 174 deg (lsboratory system). A
remotely controlled target holder was suspended from the 1id of the

_chamber. The scattering chamber waé evacuated by a local pumping

system, which consisted of a water-cooled 6-in. diffusion pump backed
by a mechanical pump. '

A twelve-position foil wheel containing various thicknesses of
Al absorber, which could be operated by remote control, was placed

immediately in front of the detectors. This gllowedone to vary the
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MUB-2118

A, iron pipe; B, adjustable
slit; C, quadrupole focusing magnet; D, cyclotron vault;

Fig. 1. Experimental arrangement:

E, shielding wall; ¥, steering magnet; G, 5/16-in.—diameter
graphite collimator; H, 5/16-in.hdiameter tantalum baffle
collimator; I, 36-in. scattering chamber; J, target; K,
counter telescope and foil wheel; L, monitor; M, foil
wheel for measuring beam energy; and N, Faraday cup.
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energy of the particles incident on the detectors, which was useful
for energy calibrations and for adjusting the analog pulse multiplier,
as described later. In addition a Th228 alpha source, which was used
for checking counters and for energy calibrations, was attached to the
foil wheel.

During some of the runs a monitor, consisting of a CsI (T1)
crystal mounted outside the scattering chamber and separated from it
by a thin Al window, detected the elastically scattered beam particles
at a fixed angle (approx 20 deg). The monitor was useful in determi-
ning whether the target thickness had changed during the course of a
run and as a check on the stability of the Faraday cup and integrating

electrometer.

B. .Detectors and Electronics

1. Particle Identification

In the energy region above a few MeV, simple single-counter .
detecting systems generally cannot be employed because of the many
side reactions which obscure the reaction of interest. For example,
when 24-MeV deuterons interact with a 012 target the following reactions

occur:

In each of these reactions the outgoing reaction particles have energies
corresponding to the energy levels of the final nuclei. All of these
reactions occur with approximately equal probability at high energy,

and a detector will produce pulses corresponding to protons, deuterons,



vtritons,uHeB, and :alpha particles from each of the above reactions.
When .two or more particle groups are superimposed it is extremely e
difficult to tell much about the reaction.
Dufing the course of the experimental work several methods v
were used to separate the various particle groups so that they could
be observed independently. The first (d,x) results were obtained
using a single p-n junction silicon detector. (A more detailed de-
scription of the detectors is given in the following section.) The
discrimination of alpha particles from protons, deuterons, and tritons
depended on the fact that the high-energy charge-one particles com-
pletely penetrated the detector and thus expended only part of their
energy in the depletion région of the detector. Since the depth of
the depletion region is proportional to the square root of the ap-

15

plied reverse bias voltage, the detector was operated with a voltage
that produced a depletion region corresponding to the range of the
maximum energy of the measured alpha particles. However, the 'back-
ground"” of charge-one particles obscured the observation of low-energy
alpha particles corresponding to highly excited levels of the residual
nucleus. In additidn, He3 ions could nct be distinguished from alpha
particles.

The removal of some of the charge-one-particle background was
accomplished by placing a lithium-drifted p-i-n junection silicon
detector behind the first counter. The Li-drifted detector was
connected in anticoincidence with respect to the first counter; i.e.,
a partiéle that traversed the first counter and also produced a pulse
in the second counter was not recorded.

The method used for the (Q@,d) work and for the later (d,x)
results made use of a transmission counter which measured an energy
loss AE proportional to the rate of energy loss dE/dx and a stopping
counter which measured the remaining energy, E. Pulses from these

16,17 the output

counters were fed into an analog pulse multiplier,
of which is proportional to the product of the mass of the particle

times the square of ifs charge.



The principle of operation of the multiplier arises from the
approximate relationship obtained from the nonrelativistic equation
for the rate of energy loss of charged particles as they pass through

matter. This equation can be statedl8

%: in C .E,,

where M, Z, and E are the mass, charge, and energy of the particle,
respectively, and Cl and C2 are products of constants. It has been
shown17 that the addition of a properly selected constant, EO , to the
total energy of a particle will partially compensate for the 1In factor
in the above equation so that — over a wide range of energies — the
product of (E+EO) and dE/dx will be closely proportional to the product
of the mass of the particle times the square of its charge. Since the

measurement of dE/dx introduces a finite energy loss, AE, it is necessary

to add to the measured energy from the stopping counter a certain amount

of AE as KAE, so that E and dE/dx will correspond to the same particle
energy (in first approximation K would be 1/2). The final expression
is then

2

MZ = (E+E, + KAE) AE .

0

The computer circuit utilizes the AE and E pulses to perform

the multiplication
2
(a+B)° - (A-B)° = bkas,

where A = E +.EO + KAE and B = AE. The squaring is performed by two

Raytheon QK-3%29 square-law tubes.

In actual operation K and E. are left as adjustable parameters

, 0
used to optimize the particle separation. Since EO is introduced as

a dc bias on the deflectors of the squaring tubes, one can have spurious
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output pulses arising from the product of EO and AE when particles
stop in the AE detector. These spurious pulses are eliminated in the . x
multiplier spectra by requiring a coincidence between an E pulse and

this output pulse.

2. Detector System for (d,x) Reactions

The advantages of Eemiconductor dE/dx transmission and E . counters
have been described by Wegner.l9 However, slices of silicon thin enough
to be used as transmission counters for (d,a) reactions initiated by
EM;MeV deuterons (z 2 mils) are brittle and break easily. Therefore,

a hole was lapped in the center of a 10- to 1b4-mil silicon slice to
give a thin central region supported by a thicker outer ring where con-
tigets: could safely be made (see Fig. 2).

- Starting with a phosPhorous—diffused 2000 ohm-cm p-type silicon
mésa-type.counter,go a hole was lapped into the back side of the counter
to such a depth as to leave approximately 1 mil more than the desired
thickness in the central region.

The holes were lapped by using grooved brass laps 5/52 or 7/52
in. in diameter rotated 1/52 in. bff center at a rate of 120 rpm. The
crystal, cemented with wax to an optically flat glass plate, was rotated
in the opposite direction at 120 rpm and lapped with 6-p diamond compound.
The lapped side was then etched in CP-U4, a hydrofluoric nitric acetic
acid etch, to obtain the final thickness. v

To complete the counter, a lOOO-X thickness of Al metal was
evaporated onto the back surface and alloyed with the silicon at the
eutectic temperature, 57700. If the junction edge was damaged during
the grinding operation the junction was reetched. |

Thickness profiles were obtained by using a metallurgiéal
microscope at a magnification of 500. The‘top surface of a glass
microscope slide, oh which the face of the-couﬁtér rested, was used

as the reference for measurement. Figure 3 shows a typical profile

after etching, for the 5/32-in. lapped hole.

Y.

>
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MU-25670

Fig. 2. Diagram of transmission counter.
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Fig. 3. Typical thickness profile after etching. Two sections
at right angles are shown.

R34



=11-=

Both Au- and Al-alloyed back contacts were tried. Counters
with Au backings showed greater reverse bias currents (Fig. 4). A
decrease in the slope of the current-voltage plot at voltages higher
than requiredito fully deplete the thin central region was not observed.
Such a decrease would be expected if a large portion of the leakage
current was due to charge-carrier injection from the bhack surface.21

The counters were tested with 5.477-MeV alpha particles from
Amgul collimated by a 60-mil-diameter aperture. Pulses were observed,
as expected, when the particles entered the front, because of the "built
in" field of the junction located at the front face. A broad peak was
also observed for particles entering the back of the counter, where
some of the charge was collected by diffusion. The peak height in-
creased only slightly after 5-V bias and appeared in the same channel
whether particles entered the front or the back face (Fig. 5), indicating
that the depletion layer was driven all the way to the back surface of
the thin section, with essentially no dead layer. The resolution of
the alpha particles was 35 keV, full width at half maximum (FWHM).

The resolution of a 2.7-mil-thick transmission counter for
incident 48-MeV alpha particles was about 15%. The thickness varia-
tion alone within the 60-mil-diameter collimated area could cause a
12% spread if equal cross section is assumed for each thickness. The
statistical fluctuation of energy loss in a uniform 2.7-mil-thick
absorber, in which the energy loss is 1.92 MeV, is 12.5% (mevl).22 of
course for the lower-energy alpha particles arising from the (d,a)
reactions studied the statistical fluctuation is much smaller.

A schematic drawing of the holders used for these counters,
and all the other semiconductor detectors discussed later, is shoﬁn
in Fig. 6.

Two different types of semiconductor E detectors were used.

The first was a phosphorous-diffused p-type silicon mesa-type countergo
(similar to the AE counter before the hole was lapped). This detector
had a depletion thickness of 66.7 mg/cm?, which corresponds to 23.2-MeV
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MU-32057

Fig. 6. Diagram of counter holder.
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alpha particles, when a 240-V reverse bias was applied. Lithium-drifted
p-i-n junction detectors25 of various thicknesses were used when studying
(d,a) reactions that produced alpha particles above 23 MeV.

The counter system was placed so that the tantalum baffle colli-
mator, which preceded the AE detector and defined the solid angle, was
8 to 12.5 in. from the target. The collimator diameter, which could
be easily varied, was 60 mils when the thin transmission counter was
used, because of the small thin area. This was replaced by a 125-mil-
diameter collimator when the ABE counter was not used.

The loss of resolution in the E counter due to the nonuniform
transmission counter was compensated by adding the pulses'from the two
counters in the appropriate ratio. The optimum resolution of the added
pulses was about 240 keV for solid targets. The resolution was limited
by the approximately 0.75% energy spread in the cyclotron beam. The
simple passive pulse-adder circuit i1s shown in the electronic block

diagram, Fig. 7.

3. Detector System for (a,d) Reactions

The AE counter was the p-n junction detector used as an E
counter for (d,a) reactions. Its resolution for 20.5-MeV incident
deuterons was lO.9% for a 2.1-MeV energy drop. A 150-mil-thick Li-

2
drifted p-i-n junction detector 5

served as the E counter. The optimum
resolution of the system was about 350 keV when a 30-mil-thick Li-
drifted detector was used for the AE counter.

The general electronic circuitry was the same as for the (d,)

reactions (Fig. 7).

4. Pulse-Height Analyzers

A Penco 100-channel pulse-height analyzer and a RIDL 400-channel
pulse-height analyzer were used to analyze the pulses from the detectors
and the multiplier. These analyzers have a coiﬁcidence circuit, so that
signal pulses can be required to possess a corresponding trigger pulse.
The use of variable upper and lower discriminators permitted “single-

channel" analysis of the trigger pulses.
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C. METHOD OF OPERATION

1. Pulse-Adder Adjustment
The 33.4-MeV alpha particles obtained by elastic scattering of

48-MeV alpha particles from a thin carbon foil at 62 deg (lab) were
- observed, and the size of the AE and E signals adjusted to give pulse
heights in the. same ratio as the energy calculated to be deposited by
the alpha particles in the respective detectors. ©Small changes in the
AE amplifier gain were then made to optimize the resolution of the pulse-
adder output. These changes invariably proved to be very slight.

The adjustment was checked by moving the counter telescope to
a smaller angle (to increase the counting rate) and varying the energy
of the particles incident on the counters by means of Al absotrbers.
If the pulse adder was properly adjusted a plot of channel number vs :

energy would be linear.

2. Multiplier Spectra

The preliminary tuning of the multiplier was done by following
the procedure of Briscoe.16 Only a discussion of the He5 - Heu separa-
tion will be given here since the adjustment for proton-deuteron-triton
separation have been discussed at length elsewhere.gu’25

The bombardment of & He3 gas target by U8-MeV alpha particles
produced the mixture of He5 and He ions used for the rdugh adjustment
of the multiplier. The angle of observation was adjusted (~ 38 deg)

3 RN

to give approximately an equal number of He” and Heu ions as shown by
the pulse-adder output displayed on the pulse-height analyzer. The
corresponding multiplier output in coincidence with an E trigger was
then. displayed on the analyzer, and the energy of the particles incident
on the counter telescope was varied by means of Al absorbers. This

enabled one to adjust the AE and E amplifier gains and the values of EO
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and K to obtain a multiplier pulse height as nearly energy-independent
as possible. Final adjustment of the multiplier was made during the
deuteron bombérdment of the target to be investigated. A multiplier
spectrum with optimum He5 - He)1L separation is shown in Fig. 8.

Even though the transmission counter was very thin the low-
energy alpha particles that left the residual nucleus highly excited
dropped a large fraction of their energy in the AE detector. However,
the multiplier apparently worked properly (i.e., the multiplier output
signal remained essentially constant) when as much as 95% of the alpha
‘energy was dropped in the AE counter. This knowledge should prove
useful to anyone interested in using a multiplier for reactions such
as (Q,d) or (HeB, p) since much thicker AE counters can be used than

were previously tried.

%. Energy Spectra

(The method of obtaining the energy spectra from the single-
counter experiments will not be discussed in this section since such
an operation is self-evident.)

The energy spectra from the various bombardments were obtained
by using the pulse ffom the pulse adder as the signal to the pulse-
height analyzer and the appropriately discriminated multiplier pulse .
as the trigger. This discrimination was determined by using the mul-
tiplier output as both signal and trigger to the analyzer, and adjusting
the discriminators as follows. For (d,x) reactions the lower discrimi-
nator was adjusted to correspond to a pulse height slightly to the left
of the H65

to a pulse height slightly to the ¥ight of the alpha peak. Under these
)

peak and the'upper discriminator was adjusted to correspond

conditions the energy spectra contained peaks arising from both He” ions

5

and alpha particles. Generally the He” - He4 separation was not suf-

3

ficiently clean to permit complete removal of He” peaks from the (d,x)

spectra without also losing alpha particles. However, several energy
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Fig. 8. Multiplier spect{gm at a scattering angle of 15 deg (lab)
from bombardment of 0°© with 2l -MeV deuterons.
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spectra were obtained when the lower discriminator corresponded to
the center of the He5
in Subsecs. ITI.CCand IIITF.1L

For (o,d) reactions the lower discriminator cerresponded to

- He)+ valley. This is discussed more thoroughly

the center of the proton-deuteron valley (Fig. 9), and the upper dis-

criminator corresponded to the center of the deuteren-triton valley.
During the measurement of an angular distribution the multiplier

spectra’ were observed and the discriminators reset at about 10-deg inter-

Vals.
D. TARGETS

1. Solid Targets :
6 - B
The Li~ targets were self-supporting foils-rolled from 99.3%%

enriched Li6 metal (obtained from Oak Ridge National Laboratory) The
target thickness was determined to be 10 mg/cm + 30% by measuring the
beam range with ‘the target both in and out and then convertlng:L 0,26
this differential range in Al to the range in Li6. The large uncertainty
in therthickness quoted above arises from target nonuniformity.

The Be'9 targets were self-supporting 2. 8—mg/cm2—th1ck foils
obtalned from the Brush, Berylllum Co. In.addition a 0.9- mg/cm foil
was made by etchlng 1- mll Be9 f01ls with 1 M H SOu

The B:LO targets were made as follows: (a) arsuspension of B
in 10% ethanol in water was formed, (b) the suspension was allowed to
evaporate on a 0.1 mil Au foil, (c) another 0.l-mil Au foil was placed
on top of the Blo and the resulting sandwhich pressed together under
high pressure between two polished stainless steel plates. The targets
so obtained varied..in thickness between 0.7 and l.2-mg/cm?.

The Cle targets were prepared by diluting a "Dag" solution (col-
loidal graphite in isopropyl alcohol and acetone) with ethanol and ac-

tone., This solution wag poured on a glass mirror and allowed to dry.
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When the mirror was submerged in water the carbon film would rise to

the surface. The film.was then collected on cellophane and the water
allowed to evaporate. When dry, self-supporting films about 0.2 mg/cm2
thick and as large as H_by I in. could be peeled from the cellophane.
The uniformity of these targets varied by less than * lO%’but they were
quite difficult to handle. Any oxygen impurity was almost completely
removed by heating the targets to lhOOOC in a vacuum for several hours
and then allowing them to cool to below EOOOC before exposure to air.
When bombarded, these targets did not produce any peaks that could be
attributed to an impurity. Recently these targets have been used for
studying the Cle(Oé,d)l\TlLL reaction and a small peak arising from an
oxygen impurity observed as shown later in Fig. 29. However, the oxygen
impurity may have been larger in the recent work because of the length
of time (about two years) between target preparation and bombardment.
Even if the small oxygen impurity were present at the time of the (d,&)
work no peak arising from oxygen would have been observed. (The 016(
peak observed is a "giant peak."27)

Since different carbon targets varied in thickness by large
factors, a thicker carbon target, which was prepared by carbonizing
circles of Whatman filter paper, was used to determine the effective
thickness of the thin carbon foils used for each run. The thickness
of the filter paper targets, 2.6 mg/cm?, was determined by weighing a

known ares.

