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A COMPARATIVE STUDY OF (p,t) AND (p;3He) REACTIONS ON LIGHT NUCLET
" - Donald George Fleming

Lawrence Radiation Laboratory
University of California
Berkeley, California

'September 1967

o ABSTRACT

) The (p,t) and (p,BHé) reactions on 7N and ¢ targets have been
o inveétigated. ‘Transitions to mirror final states in the mass 13 and mass
f_ 11 final nuclei were‘studied over‘l5 and 12.5 MeV of excltation, respec-

~ tively, Several new spin and parity assignments are made. In particular,
vthe lowest lp shell T#B/Q states in these nuclei have been ldentified. -
_ ' - The DWBA predictions of the angular distributions arising froﬁ
these (p,t) andi(pBHe) transitions were genérally found to well reproduce
- experiment. For the 15N(p,t)lZ’N and 15N(p,BHe)BC reactions, these cal-
culations were carried out using 1ntermediatelcoupling wave functions to
describe the final state; for the 15C(p,t)llC and 15C(p,BHe:)llB reactions,
“pure jj configurations were assumed. In addition to giving a good
account of the observed angular distributions, the DWBA calculations of
relative cross sections fér the (p,t) transitions were also found to be
iih good agreement with experiment,

Comparative measurements of these (p,t) and (p,iHe) reactions pop-
ulating mirror final states has been used to test some of the assumptions -
made in current theories of direct two-nucleon transfer reactions. The
agreement in cross section ratios of mirror (p,t) to (p,3He) transitions
is found to improve in every case with the inclusion of a strongly spin-
dependent force in the nucleon-nucleon interaction, but overall satis-

 factory agreement is not obtained. The (p,t) transitions are found to be
generally stronger than expected relative to their mirror (p,jﬁe) transi-
tions and three cases are discussed where the experimental ratios of these
cross sections exceed the theoretical upper limit. Interference terms
arising either through the spin-orbit interaction in the optical potentiél

or through a core-excitation mechanism are suggested as accounting for

this result.
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I. INTRODUCTION

_ The successful interpretation of the single-nucleon transfer re-
action as a simple direct reaction has led to its use as a spectroscopic

tool for many years.l’2 Although less thoroughly investigated, direct

- two-nucleon transfer reactions are equally lmportant as spectroscopic

probes (for example, the (p,t) reaction can be used to study nuclei two

~ neutrons removed from stability) and their recent treatment by DWBA

theorie55—6 permits an interpretation of the two-nucleon cross section

in terms of the details of nuclear structure. In particular, the two-

- nucleon transfer reaction can be a sensitive test of the shell model

configurations present in initial and final states.

If one assumes that the nucleon pair is transferred in a relati?e

'g=o state of motion, then the Pauli Principle restricts the (p,t) re-

action to a pure 3g spin-isospin transfer. The (p,BHe) reaction, how-
ever, is not similarily restricted and, in particular, for reactions on
targets with T, # O leading to final states with T = v, (target) |,

may proceed by both e S and 5S spin-isospin transfers of the neutron-
proton pair. In a comparison of (p,t) and (p,BHe) reactions populating

- mirror final states, the S=0 restriction on the spin transfer of the

 v(p,t) reaction may manifest itself in two ways:

(1) Some (p,t) transitions may not be observed because they are

“-,“J-forbidden,. For transitions within the 1lp shell, this results when a
. J=3 transfer is required by angular momentum selection rules, whereas

'L,J=2 is the maximum transfer possible. An example of this occurs in the

- - 1
search for the intermediate coupling predictedT 2 7/2 level in 3N and

: 3¢ via the 15N(p,t) and 15N(p,BHe) reactions, as is later discussed.

