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TWO-NUCLEON TRANSFER REACTIONS IN THE LIGHT ELEMENTS
Joseph Cerny III
(Ph.D. Thesis)
Lawrence Radiation Laboratory

University of California
Berkeley, California

May 23, 1961
ABSTRACT

~a,d reactions in the light elements have been investigated in an
attempt to determine their usefulness as spectroscopic probes. Deuter-

on energy spectra from the Lié(o.,d)BeS, Li7(a,d)Beg, Clz(a,d)N14,

N14(a,d)016, and le(a,d)O17 reactions were measured and angular
distributions are given for deuteron groups arising from the formation
of resolvable final states.

Selection rules for two-nucleon transfer reactions are discussed.
Direct-reac\tion a,d or d,a transitions between 0+, T=0 and 0+, T=1
states are shown to involve difficulties with ’angular momentum and
parity conservation in addition to requiring nonconservation of isotopic
spin. The unobserved Clz(a,d)N14*(2.31—Mev)transition is interpreted
from this point of view.

Marked variation in the relative cross. sections of final states
was observed in most of the deuteron spectra. Some evidence was
obtained that the captured nucleons prefer to enter equivalent shell-
model levels and, lacking that, adjacent levels. No final states defi-
nitely known to involve more than two excited nucleons were observably
populated; however, very few states of this nature have been theoret-
ically established.

Glendenning's two-nucleon stripping theory was applied to the
deuteron angular distributions, and several excellent fits were obtained.
The fits, in general, showed little dependence on the nature of the final
nuclear configuration when several were reasonable, so that no spectro-
scopic identification of final states appears to be possible at these high-

momentum transfers. Angular distribution fits using Butler theory are

shown for comparison.



I. INTRODUCTION

The successful interpretation of simple direct nuclear reactions
involving the transfer of a single nucleon has been followed by an in-
creasing interest in two-nucleon transfer reactions. The mechanisms
involved in these latter reactions, and especially their utility as spec-
troscopic probes, are of considerable importance; many He3,p reac:.
tions, primarily at low beam energies (®5 Mev), and a few t,p and

1,2,3

He3,n reactions have been investigated. By contrast, few a,d

5,6 and in these little attention has been

reactions have been reported,4’
devoted to the spectroscopic nature of the final states formed or to the
use of this reaction to determine isotopic spin impurities. 7 Of the in-
verse reactions, primarily the d,a and p,t have been reported(e.g.,
Refs. 8,9). _
The a,d reaction in the light elements with 48-Mev helium ions
leading to fairly low-lying states of the final nucleus might be expected
to proceed predominantly by a direct-reaction mechanism, since the
previous a,d studies4’ 6 at 43 and 48 Mev (also the ‘CIZ(a,p)N15 reac-
tionlo’ 1l at helium ion energies of 31 to 40 Mev, and various a,t reac-
’cions12 at 48 Mev) show strong direct-reaction effects. With the recent

éppearance of fairly detailed two-nucleon transfer theories---such as

- Glendenning's plane-wave, finite-size incident particle, two-nucleon

stripping theory13-——the possibility of spectroscopic identification of
states through fitting the deuteron éngular distribution from an a,d
reaction can be studied; of course, a plane-wave approximation theory
applied to a,d reéctions may not be very successful, since interactions
strong enough to break up an incident helium ion are expected to cause
considerable distortion of the outgoing deuteron wave.

If, in the a,d reaction; the helium ion can be considered to
transfer a deuteron directly to the target nucleus in a single interaction,
the captured particles will be in a relati‘ve 381 "state unless the inter-
action potential causes a spin flip of only one of the transferred nucleonvs.
The final states which are strongly populated might arise from the pref-

erence of the captured pair to enter equivalent shell-model states rather



than inequivalent ones; e. g., higher cross sections for stripping both

particles into the same shell rather than into different shells might be
observed. Also, tran'sitions to final states whose description involves .
three or more excited nucleons, should not be appreciably observed,

assuming that core (target nucleus) excitation is improbable in these

<

transfer reactions. _

If nuclear for.ces are charge-independent, a,d reactions can
produce only those final states’ which have the same isotopic spin as the
target nucleus; dependent upon the detector resolution available, it may
be possible to determine the isotopic spin quantum numbers of those
final states whose configurations involve two-nucleon excitation, or less,

by their presence or absence from the deuteron spectra. Many
‘ 0+, T':0—> 0+, T¥1 d,a transitions--which obéy the same selection
-rules as the a,d reactions--have been studied from this point of - .+
Qiew. 7’ 15 Such transitions produced by a compound-nucleus mechanism
are inhibited by angular momentum and parity conservation in addition
to conservation of isotopic spin. 16 It will be shown that for a,d strip-
ping reactions (and d,a pickup reactions) the angular momentum and
parity-selection rules strongly inhibit these particular transitions, and
that very similar difficulties arise in o.,o,' inelastic séattering reactions
in which 1.+, T=0—~ 04, T=1 transitions are usved to measure isotopic
spih irﬁpﬁrities.

‘ - In order to investigate the above potentialities of the a,d direct
reaction in the light nuclei, experiments were undertaken on one even-
even tarvget nucleus (Clz), two odd-odd target nuclei (Li6 and N14), and

two odd-even target nuclei (Li7 and N15).



II. SELECTION RULES
AND EVALUATION OF ISOTOPIC SPIN IMPURITIES

It is the purpose of this section to develop the selection rules
arising from angular momentum and parity conservation which are
applicable to two-nucleon transfer reactions and to indicate their approx-
imate validity. In addition, certain of these transfer reactions give
information on the isotopic spin impurities of various nuclear states
through observed failure of isotopic spin conservation; the nature of
these breakdowns is discussed and two of the usual transitions investi-

gated to . measure them are anaiyzed.

A. Total Angular Momentum and Parity Conservation

in Direct Reactions -

The conservation of total angular moméntum between the initial
and final states of a system produces selection rules on the values of
the total orbital angular momentum L that may be transferred in a
given stripping reaction, and it is L that characterizes the angular
distribution of the outgoing particle. In general, the conservation of
parity then further restricts these values of L. .Consider an a,d
reaction on a target nucleus Ji’ ™ producing final states Jf, T
The conservation laws require

J

f n “p n p

=J,+L+5, where T=1 +7, S5=§5 +5 ' (II-1)
(ln, ‘epv are the orbital angular momentum quantum numbers of the
states about the target nucleus '"core' into which the neutron and proton

are captured, and s'n, s’p, are their intrinsic angular momenta),

and - nf;wi(-)ﬂn”’P : (I1-2)

(which assumes that the reaction does not chahge the parity of the core).
This parity selection rule would not additionally restrict the

values of L obtainable from Eq.(II-1) and the definition L = -fn+7p, and

so would, in general, permit contributions from both even and odd L in a

. - o . 3,17
given transition. However, recent two-nucleon stripping theories



show

£
me = m () pHes m (F, (11-3)

which relates the total orbital angular momentum transfer to the parity -
change of the reaction. The reason for this, as given by Glendenning,

is the following. One may resolve L into a center-of-mass angular v
‘momentum A and a relative angular momentum X\ of the pair of

nucleons to be capturéd from the incident (plane-wave) helium ion.

Then L="A+X 1is the angular momentum of the captured pair and

(AN

predominantly in their lowest states, i.e., in s states, one obtains

is their parity. Since in'the incident nuclide the nucleons are

A = 0 as an excellent approximation by neglecting any minor contribu-
tions.. from higher relative angular momenta the captured pair might
possess. 18 From this, the parity selection rule (II-3) readily follows.

Selection rules on the total spin S of the captured particles for

several two-nucleon stripping reactions are listed below13’ 17-—the
foregoing discussion is applicable to all of them:
a,d - S=1,
3 . '
He”,p - 5=0,1, . (II-4)

. vt,p b__.an_d Hé3,n - S=0.

A simple development of these rules is given in the following section,
and they are valid unless a spin flip of only one of the captured parti-

cles can occur.
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B. Isotopic Spin Conservation

1. General Discussion--Direct Reactions

If, as experiment continues to validate, one may assume the
charge independence of specifically nuclear forces--i.e., that p-p,
n-n, and n-p forces are equivalent after correction for Coulomb effects--
it is possible to treat low-Z nuclei as assembli.es of identical particles.
This can be done by introducing a general particle called the nucleon
with two isotopic-spin projections: +1/2 for a neutron and -1/2 for a
proton. These are then defined to be eigenvalues of ts the z. -com-
ponent of a new quantum number {and constant of the the motion for the
nuclear Hamiltonian, which omits Coulomb forces) called the isotopic
spin T; ts may be defined in general for an arbitrary nucleus as

7,19 -22

t, = % (N-Z). This concept has been developed in detail, and

3
we are concerned with its results in terms of the classification of nu -

~clear states using the Jﬂ, T quantum numbers and the application of

. . . . . 23 ..
isotopic spin selection rules to nuclear reactions. Since He and

2 P . = _
" areboth 320,20 nuclel T, ;01 = Tfinal |
or a d,a direct reaction canileadonly’tosfimal-huxctear states:pessessing

requires that an a,d

the same isotopic spin as the target nucleus provided that the isotopic. -

spin is a good quantum number; hence, for example, a,d reactions on

,-CIZ(T=0) can not produce T=1 states in N14. Similarly, the fact that

He3' and Hl' are both t3=ﬁ-i'1Z,2, T=1/2 nuclei permits He3,p or 'p,He3
transitions to final nuclear states that differ by zero or one unit of
isotopic spin from the target nucleus.

We can obtain the selection rules on S by considering which
relative S states are available for the two particles being éaptured,
as governed by isotopic-spin conservation and the Pauli principle and
subject to the earlier assumptions. The Pauli principle restricts this
system of identical particles to antisymmetric wave functions; these
wave functions can be taken to be simple, antisymmetrical products of

separate space, spin, and isotopic spin functions.
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a. a,d reaction

Here T. . -T . =T T -T.,=0-0=0.
incoming outgoing “transferred: Sd e
helium ion deuteron  pair ’

This restricts the n-p system of relative o_rbital S motion to its T=0
state, (i.e., space symmetric, isotopic-spin antisymmetric), so that
S=1 'is required. Hence the two nucleons enter in a 13S state; the

(2T+1)(2S+1). 1

notation is >\ 45 which for this discussion is

(2 T+1)(28+1)g
S

b. He3, p reaction

Here T 3- Tp—l/Z —1/2 =0,l1.

An over-all antisymmetric wave function requires S=1, 0, respectively,
hence the two nucleons can be captured in relative 1351 and 3150
states. |

c. t,p or He3,n reaction.

Here _Tt-Tp = I?Z_-l—/—Z:(f,l (this also holds for He3,n). How-

ever, the n-n (or p-p) system possesses only T=1 states, so that S=0

is required and the only allowed state of entry of the two nucleons is

31
SO'

2. Isotopic Spin Impurity

The isotopic spin operator does not commute with the nuclear
Coulomb forcve operator, and the resulting mixing of different eigen-
states of the isotiopic spin is often calculated!by treating the Coulomb
force as a first-order perturbation of the system, thereby mixing
states of isotopic spin T, QJ’JW(T'), into states of initially pure isotopic
spin T, Lp 1T(T) The amplitude of this mixing, aT(T'), is given by
a (T) s/(E J" —E ) where H represents the Coulomb force
operator.7 One would expect HTT' to be much larger for heavier
nuclei than for light, which decreases the usefulness of isotopic spin for
heavy nuclei; bthe neutron excess in intermediate and heavy nuclei also

limits the application of isotopic spin, since the theory usually treats

a given nucleus as a system of particles in equivalent states about a

o>
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single closed shell. The existence of isotopic spin impurities in the
nuclear states means that the isotopic spin selection rule is not strictly
obeyed, but can be weakly violated through the impurities.

The effect of the isotopic spin impurity depends upon the mech-
anism of the nuclear reaction. For direct reactions, an.. isotopic spin
forbidden transition can occur only through the isotopic spin impurities
of the initial and final states, which for ground and low-lying states in
general are small. Macdonald has calculated the total isotopic spin
impurity of the ground states of various light nuclei and the values range
from 1X107° in He* to 4X107° in 0% to 2x107% in 1%, 21+ 24,25

For compound-nucleus reactions leading to excited intermediate
states, however, greater isotopic spin impurities may be present owing
to the closer proximity of levels of the same J" and different T. | For
this case, Lane and Thomas15 and Wilkinson26 have shown that two ~
energy ranges of the compound system exist within which the isotopic
spin selection rules should be obeyed. ‘

(a) At low excitation of a compound nucleus, the Coulomb force matrix

- element may be much less than the"average spacing between levels of the

same J' — that is <I—IC> << DJTT— so that the Coulomb force will be too
weak to mix effectivelgr states of different isotopic spins.. Thus the
intermediate states will possess fairly pure isotopic spins and the con-
servation law will be obeyed. ‘ ‘

(b) The formation of a highly excited compound nucleus in a region of
large level widths <1"~Ini',‘: (lifetimes = H. /<I\Tﬂ> ) initially produces a
"total'' state which approximates as closely as possible the isotopic spin
of the initial system. This total state arises from many simultaneously
excited overlapping levels, each of which is no longer expected to have
a well-defined isotopic spin; it is characterized by a time-dependent
picture involving the changing phase relationships of these levels, and
a suitable choice of their phase relationships can be used to approximate

the initial system isotopic spin. Then, if the total state breaks up before

the Coulomb forces--which act in a characteristic tim'e_27’~”"h/ <HC> —-

, ‘ c i
produce appreciable isotopic spin mixing, i.e., for <H ><< <1'\T > ,
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the conservation rules should be obeyed. In between these regions
where neither of the above inequalities is satisfied, strong isotopic
spin .nonconservation may be observed. For light 4n-type nuclei
(A € 20)Wilkinson estimates the intermediate region to begin at 14 to
22 Mev and to end at 22 to 30 Mev. 26

Although we are mainly concerned with transfer reactions, some
consideration of the isotopic spin impuritiy of compound-nucleus inter-

.mediate states.is required in the following section.

(C!3), Measurements of Isotopic Spin Impurity in Nuclear Reactions

Many d,a isotopic spin "forbidden'" transitions, primarily at
compound-nucleus energies, have been investigated. (Reference 15
gives a summary of these and other similar investigations through ca

1956) Many of the specific transition studied, however, have been

0+, T=0— 0+, T=1 d,a reactions (and 1+, T=0 - 04, T=1 a,d}' reactions),
and these vinvolve difficulties with angular momentum and parity con-
servation in addition to requiring nonconservation of isotopic spin. The
0+, T=0 - 0+, T=1 a,d transition, which is involved in one of the ex-
perimenfs to be discussed, presents the same problem as the d,a above.
These transitions are discussed .in the following pages.

1. 0+, T=0 - 0+, T=1a,d and d,a Reactions

For concreteness, let us consider the transition . .
C12[0+, T=0] (a,d)N14*[2.31 Mev, 0+, T=1] with 48-Mev helium ions‘--
an expected direct reaction, and one of the reactions investigated in this
thesis. It is apparent that this transition is isotopic-spin forbidden
(Section II-B1l), and might be used to determine isotopic spin impurities.
However, Eq. (II-1) as recast (angular momentum conservation),

%+%+SZszT

f+Ji+S| . (1I-5)

min
readily shows that the production of a J=0 final state from a J=0 target
through capturing a pair of nucleons coupled to S=1 requires L=1; con-
versely, the parity-selection rule (II-3) restricts this transition to even

values of L. Hence, to the extent that the assumptions made in obtaining '
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Eq. (II-3) and (II-4) are valid, the reaction under consideration is also
forbidden by angular momentum and parity conservation. Since, in

general, low-lying 0+ levels in light odd-odd nuclei formed from the

.odd neutron and proton in equivalent states about an undisturbed even-

even core are T=1, many 0+ -0+ a,d and_d,a tr\ags_'figeactions will

———

be strongly-inhibited by both angular momentum and parity conservation
— e 7 ——

—— - TR ——— —— —

and isotopic spin conservation. Transitions to highly excited 0+ states
of other than the previous origin, for which Cbulomb interactions might
have produced gréat isotopic spin mixing, would still be inhibited by the
angular momentum and parity selection rules. .