2. Gas Targets

Natural nitrogen and oxygen gases were bombarded in a 35-in.-
diameter 2.5-in.-high gas holder that was suspended from the targét
mount inside the scattering chamber. The gas pressures ranged from 45
to 73 cm Hg at about l8oC. An additional 125-mil-wide slit Wwas positioned
about 6.4 in. ahead of the counter collimator to define the solid angle.
The effective target thicknesses ranged from about 0.4 to 0.6 mg/cm2 when
the beam was viewed at 90 deg and, of course, varied as l/sin 6, where 6

is the angle of bbservation.

a, d)Fl8

=&
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The gas holder had two approximately 120-deg B/H-in.-high
windows made of l-mil-thick Dural; it could be rotated to permif.meas—
urements at any angle. This system was connected to an external manometer
and a pumping unit so the gas pressure could be read and the gas changed.

The effective deuteron energy was degraded about C.3 MeV by the gas target.

E. EXPERIMENTAL CHECKS

In order to check the accuracy of the experimental system the
following comparisons with previous measurements were made. Polystyrene
12
and "filter paper" carbon targets were used to obtain C (p,p)Clg,
ClQ(

agreed to within 8§ with previous data.

*
p,p')C12 (k.43 MeV), and p(p,p)p differential cross sections which
28,29

As discussed in more detail in Subsec. IV.B the Nlu(d,a)Clg

2
and Cl (oz,d)l\lllF differential cross sections at bombarding energies of
2%.8 and 48 MeV, reéspectively, should be very similar. The experimental
2
agreement with the Cl (a,d)Nlu data5 was excellent.

F. DATA REDUCTION

1. Energy-Level Analysis

To determine the energies of the final states populated, an
energy-vs~channel calibration of the pulse-height analyzer was made by
systematically varying the energy of elastically scattered alpha particles
incident on the ‘counter telescope by means of Al absorbers and by using
different angles of observation. A Th228 alpha source was used for the
low-energy points of the calibration.

Spectra were obtained at a series of angles and the particle
energies corresponding to peaks in the reaction spectrum determined. The
difference in energy between the peak corresponding to the ground state
transiticn end the other peaks was determined and these differences

were then converted to energy separations between the particular excited
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states and the ground state-of ﬁhe,residual nucleus by means of a

50

A

computer program which solved the equation

E%/E - (mambEa>l/2 cosf * (m mE_ cosee N (my+mb)l:myQ_+ (my-ma)Ea] 1/2 .
1= ~ ;
my~+ m
where-Eb = energy of emitted particle in laboratory system;
Ea = energy oOf inecident particle in laboratory systen, ’
- @ = laboratory angle of observation,
m, = mass of incident particle,
m = mass of emitted particle,
' m.y = mass of residual nucleus,
Q = kinetic energy released or absorbed in the reaction.

2. Differential and Total Cross Sections

The conversion of the number of counts in a specific peak to a
differential cross section was done by standard methods (e.g., reference
31). The cross sections of levels that were not cleanly resolved exper-
imentally were obtained by means of a computer program which fit the
experimental spectrum by using gaussian-shaped peaks whose width and

relative amplitudes were varied to obtain the lowest value of Xe, where

2. ke aaf

cts¥%(n)

n=1

wheré N is the number of channeilsd over which the fit is made.
Total cross sections were obtained by integration of the dif-

ferential cross sections according to
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it . 1
o = 271] '% sin6 @8; = 27TJ % d(cosB).

0 -1

In practice, the second expression was evaluated by plotting dc/aQ vs

cos@ and measuring the area under this curve with a planimeter.
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I1ITI. RESULTS AND DISCUSSION OF S?ECIFIC‘REACTIONS

The reactions that were investigated are discussed separately
in this section. The energy levels of the product nuclei observed in o
these reactions are correlated where possible with their expected )
configurations in an effort td determine the nature.of any preferential
population of final states that might arise. The respective angular
distributions are included but the corresponding DWBA analysis 1s not

discussed until Subsec. IV.C.3.

A, Li6(<iL,oc)HeLL

"This reaction has been studied previously only at low bombarding
energies;52"55 i.e., < 5 MeV, except for brief investigations at 1.8
MeV5LL and 21.6 MeV.55 In our experiment the angular distribution of
the alpha particle group corresponding to the ground state of Heu, shown
in Fig. 10, has been measured from 18 to 113 deg (c.m.). A typical
energy spectrum at a laboratory scattering angle of 36 deg is shown in
Fig. 11. BSmooth curves have been drawn through the experimental points
for all the energy spectra to be presented. The experimental work on
this reaction was completed before the thin AE counters were developed
and consequently these results were obtained with single counter systems.
Counters of different thicknesses had to be used because the alpha
particle energy changes rapidly as a function of angle when such a
light target is bombarded.

Although the multiplier was not used the alpha particle group
corresponding to the ground state of HeLL was well separated at all
angles studied. The ground state Q value for the Li6(d,Ot)HeLL reaction

*
is 22.365 MeV, which is congiderably greater than the energy of the - a

*
Ground state Q values for all reactions discussed were taken from -

6
LAshby and Catron.5
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Fig. 11. Energy spectrum of the Li6 + d reaction.



(32

-29-

other charged particles produced by Li6 + d:

Li6 +d - Lil + P ., Q= 5.0267 MeV
S He + He5, Q = 0.8445 MeV
N PR , Q= 0.830k MeVv .

However, these charged particles and the élastically scattered deu-
terons prevented the observation of any indicationof the broad peak
that has been observed in other reactions ——-t(p,n)He5 (references 37
and 38), t,(d,n)HeLL (reference 39), Heu(p,p’) HelL (reference 40) —
and interpreted as an indication.of a broad excited state in He at
~ 22-MeV excitation.57

SawickilLl has calculated the angular distribution, assuming
the "a + 4" model for Li6 and a pickup mechanism. For the incident
deuteron energy, 20 MeV, he predicts an angular distribution with a

strong diffraction maximum at Gc = 40 deg and minima at QC —

- and 68 deg with an absolute value of (dc/dﬂ)ezo between 0.2 and 0.4 X

1077 mb/sr. The experimental angular distribution indicates that

Saficki's reaction mechanism may not be the most important one for

35

2Lk-MeV deuterons. However, Zeidman and Monahan have rederived the
cross section, using the same assumptions and procedures as Sawicki,
and find a large discfepancy between their results and Sawicki's, both
in absolute magnitude and shape. These differences were not resolved
after correspondence with Sawicki. Furthermore, they find approximate
agreement with the 21.6-MeV data, both in absolute magnitude and shape.
The absolute magnitudes of the experimental cross sections for 14.8-,
21.6-, and 2L4-MeV deuterons do not differ widely, (factor of two at the
most), but the shape of the angular distribution fluctuates markedly.
The approximate agreement obtained by Zeidman and Monahan indicates

that if Sawicki's reaction mechanism is appropriate his derivation of

the theoretical cross section contains an error.
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It is interesting to note that the shape of the angular distri-
bution for U46.12-MeV alpha particles scattering from heliumlLE is similar
to the Li6(d,oc)HeLL angular distribution at Ed = 24 MeV except at small
angilies where one would expect Coulomb scattering to become highly
dominant for HelL + Heu. (The relative energy of the two residual
alpha particles from the Li6(d,a)Heu'reaction at By = 2k MeV is U46.36
MeV; i.e., at O deg the "emitted alpha" has an energy of 38.78 MeV and
the "recoil alpha" an energy of 7.58 MeV. Since they are moving in
opposite directions their rélative energy is the sum of their respective

energies. )

- B. Be9(d,a)L17

The primary reason for investigating this reactiﬁ% was to look
for the 5/2—_state’that shell model calculations predict  at about
5 MeV in Li7, but which has not been experimentally o’bserved.;E’MF
Early calculations by Wildermuth indicated this "level" was not expected

L5

on the basis of the cluster model, and - consequently offered a possible

test for the relative merit of the two theoretical approaches. However,
L6

later cluster model calculations = predict a 5/2- state at about 5.6

MeV in Li7r Calculations by Clegg based on a unified model of Li7

also
predict a 5/2- state at about this excitation.

Previous investigations of this reaction have been carried out
at low bombarding energies, except for one observation using 14-MeV
deuterons.u8 However, this later work was hampered by poor resolution
“and an appreciable oxygen impurity in the target.

Neither the predicted level at about 5.5 MeV nor the doubtful
level at 6.54 MeV were observed in our work, which covered the angular
range between 11 and 45 deg (léb). Additional information indicates
‘that apositiwe-parity level at about 6.5-MeV excitation in L17 does not

L
exist. Hamburger and Cameron5 searched for this level in the reaction
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Li6(d,p)Li7 and found that the previous observation of a level at 6.54-
MeV excitationu9 might arise from a. contaminant in the experiment.
Theoretical calculations5o based on the cluster model indicate that
the occurrence of a positive-parity state at an excitation energy as
low as 6.54 MeV would be hard to eXplain. Figure 12 shows a typical
alpha particle energy spectrum at a laboratory scattering angle of 21
deg. As can be seen there is no indication whatsoever for either of
the above mentioned levels or of any oxygen impurity in the target.
The alpha particle continuum that begins at a pesition corre-

7‘of about 2.5 MeV probably arises

sponding to an excitatien in Li
because of several-bedy breakup. The various reactions that could

produce alpha particles are:

Be’ +d — q+1if Q = 7.153 MeV,
> a+a +t Q= L4.687 Mev,
- a+ Li6 +n Q= -0.100 MeV,
L a+He +a Q = -2.528 MeV,
> a+ He6 +p Q= -2.832 MeV.

Thus the continuum begins at an alpha energy corresponding to the upper
limit from the Be9 +d > 20 + t reaction.

7

Table I compares the Li' energy levels observed with those
previously reported. Although there is no indication of any Li7 levels
above the level at 7.47 MeV the large alpha continuum would obscure
any level made with a relatively small cross section.

In thé cluster model picture the ground state, 0.478-MeV, and
L.63-MeV levels are essentially pure alpha cluster plus triton cluster

46,51
)2 whereas the 7.47-MeV level is a Li6 cluster plus

50

configurations,

neutron configuration. The latter level is made in relatively large

Z52

amount via the (d,a) reaction. Kun has been able to describe the

Be9 levels below 11 MeV by an alpha - alphs plus neutron configuration.
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Table I. Comparison of Li7

~33-

levels observed with those previously
reported. &

Levels identified (MeV) .

0

0.48 £ 0.03
L.63 * 0.03
7.47 £ 0.03

Previously reported levels

Energy (MeV) _gﬁ
0 3/2-
0.478 1/e-
4.63 (< 7/2-)
(6.54)

T7.47 5/2-
(9.6)
(10.8)
(12.4)

8References 32 and L.




-3l

9

If cone accepts this picture for the Be” target nucleus, and assumes a
pickup reaction mechanism the 7.47-MeV level could be formed by picking
up & neutron and proton from either of the two alpha clusters. To form
an "a + t" level a proton from an alpha particle would have to be picked
up along with the "outer" neutron. However, any discussion concerning

the reaction mechanism is only conjecture at the present time.

C. Clg(dzoz)BlO

Previous investigations of this reaction have been carried out

32,4k

at bombarding energies up to 19 MeV. However, most of these

studies were done with single counter systems and conéequently the
observable excitation in Blo was restricted to about 5 MeV at the most,55
and usually no levels above the 3.58-MeV level were resolved. The study
at 19 MeV-made use of a photographic method,5u and it was possible to
identify alpha tracks that corresponded to upvtb 6-MeV excitation in

Blo.

In our work glpha particle enérgy spectra corresponding to
excitation in BlO up to about 12 MeV have been obtained. The angular
range studied covered from 6.3 to 71.4 deg (lab). Figures 13 and 14
show alpha particle energy spectra at laboratory scattering angles of
45 and 15 deg, respectively. A comparison of thé levels of BlO observed
with those previously reported is presented in Table II.

One of the main purposes for investigating this reagtion was to
test the isotopic-spin selection rule. Many (d,a) isotopic-spin "for-
bidden" transitions, primarily at compound-nucleus energies, have been
previously investigated. (Reference 55 gives a summary of these and
other similar investigations through ca 1956.) Most of the specific
transitions studied, however, have been 0+, T=0 — 0+, T=1 (d,x) reactions,
and these involve difficulties with angular momentum and parity conser-
vation, in addition to requiring nonconservation of isotopic spin. (See

reference 25 for a comprehensive discussion of the selection rules

>
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reaction.
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xS

Table II.

-37-

Comparison of Blo levels observed in this experiment

with those previously reported.&

Levels identified (MeV)

Previously reported levels

0.72

2.15
3.59
k.77

5.18

6.0k4

6.67

7.05

I+

i+

+

I+

+

=+

I+

I+

.01

.01
.01

.02

.03

.03

.11

.10

Energy (MeV) J"
0 3+
0.717 1+
1.7h4 o+
2.15 1+
3.29 2+
h.77 (2+)
5.11 (2-)
5.16 (2+)
5.18 1(+)
(5.37)

5.58

5.92 2+
6.0k L+
6.16

6.42

5.57

(6.77)

6.88

6.97

(7.19)

747 2+
7.48 2-
7.56 o+
7.'78 2-
(8.07)

(8.66)

8.89 o+
8.89 (3-)
9.7

10.7

T

(0)
(0)
(1)

1
(1)

BReferences 32 and Uh.
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arising from angular momentum and parity conservation which are applicable
to two-nucleon transfer reactions.) Consequently, if one desires to .

test the isotopic-spin selection rule via the (d,Q) reaction, transitions

-

other than O+, T=0 — 0+, T=1 should be studied. (A more extensive
discussion of isotopic-spin considerations is given in Subsec. III.FLB-)”,
The transitions to the 2+, T=1 and 3-, T=1 levels at 8.89-MeV
excitation in BlO satisfy the above conditions and, furthermore, these
levels are sufficiently separated from any known T=0 BlO levelsubr that
their peak in the alpha particle energy spectra would be completely re-
solved if no complicating factors entered the picture. Unfortunately a

2
(a, HeB)Bll ground state reaction

peak arising from He5 ions from the Cl
falls in the region of interest on the energy spectra, as shown in Figs.
13 and 14. To remove this peak from the energy spectra the lower dis-
criminator con the multiplier pulse was adjusted to correspondvto‘the
center of the He5 - Hel\L valley. Figures 15 and 16 show the energy
spectra obtained when the gates are adjusted for HelL and HeB, respec-
tively. The He5 - HeLF separation obtained with the multiplier was not
sufficient to remove completely the He5 peaks from the alpha energy
spectra without also losing a few alpha particles. However, if this

had been the only problem the He5 - He’LF separation undoubtedly could have
been improved to the point where the He5 peaks could be completely re-
mbved without any attendant loss of alpha particles. As Fig. 15 illus-
trates, an alpha particle continuum begins at a position in the energy
spectra corresponding to an excitation in BlO of about 4.5 MeV. The
various reactions that could produce alpha particles via several-body

breakup are:

clg- +d > o+ Blo Q = -1.34 Mev, -
> a+a 0+ Li6 Q = -5.80 MeV,
- a+a +a+d Q = -7.274 MeV, .
- a+ Be8 +d Q = -7.37 MeV,
S o+ Be +p Q= -7.95 MeV,
- o+ B9 + n Q = -9.78 MeV.
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Thus the continuum begins at an alpha energy corresponding to the upper
limit from the 012 +d > 20 + i~ reaction.

Although the large alpha particle continuum would obscure a
level made with relatively small cross section at 8.89-MeV excitation,
none of the energy spectra obtained when the He5 ions were gated out
(such as shown in Fig. 15) show any indication of a peak rising above
the continuum in the 8.89-MeV excitation region.