(2) Partic@larly in the lower part of the lp shell, where IS

_ coﬁpling 1s more appropriate, some (p,t) transitions may not be observed
»becéusevthey are "S-forbidden”. This occurs whenever the spin multipli-
“city of the initial and final states is not the same., Several striking

examples of this were found in & recent comparative study of (p,t) and

(p,BHe) reactions populating mirror final states in mass 7 and 5 nuclei 10

f



 workers making some detailed studies in this region.'2 By contrast,

s I

: Other than what is discussed in Ref. lO the spectroscopic utility
of comparative (p,t) and (p, He) reactions to mirror final states has
not,been explored. Individually, the (p,t) reaction hes received some

study, particularlyin medium and heavy nucleil® wifh Hintz end his co-

i5iiu -

~ there has been relatively little'(p,t) work reported in light nuclei,
15,16

~ and the (p,BHe) reaction, in general, has received only scant attention.
.- Moreover, with the exception of Ref. 10, the (p,t) and (p,5He) reactions
studied to date have covered only a limited range of excitation. . o

. In addition to their spectroscopilc utility, comparative measure-

- ments of (p,t) and (p,3He) reactions on odd mass (T=1/2) ‘targets popu-

:,lating mirror final states also provides one with a sensitive test of

. some of the assumptions made in current theories of direct two-nucleon

B transfer reactions.5_6 Of particular interest is an increased under-
'sianding of the theoretical treatment necessary to interpret the greater

-+ flexibility in spin-isospin transfer allowed in the (p,5He) reaction.

o The population of mirror final etates permits such comparisons with minimal.

uncertainty in the final state wave‘functione. In general, 1t is found

that (p,t) cross sections io mirror final states - when not inhibited by

nuclear structure considerations - are strongly enhanced over the corre- -

..sponding (p,5He) transitions, sometimes by factors as large as 6 or T.

ui: The implications of thls enhancement will be considered in a detailed

i study of two (T=l/2) target nuclei, 15N and 150, leading to mirror final
states in the mass 13 and mass 11 final nuclei respectively.

Further, since a T=1 transfer is allowed in both (p,t) and (p,BHe)
. reactions, their simultaneous observation can be a particularly valuable
e tcol for locating states of high isospin., Measurement. of the absolute ‘

" cross sections of such transitions can be used to test the hypothesis

_j;;ithat the specifically nuclear part of the nucleon-nucleon interaction is
°  charge independent. The comparison of (p,t) and (p,3He) reactions popu-

_ lating analogue final states (T > 3/2) has been employed previously to.
';;investigete the lowest T=2 levels in mass 16 and mass 207 ana to investi-
7*”gate the lowest T=3/2 levels in mass 7.18 Herein, are reported observa-

tions of the lowest (lp shell) T=3/2 states in the mass 13 and mass 11

7filis03pin quartets.

»J
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. TI. EXPERIMENTAL PROCEDURES

_ 'A. Machine and External-Beam Facilities A ,
The external beam facilities of the Berkeley 88" Cyclotron were

used in these experimehts. This 1s a variable energy sector-focused

machine and . its  operation has récently been described by Conzett and

19

Harvey. The physiéal layout of the cyclotron and tafgef area, together
with the'overall_beam optics, is illustrated in Fig. 1, In the radial
plane, the first set of quadrupole magnets (Quad. 1) creates an image of
the virtual source Just prior to the entrance of the switching magnet.

The beam is then deflected 38° by the switching magnet through a second

© set of quadrupole magnets (Quad. 3) which‘produces a radial focus at the

analyzing slit. For these experiments, this slit consisted of two

vertical tantalum plates, 125 mils thick, and normally set 60 mils apart.

Tn the vertical plane, only one focus is required prior to the scattering

chamber. This occurs at the exit of the switching magnet. Beyond the

- analyzing slit, two quadrupole lens doublets (Quad. 21, Quad. 22) were

required to bring the beam to a radial and vertical focus at the center

f‘df a 20" diameter scatter chamber. Typical beam spot sizes at this
point were 80 mils wide X 100 mils high, with variable beam intensities

" between 0.05 and 1.5 pa.