Hashimoto and Alford show that 0+— 0%ud,a (ar,d, d)lt'r.ah?s'itio:ns',
are not strongly inhibited by angular momentum and parity conservation
when the reactions proceed through formation of a compound nucleus 16
the only requirement is that the angular momentum of the incident and
emitted particles be equal. (The angular distribution of the outgoing
particles from this transition will be symmetric about 90 deg.) This
requirement deters the reaction as follows: a d,a reaction on a 0+
target produces intermediate states with spin j=f4, £q+1 and parity
( - )ld, and only one—third. of these (the states:of spin ld) can possibly
decay by alpha emission to a 0+ final state.. These compound-nucleus
reactions from 04, T=0 - 04, T=1 states are then further inhibited by
isotopic spin conservation dependent upon the isotopic spin impurities
of the particular compound nucleus involved and of the initial and final
states. ‘

In principle, then, a,d or d,a .transitions in which compound-
nucleus processes dominate should more readily measure isotopic spin
mixing. Since estimates of isotopic-spin breakdown usually arise through

comparison of the "forbidden' transition with an allowed transition to

“an adjacent level, it is necessary to (a) estimate the relative cross

section if both reactions were isotopic-spin-allowed, and (b) be
certain that the reference transition contains little direct-reaction
component. If the latter condition is not met, the amount of isotopic
spin impurity may be undereStimated, 28 because "forbidden'" transitions
arising from direct-reaction effects should be very small under'these

conditions.
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Under expected a,d direc;:— reaction conditions-- as for the
particular Clz(o.,d)NM* transition cited--any '"forbidden'" deuterons
that might be observed would probably result from one of the following:

a. from the stripping part of this a,d reaction, through

(i) a breakdown of the parity selection rule (II-3) from con-
tributions of other than S states of relative angular momentum in the
projectile, operating in conjunction with the isotopic spin impurities
of the initial and final states, and (or)

(ii) a spin flip of only one of the incoming nucleons, coupled
with the isotopic spin impurities of the initial and final states; or

b. from a possible compound-nucleus part which would then be
limited by a low compound-nucleus probability for deuteron emission
- and the restrictions on these 0+— 0+ transitions, and then allowed through
the various isotopic spin impurities (the 43-Mev excitation of the com-
pound nucleus places it well in the high-energy region where the isotopic
spin selection rule is expected to be fairly well obeyed).

'If this transition proceeds according to these mechanisms, the
origin of any "forbidden'" deuterons will not be clearly defined. An ex-
perimental comparison of the cross section for
Clz(a,, d)NMt:k (2.31-Mev) 0+, T=1 with the cross section for
Clz(a, d)N14 (g.s.) 1+, T=0 will af-ieast indicate the extent of the various
"breakdowns'' listed under (a) _aéxngg)l abo(\irter. As will be prese'nted
— g5 4t 15 deg was < 0.95% .

dQ2 dQ
These circumstances indicate that measurements of isotopic

later, the cross-~-section ratio

spin impurities in a,d and d,a transfer reactions should be made for

other than 0+, T=0 - 0+, T=1 transitions.

2. 1+, T=0- 0+, T=1 a,a' Reactions

The difficulties in obtdining meaningful information on isotopic
spin impurities in these reactions are very simildr to those for the
above case.

For direct-interaction inelastic scattering involving singie—

nucleon excitations, the angular momentum restrictions on L arise
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from Eq. (II-5), with §=5 S = 0-0=0; and the parity

incoming = “outgoing ~
particle ~particle
. . WL 14 . e
selection rule is LPL (=)7." " Evaluating these selection rules for

14, T=0 -0+, T=1l a,d' transitions again shows that angular momentum
conservation requires L=1, whereas parity conservation requires L
even. Since these selection rules are expected to be rigorous, this
transition through a direct-interaction mechanism should not be allowed,
independently of the extent of conservation of isotopic spin. The same

J+1

would of course be true for 0+, T=0— J(-) , T=1 o.,a' single-particle

excitations. '

- Compound-nucleus inelastic scattering between these states
follows an identical analjrsis to the above kcompound-nucleus d,a
reactions. Care should also beé taken here in evélua‘ting isotopic spin

impurities to be certain that the reference transition used contains only

a negligible surface-interaction component.
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III. EXPERIMENTAL METHOD

A. General Procedure

Deuteron spectra and angular d1str1but1ons were obtalned from
48 Mev hel1urn ion bombardments of L16, Li7,v C12 N14, nd N15
V usmg the deflected external beam of the Crocker Laboratory 60-inch
cyclotron.: As shown in Fig. I, 'the beam was brought thréugh a quad-
rupole focusing magﬁet a small steering magnet, and a 3/16-inch-
dlameter graph1te colhmator into a 36-inch-diameter scattering chamber.
The deuterons were dlst1ngulshed from other charged particles
in the following manner: First, the particles passed through a trans-
mission ;:ounter (CsI crysfal or silicon detector) which measured an _
. engrgy-loss' AE proportional to their rate of energy loss g% ,vrand
then they were stopped in a Nal crystal which measured their remaining
énergy, E. Second, these pulses wére fed into an electronic particle

29,30 the output of which is proportional to the product of

identifier,
the mass of the pérticle times the square of its charge. Third, pulses
from the particle identifier that corresponded to deuterons were used

to trigger a Penco 100-channel pulse-height analyzer, which then re-
corded the energy spectrum of the deuterons. A more detailed descrip-

tion of the equipment and its operation is given below.

B. Scattering-Chamber Area Equipment

The primary equipment in the experimental area is shown in H
through L, Fig. 1. The detectors were mounted on a remotely controlled
rotating table which comprised the bottom of the 36-inch-diameter -
scattering chamber. 31,32,33 Although the detectors could be rotated
to any desired angle within the scattering chamber, measurements at
less than 10 deg or greater than 167 deg (laboratory system) were not
possible because the edge of the detector mount intercepted part of the
helium ion beam. A remotely controlled target holder was mounted in
the lid of the chamber. The scattering chamber was evacuated by a

local pumping system, which consisted of a refrigerated 6-inch dif-

fusion pump backed by a Kinney mechanical pump.
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Fig. 1. Experimental arrangement. A, Iron pipe; B, adjustable
: slit; C, quadrupole focusing magnet; D, cyclotron vault;
E, shielding wall; F, steering magnet; G, 3/16-in.-diameter
collimator; H, 36-in. scattering chamber; I, target;
J, counter and foil wheel; K, foil wheel for measuring beam
energy; and 1, Faraday cup.
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A foil wheel with various amounts of aluminum absorber, which
could be operated by remote control, was placed in front of the counter
telescope. This permitted variation in the energy of the particles

incident on the detectors, which was useful in establishing energy

~scales. . It was also used in adjusting the particle identifier, as de-

scribed later.

- The beam intensity was measured withra Faraday cup. connected
to an integrating electrometer; the former was placed at the back of the
scattering chamber. Two remotely controlled twelve-position foil
wheels, located between the scattering chamber and the Faraday cup,
contained varying amounts of aluminum absorber and were used to de-
termine the beam energy. This was done by interposing sufficient
aluminum to measure the beam range; these ranges in aluminum were -
converted into energies by means of helium ion range-energy tables3
based on experimental proton range-energy data.

Target thickness was continuously monitored by measuring the
helium ions elastically scattered from the target at a fixed angle
(approx 20 deg). The monitor was a CsI(T1) crystal mounted outside °
the scattering chamber and separated from it by a thin aluminum

window.

C. Detectors and Electronics

1. AE Detectors

During the course of the experimental work, two different AE

detectors were employed, and both detector:systems are represented
schematically in Fig. 2. The detector first used for measuring the

AE proportional to the rate of energy loss of the particles was a CsI

~crystal, 135 mg/cm2 thick and 5/16 inch in diameter. This crystal was

viewed at an angle of 45 deg and a distance of 4 cm by a Dumont 6292
photomultiplier tube, which was operated at approx 1100 volts. The
Csl resolution -- full-width at half maximum -- for incident deuterons
of 20.5 Mev (elastically scattered deuterons degraded from approx

24 Mev to permit greater energy loss in the crystal) was 14.2%for a

3.1-Mev energy drop.
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Fig. 2. The AE-E counter-telescope systems used.
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Development of semiconductof radiation detectors at the
Lawrence Radiation Laboratory led to the investigation of diffused-
junction p-n detectors in the hope of obtaining better resolution than
was possible with the CsI crystal. A \/;ery satisfactory detector was
developed36 which consisted of a 15.5-mil-thick silicon wafer with
phosphorus diffused on the side that faced the beam, and a eutectic
formed on the opposite side with evaporated aluminum. As shown in
Fig. 2, the silicon detector was mounted in a Teflon holder and the
signal was taken from the n side; the output pulses were then fed into
a low-noise préamplifier37 and sent to the counting area. Its resolution
for 20.5-Mev incident deuterons was 10.9 % for only a 2.1-Mev energy
drop in the 62—rhg/cm2 depletion layer prodiuced by a reverse bias of
180 volts. THis greatly improved resolution led to"theincorporation
of the silicon detector as the standard AE counter. An example of the
improvement in the particle-identifier spectra taken with the silicon

“detector as compared with the CsI crystal will be shown below.
2. E Detector

A Nal(Tl) crystal, 1/4 inch thick and 1 inch in diameter, was
used to measure the particle eﬁergy that remained after passing
through the AE counter. The crystal was packaged in an airtight
aluminum container which was 0.00025 inch thick in the region where
the particles entered it; a Dumont 6292 photomultiplier tube, operated
at about 850 volts, was placed in contact with a transparent window on
the crystal. Analysis of the various deuteron energy spectra showed
that this system gave 3 to 4% resolution.

The counter system was usually placed so that the brass colli-
mator, which preceded the AE- detector and defined the solid angle,

was from .about 8 to 10.5 inches from the target.

3. Electronic Particle Identifier

The theory and operation of this electronic system have been
discussed at length elsewhere, ? so that only a brief discussion i5

given here.
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" The principle of operation of this particle identifier arises from
‘an approximate relationship obtained from the nonrelativistic equation

for the rate of energy loss of charged particles in their passage through

matter. This equation can be stated38

2
@ ) ClMZ e
dx E T2

’

S

where M, Z, and E are the mass, charge, and energy of the particle,
respectively, and Cl’ C2 are products of constants. ’It has been shown3
that the addition of a properly selected constant EO to the total energy
of a particle will partially compensate for the log factor in the above
eq‘uation, so that over é wide range of energies the product of (E+EO)
and dE/dx will be closely proportional to the mass times the square
of the lc':hafge of the particle. Since the measurement of dE/dx in
practice requires a finite energy loss, AE, it is also necessary to add
to the measured energy from the stopping counter a certain amount of
this AE as KAE, in order that E and AE may correspond to the
same particle energy (in first approximation K would be 1/2). A

final expression for MZ2 would then be

| MZZ'_”(E+EOV+YKAE)AE.

The multiplication of the E and AE pulses that are fed into
the particle identifier is accomplished electronically by utilizing the

relation

(A+B)® -(A-B)® = 4 AB,

where A=E+E_ +KAE and B = AE. The squaring necessary is per-

0
formed by two Raytheon QK-329 square-law tubes.

In the actual operation of this pulse multiplier, K and E0 are
left as adjustable parameters to permit optimization of the particle

separation. Since EO is introduced as a dc bias on the deflectors

of the square-law tubes, it is possible to have spurious output pulses

arising from the product of E, and AE in those cases in which parti-

0
tles: stop in the A E detector without striking the E detector. These
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spurious pulses are eliminated in the particle identifier output spectra--
. to be called multiplier spectra -- by requiring a coincidence between
.an E pulse and this output pulse. In this manner, multiplier pulses

are obtained which, if only charge-1 particles are considered, have an

amplitude nearly proportional to the mass of the particle observed, over -~ -’

a wide range of energies.

4. Pulse-Height Analyzer

A Penco 100-channel pulse-height analyzer was used to analyze
the vpulses; from the crystals and the multiplier. The Penco has a co-
| in¢idehce circuit, ‘so that éignal pulses can be required to possess a
| correéponding t'rigger pulse. A minor modification of the Penco per-
"miﬂtted;”sAi_ngle—channel" analysis of the trigger pulses through the use

of variable upper and lower discriminators.

5. Over-All Circuitry

A block diagram of the counting equipment as set up with the
silicon AE detector is shown in Fig. 3. When the CsI AE detector :.
was used, the circuit was essentially the same except that the photo:=-7 "
multiplier output was sent to a cathode follower rathéer than to the pfe—
amplifier. |

. The multiplier circuitry required positive pulse input, so the
Franklin l-psec DD-2 amplifiers onthe E and AE lines to the
multiplier were followed by pulse shapers that elimin.ated the negative
half of the DD-2 output. The rest of the electronic equipm‘ent per-

formed its standard function.
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Fig 3. Block diagram of counting equipment for recording deuteron

energy spectra.
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D. Method of Operation

1. Multiplier Spectra

The initial tuning of the multiplier was achieved by the procedure
of Briscoe. 29 Then, 24-Mev deuterons were elastically scattered from
a target foil (often gold) at 15 deg (lab),and the multiplier output, which
should be primarily a single peak arising from the deuterons, was dis-
played on the pulse-height analyzer. The energy of the deuterons inci-
dent on the counter telescope was varied down to approx 10 Mev by
means of appropriate absorbers, and EO and K were adjusted to
obtain a multiplier pulse height that was as nearly as possible inde-
pendent of the deuteron energy. Final adjustment of the multiplier was
made during helium ion bombardment of the target to be investigated.
(At small angles an absorber thick énough to stop the intense beam of
elastically scattered helium ions, which would otherwise have saturated
the electronics, was placed before the counter telescope; the amount of
absorber was progressively decreased with increasing angle, usually
reaching zero at 45 deg.) The multiplier output in cointidence with an
E trigger was again displayed on the Penco,and three peaks corre:-
spending to protons, deuterons, and tritons were observed. Small

ch'angesv in E; and K were made to optimize the separation of the

groups. A tygical multiplier spectrum from C12+[—Ie4, using the CsI
AE detector, is shown in Fig. 4; little separation of the small triton
group could be obtained. Figure 5 shows a multiplier spectrum, again
from C12+He4, but with the silicon AE detector; this particular spec-
trum was adjusted for maximum deuteron-triton separation for purposes
of comparison with the CsI results. All multiplier spectra presented

subsequently were taken with the silicon AE detector.

2. Enei'gy Spectra

The energy spectra of deuterons from various bombardments
were obtained by counting with the Penco all E pulse signals in co- -
incidence with a multiplier pulse trigger that corresponded to deuterons.

This trigger was established by using the multiplier output as both
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signal and trigger to the Penco and then by adjusting the lower discrim-

~inator on the gate to correspond to the center of the proton-deuteron
"valley and the upper discriminator to correspond to the center of the
.deuteron-triton valley, so that only the deuteron peak 'was observed on
- the Penco. When this was set, the trigger pulse was left unchanged

.and the E pulse was introduced as the signal to the Penco.