To remove the alpha particle continuum an anticoincidence
counter that would intersect a very large solid angle is needed. Although
such an experiment is feasible it would be quite difficult and no attempt
was made to do it. -

Precise analysis of the energy. spectra above an excitation of
about 6 MeV is severely hampered by the continuum, and no angular dis-
tributions were obtained for levels above the 6.0k-MeV level: The
angular distributions of the alpha particles corresponding to formation
of the B ground state, 0.717-, 2.15-, 3.59-, 4.77-, 5.18-, and 6.04-
MeV levels are presented in Figs. 17, 18, and 19. The error bars shown
are typical and represent counting statistics only; the angular accuracy
in all cases is agbout * 0.3 deg. The uncertainty of the absolute values
of the differential cross sections was estimated to be less than 20%,
which arose from the measurement of the target thickness and from the
beam-~current measurements.

The énalysis of the last three of the above levels made use of
the computer program that fit the experimental energy spectra. Part of
the necessary input data is the number of levels and their gpproximate
position. The levels used corresponded to excitations of 0, 0.717, 2.1,
3.59, 4.77, 5.11, 5.58, 5.92, 6.0k, and 6.16 MeV. The cross sections for
making the 5.58- and 5.92-MeV levels were negligible. The computer
invariably placed the "5.11"-MeV level at about 5.18-MeV excitation, which
is closer to the T=1 level at 5.16 MeV. The analysis was completed prior
to learning56 of the identification of the doublet states at about 5.16-MeV

excitation in BlO wherein a T=0 level is placed at 5.18 MeV. Consequently
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the angular distribution of the 5.18-MeV level was obtaihed assuming the
level at 5.11 MeV was completely absent. The program does not allow for
the continuum,. wvhich may be large enough to distort the spectra around
the 6.04- and 6.16-MeV levels to such an extent that the computer analysis
cannot be used to resolve the two levels. The anaiysis indicated that
only the 6.04-MeV level was appreciably populated, and indeed, the latest
energy-level scheme for Blo,has omitted.?he 6.]_v6-MeV-leve]_.Lm Conse-
quently the angular distribution of the é.OM-MeV level was obtained.
assuming the level at 6.16 MeV was completely absent. Table III lists

.the integrated cross sections for the eight Blo,levels analyzed.

Table III. Integrated cross sections for BlO.

Level (MeV) Cross section (mb) ' Range of integration
: (in.deg, c.m.)

0 L.85 £ 0.3 0 -.86
0.717 1.68 £ 0.2 9.4 - 86.4
2.15 1.16 £ 0.2 9.5 - 87
- 3.59 21.34k ® 0.2 9.6 - 87.7
.77 1.5 . % 0.3 9.7 - 76.7
- 5.18 1.0 0.4 9.8 - 77
6,04 2.2 0.5 9.9 - 77.5

_Anvanalysis of the observed selectivity in the formation of
excited states of BlO is complicated because mass number ten. is the middle
of the lp shell and therefore shell-model calculatiens on 1t are difficult.
Few exact shell-model configuraticn. assignments have been advanced al-
though intermediate coupling calculations of Kurath57 in the p shell
predict the positions of the first five levels ef.B:LO almost quantitatively.
Furthermore, the intérmediate—coubling calculations by Kurath indicate

that the CT° ground state is not pure (p5/2)
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1
A pickup mechanism can account for formation of the B © levels

6-x

that have configurations (pj/g) (pl/g)x where x is 0, 1, or 2 since .

the nucleon configurations in the c1? ground state (Kurath's calculations)
8 6 A2 5 3

.

(p5/2) (pl/2)u. However, calculations by True and warburton58 indicate
that the 5.18- and 7.56-MeV levels arise from the group of levels
lsulpu(Qs,ld); that is, they belong to the group of states formed by
raising two nucleons from the 1lp shell into the 2s and 1d shells. Since
the 5.18-MeV level is observed, one must invoke a mechanism in which an
alpha particle is Rnocked outof the 012 target and the nucleons of the
incident deuteron captured in the s and d shells unless the C12 ground
state has a large admixture of lsulp6(25,ld).* Of course it.is possible
that different levels are made by different reaction mechanisms, but one
would not expect differing mechanisms to be equally likely, in general,
and consequently levels made by different mechanisms would not be popu-
lated to the same extent. However, this is a question that requires more
study and is presented here only as speculgtion.

Since the L4.77-MeV level is made with a large cross section in

I
25,2 the doubtful isotopic-spin

this and previous (d,o) investigations,
assignment = of T=0 is certainly correct. The levels at 6.0k, 6.67, and
7.05 MeV also have T=0 since they are formed with a relatively large

cross section in our work.

*This point and similar arguments presented for the Nlu(d,a)cl2 and
016((1,Ot)1\TlLL transitions observed, Subsecs. III.E! and III.F.2, are..

based on a j-j coupling picture. However, many features of the level

structure of the lp-shell nuclei have been described by coupling inter- -
mediate between L-S and j-j; Li6 is near the L-S limit, with the relative

strength of the spin-orbit forces increasing as the shell fills, resulting .

57,59,60

in predominantly j-Jj coupling near the shell closure.



~h7-

At no angle was an alpha particle group observed that corresponded
to formation of the T=1 level at an excitation.of 1.7k MeV in Blo. The
absence of this group is expected from angular momentum and parity con-
servation, and from isetopic spin consérvation as discussed earlier for
0+, T=0 — O+, Tzl.(d,a) transitions. Determination of an accurate upper
limit for the cross sectieon for this transition is difficult because of
the following reasons: (a) The observed base line for the energy spectra
does not reach zero between well-separated peaks [probably because of
the ¢’ "impurity" (1.11%) in the natural carbon target]; (b) a few
alpha particles from the Clg(d,a)BlO* (2.15-MeV) transition overlap
into the alpha particle energy region corresponding to the 1.74-MeV
level with the experimental resolution obtained. However, an upper limit
for the cross section for thevclg(d,a)BlO* (1.74-MeV) transition can be

set at about l%_of the ground state cross section.
D. Blo(Ot,d)C12

This reaction has beén studied previously at bombarding energies
around 3.5 MeV61 and at 42 MeV.62 Our work covered the angular range
between 28 and 61 deg (lab). Figure 20 shows a typical deuteron energy
spectrum at a laboratory scattering angle of 35 deg. The measurements
were not extended to smaller angles because the counter system availsgble
at the time wgs not thick enough to stop the more energetic deuterens
unless an excessively thick Al absorber was placed between the target
and counter. telescope.

The angular distributions of the deuterons from this reaction
corresponding to formation of the Cle ground state, 4.U3-, 7.66-, and
9.6M-MeV'leVels are shown in Fig. 21. The relative cross sections for

the formation. of these levelsvare discussed in Subsec. III. E.
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Deuteron energy spectrum from the BlO(Ol,d)C12 reaction.
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Fig. 21. Angular distributions of deuterons from formation of the
ground state, 4.13-, 7.66-, and 9.64-MeV levels of C1°.
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E. NlLL( a,a)ct?

Previous investigations of this reaction have been carried out

32,4k

at bombarding enérgies up to 21 MeV. The large positive Q@ value
(13.57 MeV) allows one to use a singleé counter and still observe fairly
high excitation in 012‘ . Except for three energy spectra. obtained with
the counter. telescope plus multiplier system, our investigation of this
reaction was accomplished witha-single counter. 'Alphé particle energy
-spectra have been obtained over the angular range. from 10 to 130 deg
(1ab). The observable excitatien (elab < 50 deg) reached about 13 MeV
when the single counter was used. But, as shown in Fig. 22, this range
was extended to about 22 MeV for the spectra obtained using the multiplier.
However, peaks corresponding to He5 ions from the Nlu(d,HeB)ClB.reaction‘
enter the spectra at C12 excitations greater. than 15 MeV. DNo attempt
was made to resolve He5 from Heu.with.the multiplier since the study of
this reaction:was essentially completed before the thin dE/ax counters
. were developed. The primary purpose for the three runs with the multi-
plier'waslto detefmine whether the use of such‘a.system would introduce
any experimental difficulty that would have to be remedied before it could
be used on other (d,a) reactions. The differential cross sections meas-
ured with the multiplier system were in excellent agreement- with those
megsured with the single counter. A comparison of the levels of 012
observed with those previously .reported is presented in Table IV.

As Fig, 22 illustrates, an alpha particle continuum begins at
a position in the energy spectra corresponding to an excitation in Cl
of about 7.5 MeV. The various reactions which'Cpuld produce alpha parti-

cles via several-body bfeakup are:

Nlu +d - o+t Q = 13.5712 MeV,
> at+ta+tata Q= 6.2952 MeV,
S ot a4 B Q= 6.2012 MeV,
- o F B o+ P Q = -2.38L8 MeV,
S5 oa+ctt+n q = -5.1498 MeV.
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Table IV. Comparison of,C12 levels observed in this experiment
with those previously reported.a

[
. Levels identified (MeV) - Previously reported levels
‘ " Energy (MeV) ‘;ii_ T
0 : 0 ' o+ 0
L.43 + 0,02 4. 4337 o+ o}
7.66 % 0.03 7.656 o+ 0
9.64 * 0.03 ‘ 9.6k 3. 0
10.1 (0+) 0
10.84 (1-)
11.83 (1-)
12.71 * 0.05 12.71 (1+) 0
13.34

a .
References 32 and 4h.
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Fig. 22. Alpha particle energy spectrum from the Nlh(d,oz)cl2
reaction.
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Thus the continuum begins at an alpha energy corresponding to the upper
limit from the NllL +d - Lo reaction.
The Nl”(d,oz)c12

testing the isotopic-spin selection rule as does the C

5

reaction offers a similar opportunity for
12(d,a)BlO reaction,

but it too is faced with the problems of He” interference and an alphs

particle continuum.*

The angular distributions of the alpha particles corresponding
to formation of the Clgiground state, 4.43-, 7.66-, and 9.64-MeV levels
are presented in Fig. 23. The error bars shown are typical and represent
counting statistics only. The circles used to represent the L4.L43-MeV
level usually encompassed the statistical uncertainty. The uncertainty
of the absolute values of the différential cross sections to the ground
state and L.43-MeV level was estimated to be less than 10%. However,
the alpha particle continuum prevents such a precise analysis of the
7.66- and 9.6L4-MeV levels because the arbitrary subtraction of the
continuum introduces a relatively large source of error. The integrated
cross sections for the ground state and 4.43-MeV transitions were 0.52
mb (13.0 to 137.6 deg c.m.) and 3.50 mb (13.1 to 138.1 deg c.m.), respec-
tively. No angular distribution is presented for the 12.71-MeV level
because it was not observed over a wide range of angles, and because the

3

alpha continuum and the nearby He” ions make it very difficult to deter-
mine accurate values. However, the differential cross section to the

12.71-MeV level appears to be comparable to the L.U3-MeV level.

1u(d,a)012*

(15.11 MeV) 1+, T=0 — 1+, T=1 transition
63

*In fact, the N
has been reported to have a relatively large cross section.
lLF(d,HeB)ClB reaction in this study would
obscure the observation of the alpha particles corresponding to a 012

excitation of 15.11 MeV unless He5

However,

the He5 peak arising from the N

vere separated from He , and apparently

this was not done.
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Fig. 23. Angular distributions of alpha particles from formation
o:iL’ethe ground state, 4.43-, 7.66-, and 9.64-MeV levels of
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It is noteworthy that the two highly populated levels (4. 43
and 12.71-MeV) are both mainly ( p5/2 7 pl/2 l configurations whereas 8
the two O+ levels (ground state: and.7.66-MeV)are mixtures of the pB/2
and(p5/2 pl/2 2 configurations. oL No statistical factor is included
when comparing the cross sections of different levels made by a given

pickup reaction since

+
do 2If
oC

an 5T, +1°
1

where _T_i and If are the spins of the incident and outgoing particles,

respectively.65 This is in contrast with a stripping reaction where

2J  +
w _ Pett
an 2Ji +1°

,where'Ji and Jf are the spins of the target and residual nuclei, respec-
tively, and the 2Jf + 1 term must be allowed for when comparing the cross
sections of different levels. Since the nucleon configuration of the
NlLL ground state is reported to be (p5/2)8 (pl/2)2 with a strong ad-

mixture of <p5/2)7 (pl/2)5"a pickup mechanism would not favor formation

of a (p5/2)7 (pl/g)l configuration unless the admixture is very small

and it is easier to pick up p5/2 pl/2 than either (p5/2)2 or (pl/2)2

As discussed in Subsec III. F.2, picking up p5/2 pl/2 from O
definitely favored over picking up pl/2) The  observed select1v1ty
would also arise if the converse were true; i.e., pickup of either

2 2 . . . .
(p5/2)_ or (pl/E) is highly fgvored relative to Ps /o pl/2 pickup and
the admixture is very large. However, this approach requires invoking

rather extreme values; e.g., if one assumes that picking up p5/2 pl/2

2
is 1nh1b1ted by a factor of ten compared with picking up (p3/2 or

(pl/E) , the "admixture" needed to reproduce the experimental ratio is



"~ . 100%. Since neither of these values are reasonable this explanation
is eliminateagiljf_s;knéck@uhmechanism is invokéd there is still no
apparent reason why transitions to levels having (p5/2)7 <p1/2)l con-
figurations should be highly enhanced. .

Formation of the 3-level at 9.6& MeV would re@uire raising one
p nucleon into a d5/2 shell in addition to the.remoyal of two nucleons.
However, this level is observed, and in considerably larger yleld than
the 7.66-MeV level. Unless the N]'LL ground state contains an appreciable
d5/2 admixture this levelmust be formii primarily by a knockout mechanismd
: (Nagarajan has mentioned that the N ground state may contain a lO%
admixture of d5/2.)

Table V shows the approximate relative cross sections for
1o<a’d)cle’ ClE(a’a,)le’ and Nlu

reactions (inelastic¥scattering data with 48-MeV alphas takeh from

67)

12

several 012 levels made via the B (d,a)C

Vaughn , and their dominant'configurations. For the (Q,d) reaction

the cross section to each 012 level is divided by (2J + 1), relative~to:

the ground state cross section divided by (ng.s. + 1). This removes

the statistical factor mentioned earlier in regard to stripping reactions.
The'BlO(a,d)Cle reaction exhibits a very strong preference for

the ground state transition compared with the Nlu(d,a)clg reaction.

Furthermore, this is the only (d,o) reaction studied;that strongly favors

the population of excited states relative to the ground state transition.

Possible reasons for such behavior are discussed'exiensively in Subsec.

IV. A.

F. Qlé(d,a)Nlu

1. General Discussion

Previous investigations of this reaction have been carried out

V. 32, 4l

at bombarding energies up to 19 Me waever, most of these studies

were made using solid targets, commonly Mylar (C8H402) or silicon dioxide.
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Shell-model configurations and relative cross sections for the formation of

Table V.
012 levels.
Level Dominant . Relative cross sections
My g0 T configuration (,d) (o) (4,0
: 8 5 6 o
L4353 24, O (,75) 7 (g ) 0.3 1 7
. ) 5/2 p1/2 : !
' [$]
656 O+ 0 ( )8 a ( )o(p. )2 0.1 0.025 0.3 v
7' 5 H pB/g an p5/2 pl/2 . . .
i 1
9.6k 3., 0 (p5/2) (d5/2) 0.2 0.5 0.8

8Reference 6h.
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Consequently the observable excitation in l\TlLL was restricted to 4 MeV
at the most, owing to the carbon or silicon "contamination" because the
Q values for (d,x) reactions on 016, Cle, and Si28 are 3.11, -1.3k,

and 1.43 MeV, respectively.

In our work alpha particle energy spectra corresponding to
excitation in l\TlLL up to about 13 MeV have been obtained. The angular
range studied covered from 9.6 to 90 deg (lab). Figures 24 and 25 show
alpha particle energy spectra at labpratory scattering angles of 22 and
61 deg, respectively. A comparison of the levels of NllL Observed with
those previously reported is presentéd in Table VI.

Although most of the work was done using the multiplier system,
the majority of the energy spectra were obtained with the multiplier
signal gated so as to allow peaks from both He5 and Heh in the energy
spectra. Figure 26 shows an energy spectrum with the gates set to

>

eliminate He” ions. The alpha particle continuum appears to be relatively
less important than for the other (d,a) reactions studied. The various

reactions that could produce glpha particles via several-body breakup

are:
otora o o+t Q = 3.1152 MeV,
S oa+ct e P Q = -4.4338 Mev,
S5 a+cora Q = -7.1568 MeV,
5 g +N2 +n Q = -7.4378 Mev,
- o+ + Blo Q = —8.4978 MeV.

Thus the continuum can begin at a position in the energy spectra corre-
sponding to an excitation in Nl of 7.6 MeV. However, it is difficult
to determine where the continuum begins, experimentally.