Proton induced reactions were studied at 45.7 MeV on a 15N

.. target, at 43.7 and 49.6 MeV on a 150 target and at 43.7 and 5k.1l MeV

.- on an l60 target. ] ' \

The beam ihtensity was measured in a Faraday cup (which employed

~.a carbon block 3/4 of an inch thick) using an integrating electrometer.
"~ The incldent beam energy was determined by a range-energy measurement

‘using aluminum absorbers of known thickness and the tables of Williamson

and Boujot.zo Two separate counter assemblies were operated, both of

which were pbsitioned 10° out of the horizontal.plane. The smallest

~ possible scattering angle that could be attained was then 10°, - The two

counter packs were external to the scatter chamber (20 in. from the
center), which made for easy access; in addition,'they could be indepen- -
dently rotated to any'desired scattering angle. The scatter chamber and

supporting beam pipe was kept under vacuum (lO—umm of mercury) by an oil

- diffusion pump, backed by a Kinney mechanical pump.
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B.' Detectors and Electronics

Réaction events were measured in two separate counter telescopes,
each consisting of a 5.5 mil phosphorous diffused silicon AE detéctor.:
and a 120 mil Li-drift silicon E detector; The develoﬁment and applica-
tion of solid state counters has been well déscribed?l and will not be
discussed here. Each AE-E counter pair was backed by a 20 mil Li-drift
silicon detectbr,,which served only to eliminate energy signals from
lohg-range events that passed through the fifét two detectors. Electri-
cal contact was hade by a stainless steel spring and the detector volt-
ages were typically 150 V and 500 V for the AE and E counters, respeé-
tively. | |
A block diagram of theelectronics is shown in Fig. 2. Signals
from the three detectors (AE, E, E rej.) were first sent to charge sensi-
tive preamplifiers which then fed the main amplifiers in the circuit.
+In the main amplifier, these pulses were integrated with a 0.2 usec time
constant, amplified and shaped and then stretched to a 3 usec width. A
slow coincidence (2t = 1 psec) was demanded between the AE and E signalé
"and pulses which satisfied this requirement were sent to a Goulding-

Landis particle identifier,22 This ddentifier depends on the empirical

. relation R = aEl'75, were 'R_fis the range of the particle, E its

 total energy and :a is a characteristic constant dependent on particle

type.. Thus, for a particle'paséing through the AE and E detectors,
g = (E + AE)1'73 - gt

- so that the identification signal'is proportional to T/a, where T 1is
~ effectively the thickness of the AE counter. For protons a = 32.2 and

'.for a particles a = 2.95, so that for a given AE detector, one expects

a larger identification signal for & particles than for protons. A
typical particle ldentifier spectrum is shown in Fig. 3.

Particle ldentifier signals were gated in a four-channel router,

" in coincidence with their total (E + AE) energy signal. Since relatively

thin AE detectors were used, relatively small particle identification
signals resulted for Z=1 particles and consequently it was not always

possible to completely separate deuterons and tritons. Thus a safety
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_"_appropriate channel of a Nuclear Data pulse height analyzer or in an on-fj'
~ line PDP -5 computer, both normally operating in the 4 x 1024 channel

-

»p_group was always observed in which any 1eak-through tritons were collected. -
Valid triton, helium 3 (and alpha) particle events were recorded in the

~ mode. ypical energy resolutions (FWHM) of 150 and 180 keV were obtained ’
. for tritons and helium-3, respectively.

. C. Gas Targets -
The targets used were pure (160) or nearly pure (99% N, 93%
A 5C) gases. They were contained in a three-inch diameter gas target
'?.;cylinder which was filled externally. The 315° gas target window was -

. .- covered w1th 0.1 mil Havar foil 25 which easily withstood pressures of -

51.30 cm of mercury. The target thickness and beam energy were constantly

. monitored by a 120 mil Ii-drift silicon detector fixed at 27.5° to the _1="

“*;‘beam. This was particularly important for the 3C reactlon, since methane h

"ﬂ were studied to insure that the transition 6f interest had the correct :

if;klnematic behavior and was -therefore not due to some unknown impurity.

if:is known to decompose under radiation.“

_ D. Data Analysis
Total energy signals (E + AR) stored in the pulse height analyzer

élor computer were written on magnetic tape for later analy51s ‘The first
;1nformation to be extracted from the energy spectrum was the determina-
i tion of the energies of the various final states pOpulated in the re-
lBN 3.51,