Frequent checks were made which established that the number
of deuterons counted as signal pulses corresponded to the number of
deuteron triggers that should arise from correctly set discriminators.
This was done by recording the total multiplier spectrum with an E
trigger for a given amount of beam and determining the number of
pulses that arose from deuterons. The trigger discriminators were
then set for deuterons and an energy spectrum was obtained for the

same amount of beam. The total number of deuterons counted was

‘compared with the number expected from the multiplier spectrum; these

numbers agreed within 2 %.

Deuteron spectra from various targets were obtained at labora-

sections observed in the region of the latter angles did not seem to
make it worth while, in terms of counting time, to go to larger angles.
In order to be certain that only deuterons were recorded in the energy |
spectra, multiplier spectra were observed and the discriminator set-

tings on the deuteron peak re-set at about 10-deg intervals.

E. Targets

1. Solid Tar gets

The L16 and Li7 targets were uhsupported foils rolled from :
99.3 % enriched Li6 metal (obfainéd from Oak Ridge National Laboratory)
and from natural lithium, réspectively. Target thicknesses of both
were determined by measuring the beam range with the target both in

4,39

and out and then (:onver’cing3 this differential range in Al to the
rahge in Li6 or natural lithium. The L16 was approx 9.8 mg/cm2 thick,

LT
and the Li , approx 3.8 mg/cmz; comparisons of absolute a,d cross
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sections calculated from independent runs showed the thickness deter-
mined above to be accurate to only £30% because of the nonuniformities
in these targets.

The carbon targets were prepared-by carbonizing circles of
Whatman filter paper clamped between two graphite blocks. These
targets were fairly uniform and quitev easy to handle. In a preliminary

‘run on the Cl‘2 (a,d)N14 reaction, a deuteron peak arising from the

-O16 (a,d})Fls* transition (approx 1.0 Mev)was observed. The oxygen
impurity was almost completely removed by heating the targets to
1400 ©°C in a vacuum for several hours and then allowing them to cool
to below 2000C before exposure to air. However, a residual trace of
this deuteron group remained which was not removed by a second vacuum-
furnace treatment of the targets. The thickness of the foils was meas-
ured by weighing a known area; two foils that were bombarded together
gave a total thickness of 3.57 mg/crn2
In order to avoid errors in relative cross-section measurements

introduced by possible nonuniformities in all the above foils, the targets
were positioned at a constant angle to the beam, usually 45 deg, for

the entire series of measurements.

2. Gas Targets

Gases were bombarded in a 3-inch-diameter, 2.5-inch-high gas
holder placed on the target mount inside the scattering chamber. The
gas holder had two dpptox. 120 deg; 0:001-inth Dural, 3/4~inch=high
windows, and could be rotated to permit measurements at any laboratory-
system angle. This system was connected to an external manometer
and to a pumping unit so that the gas pressur.;could be read and the gas
changed if desired. An additional 1/8-inch-diameter slit was placed
about 5.5 to 7 inches ahead of the counter collimator to define the solid
angle for gas target bombardments.

'Both natural nitrogen and 94.6 % N'® obtained from the Isomet
Corporation were investigated. The effective helium ion energy was
about 46.5 Mev when the gas holder contained nitrogen at 76 cmm Hg and
20 °C.
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F. Data Reduction

1. .Energy-Level Analysis

' - In order to determine the energies of the various final states
.populated, it was necessary to establish a correspondence between the
channel number of a deuteron group on the pulse-height analyzer and

its energy.  Afterthe E signal to the Penco was adjusted to utilize as
much .of the Penco range as possible, cyclotron-accelerated deuterons
were used to establish an energy scale on the Nal crystal from approx
20 Mev down to about 10 Mev by using appropriate absorbers. Then,
this scale was extrapolated and used to identify well-known isolated
deuteron groups‘at higher energies, which arose from the particular
-a,d reaction being-investigated. The points from these identified
groups and from the accelerated deuterons established an-energy-vs-
channel calibration of the Penco which covered the entire region of
interest. Spectra were taken at various angles and the energies of
other groups in the a,d reaction spectrum were obtained. The dif-
ference in energy between these groups and the ground-state transition
was determined; these differences were converted to energy separations
between the partiéular excited states and the ground state of the product
~nucleus. After it had been verified that each energy separatio;q deter-
mined was relatively constant over a wide angular region -- which
indicated that the reaction was following the kinematics of the particular
A(a,d)B* transition investigated and not one from a known or unknown
impurity ——.the values of this quantity were averaged to establish the

excitation of the final state populated.

2. Differential and Total Cross Sections

The conversion of the number of counts observed in a given ..
deuteron peak per pcoulomb of beam to a differential cross section
for either solid or gas targets was done by standard methods (e. g.,
Ref. 40). Total cross sections were obtained by integration of the
differential cross sections according to the equation

Jn do L ‘do
o= 2m . o smOdG:ZTr[_l I d(cos#8).
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In practice, the second expression was evaluated by plottin
‘n p P yP g
g% vs cos 0 and obtaining the area under this curve with a planimeter.

The fnajor error in the total cross sections for those cases in
which the target thickness could be accurately measured was the statis-
tical error in the determinations of thé'differehtiab cross: sectiohs.: The
errors due to counting statistics varied from about 2 to 3%at small
angles to about 6 to 9 % at the largest angles investigated. For this
reason, the error in the total cross sections is expected to amount to
+ 10%after additional minor errors arising from uncertainties in target
thicknes-s, beam measurement, and solid-angle evaluation are incorpo-
rated. In some cases the subtraction of a fairly high background was
required, and this introduced appreciable error. Whenever target
thickness or background subtraction uncertainties produced an absolute
. error greater than 4+ 10%, the nature of the contributing error and the
absolute accuracy to be expected are discussed in the appropriate re-

sults section.
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IV. NUCLEAR STRIPPING THEORIES APPLIED "'

In order to determine the pos sibility of spectroscopically identi-
fying final states in an a,d reaction through fitting the angular distri-
butions of the outgoing particle by use of a fairly detailed theory, the
two-nucleon stripping theory.of _Glenvder'mingl‘3 has been utilized. In
addition, It};.e nature of the fits should indicate the extent to which the

approximations of this theory are satisfactory, thereby indicating the

‘degree to which dlstorted wave calculatmns, for example, might be

: I:equlred to represent these data. Comparisons with the results of

Butler theory are made, since this theory has been fairly successful in
interpreting single-nucleon transfer reactions and has been applied in
some cases4’ 5,6 to two-nucleon transfer reactions. The use of Butler
theory would be most appropriate for transitions to final states which
possessed a strong cluster parentage of the target plus a deuteron. The
results. of both these theories have been programmed for the Un1vers1ty

of Cahforma IBM 704 computer

"A. Butler Stripping and Knockout Theory

The pfimary mechanism considered in theiah.alysis of these
a,d reactions is that of stripping two nucleons from the incident helium
ion. However, two of the target nuclei investigated, L16 and N14 can
be visualized as an even-even core plus a deuteron, and for their a,d
mechanism the possibility that the incident helium ion 'knocks out" this
deuteron and is then captured is investigated. For this latter case, a
high parentage of both '"core'" +d for the target and '"core''+ a for the
final state should be requiredﬁ.v The conoitions‘favoring _stripping or
knockout processes in general are discussed by Banerjee.

The general Butler express_ion14 used is

& | WlLERg). R | ]
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with the following definitions holding for both mechanisms:

m_ m

2.187.><1012 [—L—Z Ea]l/z (in cm_l) _

k.
ma+mT

1

md m_F
md+r§F

=
1

2.187x10'2 [ (Q-rEa)]l/Z (in cm™ 1) |

3

where M,. and M_. are the masses of the target and final nuclei (in amu)

T F
and E is the incident helium ion energy (in MevV) in the center-of-mass
systlem. ‘ -

. For stripping reactions,
Mr

BT v el

v

and Kk = [4.7_831‘1{1(:B+6.887mC ZIZZ/RO] 1/2 ><1012 (in cm—l),

where m is the reduced mass (in amu) of the captured particle in the
residual nucleus, B is the binding energy of the captured particle in the
residual nucleus (in- Mev); and Z_1 and ZZ are the atomic numbers of
the captured particle and the target nucleus.

. For knockout reactions,

;;(MT_Md>§-_ MF—Md>E
- 'MT ' i MF f

and v -,
rr [m, Zz, 1/2
. : 0

.RO

: m,Z%,. 11/2
+[4.783m2§,2+6.887 (—2-—2-) J })(1012 (in cm 1) ,
where my, ?;1, and zy (or'mz, {,2, ZZ) are the ej’ected (or incident)
particle's reduced mass (in amu) in the initial nucleus (or final nucleus),
binding energy (in Mev) in the initial nucleus (or final nucleus), and charge,

respectively; and Z is the charge of the core.
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B. Glendenning T\.;vo-NucleonvS'tripping Theory’

The two-nucleon stripping reaction was first considered by

El Nadi42’ 43 and later by‘C‘rlendenning13 and New‘ns.,17 Glendenning's

treatment leads to an expression for the angular distribution which has

' angula®* momentum and parity conservation built into it, whereas

El Nadi's does not; Newns's treatment is similar to Glendenning's
except that the latter considers explicit nuclear structure factors
{(in the j-j coupling limit) whereas the former leaves them in a general
undefined form.

‘-'Glend'enning's primary assumptions are: _

(a) plane waves are used to describe the center-of-mass motion of
the incident and out-’goiné particles;

(b) the target nucleus, unexcited by the reaction, forms the core of
the final nucleus with the captured neutron and proton in spin-orbit
states about it:- |

(c) a iGaussién form is chosen to represent the spatial distribution
of the internal wave function of the incident particle;

(d) no-internal wave function for a deuteron as the outgoing particle
is introduced (Newns17 states that when the alpha-particle wave function
is Gaussian, the shape of the resulting angular distribution will be in-
dependent of the form of an:S-state deuteron épatial wave fﬁnction); and
-(e) the capfure of the pérticles takes place when both are at the nu-

" clear surface. ‘

The ger;eral differential cross section is given by

dO‘ -KZ/SY Z

| . |
a 2L+1 'IB(lnlpL’Q)l , (IvV-1)

where B(Z IpL Q) contains the anguzlar dependence of the reaction

[except for the damping factor exp( K /SY )| and the C are nuclear

structure factors arising from the extreme j-] couphng scheme used.
[When conservation of angular momentum and parity permits a

single=nucleon stripping reaction to occur with more than one value of
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the total orbital angular momentum of the transferred nucleon, the
angular distribution of the outgoing particie is ge’nefally characterized
by the lowes'g of these L wvalues. In some cases, however, the shell-
model configuration of the final state requires the captured particle to
possess a value of L greater“than the lowest value allowed by the con-
servation laws, and one of the successes of the shell model is that this
greater L is usually observed strongly in the angular distribution
(see Ref. 44). The detailed two-nucleon stripping theories, however,
result in angular distributions involving sums over most of the L
values ailowed by the conservaﬁon laws; so that the nuclear structure
factors represent the shell-model-dependent relative weightings of the
transferred angular momenta.]. o _

A different CL is required for each of the three types of target
nuclei: even-even, odd-odd, and odd-even (or even-odd). .The defini-

- tions of the symbols in this equation are

?? f(bd -'529 , the momentum transferred to the outgoing deuteron,
Q =k - g kg the momentum carried into the nucleus by the stripped
F A
pair, o [,
' ' © o . > '2 “dptn, 2
Bl 4, 15Q) = ﬁz—o(—l) (2ot1) Ly /5 (4YRGD 3

|40

min(l .+n, L+ )\n); 2 )
xy P l i, (QR(/2)j, (ORo/2)NT2x_+T)(2x_+1)
)\p=max( ‘.lp-n l ' L.~ )‘n\ ). o ) ' : P

1N

A 1

NN AN L1
cy
0 0

Xi " pW(lnip)\n)\_;Ln) C'ng C

n
[ n n P .
P 0 0 0 O 0

n
0
where R, 1is the interaction radius chosen,

0
oy .n+1»/2- :
and In+1/2(p) -t Jn+1/z('lp)‘



.C

/

v The constant, vy, in the a ~particle internal wave function
exp(—y-zz r.lz.) was established as follows: various values of 'y were
used in atteJmpts to fit the Li6(a, 'd)B'eS(g. s.), Li6(o.,ci)Be8'*(2'.90—Mev),
.lz(a, d)N14 (g.s.), and N14(a, d)On]‘6 (g.s.) angular distributions, since
these experimental results (as will be shown below) possess well—-défined
structure., The theoretical angular distributions were found to be fairly
insensitive to chianges in vy, except for the large-angle damping to be
~discussed. in Section G-2, and good sets of fits to these data can be ob-

.. tained by using y's correspondii'ig to a-particlée radii from 1.30 to 1.45 f.
Over this range of radii, the positions of the maxima and minima of
‘these fits vary 1 to 2 deg, and the individual interaction radii vary about
0.1 f. Values of y corresponding to appreciably different a-particle
rédii, .such as the me‘asu..red'rmél‘riadiii‘s’:of\,;th_:e.za"-’pérti‘c;],ie,.‘(_;hai';ge..de;nsity
(1.68 f,45 or y= 0.22.3)(1013 cm—l), do not produce sets of fits which are
.as satisfactory as those to be presented, which use an a-particle radius
-of 1.34 f(or \{=0.280X1013 cm-l). That this analysis points to a smaller
radius than the electron scattering results may be attributable to approx-
imations in the theory. However, it is also consistent with our expec-
“tations based on the following. The wave function used to describe the
internal motion of the nucleons in the helium ion does not contain any
correlations, although such are certainly there because of the hard
corévin the internucleon force. Theref(i_re the momentum distribution
of the nucleons in the real a-particle will contain higher components
than the distribution belonging to our wai/e function. Tc')‘ get these
higher .Ycovrnpsovnents the radius of the uncorrelated wave function has to
be made smeillef. ,

Eu;ther, Cle-e) = ({QL-I\If'(an.ip) 12 | (IV-2)

where a5y 'is the transformation coefficient from LS to jj coupling,

‘ jn’ jp are the captured particlés' total angular momenta, and the final

coupling arises from J; =7, +7, J=7.+ j—p-

L+1
Also, C;(o-0)= ) (21+41) [W(J,J

\2
1=] -1 ]

Ty R _
g Up)Xaq 1103, (IV-3)
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For this case an additional restriction is placed on the coupling scheme--
the target nucleus is considered to consist of the odd neutron andvproto‘n
about a spin zero core (JT:I+3;= ‘_fi)’ and one of the captured particles

(jxi in 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 (jp') couples with jp to form Jf.

Finally,
L+1 5
- - - - '- . . . . N -
C; (o-e) Iglb_l‘(zm)[wmp Indi Tpip) ¥ e i1 (IV-4)
where T + T' = .-f and T = ﬁ:is assumed,
) core P 1 core

jn, jp are the captured part1c1es' total angular momenta, and the final

coupling arises from jp' + Jp J T+ J -._ff .