The large broad peak that appears at an excitation between 11
and 12 MeV in Fig. 24 must be an alpha peak because all other possibilities
15 lies 5.28 MeV above

. 16 5\ 15%
the ground state; thus the observed peak cannot arise from a O (d,He” )N

- can be eliminated. The first excited level in N
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Fig. 24. Alpha particle energy spectrum from the 016(dl,o:)l\lllL
reaction.
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Table VI. Comparison of Nlh levels observed in this experiment
with those previously roperted.

Lovels identified (MeV) Previously reported levels
) Encrgy (iieV) 7 T
0 0 1+ 0
2,311 o+ 1
3.95 * 0.02 5.945 1+ 0
o k,91¢ (0)- 0
5.10¢ 2- o}
b 5.69° 1- 0
5.83¢ 3- o]
6.05
b 6.21 1+ 0
6. 4ud 3+ 0
6.70
7.03 + 0,03 7.03¢ 2+ 0
7.40
7.60
8.0 % 0.07 7.97 e~ 0
' 8.06 1- 1
8.47 (0)
8.63 o+ 1
" 8.71 0- 1
8.91 3- 1
8.99 1+ (0)
9.00¢ St 0
9.17 2+ 1
9.4 +0.10 9.41 1~
9.51 2- 1
g 9.71 1+
h _ 10.09 (1+) 0
“h 10.22 1-
10.43 2+ 1
8 10.55 1-
11.08 1+ 0
11.23 3 1
11.29 2- 0
. 11.39 (1+) 0
i 11.51 3+
) 11.66
11, 7h 1+
11.80 (2+)
11.97 (2-)
12.05

SRefercnces 32 and Uh.
bBoth levels observed but not experimentally resolved from each other.
SThe parity acsigaments for these levels were taken from reference 27.

dA positive parity for this level has been experimentally measured by E. K. Warburton (private

commnication to William W. True, University of California, Davis, California).

eReibrence 27.

f, 3 s 16 Jy L9 s X X ;
The He” peak arising from the O (d,He” )N™~ ground state transition falls in this region,
obsecuring any alpha pcak. However, several spectra were obtained using the muitiplier

Y
system to eliminate the iie” peak, and no alpha peak was observed above the alpha continuum
(Fig. 26), except probably one at 8.45 Mev.

ENot made significantly above continuum

hProbably made but with small cross section.

A large broad alpha peak appears at this exeitation region. Ilowever, it is not possible

to resolve any of the separatc levels.
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Fig. 26. Alpha particle energy spectrum from the 016(d,06)N14
reaction.
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transition. The PO$sibility that the peak corresponded to Li6 ions from
: 16
the 07 (

would not be energetic enough to reach the E counter and conseguently

-
d,Li6)Cl£ transition was also eliminated because the Li6 lons

the pulse-height analyzer would not receive a trigger pulse from the
multiplier. A large peak at about this excitation is also observed in
the alpha particle energy spectra for the reaction Nlu(a,a')Nlu* (see
Fig. 30 and reference 27).

The observation of the levels at 8.47, 9.41 (possibly 9.71),
and 10.22 MeV in this reaction indicates that these levels have T=0.
Further evidence for the T=0 nature of the first two of these levels

)Nlu reaction in which these

comes from a recent study of the Cle(a,d
levels were populated relatively strongly.68 The 9.71-MeV level was
definitely observed also but with a considerably lower cross section.

The angular distributions of the alpha particles corresponding
to formation of the NllP ground state, 3.95-, 4.91- and 5.10-, 5.69-
and 5.8%-, 6.21- and 6.44-, and 7.03-MeV levels are shown in Fig. 27
and 28. The three "doublets" were treated as a single peak since the
experimental resolution was not sufficient to allow these levels to be
analyzed separately. Typlcal error bars, which represent counting‘
statistics only, are shown. The uncertainty of the absolute values of
the differential cross sections was estimated to be less than 10%.

Table VII presents the integrated cross sections for the NllL levels

analyzed.

2. Comparison of Nlu Levels Formed by Different Reactions

Extensive theoretical studies of the Nlu nucleus have been made.

69

Warburton and Pinkston, by a careful analysis of y-decay and nuclear
reaction data, have given Shellnmodei asslgnments for a large number

of levels in Nl . Talmi and Unna have taken a different approach,
adjusting several parameters which describe an effective two-body force
between the particles so that the best agfeement with the experimental

70

True has performed g shell-model calculation of

71

levels is obtained.

the energies of the varicus possible configurations. Consequently,
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Fig. 27. Angular distributions of alpha particles from formation
of the ground state, 4.91- and g.lo-, 5.69- and 5.83-, and
6.21- and 6.4l MeV levels of NL'.
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Table VII.

Integrated cross sections for Nlu.

Level (MeV)

5.95

L.91
5.10

5.69
5.83

6.21
6.4

7.03

Cross section (mb)

1.97
3.16

1.29
1.68

1.28

Ran%

e of integration
in deg, c.m.)

11.5

11.5

11.5
11.6

11.6

11.6

100.2

101.2

82.2

82.5

82.6

82.9
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the observed selectivity in the formation of the l\TlLL levels via different
reactions is especially interesting. For example, l\TlLL levels formed
strongly in the reaction 016(d,a)Nlu should be those whose configurations
are such that they can be produced by simple removal of two nucleons
from O16 if the reaction proceeds by a double pickup. One would not
exﬁect to. form Nlu levels in which one or more nucleons are in the 251/2

or ld5/2

shells, since thé amplitudes for such configurations are probably
not large in 016. The Cle(a,d)Nlu reaction should populate the l\TlLL levels

whose configurations are an unchanged C12 core plus two nucleons. The
l\le(Oé,Ot')NlLlL reaction should show which l\TlLL levels can be made from the
ground state by excitation of a single nucleon.

Figures 29 and 30 show typical energy spectra obtained for the
(a,d) and (a,a')72 reactions using bombarding energies of 50 and 65
MeV, fespectively. Table VIII presents: the approximate relative cross
sections for a number of Nlu levels and their dominant configuration.

For the (a,d) reaction the cross section of each NlLL level is divided

by (2J + 1), relative to the ground state divided by (ng'S. +1). Only

- a qualitative description of the cross section for the (@,a') reaction

and some of the highly excited levels made by the {Q,d) and (d,a) reactions
are .given. '

In general the (a,d) results are in excellent agreement with the
shell-model assigmments of references 69, 70, and Tl. The 3.95- and
7.0%-MeV hole states, which cannot be formed by the addition of two
nucleons to C'° in a (51/2)4 (p5/2)8 configuration, are formed with
rather small cross section. These levels could, however, be formed
. through the (p5/2)6 (pl/2)2 minor comenent of the C;Q ground state.

The pl/2 d5/2 level at 7.97 MeV was not populated to the extent expected
if the assigned configuration is correct. One could speculate that this
configuration should be assigned to the heretofore unexplained level ‘at

8.47 MeV, which is populated several times as much as the 7.97-MeV level.

The (@,Q') reaction was observed to strongly populate all T=0
levels that can be made by excitation of a single nucleon, except for

the 7.977MeV level. Although the 8.47-MeV level was not strongly
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Table VIII. Shell-model configurationﬁ and relative cross sections
for formation of N1* levels.
Level Dominant Relative cross sections
MeV J" T configuration® (o,a)® (a,at) (a,a)
2
o] 1+ 0 (pl /2) 1 — 1
2
231 o+ 1 (0)/2) a a d
-1 -1
3.95 1+ o] (p5/2) (pl/e) 0.2 Strong 1.60
k.91 o©- o] Pl/2 51/2 .
5.10 2- 0 Pl/g d5/2 1 Strong 0.72
569 1- 0 Py/2 512
0.4°¢ .9k
5.85 3- 0 p1/2 d5/2 Strong 0.9
6.05 ? a a <
6.21 1+ o) (e1 /2)2 -
0.7 Very weak 0.72
6.4k 3+ 0 51/2 d5/2
s o -1 -1
.0 24 o} VWeak Stron, 1.
7.05 (p3/2) (pl/z) eal g 9
7.40 ? d a d
7.60 ? d a d
7.97 2= 0 Py/e d5 /o Weak Weak Weak
8.06 1- 1 P1/2 S1/2 d d a
€
8.47 0 ? Fairly strong Veak Fairly strong
8.65 o0+ 1 (sl /2)2 a a a
8.71 0- 1 Py /p 51/2 a a a
8.91 3- 1 P/ ds/g a a a
8.99 1+ (0) ? e
» 1.5 a a
9.00 5+ o] (d5 /2)
. -1 -1
9.17 2+ 1 (s,d)+(p3/2) (pl/g) a a d
9.4 1- Py/2 d5/2 (2) Fairly strong Weak Fairly strong
9.51 2- 1 P1/p %52 a f a
9.71 1+ (d5 /2)2 Weak £ Very Weak
10.09 1+ 0 s1/0 % /25 Fairly strong a Veak
10.22 1- ? h [+ Weak
10.k2 2+ 1 51/2 d5/2 h a d

%References 69, 70, Tl.

bNumerical values from data obtained at Ea = U8 MeV. Comments pertaining to levels above 7 MeV

refer to data obtained at Ea = 50 MeV.

cAssuming equal population of cach magnetic substate of the unresolved pair of levels.

dNot observed.

€obscured somewhat by He3 peak.

T 3 P 1h 34,15 .
Obscured by He” peak arising from the N~ (o, He” )N™~ ground state transition.

&Tne assigned configuration is wrong if the spin of this level is 1+ as recently reported, instead

of 2+ as previously thoug‘ntj5

h,

Observable excitation did not extend to this level.
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populated the cross section to this level was séveral times as great as
that to the 7.97-MeV level; this lends weight to the results obtained
from the (a,d) reaction. Transitions requiring double excitations
occurred with a considerably reduced cross section. For example, the
6.21- and 6.44-MeV levels — which required the double excitations
(pl/2)2 - (51/2)2 and (pl/2)2 N (81/2 d5/2), respectively — were
formed in only about one-tenth or less of the yield of levels marked
"strong'" in Table VIII.

The (d,a) results are more difficult to understand. The double
closed-shell configuration of O16 could, by removal of two nucleons,
produce the levels in Nll{L at 0, 3.95, and 7.03 MeV. However, formation
of the levels at 4.91, 5.10, 5.69, and 5.83 MeV would require raising
one p nucleon into a s or d shell in addition to the removal of two
nucleons, and formation of the levels at 6.21 and 6.44 MeV would require
ralsing two p hucleons intb the s and/or d shell. These six levels
were observed, although in slightly reduced yield. . All these levels

-2 2 - -
1/8 /2 * B (35 2)

2 -
could arise from an admixture of [p (Sl/E) + P
16
in the O ground staﬁ:e-w1L This O component should not produce the
27

2]

2
(d5/2) level at 9.0 MeV, since this level is believed ' to have a spin
of 5. A d5/2 pair coupled in this way could not be a component of the
spin-zero 016 ground state under j-j coupling rules. . An admixture of

-LL((15/2)LL would be needed to account for the population of the 9.0-

MeV level in the simple pickup-mechanism pieture, As Fig. 26 indicates,
the cross section for formation of the 9.0-MeV level is small although
interference from the He5 peak prevents setting an extremely low upper
limit.

The I\TllF levels with one or two s or a nucleons could be formed
by knockout of an alpha particle from the (p5/2)8 (pl/E)LL configuration
and capture of one or both nucleons of the incident deuteron in the s
or d shells. Although a knockout mechanism might be expected to form

the 9.0 MeV level also,'the momentum transfer requirements for this transi-
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tion are not met (assuming an interaction radius of 5 fermis) in the
angular range that was carefully studied. Unless the (sd) admixture in
O16 is quite large the knockout mechanism must be considered a likely
explanation. The transitions that involve picking up p5/2 pl/2 (formation
" of the 3.95- and T7.03-MeV levels) have larger cross sections than does

the transition to the ground state that requires picking up (pl/2)2
The fact that there are more p5/2 nucleons available to be picked up
probably contributes to the preference of p5/2 pl/2 pickup.’ This result

is in agreement with the tentative conclusion reached in Subsec.vilj.vE,

5. The Forbidden Transition to the First Excited State

N * :
The olé(d,oc)ml” (2.31 MeV) 0+, T=0 — O+, T=1 direct-reaction

transition is forbidden on the basis of angular momentum and parity
conservation in addition to isotOpic—sPin conservation, as discussed in
Subsec. iii} D. At no angle was an alpha particle group observed that
corresponded to formation of the T=l level. The low backgrounds and
excellent resolution obtained in this investigation enables one to set
an upper limit for the ratio of the cross section for the forbidden tran-
sition to the cross section for the ground state transition of 0.7 * 0.6%.
This result and previously reported values for the ratio of these cross-
sections at other energies by different experimenters are presented in
Fig. 31.

The effect of the isotopic-spin impurity depends upon the mech-
anism of the reaction. If the 016(d,a)N1u reaction proceeds via a
compound-nucleus mechanism, AT=1 transitions could occur through the
isotopic-spin impurities of the initial or final states or though impuri-
ties of states of the compound nucleus. It has been shown55*’78’79 that
the isotopic-spin impurities of ground or low-lying. levels of these nu-
clei should be small, =« 2-4 X 10_3, for these states78 of Nlu and 016.
As the excitation energy of the compound nucleus increases with increasing
bombarding energy, large isotopic-spin impurities may appear because of

the closer proximity of levels of the same J" and different T. However,
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Fig. 31. Experimenta%(ratioiuof the 016(d,a)N

Excitation energy of F'® (MeV)

MU-31314

*
1k (2.31-MeV) cross

section to the 01P(d,0)N*" (ground state) cross section as a
function of compound-nucleus excitation energy. Points (1,2)
(reference 75), (3,9) from reference 32 (Br 56f), and 4,6-8,10)
from reference 32 (Da 58b) represent upper limits from observa-
tions at only one angle. Points 5, from 32 (Br 56f), and 1k,
from reference 32 (Fr 53e), represent upper limits determined
from measurements from 15 to 130 deg and 20 to 155 deg, respec-
tively. Point 11 (reference 76) was estimated by us from data
given at 45, 80, and 90 deg. Point 12 (reference 53) represents
the highest value for this ratio between ~ 15 and ~ 100 deg. Point
13 (reference T77) represents the range of the ratio from 20 to
80 adeg. :
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79

and Wilkinson'

25

Lane and Thomas have shown that at sufficiently high

excitation a region should be attained in which there is a low "effective"
i-spin impurity. This low impurity of the compound system arises from
the simultaneous excitation of many overlapping levels in a total stéte
of initially well-defined isotopic spin, which then breaks up before

the Coulomb forces have had time to cause appreciable mixing. . Wilkinson's
limits for the regions of low i-spin impurity are represented in Fig. 31
by shading.

To compare the experimental results on i-spin forbidden trans-
itions with the prediction of the magnitude of i-spin admixtures in the
intermediate compound nucleus, one shoudd subtract out the direct-
interaction contribution to both the ground &and 2.31-MeV states. A
detailed calculation of this contribution would be valuable but has
not been done; hence the data plotted in Fig. 31 ignore this correction,
which will be discussed below. The results are seen to agree quali-
tatively with the theoretical prediction. ILarge cross sections to the
2.31-MeV level are observed only in tﬁe transition region between the
two limits.

It is important to estimate the relative direct-interaction
contribution to the ground {1+, T=0) and 2.31-MeV (0O+, T=1l) states.
Direct-reaction transitions to the 2.31-MeV level could occur only
through (a) a breakdown of the parity selection rule for two-nucleon

transfer reacﬁions, T = ﬂi(-l)L from contributions of other than S

states of relative orgital angular momentum in the picked up pair of
nucleons, or (b) a spin flip of one of the transferred nucleons, either
or both operating in conjunction with the isotopic-spin impurities of
the initial or final state. One would therefore expect that the pre-
dominant part of any observed transitions to the 2.31-MeV level would
proceed through a compound-nucleus mechanism, so that the only important
direct-interaction correction would be to the ground state cross section.

For intermediate-energy incident deuterons, the fraction of the cross

section arising from a direct-~-interaction mechanism would be expected,
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in general, to increase with increasing bombarding energy; this would
lead to a.decrease fimilar to that observed in the ratio plotted in
Fig. 31. TIischer and Fischer8o’8l have made a very rough calculation
of the theoretical compound-nucleus cross section for the 016(d,oc)Nlu
ground state transition and have found it to be only 9% ofithe observed
cross section for 19-MeV deuterons. Thus some large corrections to the
above ratios would probably be required.

Another factor that should be included in this analysis is that
0+, T=0 — O+, T=1(&,x) compound-nucleus transitions are also signifi-
cantly reduced by restrictions imposed by angular momentum and parity
conservation. 2 With a target nucleus of zero spin and even parity,
deutercns of angular momentum 1 will form compouﬁd states of spin Jj=1,
1+ 1 . ¢ and parity (-)l. .Alpha emission to a O+ state is only possible,
however, from states of spin J, parity (-l)J. Hence it appears that only
about one-third of the states formed in the compound nucleus will be able
to decay by alpha emission to the O+ state. Thus part of the forbidden-
ness attributed to i-spin conservation in reality arises from this.

Thus both effects mentioned in the preceding two paragraphs

. would tend to increase the value of the ratio indicating the effect of

i-spin conservation in forbidding the 016(d,o¢)1\rlu* (2.31-MeV) transition.
Theoretical calculations of (a) the effect of angular momentum and parity
conservation in restricting compound-nucleus transitions to the 2.31-MeV
state and (b) the expected compound-nucleus cross section to the ground
state, over the range of bombarding energies, would be quite valuable

for adjusting the experimental data to show accurately the behavior of

the isotopic-spin impurity of a light compound nucleus.

G. (d,HeB) Reactions

The angular distributions of the He5 ions arising from the

12 6

C (d,HeB)Bl; ground state and Ol (d,HeB)N15 ground state transitions

. 14 1
are shown in Figs. 32 and 33, respectively. - Since the N (d,HeB)C 5
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reaction was only observed at three angles, no angular distribution is
presented. However, it should be noted that the absolute values of the s
differential cross section for this reaction at the angles observed are
approximately the éame as the other two.(d,HeB) réactioﬁs. This is in s
marked contrast to the relative (d,x) cross sections for these three
targets. Since the He5'peaks were not separated from the alpha particle
continuum or nearby alpha peaks, the analysis involved a somewhat arbitrary
subtraction of the "pure He5 peak" from the energy spectra. Consequently
another source of error is introduced, althougﬁ the'erfor bars shown are
"again due to counting statistics only.

These specific reactiohs have not been studied previously, prob-
ably because of the experimental difTiculties involved in separating the

_ 3)

He5 ions ffom the alpha particles. In fact, only three (d,He experi-

ments from which angular distributions were obtained have been reported

in the light elements (Z = 2 to 10): Li6(d,He5)He)
7 ¢

Li‘(d,He§)He) (reference 49), and Fl9(d,He5)O18 (reference 83). However,

(reference 3.4),

the (d,Hej) reaction whichinvolves the pickup of a singlé proton should
éompliment the other proton pickup reacticns, (n,d) and (t,a). It also:
hés the experimental advantage of Vorking with a deuteron beam instead
of either a neutron or triton beam. The observation of the (d,HeB)

transitions in our work was a "bonuss' but no further analysis of these

reactions has been undertaken.
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IV. GENERAL DISCUSSION AND CONCLUSIONS

A. Reaction Mechanism: Pickup vs Knockout

The two direct reaction mechanisms for (d,0) reactions considered
in this section are represented in Fig. 34 in a highly schematic manner
for an observer in the center-of-mass system. In the "pickup" reaction
one considers an incoming -deuteron to become attached to an additional
"deuteron-like cluster" near the surface of the target, forming an alpha
particle which travels on, leaving the final nucleus behind. The "knock=
out" reaction occurs when a deuteron knocks an alpha particle out of the
surface of the target and is itself captured to form the final nucleus.
In the latter case, the target nucleus is considered to be a "core" +
alpha particle, while the final nucleus is represented by the "core" +
deuteron.

If the reaction takes place primarily at the surface the out-
going alpha particle originates in a well-defined zone, and wave-mechanical
interference gives an angular distribution that oscillates in intensity
as the angle between the incident and outgoing particle varies. Butler

et al.8u showed that this angular distribution is given approximately

by
ao/an = F (8) 3 (aR), (1)

where Q i1s the momentum transferred to the core and R is the distance
from the center of the nucleus at which the reaction is assumed to take
place. Since Q increases with increasing angle of observation, the
oscillating spherical Bessel function jl, gives peaks and valleys in

the angular distribution.

- Mf - -
The momentum transfer to the core for pickup is Q =q kd - ka,
i

which differs only slightly from that for knockout:85



Fig. 34.
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Knockout

pickup

MU.32060

Schematic representation of the (d,&) reaction mechanisms.
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2

pickup

where kd and ka are the wave numbers of the deuteron and alpha particles
in the center-of-mass system. Consequently, by adjusting R slightly

(about 1F for the (d,) reactions studied) one obtains the same angular
distribution for pickup and knockout except for the slowly vérying form
factor F(8). Thus it is not possible to distinguish reaction mechanisms

by fitting angular distributions (see references 86 and 87 for specific

examples).
From the spectral shapes of many inverse-reaction pairs (p,d)
and (d,p); (p,t) and (£,p); (p,2) and (®,p) —— Cohen and Rubin8 conclude

that all these reactions proceed through either stripping or pickup rather
than through a knockout mechanism. They, and Ball et al.,8 vcite the
decrease of cross section from (p,d) to (p,t) to (p,2) reactions as further
evidence of a pickup mechanism. However, Mead and Cohen9 conclude that

it is difficult to explain the results of their survey of (d,2) reactions
in heavy elements by either a pickup or knockout model, although they tend
to favor pickup.

Evidence strongly indicates that the (@,d) reaction in the light
elements proceeds by a stripping mechanism,5’25’27’62’86 Since the (d,a)
reaction is the time-reversed (,d) reaction for the respective ground
state transitions, and pickup is the inverse of stripping, this constitutes
another strong argument in favor of the pickup mechanism for (d,a) reactions.

The mass-number dependence of the integrated crbss section for
the ground state transitions, presented in Fig. 35 for the (d,d) reactions
studied, could be construed as evidence in favor of a knockout mechanilsm.
Unfortunately the daté do not extend to 180 deg but the comparison is
based on the same angular range (10 to 90 deg, center-of-mass) for the

reactions. The large uncertainty in the Be9 point arises from the

7

comparatively small angular range over which the Be9(d,a)Li reaction
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6 .
was studied. The Li (d,Oé)Heu cross section was divided by a factor of
two to take account of the fact that two alpha particles are produced
in each reaction event.

7

Yanabu and Takamatsu89 have also found a remarkable difference
between 4n and non-kn target nuclei. Using 1L4.7-MeV deuterons and
extrapolating their measurements so as to include the total solid angle

2 2L 2
cross sections, ‘they found that Clg, 016, Ne O, Mg , and S3

targets
had cross sections for ground state (d,0) transitions which fell on a
line considerably above the line on which the cross sections for Nl 5
Fl9, A127, and P51 targets fell.

Since direct-iInteraction theories contain an energy dependence
the greatly differing Q values of the reactions introduce a factor which
should be considered when comparing their cross sections. A qualiltative
explanation of the results shown in Fig. 35 which does not invoke a knock-
out mechanism can be presentedf Assume that fhe ground state transitions
for the (d,x) reactions on 012, Nlu, and O16 all proceed by the pickup
of two p nucleons. If the reaction takes place primarily at the surface,
incoming partial waves Ld and outgoing waves La will contribute strongly

to the reaction only at Ld < kdB and La ~ kQB. Since the angular momentum
- M :

transferred to the core is L = 'ME‘ Ea - E;, and two p nucleons can
i- 1 :‘Mf - -3
couple to a maximum of L=2, reactions with — L. - L ’ > 2 should be
/
M

M, “d o
M i,
inhibited. The greater the difference [ erzd - La —2], the stronger
i .

will be the inhibition. As shown in Table IX the momentum mismatch is

considerably greater for Nlu(d,a)clg than for Clg(d,a)Blo, with 016(d,a)N

1L
in between, in agreemént.with their relative cross sections. In fact,

the momentum mismatch is always greater for (d,a) reactions on non-in
target nuclel since these reactions hawve large positive Q values relative
to (d,a) reactions on Un target nuclei. The momentum mismatch also
increases as A increases, if nucleons of the same shell configuration

are being picked up, because of the larger interaction radius. This

would tend to account for the downward slope observed for both the Uin

and non-Un targets.



Table IX.

Comparison of momentum mismatch for various two-nucleon
pickup reactions.

Reaction
016(d,a)N

Nlu(d,a)c

ClE(

1h

12

d,a)BlO

Nlu(a,Lié)Cle

12( 6,10

¢ (o,Ii7)B

Nlh(p,HeB)Clz

012(p’He3)BlO

Bombarding

energy (MeV)

2l
2l
ok

Lp
Lo

50
50

Q value (MeV)

5.11

13.57
-1.34

-8.80

-23.72

L7
-19.68

i.80%

5.25
4.80

5.25
4.80

0 =20 deg 6@ = 60 deg
5.37 10.00
6.4h2 10.12
3,540 6.85
3.88 10.60
3.72 7.50
5.85 10.00
3. 4L 7.28

aInteraction radius determined from

fitting angular distribution, Subsec. IV. C.3.

PR,

_?8—
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If the cross-section differences observed are caused by a
momentum mismatch a similar difference should be observed in other two-

6.,

nucleon pickup reactions such as (p,HeB) and (a,Li No (p,HeB) reactions

have been reported and very little work has been done with the (a,Li6)

6)012 and Clg(a,Li6)Blo

reaction. ZafiratosC? investigated the N-'(a,Ii
reactions, using 42-MeV alpha particles, and found the cross sections of
the respective ground state transitions approximately the same. But as
shown in Table IX the relative difference. of the momehtum mismatch for
these two reactions at this bombarding energy is considerably less than
for the corresponding (d,&) reactions. . Therefore the momentum-mismatch
inhibition should not be as great. An extensive investigation of a
series of targets —— using both the (p,HeB) and (a,Li6) reactions in
conjunction with the (d,a) reaction —— might be valuable for determining
the importance of momentum-mismatch inhibition. Such a study might also
provide better insight into the reaction mechanism then is possible with
the present information.

When comparing the cross sections of different reactions the
spectroscopic factor should be considered. Since direct interactions
are characterized by the fact that enly a few nucleons are actively
involved in the reaction, overlap integrals involving the passive nucleons
must always enter the expression for the cross section. Such aﬁ overlap
measures the degree to which the passive nucleons occupy the same con-
figuration in the initial and final states. The sum of these overlap

1,90

integrals is called the spectroscopic factor. However, the validity

of the present quantitative calculation of these factors for two-nucleon

66

transfer reactions in the light elements is questionable. Nevertheless,
. 1
spectroscopic factors were calculated by following the method of Yoshlda9
1 .
for the (d,a) ground state transitions on 016, Nlu, and C2. Assuming pure

: 1
j-J coupling and configurations of (pl/e)u, (pl/2)2 and (p5/2)8 for O 6,

1h ; 12
Nl , and Cle, respectively, the spectroscopic factor for the Nl (a,a)C

reaction is about half the value obtained for the other two transitions.
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Thus, both momentum-nismatch and the spectroscopic factor tend
lh(d’a)CIE ground state transition

10 ground state transitions. ’

to lower the cross section of the N
relative to the 016(d,oz)NlLL and Clg(d,a)B
These factors are probably sufficiently large to account for the results
illustrated in Fig. 35.

Although a pickup mechanism appears to be more likely, as
discussed above, the dbgerved trénd could also be explained on the basis
of a knockout mechanism as discussed in the following. For illustrative
12

(

purposes the C d,a)Blo and Nlh(d)a)012 ground state transitions will

be compared. Consider C12 as being composed of three alpha particles,

12 (or 3 alphas) core". From a simple

and Nlh as being a deuteron + "C
pilcture one would think that the incident deuteron could pickup the more
loosely bound deuteron from Nll‘L more easily than the tightly bound deu-
teron from 012' However, the experimental cross section for the ground
state transition for thé (d,a) reaction on 012 is over ten times greater
than for Nlu. But if we assume the reactions are taking place by a
knockout mechanism the (d,Q) reaction on C12 would be favored, since the
possibility of the incident deuteron knocking an alpha cluster from the
target nucleus; and itself sticking, without exciting the remaining
"core" would probably be greater than such an occurrence in Nlu since
in the latter reaction the "outer deuteron' would often be excited.
Consequently the Nlu(d,a)cl2 reaction would favor exciting levels other
than the ground state, and as noted in Subsec. III. E. this reaction
strongly favored formation of excited levels relative to the ground
state. In contrast the cross section for the ground state transition
of the Clg(d,a)Blo reaction is over twice as large as the cross section

to any excited level. Furthermore, although the 016(d,a)Nlu

ground
state transition cross section is slightly smallér than the cross section
to two excited levels it is larger than any other observed level.

Another possible point in favor of a knockout mechanism is the
relative cross section of (d,x) to (d,HeB) ground state transitions.

Since it is easier to pick up one particle than two, the (d,HeB) cross
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section should be considerably larger than the (d,a) cross section in

analogy to the (p,d) to (p,t), to (p,x) cross sections.8’88 The sta-

tistical ratio

T

21,
1

°I,
+

o P

also favors the (d,HeB) reaction by a factor of two. However, for the
cte target the (d,He5)'cross section is larger than the (d,x) cross
section ohly at angles less than 20 deg. For the O16 target the (d,He5)
and (d,0) cross sections are approximately equal if the statistical
factor of two is included. But for the 1\111‘L target the (d,He3) Cross
section is much larger than the (d,) cross section, in accord with a
pickup mechanism.

The relatively large cross sections for the formation of lewvels
that could not be made through a pickup mechanism — unless one assumed
that the target nuclei had large (sd) admixtures — has already been
pointed out in Sec. i&l} This constitutes ancther argument in favor of
a knockout mechanism, although cnce again the situation is not clear.

For the sake of completeness a third mechanism, heavy-particle

93

stripping (or exchange stripping), should be mentioned. Heavy-particle
stripping envisages the projectile as interacting with the "core” of the
target nucleus, thereby "stripping" the core from the target nucleus and
releasing the alpha particle. The alpha particle continues in the
original direction of the motion of the target nucleus in the center-of
mass system, which is the backward direction. Thus heavy-particle

stripping will enhance the cross section in the backward direction, since

Md—)

—Qz_) = E)d_+ VIR }EXJ

h

which has a large magnitude in the forward direction and decreases in

the backward direction. Many (d,x) angular distributions, obtained with
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low bombarding energies, show‘an increased cross section in‘the'back-

ward direction; this has led a number of péople to includeva contribution

from the heavy-particle stripping mechanism to the calculated Cross secs. .

tion to improve the fits to the experimental data (e.g., see references .
77 and 87). However, distorted-wave calculations for low-energy (d,p)

reactions can produce a strong backward peak whereas no such effect is

seen in the plane-wave theoretioal calcu‘].a.tion.5’9lL .Thus, the need of

invoking heavy-particle stripping is open to question and the present work

ignores.this: 'mechanism.

B. Pseudo Detailed Balance _

Time-reversal invariance implies g detailed balance between
nuclear reactions, although the inverse statement is not always true.95’96
If the detailed balance is to be made for the reactions

A+2 + da & A+a,

the bombarding energies must be adjusted so tnat the momentum of the
outgoing alpha particle (incoming deuteron) from the (d,a) reaction is

the same as the momentum of the incoming alpha particle (outgoing deuteron)
for the (a,d) reaction (all values in center-of-mass system of course).

- Another way of stating the energy’requirement is that the excitation of

the'compound state must be the same via both reactions. The differential

cross sections for the two reactions should then satisfy the equation97
(27 + 1) (27, + 1) p'2
do o A Q (gg
@ 4 o (2T, + 1) (27, >+ 1) paz_ @ a (2)

where Py and py are the momenta of the alpha particle and deuteron,
respectively.
However, Legg98 has noted that if a simple plane-wave theory of

a two-nucleon transfer reaction is applicable [see Eq. (1)] the energy
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dependence of the differential cross section enters only through the

momentum transfer. For a given momentum transfer the differential cross

sections are related by

, . \ o

 lagy + 1) (23, + 1) Py | Poi  (do

(EJd + 1) (2JA+2 + 1) Py ) Py dn
a,o

(3)

do
aqn

d,o o,d a,d
Thus a pseudo detailed balance can be made by varying the angles at which
the differential cross sections are to be compared so that the momentum
transfer of the two reactions are equal.