Two simplifications of the above treatment are also investigated
to determine their effect on the calculated angular distribution. One
involves approximating B(znzp L;Q)in Eq. (IV-1) by

S

B4 ¢4 _L;Q)=Cc P i (QR.). . S (IV -5)
n p 00 0 L 0

The other involves treafing the a- particle as a point cluster of nucleons,
rather than as possessing a finite size. For this, B(l 1 L;Q)is given
by Eq. (IV-5), and Vind o , e11m1nat1ng the damping factor

The detailed equation and the two approximate equat1onslwere
coded by using FORTRAN for the IBM 704 computer. A copy of the
FORTRAN listing is in the A.ppendix.. Comparisons between the detailed
and the approximate expressions for B(z 2 ‘L Q) were made to deter-
mine the latter's validity; the point a- partlcle approximation was used
in attempts to produce better fits to the large-angle data. These re-

sults are discussed subsequently.
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V. RESULTS AND CONCLUSIONS

A. General Discussion

The various a,d reactions investigated are treated separately
in the following, and the analysis of the results follows the general
lines stated in the introduction. The energy levels of the product nuclei
observed in these reactions are correlated where possible with their
expected configurations in an effort to determine the nature of any pref-
erentie}l population of final states that rrﬁght arise.

Primary attention in the analysis of the angular-distribution
data has been directed toward determining the closeness of fits obtain-
able from the detailed Glendenning theory13 (the approximations: men-
tioned in Section IV B are used only when so stated) and the possibility
of acquiring spectroscopic information from these fits about the product
levels observed. As noted earlier, the nuclear-structure factors of this
theory are based on explicit ‘ coupling schemes in the j-j coupling limit.
However, many features of the level structure of the 1 p -shell nuclei
(all but one of the reactions studied take place entirely within this shell)
have been described by coupling intermediate between L.-S and j-j: Li
is near the L-S limit, with the relative strength of the spin-orbit forces
increasing as the shell fills, resulting in considerable j-j coupling near

46,47,48

the shell closure. From this, it might be expected that the

theory would be more successful in desé-ribing the N14(a, d)O16 reaction
than the Lié(.a,d)BeSVr’eaction. In all calculations using this theory,
only the simple shell-model configuration of the target nucleus is em-

ployed.

B. Lié(o.,d)Bes

Figures 6 and 7 show a typical multiplier spéctrum and a typical

deuteron energy spectrum (27.5 deg), respectively, for Li '+ helium ions.
Smooth curves have been drawn through the experimental results for all
the energy spectra to be presented, but without indicating the statistical
certainties of various peaks. Table I shows the enérgy levels of Be8
observed and their statistically weighted cross sections: in addition, the

reduced a-particle width in terms of the Wigner limit (0(12) of each level
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Table I. Correlation of Be8 levels observed in this experiment with those previously reported.

Levels identified Previously reportéd levels®

(Mev) | Energy (Mev) ; 'JTT, T ; Decay ; 92
b .
0 - 0 = 0+, 0~ a 0.15
2.9P 2.90 24,0 a 0.7

11.3£0.4 11.4 4+, 0 a 0.95

Angular interval

0f>c over which (If>,
Tl was calculated.
f .
(mb) (deg, crmz)
1.0, 12.8-104.5
1.4, 13.0- 88.8

2.6770-37  12.5- 85.6

a. References 49,50,51.

These levels were identified by means of a deuterén energy scale constructed by the use of

cyclotron-accelerated deuterons. After satisfactory identification, deuterons corresponding

to these levels were used to extend the scale to higher energies.

c. The absolute value of these cross sections is not known to better than + 30%, owing to un-

certainties in the L16 target thickness.

_Ov—
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is given. The estimated error to be expected in this and subsequent
determinations: of well-defined levels is about £ 0.2 Mev; for broad
levels, + 0.4 Mev. Ground-state Q values were taken from Ashby and
Catron52 in all cases. The first three levels of Be8 have been described
as ata clusters, and some indication of the validity of this description
can be obtained by correlating with each state the appropriate 9(12' as
obtained from the scattering of helium ions on helium -- large reduced
widths should belong to states which are well represented by a+a
clusters. °1 The cross sections for transitions to these three levels re-
corded in Table I are seen to increase as do their reduced widths; this
result would be difficult to interpret if the reaction mechanism involved
were stripping onto a Li~ 'core,'" since all three levels on a simple
shell-model picture arise from capturing two nucleons into p3/2 states
and might be expected to possess comparable a,d reaction cross sec-
tions. The Li ground state, however, may possess considerable d+a

cluster parentage,51 , 53

and a reaction mechanism involving

(a) stripping a deuteron from the incident helium ion which couples
to an a particle with the deuteron cluster present in the Li6 configura-
tion, or '

(b) knocking out this deuteron cluster _
might be expected to result in reaction cross sections with the observed
behavior.

The angular distributions of deuterons corresponding to the
ground state and the 2.90-Mev state of Be8 are shown in - Figs. 8 and 9,
respectively. The errors shown (size of the point or extension bars
on it) in these and subsequent graphs represent counting statistics only;
the angular accuracy in all cases is about + 1 deg.

The angular distributions of both states are very similar to those
obtained by Zeidman and. Ynterna4 in their investigation of this reaction
with 43-Mev helium ions: (a) the positions of the maxima and minima
and the shape of the ground-state angular distribution and (b) the
slope of the 2.90-Mev state differential cross sections are about the
same at both energies. The angular distribution of protons from the
Clz(a,p)le reaction is equally insensitive to the helium ion energy

in the range 33.6 to 38.6 Mev (the highest studied). 10
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Fig. 8. Angular distribution of deuterons from formation of the
ground state of Be®. The solid line was calculated from the
Glendenning equation by using jn=jp=3/2, R,= 7.6 fermis.
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Iniapplying Glendenning's theory to these results, the nuclear

structure factors which are used are those of Eq. (IV-3), C. (0-0).

(
As noted earliexi', the restrictions placedonthese CL req_ui?e that at
least one of the captured particles enter the same shell-model state as
one of the original pair (the target nucleus is considered to consist of
a pair of nucleons about a spin zero core). For the Lié(a,d)BeSv (g.s.)
results, the restrictions define only a single set of reasonable individual-
particle total angular momentum states in the final nucleus, therefore
only the interaction radius (RO) can be varied to fit the data; for the
Lié(a,d)BeS* (2.90-Mev) data, the [(p3/2)3(p1/2)] a4 final-state con-
figuration was compared with the expected4? [(p3/2) ] 24 configuration.

The reactions, shell-model states of the captured particles, -
final nuclear configurations, radii that gave fits, and figure numbers
corresponding to the plotted results of the better fits for these transi-
tions and the reactions involving the other odd-odd target nucleus N14 A
(which are discussed in that section) are given in Table II. In addition,
the ratio of

C

C

‘

L' max _ Cl may /(2Lmax+1)

/(2Lmin +1) ’

L' min L min
i.e., the relative weighting of the total orbital angular momentum trans-
fers involved in the réaction, is tabulated. The allowed values of L

are given by Egs. (II-1) and (II-3). For the Li()(cu.,d)Be8 (g.s.) transition,
1+-+0+, the angular momentum conservation equation (II-5) requires
L=0,1, 2, and the parity selection rule restricts this to LL.=0,2. The
additional restriction T_,:Tn+7p has no effect in this case, since the

two particles are captured into the p shell. However, for the

ALié(a, dr)Bes*

servation leave L =0, 2, 4; the capture of the pair into the p shell then

(2.90Mev) transition, 1 +— 2+, Eq. (II-5) and parity con-

restricts this to L =0, 2.

The fit to the Li()(a.,d)Be8

(g.s) results is fairly unsuccessful.
. . .6 . .
Since L.i~, as noted above, may be visualized as an even-even core plus

a deuteron, it is interesting to compare both Butler stripping fits and



Table II. Results of the application of Glendenning's theory to the Lié(a,vd)Be8 and N14(c1,d)0'16

reactions.
: Radius  Figure CL'i’néx
Captured Final nuclear - for number '
Reaction - j J configuration best fit of -~ L 'min
' n |3 ~{f) graph
» o | . G,
Li%a, d)Bed(g. s) 3/2 3/2 [(p3/2)4]0+ 7.6 8 £%=0.0400
v : 0
Lila,d)Be*(2.90-Mev)  3/2  3/2 [(p3/2)4]2+ 2.1 9 - C2r ..,
. . Col
. - 1
" L 3/2  1/2 [( 37/3)° )1] . No fitas C_Z =3.10
P3/2 P12l Jar acceptable - Cor 7
14 16 4 » | €y
e ' C 1
N14(a’d)016 (6.14-Mev) 1/2 5/2 [(pl/z)—l(ds/z)l] ; 6.20 23 €3—' =0.345
‘ - 1
14 16% L 1 - C3!
N (a,d)O ’"(8§88-Mev) 1/2 5/2 [(pl/z)- (dS/Z) ]2_ 5.48 _ 24 C__i_'_ =142
1" n - [ -1 1] » C3'
| 1/2  3/2 (pl/z) (d3/2) 5. 5.46 afiigt?ﬁle C_l' =1.71
' but not

graphed

_9%—
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knockout fits to the Glendenning result. It should be noted that the
similarity of the stripping and knockout kinematics makes it very
difficult in most cases to determine the reaction mechanism through
differences in the respective Butler {fits if fairly widev;\zariations in the
interaction radii are perrhitted.' : VFigur'é 10 shows the best fit obtained
by using Butler stripping theory --- L =0, R, =6.9 f --- which is some-
what worse than the Glendenning fit, and there is no equivalent knock-
out fit for L =0, Ro\ 8 f. Appzoximately the same results were ob-
tained by Zeidman and Yntema, who also tried simple Butler theory
and both stripping and knockout parameters. In all cases the interaction
radii are too large to be meaningful.

The extremely successful fit to the Lié(a,d)BeS* (2.90-Mev)
results (no Butler stripping or knockout fit) occurs at a very small
interaction radius '-- - one which would correspond to interaction within
the nuclear volume. This small radius, the absent:e of an acceptable
ground state fit, and the uncertainty in applying a stripping theory based
on j-j coupling to low-lying Be8 levels,. however, prevents a conclusion
that the Li (a, d)Be8 (2.90-Mev) reaction follows a stripping mechanism.
It should also be noted that no fit for a [(p3/2) (pl/Z)] final state was
obtained, so that in this case the use of the theory would aid in conflgura—-

tion assignments.

C. Li'(a,d)Be’

Figures 11 and 12 show a typical multiplier spectrum and a
typicaltdeuteron energy spectrum (10 deg, lab), respectively, for
Li+helium ions Since a natural lithium target was used, two groups
due to the Li (a d)Be8 reaction were also detected. . Table III compai’es
the Be9 energy levels observed in this experiment with those previously
reported. Little is known experimentally about the B69 levels; the com-
bination of high backgrounds and an inability to follow the kinematics of
- various deuteron groups over a wide angular region restricted our con-

firmation of some of the excited states previously reported. The theo-

retical deterrn1nat1on of the nature of the Beg levels has, of course,
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Fig. 10. Angular distribution of deuterons from formation of the
ground state of Be8. The solid line was calculated from the
Butler equation by using L=0, R0=6.9 fermis.
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Fig. 12. Deuteron energy spectrum from the reactions Li(a,d)Be.

Q values for the various peaks are shown.
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- Table III. Comparison of Beg levels observed in this experiment with

those previously reported. a

Levels identified (Mev) Previously reported levels
. Energy (Mev) ;I:_ : T
0° 0 3/2-
1.75 1/2(+)
2.4+0.2 : 2.430 (5/2-)
3.0£0.2° 3.04 (<3/2)
(4.6+ 0.4)% (4.74)
6.3+0.4 6.76
(7.8 £0.4)% ' (7.94)
. (9.1)
(11.2+0.4)4 (11.3)
B - (13.3)

a. Reference 49

b. See footnote b, Table I.

c. This level was not separately resolved from the 2.4-Mev level;
-however, the width of the 2.4-Mev level was too great to correspond
to that level alone.. |

d. Although deuterons exciting this level were détectéd,  it: is felt
that the high background present in the data and the impossibility of
following the kinematics over a wide angular interval prevent definite -

identification.
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been severely hampered by the lack of confirmed experimental data.
Recent results indicate that the 1.75-Mev state (not observed in this
reaction; whether this was due to the background and the pr‘esgnce of a
strong 2.4-Mev level is not known) is not a state in the usual sense, but
is an aspect of spatial localization produced by a sequence of two-body
" reactions resulting from the decay of an excited nucleus. 54 In addition,
the 2.43-Mev and 3.04-Mev states are interpreted to arise from two-body
clusters of Be8(2+) 4n or Be8(0+) +n; the tentative spin and parity assign-
ments for the 3.04-Mev state are.3/2+ or 5/2+. If these parity assign-
ments are correct, the interpretation of the low-lying levels of Be9
in terms of intermediate coupling in the lp shell will be in some diffi-
culty, since this analysis explicitly requires negative parity for the .
3.04-Mev state. 55,56

Figure 13 shows the angular distribution of the deuterons from
the ground state of Beg. The integrated cross section over thebangular

region covered is 1.1_ mb; this absolute value is estimated to be accu-

rate to + 40% becausesof uncertainties in the Li target thickness and to
‘the necessity of correcting the differential cross section for deuterons
from the Li6(a,d)Be8* (2.9-Mev) reaction, which fell under the ground-
state peak at variousv angles. These corrections were done as follows:
(i) the counts at a particular angle due to deuterons from both the
Li7(a,d)Be9(g. s.) and the Lié(u.,d)Be8==< (2.9-Mev) reactions were to-
taled, as were (ii) the counts from the Lié(c,,d)Be8 (g.s.) reaction;
then the previously obtained Lié(a, d)Be8 results were used to establish

a ratio, for this angle, of

do/dQ (BeS  (2.9-Mev))
do/dQ ,(Bes(g- s.))

calculated above and subtracted from~(i).

, and this ratio was multiplied by the counts (ii)

. In analyzing this angular distribution with the Glendenning equa-
tion, two different final-state configurations were investigated to de-
termine whether the theory would prefer one tothe other. The transi-

tions: assumed were

[(core)g+(py /)] 3 /p-— Lcore)y+(py /)5 o(p3 /)] 3 /o-
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Fig. 13. Angular distribuéion of deuterons from formation of
the ground state of Be’. The solid line was calculated from
the Glendenning equation by using jn=jp= 3/2, R0= 5.45 fermis.
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(this is the expected j-j coupling shell-model ground state; the ratio of

the nuclear structure factors, CZ/C is unchanged for 7=3_p+3_p' =2

0 ?
rather than the 0 value chosen here), - .

and [(Core)o +(P3/2)] 3/2"—_"[(C0re)0 +(p 3/2)5-:0 (pl/z)] 1/2—

(the ground-state spin is known to be 3/2-; this final-state configuration
is assumed only to test the theory). The nuclear structure factors,

CL (o-e), are ‘given in Eq. (IV-4). Detailed information on the fits
similar to that for the odd-odd nuclei discussed earlier is given in
Table IV for the Li7(a,d)Be9 (g.s.) transition [and also for the '
N15(a, (vi‘)O17 (g.s) transition, which is discussed later] .

The fits to the fairly structureless experimental angular distri-
bution for both assumed final states a.re vei‘y similar and fairly poor,
and the interaction radii differ by only 0.09 f, so that the theory would
not indicate a preferred final state. The differences in these two fits,
as in the analysis of the Li6(a,d)Be8* (2.90-Mev) results, arise only
from changes in the CL y

both factors are varied in the analysis of the ClZ(a,d)N14 and
15
N

factors, and not from the B(lnlpL ; Q) factors;

(a,d)O17 reactions. ,

The best fit to these data using Butler stripping theory
(L=2, RO'
above fits. Additional Butler fits are obtained for L=0, R =7.4 f and for
L=4, R=6.43 f; the former is poorer than the plotted fit, whereas the

=7.2f ) is shown on Fig. 14, and is somewhat better than the

latter is equally acceptable. This multiplicity of fits arises from the
high linear momentum transfer present in these experiments and the
asymptotic : behavior of the Sphericaeressel functions. It should also
be noted that the interaction radii required by the Glendenning fits are

more reasonable than those arising from the Butler fits.