The degree to which the pseudo detailed balance fails is a
measure of the failure of the silmple plane-wave theory. As the difference
between a proper pair of bombarding energies for a detailed balance and
the pair of bombarding energies actually used increases, the degree to
which the pseudo detailed balance fails would probably also increase.

With these considerations in mind the following pseudo detailed balances

were studied:

o ia 2 Nl“+oc,
wiea 2 Pia,
¢?+a 2 894a,
B +d 2 1l +a.
The 016(d,a)Nlu angular distribution obtained with 23.8-MeV

14

deuterons was compared with N (a,d)Ol6 angular distributions obtained
with 46.5- (reference 86) and 42-MeV (reference 62) alpha particles. As

shown below these relative energies are far from being appropriate for

a detailed balance:
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- Reaction Excitation of compound state:
oE + 23.8-MeV 4 ’ 28.64 MeV '
4 u6.5Me7 o  40.53 MeV
Nll* + Lho_MeV o} 37.1 MeV .

Figure 36 shows the extent to which the pseudo detailed balance holds.
For this comparison, and for the comparisons illustrated later, the
. momentum transfer was calculated on the basis of pickup and stripping
kinematics for the (d,a) and (@,d) reactions, respectively. The mag-
nitudes of the (@,d) angular distributions were multiplied by the factors
needed to satisfy Eq. (3). |

The Nlh(d,a)cl2 angular distribution obtained with 23.8-MeV
deuterons was compared with the Clg(a,d)Nlu angular distribution obtained
with U8-MeV alpha.particles.5 These relative enegies are almost appro-

priate for a detailed balance as shown below:

Reaction Excitation of compound state
v+ 23.8Me7 k1.70 Mev
012 + L8_Mev a 43,15 MeV .

Thus the momentum transfers for the two reactions are almost equal when
compared at. the same angle. Consequently Fig. 37 compéres the differential
cross sections directly without adjusting to get exact momentum-transfer
equality. The shift needed to obtain exact equality is about 1.5 deg
in the direction of better agreement [compare (do/dQ)a’d at 15 deg with
(dcr/dn)d,a at 16.5 deg]. |

The Clg(d,a)BlO angular distribution obtained with 24.1-MeV
lo(a,d)012

. 62
with L42-MeV alpha particles. Once again the relative energies are far

deuterons was compared with the B angular distribution obtained

from being appropriate for a detailed balance:
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Fig. 36. Pseudo detailed balance for the O 6 +d 2 N+ o system.
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Reaction Excitation of compound state
2
cl + 24, 1-MeV 4 30.97 MeV
50 + hoMev « 41.61 MeV .

Figure 38 shows the extent to which the pseudo detailed balance holds.
The limited Be9(d,a)Li7 angular distribution obtained with
2Lk.1-MeV deuterons was compared with the Li7(a,d)Be9 angular distribution
25

obtained with 48-MeV alpha particles. These relative energies are
14 12

fairly well matched although not to the degree of the N +da& ¢ +

set:

Reaction : Excitation of compound state
Be9 + 2L.1-MeV 4 ~ 35.51 MeV
Li7 + 48-MeV a 39,16 MeV .

As Fig. 39 illustrates, the pseudo detailed balance appears to hold quite

well but the comparison could be made only over a small angular range. .
The N:LLL +4d & 012 + o pseudo detailed balance definitely exhi-

bited the best agreement, as might be expected since it came nearest

to satisfying the relative energy requirements for a detailed balance.

However, all the compar%sons showed fairly good agreement, especially

at small angles, which indicates that the absolute values of the (d,x)

cross sections measured are prcbably quite accurate.

C. Distorted-Wave Calculations

1. General Discussion

The general form of the differential cross section for two-

nucleon transfer reactions is derived and discussed extensively by

6
Glendenning. 2 For the two nucleon pickup reaction the cross section

can be summarized by
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Fig. 38. Pseudo detailed balance for the €2 +d & B 40

system.
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where . &

Ii and If are the spins of the incident and outgoing particles,
respectively,
* are the reduced masses,

f i
ki and kf are the wave numbers for relative motion in the initial

mi* and m

and final states,

fC is a statistical factor needed to account for the equivalencé
principle,

b§/28+1 is a factor arising from the spin selection rule,

ByLSJ is the nuclear structure coefficient whiqh represents the
degree of overlap between the configurations of the initial and final
states,

and
quantum numbers (IM).

is the transfer amplitude for the pickup of two nucleons with

The sum On <y introduces a coherent effect; e.g.,_this sum might refer
to configuration mixing in the wave function. The cross section for
stripping reactions is similar except that the factor (21f+l)/(21i+l)
is replaced by (2Jf+l)/(2Ji+l),;where J, and J are the spins of the
target and residual nuclei, respectively.
The quantity B%L’ which contains the dependence on the scattering
angle, depends very sensitively on the value of L. To this fact transfer
reactions owe their value as a source of spectroscopic information. There
are two current methods employed for the evaluation of the transfer am-
plitudes, known commonly as the plane-wave and distorted-wave calculations. »
‘In the latter, the scattering of the incident and outgoing particles Dby
the nucleus is taken into account. -This is a necessary step if one hopes .

to obtain a detailed agreement between theory and experiment since the
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scattering and partial absorption of the inc&dent particle, before the
actual reaction event, and the emitted particle after, can have an
important effect on the differential cross section. In performing a
distorted-wave caléulation, one usuélly adopts the optical potential as
a representation of the interaction in the entrance and exit channels.
These potentials are determined by an analysis of elastic scattering,
polarization, and Op> the total reaction cross section, when these data
are availlable at the required energies. Thus no new parameters are
introduced, in principle. The next subsection presents:the.optical.-
model analysis that was carried out; the last subsection illustrates the

distorted-wave fits to several (d,a) angular distributions.

2. Optical-Model Analysis

The following discussion is based in part on the joint work of

Dr. Bruce Wilkins and the author. Reference 99 contains a more extensive
description of some aspects of this study than will be presented here.

An optical-model program written by Dr. N. K. Glendenning for
the IBM 7090 computer was used for the optical-model analysis. A com-
prehensive mathematical description of the optical-model computer program
appears in the literature,loo and consequently will not be repeated here.

The optical potential used in this analysis was of the form

v, v - 1
R L iw(i-a) . Ry 2
V=V, - N <r-R) + B + iWx exp |- (17E5b>
| 7o G v -

(5)

where ‘
'VRﬁs the strength of the real potential and W is the strength of the

imaginary potential, which allows for the possibility of the incident
particle being removed from the beam by absorption into a compound state;
a and b are the surface diffusenesses of the real and imaginary poten-

tialé; respectively;
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the radius parameters R and Rw are given by

R = rOAl/5 + rl and R, = rwAl/3 tor, . (6)

where Ty and Ty are the radius constants for the real and imaginary
potentials, ry is the radius of the incident particle, and A is the atomic
weight of the target nucleus. The inclusion of Ty -and b allows one to
calculate cases for which rw.# T and a ¥ b. Most of tlke calculations,
however, were made with Ty = ro.u

the quantity &, by ranging from O to 1, allows the imaginary potential
to assume any proportion of volume to surface absorption,

Vc is the Coulomb potential for which one assumes an incident point
charge and an extended constant-charge density nucleus:

(z eg/ErOAl/B) (3 - (r/rO.Al%B)E] for r < ‘rOAl/B S

c lZ2

<!
1l

(7)
7.2 eg/r for r > r Al/5
172 o s

the number 1.45 in the denominator of the Gaussian form factor of Egq.
(5) is the normalization constant that provides the proper relationship
between the width of the Gaussian form factor and the diffuseness of the
volume form factor when 0 <@ < 1.
No spin-orbit force was included in the optical potential. How-
ever, this force in general affects only slightly the predictionlOl of
elastic scattering and O . And of course this force is not pertinent for
the spinless alpha particle.
The usual method of analysis is to assume a set of parameters, .
calculate the phase shifts and cross sections numerically, and compare
with the experimental values. One or more-of the parameters are then .
altered and the calculation repeated. The need df a fast computer is '

obvious, as is the need of an automatic parameter search routine. In a
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many-parameter problem such as this, a directional-derivative approach
for a search routine usually converges quickly to a good fit. It is
important, however, that the search routine not be misled by the parameter

interdependencies. For this reason the parameters b and r., which show

strong parameter interdependencies for protons (the searchoroutine was
originally developed for proton analysis), were chosen as grid parameters.
Directional derivatiwves are used on the remaining parameters. Tor a
search routine it is necessary to establish a goodness-of-fit criterion.
The elastic-scattering diffraction pattern for high-energy deuterons and
alpha particles scattered off nuclel is so complex that the standard
definition of a least-squared fit, X2 (as used for proton analysis),

was found inadequate. It was necessary to define an empirical X2 that
gave priority to those charaqteristics of the diffraction pattern con-
sidered most important, the position of maxima and minima. The following
equation was used:

2

” Z?: ([o,(8) * 0yy (O)] g - Loy (0) * oy (0)] )]

X =
| (# error)® [0,(8) + 0,1 (8)] 4 [04(8) + 0, (8)] . (25)

VRN pred

[o; (8) = 0,41 (6)] exp

[Oi <9) * Oi+l(e)]ex£?/

[0;(8) - 0;,,40)] pred "

(n) (% error) {[o; (8) + o, ,; (6)]

pred

where. n = 1 when

[0, (6) - o, (6)]

bi (6) - 0.4 (6)]

pred

exp
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and where n = 2 when

[01(9) - 01+l (e)]pred

lo.(8) - o 4 (9)]exp

<0 ; ' : .

M to N represents the range of experimental data.

The search routine that we developed, called GULLEY, uses what
shall be called a "b valley" approach. It takes as its starting point a
set of parameters that must be near a minimum in X2 space for a specified
value of b and ro._.A short grid routine called ELASTIC 6 determines the
value of the parameters for this starting point. From the starting point
GULLEY increments the parameter b and arrives at some point A. It then
determines the derivative of X2 with respect to the parameters V, W, and
a. With this knowledge it guesses a new point B, in parameter space, and
reevaluates the derivatives. From the two sets of derivatives and the
X2 values at points A and B, a rnew guess C is made. The program then
assumes Xg space to be parabolic in shape between tle se points.in each
of the three dimensions V, W, and a, and calculates a point D which lies
somewhere between the values of the parameters at these two points. If
the‘value of X2 at D is not the lowest wvalue of the set A, B, C, and D,
a new guess C' is made. A point D' is reached in a manner analogous to
that for point D. This procedure continues until the D point has the
lowest value of X2. In practice this is almost always the first D guess.
The program then increments b and from its knowledge of how the para-
meters V, W, and a changed from the starting point to point D, a new A
point is chosen and the whole A, B, C, and D procedure is repeated for
this new value of b. In this manner, GULLEY works its way along the
"b valley," adjusting the parameters V, W, and a to keep X2 at a minimum.
The grid parameter r, is then incremented and a new GULLEY run. . Attempts

0

to incorporate r, into the dynamic set of parameters V, W, and a were un-

successful because of the strong V-R ambiguity(for protons).

O L4
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r (F)

MU-31043

Fig. 41. Comparison of several imaginary potentials that give good
fits to o, (6) for 48-MeV alpha particles on Cl2. The letters

in the gragﬁ refer to parameter sets listed in Table X .



Table X. Sets of parameters that give good fits to USE(Q) for 48-MeV alpha particles on 012; r, = 1.20 F.

Curve fzzig; ro Ty b a -V -W X2 GR

(F) (F) (F) () (MeV) (MeV) (mb)
A Volume 1.20 1.20 0.70 0.45 37.9 11.1 200 887
B Volume 1.30 1.30 0.70 0.34 33.0 9.4 177 899
C Volume 1.45 1.b5 0.50 0.3%2 20.7 5.9 h70 76k
D Volume 1.30 0.88 1.00 0.36 32.2 1h.7 166 1001
E Surface 1.20 1.20 0.80 0.37 1.5 7.3 27k 770
F Surface 1.20 1.00 1.00 0.385 4.8 7.9 220 795
G Surface 1.20 0.80 1.20 0.4%0 ho.1 8.5 180 822

“%0T-
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of Table X, appears in Fig. 42. An experimental value of 901*16 mb
99

obtained

value of 899 mb.

for 40-MeV alphas on 012 compares favorably with the theoretical

As seen in Fig. 41, it is meaningless to speak of the alpha-
particle interaction in terms of a Gaussian shape or Woods-Saxon shape
for the imaginary potential. It is necessary only to adjust the para-
meters of the potential until it matches a certain shape at the very edge
of the nucleus. Figure 43 shows the imaginary potential at large values
of r and illustrates that a direct relationship exists between the strength

of the imaginary potential and the predicted o, in the region of about

5.5 to 7.0 F. (All the curves in this figure ire about equally good fits
t0 Oel<9) .) From this it can be inferred that the alpha particle does
not penetrate with any appreciable probability within about 5.2 F and
still have any chance to escape as an elastic event; otherwise, the
optical model — using potentials E, F, and G — would be expected to
predict a large UR. _
Figure 44 shows a plot of the various "best fit" real potentials
in this surface region. Proper adjustment of the parameters V, ro, and
a, which lead to the same shape potential beyond 5 F, gives almost equally
good fits. This explains how the nonuniqueness of parameters arises from
the use of a nuclear potential form factor by which one attempts to de- -
scribe the interaction in a region that the alpha particle does not sample.
A similar situation appears to hold for deuteron scattering
although an optical-model analysis as extensive as just discussed for
alphas on C12 was not. carried out. From this information the hypotheéis
can be made that the optical-model parameters used to generate the dis-
torted waves for a calculation of (d,x) angular distributions need not
be known precisely. Once a set of parameters that approximately matches
a certaln shape at the very edge of the nucleus is found tle Jjob is
finished. = And since some of the parameters do not have a large effect

on the shape of the potential at the surface, unless varied to an un-

reasonable degree, with experience one can usually '"guestimate' a "usable"
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Fig. 42. A plot of G/GRuth for 48-MeV alpha particles scattered67

from 012. The solid line is the predicted value of O/GRuth

obtained using the optical-model parameters listed at B in Table z
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set of parameters. . Agreement with this hypothesis is illustrated in
the next subsection where the calculation of (d,a) angular distributions
is shown to be very insensitive to some of the optical-model parameters.
These calculations also demonstrate the sensitivity to Ty which of course
has a marked effect on the shape of the potential at the edge of the
nucleus.
‘ Although the "guestimate" approach seems to give acceptable
results a proper analysis should always be carried out when the data are
availablé. Fits were made to the angular‘distributions of the following

(d,a) transitions:

Li6(d,oc)HeLL s

Clg(d,a)BlO ground state ,
Nlu(d,a)Cle ground state ,
Nlu(d,a)cle*‘(#uhi{MeV);,

016(d,a)Nlu'ground state

Only a summary of the optical-model analysis on the respective targets
will be presented here. The parameters used are listed in Table XI,
and comparisons of experimental and predicted values of G/URuth are
shown in Figs. 45 through 53. (The Heu(a,oc)Heu comparison is for do/an

rather than o/o Deuteron scatteriné data on natural lithium were

Ruth)'
used since no data on Li~ were available in the literature. Likewise

no alpha scattering data on BlO near the proper energy were available.
Instead, Oel (6) for alphas of the appropriate energy on C12 were used.
Many of the "fits" obtained could undoubtedly be improved if a more
extensive analysis were undertaken. It was felt, however, that such an
analysis was not warranted at the present time because of the prohibitive
amount of computer time that would be required, with little to gain as

far as the calculation of (d,x) angular distributions was concerned.



Table XT.

Optical-model parameters used for fits illustrated.

Reaction Bombarding
energy
(MeV)
i +ad 28
2+ a 28
NllL +d 20.9
Nlu + d 27
016 +d 26.3
Heu + L6.12
12 + 21.2
i 38.1
NllL +a ' 25.7

1.20
1.20
1.20

1.20

1.14
1.30
1.30

i.BO

-V

(MeV)

47.0
59.26
54.18

S5h.62°

55.90

50.0
60.0

32.6L

35.23

-W

(MeV)

20.0

12.92

11.73
10.0

12,64

1.0
6.0
9.00

7.12

(F)

0.70
0.617.
0.612

0.716

0.655 .

0.30

0.47h

0.435

(F)

0.65

0.70

0.55

0.50

0.65

(F)

.15
.15
.75
.75

L5

.00
.20
.20

.20

(mb)

803
865
970

926

955

89
892
893
923

aVolumeabsorptionis used for all sets; r., =

w

T

9

“0VV-
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Fig. 45. A plot of o/o 4, Tor 28-MeV deuterons scatterea’®® from
natural Ti. The 0158 "line is the predicted valve of o/op
obtained using the optical-model parameters listed in
Table XI.
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Fig. 47. A plot of o¢/o . for 20.9-MeV deuterons scattered8o
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obtained using the optical-model parameters listed in Table }_—g'__f .
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Fig. 50. Differential cross Eection fOE elastic scattering of
46.12-MeV alpha particles 2 from He'. The solid line is the
predicted value obtained using the optical-model parameters
listed in Table XI.
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obtained using the optical-model parameters listed in
Table XI.
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Fig. 52. A plot of U/GRuth for 38.1-MeV alpha particles scatteredlo6

from 012. The solid line is the predicted value of G/ORuth

obtained using the optical-model parameters listed in Table zz.
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Fig. 53. A plot of G/GRuth Tor 25.7-MeV alpha particles scatteredlo7

from N~ . The absolute cross section of this preliminary data was
not given, and the comparison involves an arbitrary adjustment of

the datd. The solid line is the predicted value of G/ORuth
obtained using the optical-model parameters listed in Table zi.
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3. Distorted-Wave Fits to the (d,0) Angular Distributions

The following discussion is based on calculations made with the
two-nucleon pickup or stripping program written by Dr. N. K. Glendenning
for the IBM 7090 computer. These calculations are based on the approx-
imations that the reaction occurs only at a specific radius (this position
is commonly called the surface) and that the two nucleons are picked up
as a lump; i.e., reference to the single-particle orbits from which the
nucleons are picked up.is suppressed. Therefore the reaction is char-
acterized by the total angular momentum L that is transferred and this
is the only information that can be obtained from fitting the angular
distributions. ’

The procedure for determining the "best fit" was as follows.

(a) The optical-model parameters obtained in the preceding subsection
were used to generate the distorted waves.

(b) .The allowed L transfers were calculated from

=

Jf * Ji tlzbz | j} * j; * min (9)
and this information given to the program.

(¢) Calculations were made at a series of interaction radii to determine
what radius gave the best fit. The interaction radius obtained in this
manner was always approximately equal to the radius inside of which the
optical-model analysis had indicated the incident particle does not pen-
etrate and still have any chance of escaping as an elastic event. Thus
elastic scattering and transfer reactions both seem to occur at approx-
imately the same radius. However, it 1s probably unwise to attach a
great amount of physical meaning to the parameters because the local
optical-model potentials are Jjust an approximation to a more realistic
non-local potential and the non-local potentials are not so readily
understood in terms of physical meaning. In additioh, so as to give

the proper slope to the angular distribution, changes in vy were used to
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- E; , ‘the momentum

e
o
2 *

vary a damping factor exp (-K2/8 72), where K =
transferred to the incident deuteron by the picked up pair of nucleons,
and ¥ is a constant parameter defining the wave function of an alpha
particle with a Gaussian form, exp (—yg > rfj). The value of vy used for
all calculations presented here (except for the Li6(d,a)Heu calculation
13

where no damping factor was used) is 0.50 x 10 cm-l, which corresponds
to an alpha particle radius of 0.75 F. If a y corresponding to a larger
alpha particle radius was used, the damping factor reduced the calculated
cross sections too much at large angles. This situation is similar to
other (d,x) reactions studied by using plane-wave theory.89

(d) The optical-model parameters were then varied to see if a better
fit could be obtained. In no case was an improved fit found. Since the
present theory is not capable of predicting the absolute magnitude of
the éross section, the fits shown involve an arbitary normalization.

The specific fits are now discussed individually.  The allowed

L values for the Nlb'(d,oz)clg* (4.43-MeV) transition are 0,2, and L.
However, if p-shell nucleons are being picked up, L=4 is not allowed
since two p nucleons can couple to a maximum of L=2. But since the
calculation is performed without reference to the shells from which the
nucleons are picked up, L=4 is included as a possibility. Hopefully
L=b will give an inferior fit. Figure 5& shows the best fit obtained.
Although different relative intensities of the allowed L transfers were
tried, the best fit corresponded to nearly lOO% L=2. No combination of
different interaction radii and optical-model parameters that were tried
gave any indication that a better fit could be obtained by using an
admixture of L=0 and/or L=k. OFf course small admixtures, up to about
lO%, could be included without definitely producing an inferior fit.
However, the fit presented is for pure L=2. Figures55, 56,and 57 illus-

trate how the calculated angular distribution varies as a function of

* .
The validity of introducing K in a distorted-wave claculation is doubt~ ...

ful.
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- ' N'? (d,a) C'2*443-MeV
level

[ SRR

| |
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MUB-2144

Fig. 54%. Angular distribution of alpha particles from the Nll‘(d,oz)c12
(4.43-MeV) transition. The solid line was calculated for L = 2,
interaction radius = 5.25 F, and the following optical-model

wa

parameters:
r r | |
deuteron — W a b 0 1 .
55 -II 0.65 0.65 1.20 0.75
1pha
apgriicle =33 -9 O'L"7 0.60 1.30 1.20

Volume absorption is used for all fits shown in this section and

r =TI, .
W 0
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NH(a,0)cte” (h.43-MeV) transition with L = O, as a function
of interaction radius. Qptical-model parameters same as in
Fig. 54. Arrows indicate experimental maximum and minimum.
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Fig. 56. iomparlson of calculated angular distributions for
the N1%*(a oc)C (k.43-MeV) transition with L = 2, as a
function of interaction radius. Optical-model parameters
same as in Fig. 54. Arrows indicate experimental maximum
and minimum.
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of interaction radius. Optical-model parameters same as in
Fig. 54. Arrows indicate experimental maximum and minimum.

R==4.50F
------------- R =5.00F
—_———— . — R =5.50F



-126-

interaction radius, and Figs. 58 through 63 .show the variation as a
function of different optical-model parameters, As remarked earlier the

calculated angular distributions are rather insensitive to the parameters

except rO-

I

The allowed L values for the Nl (d,a)Clg ground state transition
are O and 2, and once again the best it correqunds to almost 100% L=2
(see Fig. 64). . As in the above case and for all the other transitions
analyzed, no combination of different interaction radil and optical-
model parameters that was tried gave any indication that a better fit
could be obtained by using an appreciable admixture of L#2.

_ The fits to the olé(d,c‘)z)mlLF ground state and ClE(d,a)Blo ground
state transitiomsalso show a strong preference for L=2. Figures 65 and
66 illustrate the best fits for these reactions. The allowed L values for
the first transition are O and 2, whereas 2 and 4 are allowed for the
latter. Of course L=4 is not allowed if two p nucleons are being picked
up. '

Few, if any, conclusions can be drawn from the analysis of the
Li6(d,a)Heu transition for which an example "fit," using no damping, is
shown in Fig. 67. It appears that the present code is completely inca-
pable of fitting the plateau at small angles. Nevertheless L=2 gives
better fits than does L=0.

The outstanding feature of these célculations is that L=2 trans-
sitions are strongly enhanced over L=0 transitions. A similar result
ﬁas obtained by Blair and Wegnerlo9 for the (Hei,a) pickup reaction in
that 1=3 transitions were strongly enhanced relative to 1=1 transitions,
in contrast to the behavior of the analogous (d,t)llo and (p,d)lll pickup

* e
reactions. The momentum-mismatch discussion given in Subsec. IV. A is

*Of course the transition to any single level by the simple pickup of

one nucleon can involve only a specific 1 value. However, in these
(HeB,a) reactions, groups of levels that could not be analyzed separately
showed relatively enhanced 1=% transitions. Furthermore, 1=1 transitions
exhibited much larger cross sections for (p,d) and (d,t) reactions than

for (He5,a) reactions, but this difference was much less for 1=% transi-

tions.
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do/dQ (arbitrary units)
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Fig.N?E&d’gigg%¥ison of calculated angular distributions for the

(4.43-MeV) transition with L = O, as a function
of optical-model-parameter variation for the alpha particle.
Optical-model parameters same as in Fig. 54 except for the
perturbed parameter. Interaction radius = 5.25 F.
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Fig. ?g. Comparison of calculated angular distributions for the
N*(d,a)c12* (4. 43-MeV) transition with I = 2, as a function
of optical-model-parameter variation for the alpha particle.
Optical-model parameters same as in Fig. 54 except for the
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Fig. EO. Comparison of calculated angular distributions for the
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Fig. 65. Ang&&ar distribution of alpha particles from the
016(d,0)N* ground state t ransition. The solid line
was calculated for L = 2, interaction radius = 6.00 F,
and the following optical-model parameters:
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Fig. §6. Angular distribution of alpha particles from the
012(a,0)B0 ground state transition. The solid line
was calculated for L = 2, interaction radius = 4.80 F,
and the following optical-model parameters: .
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undoubtedly pertinent to this problem also. As shown there an inhibition

arises when L and _Lf T

| M; o d
Strongér will be the inhibition. Reference to Table IX illustrates that

- Ea differ. The greater this difference the

L=2 transitions would.be expected to be favored, compared with L=0O tran-
sitions. Furthermore, the momentum transfer for these (d,Q) reactions
does not change appreciably aé a function of bombarding energy, and thus
L=2 should be favored at all bombarding energies. It would be interesting
to analyze some of the (d,a) reactions studied at lower bombarding energies
to see if L=2 is in fact favored. However, this has not been done.
Another aspect that would be interesting to investigate is the following.
As the value of Q is decreased, i.e., the excitation of the residual
nucleus is increésed, the momentum transfer diminishes. Thus L=0 transi-
tions should account for a larger proportion of the cross section to highly
excited levels. Unfortunately it is very difficult to obtain good data
for such levels.

If the importance of momentum matching'has not been overemphasized
one should observe L=4 transitions strongly enhanced over L=2 transitions
when beth are allowed in reactions where two d nucleons in a triplet S
configuration can be simply picked up. . A study of several such reactions
would yield valuable evidence in regard to the importance of momentum
matching.

The enhancement of L=2 over L=0 transitions is also in accord
with the predictions of the coupling scheme used by Glendenning 1 for
two-nucleon transfer reactions. The nuclear structure factors arising
in this modél for (d,o) reactions permit only triplet S configurations
for the picked-up nucleons in g scheme whereby the 1nitial and final
nuclear states are described in pure j-j coupling. These factors are

defined as follows for stripping reactions.
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- -For even-even targets

o= e . (10)
L L1J (Jan)

where 8 a1 is the transformation coefficient: from L-S5 to j-j coupling,

jn and jp are the captured particles' total angular momenta, and the

final coupling arises from 3}‘= 3; +F, T = j; + 3; .
For odd-odd targets
L+l
) 2
o=y (eTa) (wWIIg 3 s 1) e (35 (11)
- I=[L-1]

where the target nucleus is considered to consist of an odd neutron and
-

proton moving around a spin-zero core (3; + b = Ji), and one of the
captured particles (jnvin the above) is required to enter the same shell-
model state as one of the original pair and couple with it to zero total
angular momentum; the other captured particle (j’p) couples with jp to
form Jf.
The ratios of the structure factors obtained by using this
coupling scheme are listed in Table XIT. These results indicate that
L=2 transitions would be strongly enhanced even if momentum-matching
considerations are eliminated.
A The effect produced on the calculated angular distribution by
allowing the nucleons to be picked up independently has not been inves-
tigated. In the plane-wave approximation the effect does not appear to
be very important.65 '
Improvements in the art of making distorted-wave calculations
will undoubtedly allow one toc garner more information from fittihg
angular distributions than is now possible. . At present, however, the
study of angular distributions does not appear to be as valuable as the

investigation of the preferential population of final states.



Table XII. DNuclear structure factors.
Reaction Target configuration Picked up Final configuration Ratio of
J J structure factors
n Y
16 1k 8 b BN S
07 (a,a)n " (g.s.) {(Pye)o (pl/e)oo 21 /2 P1/p {(%/2)0 (pl/e)lL Cy/C, = 20
14 12 8 2 8
N {d,a)c . S P /. = 2
1 (a,0)et? (.45 wev) (0,1,)° (2 /0)" 0. 0T, (5, 0} c/c. = 2.0 '
’ AR € Pz/0/g \P1/2/y Pz/o Py/e [Pj/e 3/2 \P1/271/2 R o/ >0 ’
12 1 8
¢ (a,x)B 0 (g.5) (p3/2)0 P3/2 95/2 (pB/E)g Only C, allowed

aBy use of coupling scheme from reference 112.
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APPENDIX

FORTRAN listings of the optical-model search routine GULLEY
and the subroutines DIFFER and ELAS.



1
120

520

130

15
20

200
205
210
212

214

209

215
219
220

223

224
225
226
228

315

318
319
321
317
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GULLEY 3 MAIN ROUTINE TO MINIMIZE A FUNCTION u
WRITTEN BY R. H. PEHL AND B. D. WILKINS -
DIMENSION X(10),WT(10),G(10),EXVEC({10),XC(10),GB(10), XB(10)

DIMENSION DINC{(10),S(10), XMIN(10), XD{10),v(10)
X +88B(10},D0(10},01(10),D2(10),XBS(10)

READ INPUT TAPE 2,120,NPAR,NSTEP,LMAX,LMIN, IPLOT,DELSTEP

FORMAT (5110,2F10.5)

READ INPUT TAPE 2,520,(X(1),I=1,10)

FORMAT (4F10,6,F8.542F6.4+2F5.3,12)

READ INPUT TAPE 2,120,{WT(I1),1=1,NPAR)

FORMAT (7F10.5)

WRITE OUTPUT TAPE 3,130,(WT(I),I=1,NPAR)

NFCN = 0
NRAT = -1

MSTEP = -1

WTS = WT(2)

DMAX = LMAX

NPARS NPAR

NPART NPAR + 1

DO 15 = NPART,10

x8(I) x{1

Xctr) X1

X0(1) x{1)

BB(I) x{1)

IF (STEP) 500,20,20

NPAR = NPAR -1

D0 200 I = 1,NPAR

001} xt1)

D1(I) x{1)

D21(1) X(1)

IF (NSTEP -~ 1)210,210,205

CALL DIFFER (NPARS,;GyFyXsCINC,NPARy IPLOT,NSTEP,LMAX,LMIN)
JPLOT = JPLOT - 1

KPLOT = IPLOT - 2

X{NPARS) = X(NPARS) + WT{NPARS)

WT(2) = WTSeX(2)

DO 214 I=14NPAR

DINC(I)} = O.01#ABSF(WT(I))

CALL DIFFER {NPARS,GyFsXyDINC,NPAR,KPLOT,MSTEP,LMAX,LMIN)
GNORM = 0.0

DO 209 I =1,NPAR

GNORM = GNORM + ABSF(G(I)/WT(I))

GNORM = GNORM + .2

HWRITE QUTPUT TAPE 3,435,F,(X(I1),I=1,NPARS ), (G(I)y I=1,NPAR )
DO 220 I = 1,NPAR

EXVEC(1) = ~GU{I)/(GNORM*WT(I))

DO 228 I =1,NPAR

IF (EXVEC(I)) 223,223,224

St1) = -1.

GO TO 225
S{1) = 1.
EXVEC(I)

[ O I I O 1]

ABSF(EXVEC(I))
EXVEC(I) SQRTF(EXVEC{I)) '
EXVEC(I) S{I)=EXVEC{I) ‘

WRITE OUTPUT TAPE 3,435,(EXVEC{I)sI=1,NPAR)GNORM

GO 70O 320 ‘ :

DO 316 I = 1,NPAR -4
VII) = 1. + ABSF(GB(I)/G(I))

IF(vV(I) - 10.)321,321,319

v(1) = 10.