Table IV  Results of the application of Glendenning's theory to the Li7(o., d)'Be9 and le(a,d)017 reactions.

Reaction Transition 'bR::tu;ist f&;‘ f;rg;lgjr ’ CL'max
initial state - _final state " of graph ~ ~L'min
7 9 ' 2, o ,
Li (a,d)Be’(g.s.) [(\core)0+(p3/2 1] 3/2° - [(core)0+(p3/z')0 (p3/2)] 3/2° . 5.45 13 Czy/Col=l.30
" [(core)o+(p3/2)] 3/2- - [(core)0+(p3/2)0(p1/2)]1/2_ 5.54 :)f:ea;izble Cz_l/COI_O.625
a s but not
) graphed,
15 17 : 2 ' :
N 7(a,d)0” '(g.s.) [(core)0+(P1/2)] /2=~ [(core)0+(p1/2).o(d5/2)] 5/2+ 6.0, 28 : C3|/Clv:0.583
. v 2 » ’ [] .
" [(cor§)0+(p1/,z)] 1/2-~ [(core)0+(p1/2)0(sl/2)] 1/2+ 6.3, | {:;:tcrelgtable only C, allowed :h"
‘ graphed. '
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Fig. 14. Angular distribution of deuterons from formation of
the ground state of Be?. The solid line was calculated from

the Butler equation using L=2, R0= 7.2 fermis.
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D. G'%a,d)Nt?

Figures 4 and 5 (discussed earlier) show typical multiplier .
spectra for C12 + helium ions; a deuteron energy spectrum at 15 deg
(lab) from this reaction is reproduced in Fig. 15. Table V compares
the energy levels observed in this experiment with those previously
reported; energy-level analyses from two investigations of this resction
are tabulated to indicate the‘preciSion obtained in these level deter-
minations. A peak from the 016( )Flg* (approx 1.0-Mev) transition
from an oxygen impurity in the target is indicated on Fig. 15. To de-
termine the effect of this impurity on poss1b1e energy-level and d1ffer—
ential -cross -section analysis, the 016(a d)F 18 reaction was briefly
investigated. A deuteron group corresponding to a reaction leading to
Fls*(approx 1.0-Mev) was found to dominate the spectrum at all angles
of interest, so that’negli'gible'error arises from neglecting this impurity
in séctions of the C 2((1 d)N14 spectrum which do not include this group
(over most of the angular interval 1nvest1gated groups from the

: 016( d)F (~ 1.0-Mev) transition did not interfere w1th either the

120, aN? (g s.) or clz(a AN14* (3.95-Mev) transition ).
At no angle was a deuteron group observed that corresponded
to formation of the T=1 first excited state of N (2 31-Mev). The absence
of this group is expected. from angular momentum and parity conser-
vation and from 1sotop1c spin conservation, as discussed in Section IL

s
for Ji ‘o O+, T =0—>7J s 0+, T,=1 a,d transitions. The oxygen

impurity discussed abofre obscurid at many angles the position on the
energy spectrurﬁ where deutsrons from the T =1 state might appear.
However; an upper limit for the differential cross section at 15 deg for
the Clz(a d)N14*(2 31-Mev) transition can be set at<< 0.95 % of the
ground state differential cross section.

An analysis of Table 'V indicates that the a,d reaction is rather
selective in the choice of final states populated, even when no isotopic
spin selection rules inhibit the transitions. Only one final state was
populated strongly enough to be definitely identified above the back-

ground in the energy interval between 7.03 and 9.17 Mev -- see footnotec,
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Table V. Comparison of N14 levels observed in this experiment with

those previously reported. a

N14 level energies (Mev)

Levels Identified Previously Identified Levels
November, 1959 December, 1960 Energy vl T
ob - o 0 14 0

, 2.312 0+ 1
3.95° 3.95° 3.945 14 0
‘ 4.910 (0-) 0
5.11+0.2 5.16+0.2 5.104 2(-) 0
5.77£0.2 5.685 1) 0
| 5.86+0.2 5.832 3(-) ?
6.2420.2 .23 1(-) 0
6.46+0.2 6.44 (3)? 0

c 7.03 (2)? 0

7.47 ? 2 ?

7.60 ? 2 ?

7.962 ? ? 0

8.060 1- 1

8.62 , 0+ 1

8.71 0- 1

8.903 3- (1)

8.84+0.29 9.01£0.2% 8.99 (14) ?
9.17 (2, 1)(+) 1

a. References 49 and 57.

b. See footnote b, Table I.

c. A weak deuteron group corresponding to an excited state of O16 at
7.17x0.2 Mev was observed in these data at several angles.

d. This level is as‘signed/ to the known level at 8.99 Mev in both cases,
since the neighboring levels are all believed to be T=1. The isotopic
spin of the 8.99-Mev level has not been reported; if this assignment is

correct, it is a T=0 level.
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Table V, however, -- even though three states in this region are known
to be T=0 (and the isotopic spins of two of them are not established).
However, the energy resolution was ﬁot high enough to set low limits
for the cross sections to these unobserved, known levels. Except for -
the 7.03-Mev level (discussed 1ater) no shell-model conf1gurat1on as-
signments have been advanced for the non-T=1 levels in this region.

The N14 states at 4.91 and 5.69-Mev are expected to arise from
pl/2 sl/z configurations; Sa;ﬁ Fhe 5.10- and 5.83;Mev'states, from
pl/Z d5/2' configurations. The formation of these states would in-
volve entry of the captured neutron and proton into different shell-model
levels, or else a marked rearrangement of the C12 core. At least two
of these four states were strohgly formed; statistically weighted
('O'f/ZJf+1) cross sections for the individual levels would be necessary
to determine whether these transitions are as.'allowed'' as those in
which the captured nucleons enter equivalent shell-model levels. The
6.23-Mev state, if present in the peak observed at aboﬁt this energy,
would involve entry of both captured particles into the same shell-model
1evels since this state is thought to be an admixture of (sl/2 2 and

5/2 conf1gurat1ons L ”

The cross sections were obtained for the C" "(a,d)N" "~ {(g.s.) =
transition (1.8 mb integrated from 10 to 133 deg; estimated absolute
accuracy =10%) and the Clz(a.,.d)N14*(3.95-Mev) transition {0.36 mb
integrated from 10 to 90 deg; estimated absolute accuracy =25 %).

' Since both these cross sections require thev‘same statistical
weighting, it appears that the ground state is formed with a cross
section 4 to 5 times that of the 3.95-Mev state. Comparing this ratio
to that expected from a transfer mechanism for transitions between the
shell-model configurations of the various states shows it to be in rea-
sonable agreement: Kurath's intermediate-coupling calculations48 in

the 1 p shell indicate the nucleon configurations in the Cl'2 (g.s.) to be

48.7% (p3/2)8+40.2 T (p3/2)6(p1/2)2+7.2 To (p3/2)5(p1/2)3

+3.4 %(p3'/2)4 (’p1/2)4. Then, if we consider the N14 (g.s.) to arise

from a (p3/2)8 (pl/z)2 configuration and the N14¢(3.95 Mev) state from
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a (.p3/2)-1 (pl/z)-1 c'onfi'gurati?ons7 (alfhough Talmi and Ur'ma'l:)8 state
that the ground state has a strong admixture of the (p3'/2)'1(p1/2)_1

configuration, and the 3.95-Mev state an admixture of the

(p3/2 8 p’l/Z 2 conﬁguration)58; these two transitions should arise thus;

cl(a gy X

8 8 W2

6 PRY-
(p32) ey )" B3 ()" tpy )"
12(‘1; d)N14* (3.95-Mev):
2(P3/2P1

7 3
~—/§)(p3/2) (py 20"

(032" (b)) 3 (p3)] (b3 ) (py ) -

asSuming that no core eXcitation takes place. It is clear that, even if
capture into nonequ1valent levels p1/2+p3/2) is as probable as capture

into identical levels (p 1/2 or p the ground state transition will

be favored, since it can arise fiéfn components of the C 12 wave function
which total 88.9%. The components leading to the N_lL.L 3.95-Mev state, |
on the other"Han‘d add up to only 47.4 %.. The observed ratio is about
4 to 5, however. The theorétical ratio would be about 5 if addition of
partlcles to the (p1/2+p3/2 ) subshells were four times less probable than
~addition to the same subshells. It is interesting that the 7.03-Mev state
i5. not more strongly populated in this reaction, since it, like the 3.95-
- Mev state, is expected tq arise from a (p3/>2_1p1/2_1) configuration.
The angular distributions of the deuterons from the Clz(a,d)N14
(g.s.) and Clz(a,d)N14* (3.95-Mev) transitions are shown in Fig. 16
and 17, respectively. The low intensity deuteron group corresponding
to the latter transition was difficult to separate from deuterons to near-

by levels, and the accuracy of the points is probably only = 20 %.
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of the ground state of N14
p’erimental_ results; Curve B, calculated results from
the Glendenning equation using jnsz: 1/2, R0=4.70
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Fig. 16. Angular distribution of deuterons from formation
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Fig. 17. Angular distribution of deuterons from formation
of the 3.95-Mev level of N14, Curve A presents the
experimental results; Curve B, calculated results from
the Glendenning equation using jnsz =1/2, R0=4.33 fermis.
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Both these transitions are 0+ — 14, and angular momentum
and parity conservation permit L=0, 2. For angular distribution cal-
culations, the ground-state transition is assumed to involve solely the
capture of both nucleons into 'pl/Z levels (i. €., we are using only the
predominant part of both the initial- and final-state shell model con-
f1gurat210ns) If the j-j conf1gurat1on of this captured (pl/Z) pair about
the C"~ core is expressed on an L-S coupling basis, it becomes

_ 3 3 1. |
(pl/Z)le = 0.86.1 D1—0.192 Sy +O.471. Pys the squares of these

coefficients for L=0, 2 are the C, (e-e), Eq. (IV-2), which would arise
in using the Glendenning theory to fit the angular distributions. The
dominant 3D1 term indicates that 1.=2 capture should be preferred
to L=0 capture for the ground-state transition. Since Visscher and
Ferrell60 find that the N14 (g.s.) wave function can be represented as
U =0.920 3D1+o.173' 3sl+o.355 ]'Pl,
and under our assumption that the C12 (g.s.) can be treated as a lS.o
state, it is seen that the CL (e-e) for (pl/z)2 capture wellrepresent
the experimental situation. In order, then, to test whether a fit in-
volving (pl/2 capture using the Glendenning theory would be unique,
(s 1/2) capture (wh1ch requires 1.,=0) and (d5/2) capture (which results
in a different C /C ratio) were also investigated. In addition, both
L.=2 and L=0 were tried with Butler stripping theory to see whether the
cformer L. value was preferred using this theory.
Since the Clz( d)N14* (3.95-Mev) transition cannot be treated

with the Glendennlng theory using the principal initial-state (p 8 and

final-state ( p3/2 -1 pl/Z ) wave functions, the transition is ar?a/lzyzed as
if the (pl/z)z configuration admixture in the 3.95-Mev level produced
the observed transitions. Visscher and Ferrell, however, find that
the L-S wave function of the 3.95-Mev level possesses a dominant 351
configuration, 60_ so that (sl/Z 2 capture -- which was also tried for
'thls transition and allows only L=0 -- would be expected to fit the data

better. (Calculations assuming (sl/z) capture involve different
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e-e) and different B (z»n £p< L;Q) than those involved in-('pl/'z)2

CL (
capture, for example; however, the variation in the angular distribution
due to changes in the B(lnfp 1,;0Q) is expected to be much less than
that due to changes in the coupling factors. This is a consequence of

" Eq. (IV-5), which states that B'(lnllp 1;Q) can be approximated by
!nlpL ‘ '
00 0'L
solely by L. [That this approximation is quite good under these ex-

C (QRO), in which the angular dependence is characteriz‘ed

perimental conditions is shown in a subsequent section.] The

iznlpL . ’ | . : ' .

Co 0 o involved can be grouped with the CL(e-e) to produce a revised
coupling factor. For both these transitions, then, changing the nature .
of the captured pair - which still must possess positive parity -- can
alternati?ely be viewed as changing the coupling factors to other than
j-Jj coupling for two particles added to a C12 core.)

The Butler theory is also applied to the Clz(a:;.d)NILH< (3.95-Mev) |
transition to determine if in this case L=0 capture is preferred to L=2.
Detailed information on the resulting fits for both transitions is given
in Table VI.

- The Glendenning fit to"'the ground-state angular distribution,
0A1/3+ra[zl.68f] )

‘of 1.32 fermi, and approximates fairly well the width of the angular dis-

- Fig. 16, requires a very reasonable Ty value (RO:r

tribution peak at approx 38 deg (c.m. ); the Butler fit for L=2, Fig. 18,

requires a less reasonable r . value of 2.02 ferm’i,valthough it adequately

"fits both experimental peaks a?t approx 38 and approx 62 deg (c. m. ).
Unfortunately, both theories produce equally acceptable fits
requiring only minor variations in the iﬁteraction radii’ for both tran-
sitions and for all the configurations or L values tried (fits using the
Butler theory usually require Ty values consider’ab1§ -‘gré‘é_ter than
1.5 fermi). This multiplicity of fits for the ground-state transitions
using the Glendenning theory is especially disappointing, since (pl/Z)Z
capture was expected to approximate the experimental situation fairly

well.



Table VI. Results of the application of the stripping theories to the Clz-(a,d)Nl4 reaction.

Reaction

Glendenning theory

cl?(, &)Nl‘l(g. s.)
cl2a, antg. s.)

clia, aNt*g. sy

; %

c1?(a, AN (3 .95-Mev)
4%

cl?(a, )N (3.95-Mev)

' *
cl2a, N1 (3.95-Mev)

Butler theory (stripping)

e, )N (g, s.)
Cl2(a,d)N14(g. s.)
Cl2(a,d)N14(3.95-Mev)
cl?e , d)N14(3.95-Mev)

Final nuclear Radius for " Figure C’L‘
configuration best fit (f) number of - 'max
graph .~ L min
2 ' CZ'
ey /20 T4 4.70(r ,=1.321.) 16 = 4 00
2 see
[(51/2) ] 1+ 5.08 a. (below) only C, allowed
2 Gyl
g /)7, 492 / a. cor— 70114
. 2 ' C t - .
ey /)] 4.33(r = 1.16f.) 17 2'
“1/27 Y1+ 0 _ Ty C 4.00
2 .
[(SI/Z) ] 1+ 4.67 a. only Coallowed
2 C,¢
2 =
[(d5/2) ]l+ 4.50 a. 0.114
. Co'
L
2 6.3(r0=2.OZ) 18
2 5.5 19
0 5.7 a.

a. This fit is acceptable, but is not graphed.

~c9-
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Fig. 18. Angular distribution of deuterons from formauon

of the ground state of N!4, Curve A presents the ex-
perimental results; Curve B, calculated results from

- the Butler equation using L=2, R0:6,3 fermis.
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Fig. 19. Angular distribution of deuterons from formation
of the 3.95-Mev level of N14, Curve A presents the ex-
perimental results; Curve B, calculated results from the

Butler equation using L=2, R0=5.5 fermis.
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E. N4, a)0!®

Figurés 20 and 21 show a typical multiplier spectrum and a
typical deuteron energy spectrum (60 deg, lab), respectively, for
:N14 +'H"e4‘. A comparison of the levels of 016' observed in this reac-
tion with thos’e‘ previously reported by other workers is-presented in
- Table VII; it is again appa|rent that the (e, d) reaction at these energies
does not appreciably populate certain product nuclear states, even when
no isotopic spin selection rules are violated. Cross sections were de-
termined for transitions to the ground state {(0.65 mb, measured from
11 to 101.4 deg, c.m.; absolute accuracyv:!:lO%'),/ the 6.1-Mev states
(21,03 ‘
+ 15%), and the 8.88-Mev state (0.76* mb, measured from 11 to 103.4

mb, measured from 11 to 102.7 deg, c.m.; absolute accuracy

deg, c.m.; absolute accuracy + 15%). Uncertainties in background'
subtraction and in separation of the 7.0-Mev states from the 6.1-Mev
states are major contributors to the greater errors in the cross sections
for the excited states.

An analysis of the observed selectivity in the formation of excited
states of 016 is complicated: first, as noted earlier, the N14 ground
state is not pure (pl/z)z'; second, most of the excited states of O16 are «
complex, arising from interactions among many simple shell-model
states. . However, if the highly populated states in the preduct nucleus
are at most two-particle excitation states -- i.e., again assuming that
core (target nucleus) excitation is strongly inhibited -- then at least
two levels of O1 should not be seen in thié reaction. One level is the
9.58-Mev 1- level, which is thought to be a three-particle excitation

12

state. 61 The other is a 0+, T=0 level arising froma C +(Zs)4 con-

figuration calculated62 to lie at 11.57 Mev =- the nearest established
O+,T¥0 level of 016 is the state at 11.25 - Mev. Table VII indicates
that gaps were observed in the energy spectrum which encompass both
these levels, although the accuracy of the experimental energy-level

determinations is not sufficient to exclude some contribution from the

11.25-Mev level to the observed peak at 11.0 Mev.
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Fig. 20. Multiplier spectrum from bombardment of N14 with
46.5-Mev helium ions.
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Fig. 21. Deuteron energy spectrum from the reaction
N14(a,d)016. Q values for the various peaks are
shown.
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Table VII. Comparison of 01(J levels observed in this experiment with
those previously reported. 2

Levels identified (Mev) Previously reported levels
Energy (Mev) J" T
oP 0 0+ 0
6.1P 6.056 0+ 0
6.135 C3- 0
7.0P 6.923 2+ 0
7.121 1- 0
8.9° 8.875 2- 0
9.58 1- 0
9.843 2+ 0
10.363 4+ 0
(10.804)
11.0£0.2 10.937 0- 0
11.070 3+ (0}
11:25 0+ 0
11.51 24 0
11.62 3. 0
12,02
(12.29)
12.3£0.2 12.43 1- 0
12.52 ‘ 5.
12.78 0- 1
12.96 2- 1
13.09 1- 1
13.25 3. 1
13.6£0.2 13.65 1+ 0
14.3£0.2 13.97 2-
14.7£0.2 14.93 44
15.21 2-,3+
15.25 2+
15.41
15.79
16.2£0.2 16.21 1+
16.3 0-
16.44 :
(16.82)
(16.93)
17.0
17.0£0.2 17.12
17.29

a. Reference 49.

b. See footnote b, Table I.




-72-

The energy spectra of the Clz(o;,d)N14 reaction showed that

several final states were populated whose configurations would require
addition of the captured particles to different shells; therefore, the
odd-parity levels of 016 at6.14, 7.12, 8.88, and 10.94-Mev, which have
been fairly well accounted for as admixtures of p_ld and p _ls con-
figurations, with the predominating part of the final wave functions
arising from pl/z-ld and pl/z-ls componen’ts,61 should be observed.
Deuteron groups corresponding to all these energies were detected,

but only the transition to the 8.88-Mev level could be separately re-

solved, The wave function of the 8.,88-Mev state is

-1 -1
approx 75% [(pl/z) d5/2] ,_ T approx 7%[(p1/2) d3/2] ,_--the capturgd

particles enter adjacent shells -- and the ''reduced' reaction cross
ZJi+1
section, 93 g8 X AT Ea <8 88> ©’

state is formed with & reduced reattion cross sectlon <O' gs.>

is 0.46,_ mb The 016 ground

1.95 mb and arises from the entry of both captured nucleons into the
p shell. For this case, then, stripping into different shells is only
one-fourth as probable as stripping into the same shell. A calculation

of the amount of relative 381 motion of two particles which couple

with a (pl/Z)Z N14 (g.s.) to form the dominant configuration of each of
' (8.88-Mev) . 63
these final states shows that the ratio of Lo o s ;
3 , 2.6
Sl(g. s.)

since the captured pair in an a,d reaction is expected to be predominantly
in a relative 381 state, the origin of part of the observed hindrance in
stripping across shells is indicated. The -N15(a9d)017 ground-state
transition (this general reaction is discussed in the next section), which
involves the capture of a proton into the pl/2 subshell and a neutron

into the d5/2 subshell, should also possess a lower cross section than
the N14(<1,d)016 (g.s.) transition by approximately the above factor of
four. The N15(0.,d)017 (g.s.) reduced cross section of 0.39.. mb agrees
with this prediction, being less by a factor of five than the cr;)ss section

determined for stripping both particles into p shell-model states.
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{All the cross sections referred to in this paragraph arise from data
taken in the angular interval between 11 and 101 to 103 deg in the center-
of-mass system.) These results are in qualitative agreement with the
p,t data of Ball and Goodman, 64 who estimated that the pickup of two

1 gg/2 neutrons:is >8/3 as probable as the pickup of one 2 d /2 and one

1 g9/2 neutron. | °

The angular distributions of the deuterons from this reaction
corresponding to formation of the O16 ground state, 6.1-Mev states,
and 8.88-Mev state are shown in Figs, 22, 23, and 24, respectively.
The errors shown on Fig. 22 are again due to counting statistics only;
similar errors apply to the data of Figs. 23 and 24. These angular
distributions were analyzed by using the Glendenning theory; in addition,
fits to the ground—stater‘ahgular distributions were attemptéd by using
Butler theory and both stripping and knockout parameters, for reasons
similar to those discussed earlier for the Li()(a,d)Be8 reaction.

The restrictions placed on the o6dd-odd coupling factors by the
. Glendenning theory permit only a's‘ingle set of reasonable individual-
- particle total angular mementum states for the captured particles in
the ground-state transition. The angular distributions to the 6,1-Mev
states were calculated on the assumption that the 6.14-Mev 3- level is
involved, rather than the 6.06-Mev 0+ level, since a plausible config-
uration for these calculations is mbre readily envisioned for the former
level; again only a single firial.—state configuration was investigated.
Lastly, two configurations were tried for the N14(a,d)016* (8.88-Mev)
results. The detailed information on these fits is given in Table II.

The successful fit to the Nl4(<1,d)016 (g.s.) fesults, Fig. 22,

required R, =5.35 fermi (r, = 1752'f); the best stripping and knockout

0 0
fits based on the Butler equation are shown in. Fig. 25, and require

'L=2, R,=7.1f, and L =0, R.=5.6f, respectively. These Butler fits

0 0

either fail to match the success of Glendenning's or require unreal-

istically large interaction radii, or both. In addition, as in the case of
oL

the Lié(ol.,d)Be8 reaction, the best stripping fit is considerably better

than the best knockout fit.
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Fig. 22. Angular distribution of deuterons from formation
of the ground state of 016, The solid line was calculated

from the Glendenning equation by using j_
fermis.
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Fig. 23. Angular distribution of deuterons from formation
of the 6.1-Mev level (s) of 016, The solid line was cal-
culated from the Glendenning equation by using
in=1/2, jpz 5/2, R;=6.20 fermis.
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Fig. 24. Angular distribution of deuterons from formation
of the 8.88-Mev level of 016, The solid line was cal-
culated from the Glendenning equation by using
in=1/2, ip= 5/2, R,=5.48 fermis.
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Fig. 25. Angular distribution of deuterons from formation
of the ground state of 016, Curve A was calculated from
the Butler equation by using stripping parameters and
L=2, Rp=7.1 fermis; curve B by using knockout parameters
and L=0, R0:5.6 fermis.
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The fits to the fairly structureless angular distributions of the
excited states do not adequately reproduce their shape. Since the ratio
o‘f the coupling factors, C3v/C1| , for the transition to the 016*(8.88-Mev)
state is about the same for both final nuclear configurations tried and
the 3'(2n1p L;Q) are unchanged, it is not surprising that there is little
difference between the resulting calculated angular distributions’for:the
two configurations.

The CLv max/CL' min column of Table Il again illustrates that
the nature of the captured-particle shell-model states determines the
preferred total orbital angular momentum transfer,»@hd that.the
dominant L is not necessarily the lowest of the allowed values. For
example, in the Lié(o,, d)Be8 (g.s.) angular distribution fit discussed
earlier, B(112;Q)/B(110;Q) is typically 1-+4, and in the
N14(a,d)016(g_. s.) fit B(112;Q)/B(110;Q) is typically 1/2 - 3; thus the
Lié(a, d)Be8 (g.s.) transition with C I/Cov =1/25 is determined by
'L =0 transfer whereas the N14(a, d)O%6 (g.s.) transition with
CZ'/CO' =4.0 strongly prefers L=2 to L =0 transfer.
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F. N'%a,d)0'7

Figures 26 and 27 show a typical fnultiplier spectrum and a
_ typical-deut;eron energy spectrum (15 deg lab) for N'® +He?. Table v
‘compares the energy levels observed in this experiment with those pre-
viously reported. Cross sections for transitions to weakly populated,
resolvable final states could not be detected, owing to a generally higher
background in‘this experiment, arising from a,d reactions on the N14
present in the target. |

The N15(a,d)017 reaction is also observed to be fairly selective
in the final states that are appreciably populated. Since the first T=3/2
levels of O17 should not appear before about 10.5 to 11.5 Mev excita-i
tion, >0 and the highest level experimentally observed was 9.15 Mev, the
isotopic spin selection rules forbidding T=1/2-> T=3/2 a,d transi .-
tions should not have restricted the formation of any of the excited
states of 017' in the region observed in this experiment.

- The first three positive parity states of O17 -- the ground
5/2+state, the 0.87-Mev 1/2 + state, and the 5.08-Mev 3/2 + state -- are
expected to be relatively pure single-particle states arising from
1 d5/3’. 281/2, and 1d3/2 neutrons, respectively, coupled to an O16
core.65 Deuteron groups corresponding to the first two of these levels
were separately identified; the deuterons from the 5.08-Mev state fall
in the broad group corresponding to O17 levels from épprox 4.6 to6.0
Mev in excitation and, if present, could not be resolved. Similarly, the
3.85-Mev (7/2-) level is expected to be a fairly strong, though not pure,
single-particle state > {(a 1 f7/2 neutron coupled to an O1 core) and a
weak deuteron group from this level was observed above the background
at many an.gles., Since the ground, 0.87-Mev, and 3.85-Mev levels all
involve stripping a pl/Z proton but require the capture of a d5/2.’ Sl/Z’
or f7/2 neutron, respectively, it would be interesting to compare their
statistically weighted cross sections. The absolute cross section of
the ground-state transition integrated from 11 to 102 deg (c.m.) is

l-.lg mb, which is expected to be accurate to = 10% The cross
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Table VIII. Comparison of 017 levels observed in this experiment with
those previously reported.

Levels identified (Mev) Previously reported levels
' Energy (Mev) JT
oP 0 5/2+
0.8+0.2 0.871 ' 1/2+
3,058 (1/2-)
3.7+ 0.2 3.846 - (7/2-)
N 4.555 3/2-
5.083 3/2+
5.217 ‘
5.378 3/2-
~4.6£0.2 > ~6.0£0.2° 5.697 7/2-
5.729
5.866 >3/2
5.940 1/2-
6.24
6.38 C1/2+
6.87
(6.99)
7.161 5/2
7.28 3/2+
7.373 5/2
7.560 >7/2
7.6+0.2 7.676 >5/2
(7.72) (3/2-)
7.94 1/2
8.07 3/2
8.20 3/2
.8.27
8.340 1/2
8.390 5/2
8.460 7/2
8.493 (3/2)
(8.59)
8.70 3/2
8.89 3/2
8.96 - 7/2
9.06
9.15:t0.3. 9.15
' 9.20 5/2
9.50 7/2

a. Reference 49
b. See footnote b, Table I.

c. These limits define the approximate base width of a broad peak.
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sections to the 0.87- and 3.85-Mev levels could not be accurately ob-
tained because of their low population and a fairly high background;
estimating them relative to the ground state.‘, however, gives the follow-
ing results. (a) The reduced cross section of the ground-state transition
is > 1.5 times that of the 0.87-Mev transition. (b) The ground-state
transition possesses a much greater differential cross section than that
of the 3.85-Mev state at all angles investigated, even though the latter
state has the greater statistical weight. Also, the differential cross
section of the 3.85-Mev level generally varied from only 2 to 3 times
‘as great as'to less than the differential cross section of the 0.87-Mev
level, though the statistical weight of the 3.85-Mev state is four times
‘that of the 0v.8v7‘-Mev state.. These rough results indicate that the re-
‘duced cross sections for stripping the captufed particles across shells

onto a N15 core vary in the manner
ow(pl/z d5/2 capture) >frw(pl/‘2 sl/‘2 capture) >Uw(p1/2f7/2 capture) --

appéi‘_ently étrippiné across shells becomes leéss likely with increasing
separation of the shells into which the particles are captured.

‘ The f)r-e.vioxlls discussion (Sec. E) on thevN14(a,d)016 reaction
indicated that stripping across shells was reduced in cross section by
a factor of 4 to 5 relative to stripping into fhe same shell. Therefore,

15(a,d)O17 cross sections obtained

it would be valuable to compare the N
above with that for a transition to an O 7 excited state which arises from

capturing the two particles into the same shell. A

[(Clzg. S. )J=0 ('pl/z)3 (SI/Z)Z] 1/2" state; which meets the requirement,
has been calculated to be at 6.69 Mev; the closest known 1/2- level is
at 5.94 Mev. : Unfortunately, any deuterons from the 5.94-Mev level, if
it does arise from two (SI/Z)Z particles coupled to a N15 core, would
fall under the broad unresolved group previously mentioned, so that
this comparison cannot be made.

The configur'ations of a few more low-lying negative parity levels
"are also known. Talmi and Unné sﬁggéét that the 3.06-Mev (1/2-) state
possesses a [(C12 g.s. )J:O(pl/Z) (s 1/2)4] 1/2- configuration, 66 whereas
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Armstrong.and Qui'senberry67 suggest that it possesses a 1arge admix-
ture of a conﬁguratmn consisting of the O 18 (g.s.) with a pl/‘2 hole
[the -O (g s.) predominantly arises from two d5/2 neutrons coupled
to an O16 core]. The 3 06 Mev level was not observed above the back-
ground in the N15 (a, d)O reactlon, this result would be expected if the
former conf1gurat1 on were domlnant since the transition would require
excitation of the N15 core and no evidence has arisen so far in this
Work that core excitation is 1ikely. If the latter configuration were

)2 pair

dominant, the transition would primarily involve adding a (d

5/2
to the N15 core; such a transition could very possibly possess a
15 17(g s.)

reduced cross section greater than that of the N™"(a,d)O

transition. The low population’ of the 017* (3.06-Mev) level in this
| (a,d) reaction can be understood then if this level possesses a strong
Hcl? g s. ) 720 (P1/2) (‘§1/2 12 configuration. - Finally, the 4. 55-Mev
and 5.38-Mev states, both 3/2—, are thought to contain admixtures of

at least three shell-model configurations: a:[(O 6g. s.) Zp3/2 3/2-
conf1gurat1on (the 4.55-Mev state possesses a greater component of this
than the 5.38-Mev state), a configuration arising from O 18 with a

1 p3/2_1 hole, and a third unknown configuration. 65,67 The 4.55-Mev
level is on an edge of the broad group of states mentioned before, and
does not appear to be strongly populdted relative to the ground state.