IF(GB(I)/G(I))317,317,322

XC(I) = (XB{I) - X{I))#(2. - VII)} + X{1)

oo
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GO TO 316
322 XCUI) = (XB(I) = X{(I))=Vv(I)=1l.4 + X(I)
316 CONTINUE

XCINPARS) = XB(NPARS)

GO TO 334
320 DO 330 I =1,NPAR
330 X8(I) = X{I) + EXVEC(I)®WT(I)

XB{NPARS) = X{(NPARS)
331 CALL DIFFER (NPARS,GB,FByXB,DINC,NPAR,KPLOTMSTEP,LMAX,LMIN)
333 WRITE QUTPUT TAPE 3,435,FB,{XB(1),I=1,NPARS },{GB(I),I=14NPAR )
GO 70 315
334 CALL DIFFER (NPARS,GC,FCyXCDINCyNPAR,KPLOT/NSTEP,LMAX,LMIN)
WRITE OUTPUT TAPE 3,435,FC,(XC(I)y1=1,NPARS )4(V {I),I=1,NPAR }
336 RAT = (FB/FC)%%2 .
DO 340 I=1,NPAR
340 XD(I) = XBUI) + (XC{I) = XB(I})*RAT/(1.+RAT)
XD{NPARS) = XB{NPARS)
345 CALL DIFFER (NPARS,GD,FDyXDyDINC,NPAR,IPLOT,NSTEP,LMAX,LMIN)
435 FORMAT (1P10E12.4)
- IFIF ~FB)347,349,349
347 DO 348 [ = 1,NPAR

348 XBUI) = X(I)

FB = F
349 IF (FD - FC)350,352,352
350 IF (FD - FB)355,365,365
352 IF (FC - FB)360,365,365
355 D0 356 1 = 1,yNPAR
356 XMIN(I) = XD(I)

GO TO 369

360 IF(FO/FC - 1.02)358,358,359
358 NRAT =1
359 IF(NRAT) 362,362,363
363 DO 364 I = 1,NPAR
364 XMIN(I) = XC(I)
GO TO 369
365 1F{FD/FB~1.02)383,383,384
383 NRAT = 1
384 IF(NRAT) 372,381,381
381 DO 382 1 = 1,NPAR
382 XMIN(I) = XB{ 1)
GO TO 369
372 DO 373 I = 1,NPAR
373 XCUI) = 2.=XB(I) - XC(I)
GO TO 374
362 DO 361 I = 1,NPAR
XBS(I) = XB(I)
361 XB{I) = XC{I)

371 DO 366 I = 1,NPAR
366 XC{I} = 2.,#XB(I) - XBS(I)
374 WRITE OUTPUT TAPE 3,367
367 FORMAT (12H  RAT RERUN)
368 NRAT = NRAT + 1

GO TO 334
369 IF (NSTEP - 1)1,1,370
370 DO 380 I = 1,NPAR

Do(I) = DI(D)

D1{I) = D2(I)

D2{I) = XMIN(I)

BB{I) = (D2(1) + D1(1))/2. + ({DI{I) - DO{I))-{(D2{(I)-D1(I))}/6.

380 X(I) = 2.#D2(I) -DL{I)+ ((D2(I)-D1(I))} = (DL(I)~DO(I})))/1.5
BB{NPARS}) = X(NPARS) - WT(NPARS)



500
530
532
534
521
535

540
541

572

571
573
580

585
590
605

610
620

999
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.

CALL DIFFER (NPARS,GD,FD,BByDINCyNPAR,yJPLOTsNSTEP LMAX,LMIN)
X{NPARS) = X{NPARS) + 2.#WT{NPARS)

NRAT = -1

NFCN = NFCN + 1

OMAX = DMAX + DEL

LMAX = DMAX + .5

IF (NSTEP-NFCN}1,1,212
STEP = 1.0

NCYN = 1

WT{2) = HTS*X(2)

DO 532 1 = 1,NPAR

DINC(I) = O.01#ABSF(WTI(I))

CALL DIFFER (NPARS,G¢FyXyODINCINPAR, IPLOT,MSTEPLMAX,LMIN)
GNORM = 0.0 .

DO 521 I = 1,NPAR

GNORM = GNORM + ABSF(G(I)/WT(I))

GNGRM = GNORM + .2

WRITE OUTPUT TAPE 3,435,F,{X(1),I=1,NPARS ),{G(I), I=1,NPAR)
DO 541 I = 1,NPAR

EXVEC{I) = ~G(I)/{GNORM=aWT(1))

DO 548 I =1,NPAR

IF (EXVEC(I)) 543,5434+544

St1) = -1.

GO TO 545

S(I) = 1.

EXVEC(I) = ABSF(EXVEC(I))
EXVECU(I} = SQRTF(EXVEC(I})
EXVEC(I) = S({I)=EXVEC(I)

WRITE OUTPUT TAPE 3,435,(EXVEC(I),1=1,NPAR),GNORM

DO 570 I = 1,NPAR

XB{I)= X(1) + EXVEC{I) = WTI(I)

GBI(I) = G(I)

IF(NSTEP- NCYN)572,572,571

CALL DIFFER (NPARS,GB,FByXByDINCyNPAR,IPLOT,NSTEP,LMAX,LMIN)
GO TO 999

CALL DIFFER (NPARS,GB,FB,XByDINCyNPAR, IPLOT,MSTEP,LMAX,LMIN)
WRITE QUTPUT TAPE 3,435,FB,(XB(1),1=1,NPARS },{GB(I}+I=14NPAR)
DO 590 I = 1,NPAR

IF{GB(I)/G(1))58545854590

WTLI) = WT(I)/2.

CONTINUE
D0 610 I = 1,NPAR
X(I) = XB(I)

G(I) = GB(I)

NCYN = NCYN + 1
GO0 TO 534

CALL EXIT

END

-’
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SUBROUTINE DIFFER {(NPARSyGsFyXsCINC,NPAR,IPLOT,NOW,MAX,MIN)
DIMENSION G{10)sX(10),DINC{10),GF(10)yXT{10),WT{10)}

THIS SUBROUTINE COMPUTES THE DERIVATIVE VECTCR G{I) BY TAKING
FINITE DIFFERENCES

DO 201 = 1,10

XT{I)=X(1)

CALL ELAS(IPLOT,MAX,MIN,X,CHIT)

F= CHIT

IF{NOW)25,25+110

JPLOT = O

DO 100 I = 1,NPAR

XT{I)=X{I) + DINC(I)

CALL ELAS(JPLCT MAXsMINyXT,CHIT)

FD = CHIT

XT(I)=X{1)

G{I)=(FD-F )/F

RETURN

END



[aXsleleRelsNeNaRalaNeNaNalalalasNalaNaeNaNeNeNaNe el aNeNaNal

16
20
524

>x X X X

-146-

SUBROUTINE ELAS{IPLCT)MAX MINsX,CHIT)

ELASTIC SCATTERING N K GLENDENNING -
MODIFIED BY R H PEHL AND 8 D WILKINS -
DIMENSION CR(100),CI(100),SIG(100),TH{180),CRSX{183),RUTH(183),

RELA(183)
+RAD(180),€0¢(180),50(180),60(180),ASL (100,90}
»PHIR(100),PHII(100]} )
+CHI{100),DATA(100),WTS{100),Xx(10), CHIS{100)
NOTATION
H1,H2 = INTEGRATICONSTEPS,Hl FOR FIRST 20 STEPS
RMAX = MATCHING RADIUS . -
THETM = MAXIMUM ANGLE TO WHICH CROSS SECTION IS COMPUTED
OTHET = ANGLE INCREMENT.
ELAB = LAB ENERGY OF PROJECTILE
CmMp = PROJECTILE MASS IN AMU
CMT =* TARGET MASS IN AMU
zzp = PRODUCT OF CHARGES
MAX = MAXIMUM L WAVE COMPUTED
VR = REAL WELL CEPTH
VI = IMAGINARY WELL DEPTH
RO = RADIUS PARAMETER MULTIPLYING Ax%1/3
R1 = PROJECTILE RADIUS
TOTAL RADIUS = RO # A##1/3 + R}
COULOMB RADIUS = RO # Aw#l1/3
AQ = SURFACE THICKNESS OF REAL WELL
80 = SURFACE THICKNESS OF IMAGINARY WELL
ALPHA = IF = 0 THEN PURE SAXON IMAGINARY WELL
IF = 1 THEN PURE GAUSSIAN SURFACE WELL
IF = BETWEEN THEN LINEAR MIXTURE
BETA = IF = 0 THEN RW = RO
IF = 1 THEN RW DIFFERENT FROM RO
MODE = IF POSITIVE DATA IN FM/STER
IF ZEROC OR NEGATIVE THEN DATA/RUTH
IeLOT = NO PLOT

0

1 PLOTS START,D

2 PLOTS START,D,B8

3 PLOTS START,D,B8B+AsBsCyRAT RERUN

I[F (NUFF - 37) 111,524,111

NUFF = 37

READ INPUT TAPE 25490,CHECK,KIN,KENC,MODE,(DATA{JJ), JI=KIN,KEND)

FORMAT (F5.1,315/ (7F10.4))

WRITE OUTPUT TAPE 3,493,(0ATA(JJ), JJ = KIN,KEND)

FORMAT (12F10.4)

READ INPUT TAFE 24491, (WTS(J)sI=KIN,KEND)

FORMAT (14F5.3)

WRITE QUTPUT TAPE 3,494,{WTS(J}, J=KIN,KEND)

FORMAT (24F5.3)

READ INPUT TAPE 2,500,H1,H2,RMAX, THETM,DTHET, IPLOTMINEXP,MAXEXP

NANGLE = THETM/OTHET + 1.001

IF{NANGLE-180)15+15,600

D0 16 K=1,NANGLE ~
A=K .
TH{K)=(A-1.)*CTHET

TH{1} = 0.10€E-07

RAD(K)=TH(K) = 0.17453295€-01

CO(K)=COSF(RAD(K)) hd
SC(K)=SINF(RAC(K)/2.)%=2 i
GO(K)=LOGF(SO(K})

READ INPUT TAPE 24510,ELAB,CMP,CMT,22P,MAX,LMIN

IF(MAX - KMAX)21,523,21
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21 KMAX = MAX
MMAX =MAX + 1

23 NMAX = MAX - 1
DO 70 K = 1,NANGLE
€O = CO(K)
ASL{1,K) = 1.0
ASL{2,K) = CO(K)
DO 60 L = 1,NMAX
L=t

60 ASL{L+2,K) = ((2.%CL+1.)#CO#ASLIL+1,K} ~ CL#ASL{L,K))/
X cL + 1.)
DO 70 L = 1,MMAX
CL =L -1

TO ASLIL.K) = (2.#CL + 1l.)#ASLIL,K)
500 FORMAT {5F10.4,3I5)
510 FORMAT (4F10.6,2110)

523 VR = X(1)

VI = X{(2)

A0 = X{3)
525 80 = X(4)

RO = X(5)

R1 = X(6)

RW = X(7)

ALPHA = X(8)

BETA = X{9)

KCGNT = X{10)
529 RE= RO#CMT##0,33333333

R= RE + R1 .

RWS= RW#CMT#%0,33333333 + R1
530 CALL OPTIC(R,ELAB,CMP,CMT,ZZP,R 4A0,B0, RE,VR,VI,ALPHA,MAX,RMAX,

X Hl yH2 3 PHIR,PHII RINTP4CRyCISIGyCK,ETA,RWS,BETA,LMIN)

LOOP ON ANGLE
100 DO 300 K=14NANGLE

Y=ETA#GO(K)

I= ETA/2./S50(K)

SUML = -Z = COSF(Y)

SUM2 = Z # SINF(Y)

RUTH(K) (Z 7/ CK)==2

LOOP ON WAVE

DO 200 M=1,MMAX

Y=ASL{M,K)

b4 = 2.%#{SIGIM)-SIG(1))

SI= SINF(Z)

CS= COSF(2Z)

SUML = SUML + ( CS #CR(M) - SI =CI(M) )
200 SUMZ2 = SUM2 + ( CS =CI{M) + SI =CR(M) )

CRSX{K) = (SUM1 #=%#2 + SUM2 »%2 )/CK#u2
300 RELA{K) = CRSX{K}/RUTH{K)

IF (MODE)305,305,301
301 DO 303 K = KINJKEND
303 DATA(K) = DATA(K)/RUTHI(K)

WRITE QUTPUT TAPE 3,493,(0ATA(JJI)y JJ = KINLKEND)

MODE = 0O
305 WRITE QUTPUT TAPE 3,700

WRITE OQUTPUT TAPE 3,710,ELAB,CMP,CMT,22P,VR,VIALPHA,BETAsRO4R1,

X RW,A0,B0,ETA,CK -~

WRITE QUTPUT TAPE 3,720
400 MM=(NANGLE+2)/3
420 DO 430 K =1,MM

I= MM+K

J= I+MM
430 WRITE QUTPUT TAPE 3,730,THIK),CRSX{K)RELA(K),TH(I),CRSX(I},

-t

. Y
® Y
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X RELA{I)yTH{J),CRSX(J),RELA(J)
WRITE QUTPUT TAPE 3,750
REAC=0.
DO 440 M=1,MMAX
L=M-1
TAN= 2,#CR(M)/(1.-2.#CI{M)}
TRANS =4,.#(CT{M)-CI{M)#e2-CR(M)xx2)
C=L
REAC=REAC+ {2.#C+1.)=TRANS
440 WRITE QUTPUT TAPE 3,760,LsCRIM)yCI(M),SIGI(M)PHIRI{M)PHII(M)
2 9 TAN,TRANS
REAC=REAC#3.14159/CK=#2
WRITE QUTPUT TAPE 3,770 sREAC
WRITE OUTPUT TAPE 3,740,MAX,RMAX,HLl,H2 LRINTP
800 CHIM = 0.0
CHIST = 0.0
810 K = 1
815 GG TO 820
817 K = K + 1
820 AA = K
830 TH(K) = (AA -1.)#DTHET
848 IF(TH(K) -CHECK)817,850,850 .
(RELA(K) + RELA{K+1))#{DATA(K) + DATA(K+1))

850 DIV =
REL = RELA(K} - RELA(K+1)
DAT = DATA(K) - DATA{K+1)

CHI(K) = ((RELA{(K) + RELA{K+1) - (DATA(K) + DATA{K+1)))/
X WTS(K))%=22/D1IV/25,
IF (DAT/REL)860,870,870 _
860 CHIS(K) = ((REL-DAT)/WTS{K)}*=x2/01IV/2,
GO TO 890
870 CHIS(K) = (REL —-DAT)/WTS(K)/SQRTF(DIV)
890 CHIS(K) = ABSF{CHIS(K))

IF{CHIS(K) - 50.)900,900,903
903 CHIS(K} = 50.
900 IF(CHI(K) - 50.)906,906,907

907 CHI{K) = 50,
906 CHIM = CHIM + CHI(K)
CHIST = CHIST + CHIS{(K)
901 IF(K - KEND}817,902,902
902 CHIT = CHIM + CHIST
905 WRITE OUTPUT TAPE 3,910,CHIT s CHIM, CHIST
910 FORMAT( 7H CHIT=F12.4, 7H CHIM=F12.4, 7TH CHIST=Fl2.4 /1H1)
IF{ IPLOT)590,5904450
450 DO 470 K=1,NANGLE
Y = RELA{K)
CYCLE=MAXEXP-MINEXP .
NPLOT= 100./CYCLE #0.4343 #LOGF(Y/10,##MINEXP)+0.5
CALL GRAPH(NPLOT,0,0)
Y = DATA(K) .
NPLOT= 100./CYCLE #0.4343 #LOGF{Y/10.#=MINEXP)+0.5
CALL GRAPH (NFLOT»44,-1)
470 WRITE QUTPUT TAPE 3,780,TH(K)
700 FORMAT{ 39H1 ELASTIC SCATTERING CROSS SECTION I ///)

710 FORMAT({ 9H ELAB=F10.6, 8H CM =Fl10.6, 8H CMT=
XF10.6, 8H 2IP=F10.6// H VR=F10.6, ™ Vi=
XF10.6, 10H ALPHA=F5.3, 8H BETA=F3.1// TH- RO=F10.6,
X 7H R1=F10.6, TH RW=F6.3,

X TH AQ=F10.6, TH BO=F10.6//
X 8H ETA=F10.6, 6H K=F10.6//}

720 FORMAT( 113H THETA CRSX CRSX/RUTH THETA

X CRSX - CRSX/RUTH THETA CRSX CRSX/RUTH/ /)

730 FORMAT( 3(0PFl2.1,1P2E13.4))
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FORMAT (9HO LMAX=13, 9H RMAX=F10.4, TH H1=F10.4, 7H H2=
F10.4, 10H RINTP=F1l0.4//}

FORMATI( 110HO L CR Cl SI6G

PHIR PHII TAN T(L)//)

FORMAT(I110,7E15.5)

FORMAT( 28HO REACTION CROSS SECTION =1PEl5.5)

FORMAT(1H+F8.4)

GO TO (10,204591)4KCNT

RETURN

CALL EXIT

END
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