This result, if correct, is in agreement with the general trends in
these (a,d) reactions, since formation of the known components would
require stripping into widely separate shells or core excitation, respec-
tively. The 5.38-Mev deuteron group, if present, can not be resolved.
Figure 28 shows the angular distribution of the deuterons from

the N15(a, d)O17 (g.s.) transition. Two different final states were
assumed in analyzing this angular distribution by the Glendenning theory

to determine whether a unique fit was possible. The expected shell-

model transition

[(core)0+p1/.2] 1/2_—> [(core)o+(p1/2)2J=0(d5/2)] 5/2+ was one of these;

the otheér transition was [(core)0+p1/2] 1/2_—> [(core)0+(p1/2)§:0(s'1/2)] 1/2+
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Fig. 28. Angular distribution of deuterons from formation
of the ground state of Ol7. The solid line was calculated
from the Glendenning equation by using j_=5/2, j_=1/2,
R ,=6.00 fermis. n P
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which assumes, solely for purposes of corr;gi)arison, that the SI/Z
level lies lower than the d5/2 level for O7 . Detailed information on
the results is given in Table IV.

Reasonably good fits were obtained for both the above configura-
tions, although the fit using the expected shell-model transition is
slightly better. Butler fits were again tried, and the fit for L=3,
RO=7.4 f, which is reproduced in Fig. 29, is considerably better at
small angles than the best L =1 fit (R-o’?-?.'/ f). The Glendenning fit,
however, appears to reproduce the small-angle rise the best.

The interaction radii required by the 'Glendenning fits are again
seen to be more reasonable than those required by the Butler fits,
although the Glendenning theory fits to both the Li7(o., d)Be9 (g.s. )(r0=.'l.9'_}f)
and the le(o.,d)O17 (g.s.) (ro = 1.75' f.) angular distributions necessi-

tate r. values considerably greater than 1.5 f{.
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Fig. 29. Angular distribution of deuterons from formation
of the ground state of 017, The solid line was calcu-
lated from the Butler equation by using L=3, R0=7.4 fermis,
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G. Approximations to the Glendenning Theory

1. Approximation for B(znzp L;Q) (= BL)

Angular-distribution calculations using the Glendenning theory
with the approximate form of B(ﬂnlp L;Q), Eq. (IV-5), were compared .
with the angular distributions arising from the detailed theory for sev=
eral different reaction conditions, inasmuch as the approximate
Bun? lpL;Q) is very eaSy to evaluate whereas the complete expression
for BL is not. ‘

After the experimental data had been analyzed with the detailed

theory, the equation incorporating the approximate B, was then eval-

L
uated at the best-fit interaction radius.  For all but the =
£
Lié(a.,d)Be8 (2.90-Mev) results, very similar angular distributions

are obtained from both equations -- in the latter evaluation the first
maximum > 20 deg is shifted toward smaller angles by only approx 3 deg
or less relative to the original fit. In many cases the interaction radius -
was then varied to optimize the fit with the approximate expression;
these new fits always'required slightly smaller interaction radii than the
original ones, a change of about 0.2 fermi, or less. The

Li%a,a)Be®*

well by using the approximate expression even when the radius is varied,

(290-Mev) results, however, are not reproduced quite as

and the best agreement is obtained with an interaction-radius 0.7 fermi
larger than that required by the complete expression. (It should be
noted that the fit to the Lié(o.,d)BeS""< (2.90-Mev) data using the detailed
theory appears to be rather fortuitous.)
Other comparisons of both expressions were calculated for

lowered incidenf—particle energiesand various interaction radii. The

- approximate expression reproduces the detailed expression using the
original fit radii almost as well at low helium ion enei‘gies as it does
with the above 47.5-Mev energy; in addition, for a constant energy of
47.5 Mev, slightly better agreement between the two calculations at the

same interaction radius arises as this radius is increased.
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2. The Point Alpha-Particle Approximation

The comparison of the calculated angular distributions from the
Glendenmng equatlon with the experimental results has shown that in all
cases, except the Li (o. d)Be8 (2.90-Mev) transition, the theoretical
differential cross sections decrease much too rapidly with angle. De-
~ Ccreasing the size of the helium ion would permit more high-momentum
| transfers and therefore increase the theoretical large-angle cross sec-
tion through the damplng fact_or e kZ/SY of Eq. (IV-1). The point
aipha-particle approximation of the Glendenning theory completely
eliminates the .damping factor, thereby producing the highest large-
angle cross sections allowed by the theory. Therefore, this approx-
imation was evaluated to determine the nature of the over-all angular
d1str1but10ns that arise from it.

Calculatlons with this approximation were performed for all the
expe'rimental angular distributions, using the best-fit parameters pre-
v1ously obtained from the complete theory. These calculations showed
greatly 1mproved large- angle f1ts in some cases and not enough damp1ng
in others; for the N14( d)O (g s.) transition, however, there was
still too much large’-angle damping. - In addition, this approximation
‘ consistentiy produced much poorer agreement at small angles.

A similar calculation has been reported by Bromley et al. 8 in

29

which Aeﬁ{cell._ent fits to some Si28(d,p)Si angular distributions were
obtained by usihg Butler theory and setting the '"deuteron factor' --
.analogous to the damplng factor discussed above -- independent of angle.
They decided, however, that the fits so obtained were fortuitous and that
the discrepancy at large angles vei’y probably arose from neglectiﬁg
distorted wave effects. Since distortion effects are expected to be even
more serious in a,d reactions than in d,p reactions, better fits to

the a,d experimental data should be obtained by using a distorted-wave,,

two-nucleon transfer theory.
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-H.. Conclusions

The a,d direct reaction in the light elements has been shown to
possess considerable potential as a.spectroscopic tool. First, the
- direct reaction can be used in many cases to establish the isotopic spin
qu'antum numbers -of resolvable final states with the restriction that
0+->.O+ a,d transitions should be avoided. Second, the obserwved se-
lectivity in the po'pulation.of final states, even when no transitions re-
quiring nonconservation of isotopic spin are in{/olved, has indicated
that the stripped pair may be preferentially captured into certain nuclear
configurations. Some evidence was obtained that the two nucleons prefer
to be captured into equivalent shell-model states, and, when that is not
possible, prefer to enter adjacent states. In addition, final states whose
~configurations involve three or more excited nucleons, so that their
formation would require core excitation in addition to two-nucleon trans-
fer, do not appear to be appreciably populated. _

Little variation in the fits to the experimental angular distributions
u“sih;gthe Glendenning two-nucleon stripping theory was observed for ‘
different assumed final nuclear conﬁgufations, thereby indicating that
no spectroscopié identification of unknown final states through analysis
of their angular distributions would have been possible. Whether this
multiple fitting is due to the high linear momentum transfer prevailing
under the experimental conditions is not known. - However, the Glendenning
thedry produced excellent fits to several a,d transitions, and in almost
all cases thé interaction radii required were much more reasonable

than those arising from the "best'" Butler stripping thebfy fits to the data.
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APPENDIX

The input and output parameters in the FORTRAN program
- which calculates the Glendenning theory angular distributions. follow:
Thetheoryhas been discussed in Section IV; a,d or d,a reactions may
be calculated, (The FORTRAN listing is on pages:96 through:101, .°,
following thisisection). |
. Input

, Four data cards are necessary.
The first card contains ETA, JIZ, JF2, NODE, KKODE, MMODE.
(E 10.4, 5110), ‘ '
where |

ETA is the accuracy desired in the sum producing B(ln"lp 1L;Q).

JI2, JF2, are twice the initial and final spins, respectively.

NODE, KKODE, MMODE are control modes defined as follows:

NODE - Value - Computes using
0 . detailed B(lnlp 1;Q)
-1 - approximate B(lnlpL;Q), Eq. (IV-5)
2 ‘the point a-particle approximation.
KKODE Value Performs (intermediate printing &f)
0 " Group A (see below) every 5 angular intervals
! no printing
‘MMODE Value _ Performs _
' 0 no intermediate printing

(dnyinteger)intérmediate printing of Group B (see below)
beginning with 0 deg for (any integer) number
of angles. Node must be zero. If there are

. >2 i values’;: fewer angles will print,

The second card contains A8, 6 . v, E. ., 0
max lab _
(2F 10.0, 3E10.4). '
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where
A6, emax are the angular increment and the maximum angle to be
calculated—calculation begins with 0 deg, and no more than 180 angles
within the angular range are allowed.
Y is any constant desired in the azebarticlet internale wave function.

: Eiab ,; Q are the laboratory-system energy of the incident particle

and the Q of the reaction, respectively.

. The third data card cont_ains mi’mT’ m,, Mp, KODE
(4E10.4, I10), where m,, mq, me, mp are the masses of the incident,
target, emitted, and residual nuclei, respectively; KODE is 0, 1, or 2

for even-even, odd-odd, or odd-even target nuclei, respectively.

The four_th data card contains En’ 2, 02’ _] 2 2, R, MODE
(5110, E10.4, 110)

where - -

.np

2, 1p are the orbital angular momenta of the captured neutron and

proton, respectively :
jnz, jpz, jnpz vary with the target nucleus and are defined below
R 1is the desired interaction radius

-MODE 1is a control mode, defined

Value ~ Read in

0 new R, MODE only (E10.4, I10)

1 new ''"fourth'" card _

2 new set of 4 cards

3 + . " - _.nothing ; stop.
Definitions of j,2, ij’ jnpz

e-e target o-o target o-e target

jnz anZ (added n) anZ (added nymust fjn<><'2 (added n)

have the same j as the
one already present)

j 2 7_jp><2 (added p) . vjpiXZ (added p into ijZ, (added p)

any state)

j o2 0 : jvaZ(the jpX2 of the "J"X2(the;inter-

. dnd
original proton which mediate J=j

couples with j 1 to form Jf) [J ¢ = J. ] s restrict-
P if p')
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Intermediate Printing

All intermediate and final output is on tape.

- Group A intermediate output
K - an angle index beginning with 1 and increasing by 1 with each
angular interval; the first K printed is 6:
L. - the L value of the calculation
. SUMR - B(f 1, LiQ) for L even
SUMI- - B(l £ _L;Q) for L odd
FACT -~ exp(- K2/8YZ) for the angle
SECFAC - C /2L+1 c
SIGB — exp(- KZ/SY ZLI;1 ) (B2, 2, Ls .Q))°
AAA - E (SIGB) for as many L's as have been calculated at the ‘

time.

. Group B intermédiate output; this is calculated separately for each
value of L. , : o
N,. LN, LP—+n, )\n, )\p in the series calculating B(Inlp L;Q), re-
spectively - '

SP1, SP2 - (QRO/Z), and (QRO/Z), respectively

.,_])\

B[:B(n,)\n,x ESVEN LHD2R D) W alp Moo ;Ln)

AL Zhll Y N

Coo00% 00 000

BES[=BES(n)] - (-)™2n+1) I ., ,5(4y°R )
n+1/2'7Y T0

TERMR=BES X i ™nTA\pxBXSP1XSP2

SUM R=(previous) SUMR + TERM R

Output
The output consists of:
type of calculation - complete (node 0) or simplified (node 1 or 2)
nature of target

statements involving m,, mp, m_, E ¢
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wave numbers of incident and emitted particles
accuracy of the sum calculating B(inzp L;Q)
Q value of the reaction and y assumed

ln’ Ep used

i I

interaction radius used

j used (all times two)
np

J‘i, Jf used (times two)

the angle, differential cross section, and relative cross section

do (6)/dQ

do(0°)/dQ
the maximum value of n used in the sum calculating B(,en ip L;Q) — the
.~ maximum allowed by the program is n=15—.en where £n>£p.

Subroutines

The ARRAY and BL subroutines (pages:102-thirough-104)are
integral parts of this program; hence, they are also given in the
A ppendix. A subroutine of the form
Transc (ﬁn, lp, anZ, ijZ, J,L,S) will be required which calculates :
the appropriate LS-jj coupling transformation coefficients.
- In addition, subroutines which calculate vector coupling co-
efficients, Racah coefficients, spherical Bessel functions, and

In+1/2(p) will be required.
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2000
2004
10
11
19
20
21
2012
59
61
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60
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130
1900
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133
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136
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144
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740
741

742

13
14
15

16

17
25
671
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DIMENSION B(16916s16)9BES(16)sC{16916916)9S5(6)sWXX(6])5
XSIGMA(181)sREL{181)sNTH(181)}
XsNTH2(61)sNTH3(61)sSIGMA2(61)sSIGMA3 (61} 9REL2(61)9REL3(61)

CALL EFM (0+0)
READ 806sETAsJI2s JF29NODE s KKODE s MMODE

READ 7034DTHsTHMAX +sGAMIELABSQ

READ 718sEMI sEMT s EME »EMR sKODE

Ez = EMT*ELAB/(EM1 + EMT)

EMIK = 042187 SQRTF(EMI®EMT®EZ/(EMI + EMT))

EMEK = 02187 SQRTF(EME#EMR*{Q+EZ)/(EME+EMR))
READ 801sLLNsLLPsJN2sJP25sJNP2sRsMODE :

KAR = 0

DO 602 M = 14181

SIGMA (M) = 00

ARG = &4o%*( {GAMRR)%%2)

DO 64 N = 1516

NN = N - 1

ENN = N - 1

BES(N) = ((=1e)#%NN)#(24#ENN + 14)*BESSP({ARGENN)
K = 0

JJdd = 5

KEE = ©

KOO = O

LL = 0 .

KNMAX = 0O

LBB = 0

THET = Ol

THETA = THET #* 040174533

K = K + 1

IF (EMI .- EME) 901s 2075s 133

GGT= (EMEK/2e)#%2 + EMIK%%2 — EMEK*EMIK#COSF(THETA)
GT = (EMR¥EMIK/EMT)##2 + EMEK#*%#2 - 24%(EMR*EMIK*EMEK#COSF(THETA))
X/EMT :

GO TO 136

GGT =(EMEK—EMIK/24)#%2 +(2*EMEK*EMIK}#(SINF(THETA/24) ) #%2
GT=(EMIK~EMTH*EMEK/EMR ) ##2+44 o % (EMT JEMR ) *EMEK*EMIK* (SINF(THETA/ 2+ ) )
X%%2

G = SQRTFI(GT)

A = G¥R/2. ]

EXPARG = —(GGT/ (8. % GAM #% 2))

FACT = EXPF{EXPARG)

IF (KAR) 74057404615

IF (KODE - 1) 764145770770

KEE = KEE + 1

IF (KEE = 1)742+,742+615

J = JF2/2

JTEST = (~1)#%%J

LTEST =(-1)#%#(LLN + LLPJ

IF(LTEST)14s14,13

IF{JTEST) 16916415

IF{JTEST) 15915516

L = J

LG = O

GO TO 25

L = J -1

LG = J + 1

IF(L) 17925925

L = LG

LG = O

IF (NODE) 67156715672

CALL ARRAY (LLNsLLPsLsB)

ELL L

ALEPH = TRANSC{LLNsLLPsJUN2sUP2sJslL 1)



743
673
674

744

770
771

2013
2016
2017

2019

2021

2023

2025
2026
2027
202

2030

772
773

774
775
675
676

2038
2039

20641
2045
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SECFAC = (ALEPH#®%2)/(2e*ELL + 1o

IF (LG} 74497649743

IF (NODE) 673+673+674

CALL ARRAY (LLNsLLPsLG»C)

ELG = LG

ALEPH2 = TRANSC (LLNsLLPsJIN29JP29JsLGsl)
SECFA2 = (ALEPH2#*%2)/(2+%ELG+1,)

LLLL = 0

GO TO 615

IF (LL) 77187715790

KOO = KOO + 1

IF (KOO = 1) 2013,20134+615

LAND = LLN +LLP

LIND = XABSF (LLN - LLP)

L = LIND

LIND = LIND + 2

IF(LAND - LIND) 202542019,2019

LG = LIND

LIND = LIND + 2

IF(LAND = LIND) 2026920212021

LGL = LIND

LIND = LIND + 2

IF(LAND — LIND}) 2027920232023

LGLG = LIND

GO- TO 2029

LG = 0

LGL = 0

LGLG = 0

IF (KODE - 1) 2030,2030+600

WXX(1) = JI2/2

WXX(2) = JF2/2

EJN2 = UN2

WXX(3)=EJUN2/2.

EJP2 = JP2

WXX(4) = EJP2/24

EJNP2 = JUNP2

WXX(6) = EJNP2/2.

IF (LGL) T735773,774

LLLL = O

GO TO 775

LLLL = 1

IF (NODE) 67556755676

CALL ARRAY (LLNsLLPsL»B)

ASSIGN 780 TO NKM

LAB = L

SLAB = t

ML = XABSF (LAB - 1)

MH = LAB + 1
MLL = ML + 1
MHL = MH + 1
DO 2045 MM =
M = MM - 1
WXX(5) = M
RAC2 = RACAH(WXX)

ALEPH = TRANSC{LLNsLLPsJUN2sJP2sMsLABs1)
RA = (RAC2*ALEPH)®%2

EYX = 2#M + 1

RASUM = RASUM + RA¥EYX

MLL s MHL



780
781

677
678

783

784

786

787

789

790
791

679
680

792
681

600

603

604
605
682
683

607
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GO TO NKMs (7804783578647
SECFAC = RASUM/ (2+#SLAB

IF (LG) 61546154781

IF (NODE) 677+677+678

CALL ARRAY (LLNsLLPsLG,4C)
ASSIGN 783 TO NKM

LAB = LG

SLAB = LG

IF (KODE - 1)2038,2038,607
SECFA2 = RASUM/ (2+%SLAB + 1)
IF (LGL) 6154615784

ASSIGN 786 TO NKM

LAB = LGL

SLAB = LGL

IF (KODE ~ 1) 2038920389607
SECFA3 = RASUM/ (2+%#SLAB + 1)
IF(LGLG) 61596154+787

ASSIGN 789 TO NKM

LAB = LGLG '

SLAB = LGLG

IF (KODE - 1) 2038420385607
SECFA4 = RASUM/ (2+%SLAB + 1la)
GO TO 615

LL- = Lt + 1

IF (LL = 2) 79157914615
SECFAC = SECFA3

SECFA2 = SECFA4

IF (NODE) 67946794680

CALL ARRAY (LLNsLLPsLGLB)
L = LGL

LG = LGLG

IF (LGLG) 61546154792

IF {(NODE) 681,6814615

CALL ARRAY {(LULNsLLPsLGLGsC)
GO TO 615

89) -
+ le)

EEJVI = Jl2

WXX(2) = EEJI/2.
EEUN = UN2

WXX(3) = EEIN/Z.
EEJNP = UNPZ2
WXX{4) = EEUNP/2.
EEJF = JUF2

WXX{5) = EEJF/2.
EEUP = JP2

WXX(6) = EEJP/2.
IF(LGL) 603,603,604
tLeL = ©

GO TO 605

LLee = 1

IF (NODE) 682+682+683
CALL ARRAY (LLNsLLP»LsB)
ASSIGN 780 TO NKM

LAB = L

SLAB = L

ML = XABSF (LAB - 1)}

MH = LAB + 1

RASUM = 0.0

MLL ML + 1

MHL MH + 1

(U]
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DO 609 MM = MLLyMHL
M=MM -1
WXX(1) = M
RAC2 = RACAH (WXX)
ALEPH = TRANSC(LLNsLLP3sJIN2sJP2sMsLLAB»1)
RA = (RAC2 * ALEPH)*%2
EYX = 2*M + 1
609 RASUM = RASUM + RAMEYX
GO TO NKMy (780+78397869789)

615 KJ = 0 .
: IF (NODE - 1) 62546179616
616 FACT = 1.0000
617 S(1) = LLN
S(2) = LLP
S(3) =L
St4) = 0.0
S(5) = 0,0
S{6) = 0.0
634 CBR = CLEBI(S)
AAQ = 2o * A ,
SPQ = SPHBESF{AAQsL)
LABT = (-1) % {
IF (LABT) 618+618+619
618 SUMI = CBR * SPQ
SUMR = 0,0
GO TO 627
619 SUMR = CBR # SPQ
SUMI = 0.0
GO TO 627

625 CALL BL(LLN!LLP’LoB’BES’A9THET’ETAoMMODE’SUMR’SUMIoN)

632 IF {(KNMAX ~ N) 626627+627

626 KNMAX = N

627 SIGB = (SUMR #3 2 + SUMI #% 2) % FACT # SECFAC
SIGMA{K) = SIGMA(K) + SIGB
IF(KKODE)} 628+6284+633

628 KKK = ((K - 1}/J4J09) - 1

- IF (KKK)63346299633

629 AAA = SIGMA(K)
WRITE OUTPUT TAPE 598229K9L,SUMR9$UMI,FACT,SECFAC’SIGB AAA
IF (LG) 63156314636

631 JJJ = JJJ + 5
GO TO 650

636 IF (KJ) 64256429631

633 IF(KJ) 640964045650

640 IF (LG)650+6504+642

642 NLN = L
SEC = SECFAC

L = LG
SECFAC = SECFA2
KJd =1 - '
IF (NODE - 1) 643,644,644
644 S(3) = LG .
GO TO 634
643 CALL BLILLNsLLP 2L GyCoBESsAsTHETIETAIMMODE s SUMRY SUMI oN)
GO TO 632
650 NTH(K) = THET + 0400001

651 THET = THET + DTH
MMODE = MMODE - 1
IF (LG) 65246524670



670

652
653
654

655

2059
2060
227
229
230

1231

w W

7
1232

231
232

233
2065
2070

2072

2075
2080
2082

703
704

706

716
717
718
719
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L = NLN

SECFAC = SEC

IF (THET - THMAX) 128+128+653
IF (LLLL)205952059+654

LBB = BB + 1

IF (LBB -~ 1) 655365592059

LL = tL + 1

K =0

GO TO 127

DO 2060 M = 14K

REL(M) = SIGMA{M)/SIGMA(1)
K = K

NNl = CK/3. + 1.0001
NN2 = 2 # NNI1

DO 1231 1 = 1sNN1
K2=1+NN1

K3=I+NN2

NTH2(I) = NTH(K2 )
NTH3(I) = NTH(K3 )
SIGMA2(1) = SIGMA(K2)
SIGMA3 (1) = SIGMA(K3)
REL2(T) = REL(K2)
REL3(I) = REL(K3)

IF (NODE) 242»3

WRITE OUTPUT TAPE 5,827

GO TO &4

WRITE QUTPUT TAPE 59828

IF (KODE = 1) 54657

WRITE OUTPUT TAPE 54829

GO TO 1232

WRITE OUTPUT TAPE 549830

GO TO 1232

WRITE OUTPUT TAPE 59831

WRITE OUTPUT TAPE 59704 sEMTsEMIsELABYEME

WRITE QUTPUT TAPE 5+706EMIKsEMEKSETA _

WRITE OUTPUT TAPE 59825sQsGAMsLLNsLLPsIN29yJP29sJINP29RsJI29JF2
WRITE QUTPUT TAPE 5716

WRITE QUTPUT TAPE S5s717s(NTH(I)sSIGMA(T}sRELII)sNTH2(I)sSIGMA2(T)s

XREL2(T)oNTH3(T)sSIGMA3(I}sREL3(I)s I = 19 NN1)

WRITE OQUTPUT TAPE 5+719sKNMAX
IF{MODE —~ 112070s2012+2075
READ 810sRs»MODE

IF (LLLL)207252072959

KAR =1

GO TO 61

IF (MODE - 2) 2012+2004,2080
END FILE 5

REWIND 5

STOP

FORMAT(2F104093E1044)

FORMAT (45H THIS REACTION IS THE BOMBARDMENT OF A MASS =E10.4918H
XTARGET BY A MASS=E10.4s 22H PARTICLE WHOSE ELAB =E10.4
X//36H THE EMERGENT PARTICLE HAS MASS =E10.4//)

FORMAT (25H K OF INCIDENT PARTICLE =E10.4924H < OF EXITING PARTICL

XE =E10+4s 19H ACCURACY OF SUM = E10e.4 )

FORMAT(3(37H THETA SIGMA RELATIVE) /7))
FORMAT(3(11192E13.4))

FORMAT (4E10445110)

FORMAT (30H THE MAXIMUM VALUE OF N USED =15s/ 1H1 )



801
806
810
822

825

827
828
829
830
831
850

FORMAT (5110+E10e45110)

FORMAT(E10e4+5110)

FORMAT(E10e44110)

FORMAT(4H K= I294H L= I2s7H SUMR= E10.4s7H SUMI= E10.4s7H FACT= E1l

XOe&99H SECFAC= E10e4s7H SIGB= E10e496H AAA= E1Q0e4 )

FORMAT(18H THE REACTION Q@ = E12e4y 9H GAMMA = E12.4 //

X 6H LN = 13y 6H LP = I3y 6H UN = I3y 6H JP = I3,7H UNP = 13,
X20H RADIUS IN FERMIS = E12e4912H JINITIAL = 12910H JFINAL = 12 //)

FORMAT(44H TWO-NUCLEON TRANSFER CALCULATIONs COMPLETE. )
FORMAT(46H TWO-NUCLEON TRANSFER CALCULATIONs SIMPLIFIED. )
FORMAT(17H EVEN-EVEN TARGET //)

FORMAT(15H ODD-ODD TARGET //)

FORMAT({16H EVEN-ODD TARGET //)

END(O91909041)
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27

28

29

30
32

33
37

39

41
43
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SUBROUTINE ARRAY (LLNsLLPsLsB)
DIMENSION B(16s16916)sX{6)sY(6)sZ(6)sW(6E)

X(4) = O,

X(5) = 0.

X(6) = O.

Y(1) = LLN

Y{4) = O,

Y(5) = 0.

Y(6) = 0.

2Z(1) = LLP

2(4) = Q.

Z(5) = Q,

2(6) = 0.

W{l) = LLN

W(2) = LLP

W(5) = L

X(3) = L

DO 41 N = 1416

NN = N -1

W{6) = NN

Y{2) = NN

Z{2) = NN

LMIN = XABSF(LLN - NN)
LMAX = LLN + NN

LN = LMIN

LPL = XABSF(LLP-NN)
LPH = LLP + NN

LLNE = XABSF (L = LN)
LTWO = L + LN

LPMIN = XMAXOF ( LPLsLLNE)
LPMAX = XMINOF ( LPHs LTWO)
IF(LMAX - 15) 2922943

[F (LPMAX - 15} 30530943
LP = LPMIN .

W{3) = LN

W(i4) = LP

X(1) = LN

X(2) = LP

Y(3) = LN

Z{3) = LP

LNADY = LN + 1

LPADY = LP + 1

ELN = LN

ELP = LP

¢BXx = CLEB(X)

CBy = CLEB(Y)

Bz = CLEB(Z)

RAC = RACAH(W)
BINsLNADJSLPADJ) = RACHCBX*CBY#CBZ¥SQRTF( {2e*ELN+1e ) * (2. ¥ELP+14))
LP = LP + 2

IF(LP - LPMAX)3245324+39

LN = LN + 2

IF (LN = LMAX) 274+27541
CONTINUE

RETURN

END(O91905091)

-
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SUBROUTINE BL(LLNsLLPsLsBsBESsAsTHETsETAIMMODE s SUMR s SUMT 9N
DIMENSION B(1l6s164916)s BES(16)
IF (MMODE - 1) 1524+115,115

115 WRITE QUTPUT TAPE 5+826sTHET

152 SUMR = Q.
153 SUMI = Ue
N =0
157 NN = N
LMIN = XABSF{LLN-NN)
LMAX = LLN + KN
LN = LMIN
LPL = XABSF({LLP~-NN)
LPH = LLP + NN
527 LLNE = XABSF (L - LN)
LTWO = L + LN
528 LPMIN = XMAXOF ( LPL s LLNE)
LPMAX = XMINCF ( LPHsLTWO)
LP = LPMIN
172 NTEST = (—=le)®#t({LN+LP)
IF(NTEST) 17441745190
174 NP = (LN+LP-1})/2
SP1 = SPHBESF(AsLN)
‘178 SP2 = SPHBESF({AsLP)
NX = N + 1
LX = LN + 1
LPX = LP + 1

180 TERMI = (-1la)%%NP % SP1 #* SP2 % B{NXsLXsLPX)*¥BES(NX)
181 SuMI = SUMI + TERMI . .

IF(MMODE - 1} 20541845184
184 WRITZ OUTPUT TAPE 5s713sNsLNsLPsSP1sSP2yB{NXsLXsLPX)sBESINX)
165 WRITE OQUTPUT TAPE 597149 TERMI s SUMI

GO TO 205
190 NP = (LN + LP)/2

192 sP3 = SPHBESF({AsLN)
193 SP4 = SPHBESF(AsLP)
NX = N + 1
LX = LN + 1

LPX = LP + 1
195 TERMR = (=14 )#*¥NP%*SP3*#SP4#B(NXsLXsLPX)*¥BES{NX)
196 SUMR = SUMR + TERMR
IF (MMODE = 1) 2052004200
200 WRITE QUTPUT TAPE 59713sNsLNsLPsSP3s5P4+BINXeLXsLPX)sBESINX)
201 WRITE QUTPUT TAPE 59715 TERMR s SUMR
205 LP = LP + 2
[F(LP=-LPMAX) 172+172+2086
208 LN = LN + 2
IF(LN = LMAX) 52795279213
213 1IF (SUMI) 21445179,214
214 Al = ABSF(TERMI/SUMI)
GO TO 183
17 Al = 0.0
183 IF (SUMR) 215451864215
215 AR = ABSF({TERMR/SUMR)
GO TO 216
186 AR = 040
216 IF(AI - ETA) 21742174221
217 IF (AR = ETA) 199519949221
221 IF(LLN + N = 15)2229900+900
222 N = N + 1
GO TO 157
9u0 WRITE QUTPUT TAPE 598059sNs THET 9 TERMI 9 SUMI » TERMR s SUMR
199 RETURN
713 FORMAT(3H N=1393H L=I3s4H LP=13+5H SP1=€E1le495H SP2=Elleb444H B=



XElle495H BES=E1lle4) ,
714 FORMAT(9H TERM I =E12e498H SUM I = El2e4/7/)

715 FORMAT (9H TERM R =El12.498H SUM R = El2e44/7/)
8U5 FORMAT(36H CALCULATION REQUIRES N HIGHER THAN I3s 7H ANGLE= F4.0»
XTH TERMI=Elle4s6H SUMI=E1lle497H TERMR=E1lle49s6H SUMR=E1le4 //)
826 FORMAT (14H FOR ANGLE OF F4.0)
END (0s150s051)
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