N reaction, for example) were

“-action. The energies of the "known" final states ( n g.5.,
: 15N 7.38 MeV levels in the N(p, )15
: then used to determine the energy scale, from which the excitatlons of

h;all other levels in the spectrum could be determined. Enough angles

. The average excitation_was then determined and a standard deviation cal-
;f'culated. | |
| The total number of counts in each peak ‘(after background correc-

'ﬁ.gtion) was determined for all the levels of interest and the differential -
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cross section célculated at each angle. For a gas target, the target
thickness 1s determined by the solid angle (Q) subtended by the defining
collimators (two are neéded, as shown in Fig. 2) and thus varies with
the angle of observation. The (center-of-mass) differential cross

section was calculated from the formula

JC(T + 273) Sin 6, x (zi + 32)2 X Z %X 6.53 X 1077

%)
daf BNPW W, H, (1 + 11/12)

(moex)

where T and P are the gas temperature (°C) and pressure (cm‘of Hg),
respectively, GL is the laboratory scattering‘angle, C/B is the total
number of counts per uc of incident beam of.charge Z, and ll, 22, Wl, Wé,
'H2 are geometrical parameters defining, respectively, the distance from ..
the center of the target to the front face of the first collimator, the
- distance from the front of the first collimator to the rear of the back
collimator, the width of these two collimators and the height of the
“rear collimator. All dimensions are measured in inches. N is the number
of nuclei/mole (N = 2 for 15N) and J 1s.the Jacobian for transformation
from lab to center-of-mass coordinates.

The total cross section is obtainedbby integration of the above

expression:

, | 1
- do do
?T = Eﬂf ab— sin 6 48 = 27Tf aQ—' d(COS 6)
. . 1 .

In practice, thls integral was evaluated graphically and the range of

«

integration was typically 10 - 80° in the center-of-mass.  Absolute
cross sections are expected to be gobd to within * 10%.
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TIT. THEORY

u'ijA Direct Transitions

LI General Discussion |

. Two- nucleon transfer reactions have received considerable theo-
-ffretical attention over the past ten years. The bulk of these theories,2
however, have been extensions of single nucleon plane wave theories,

‘and have had only marginal success in fitting the dgta. 2> Distorted wave
5-

‘theories of direct two-nucleon Lransfer reactions have been developed

~ and although several.DWBA.analyses have appeared in the litera.ture,2

- until recently, relatively little detailed experimental verification of
.. the theory has been published.

The formulation of the theory of direct two-nucleon transfer re-

"fﬁéptions'by most authors:’u’6 is essentielly equivalent. (An exception is

.- _-the work of Rook et al.? who, in addition to the zero range interaction

;f'employed by others, also use a point triton approximation). However,
, since the formulation of Ref..j was made with particular emphasis on the}

:v;;role»played by the structure of nuclear states in the reaction, it was more

'"’;isuitable,for-this analysis and will consequently be used throughout. + This

.::rtheory fully takes into account the configurations of both the target
“nucleus and the residual state, spétial correlations between the nucleons

n'rand coherent effects in the picked up pair. The‘salient features of the

L theory are discussed below,

Assuming that the spin-orbit interaction can be neglected in the -

u0ptical model, then the differential cross section of a two-nucleon

( ;qctransfer reaction can be written as.an incoherent sum over all the

. angular momentum‘quantum numbers (L,S,J,T) of the transferred pair:

.8

12
ot 5T
a6 @ i sy G (k ) . (1)
do ~ k, LSJTMN nrsor Snptfio¥e

: This 1s quite different from a similar expression obtained for a single- ’
- nucléon transfer reaction where it is well known2 that the cross section

' can be factored into two terms, one containing the nuclear structure

:  information and the other depending on the kinematics:

iz o

3



‘structure (

11
8" |2 - (2)

One is unable to achieve a similar factorization in.the two-nucleon
transfer reaction bécause of coherent effects, which are absent in the
single-nucleon cross section of Eq. (2) and wnich will be discussed more
fully below. Nevertheless, the transition matrix element (Eq. (l)) can
be separated into a factordepending only upon the details of nuclear
NISJT) and a transfer amplitude (BNL) which represents the
probability of transferring a structureless palr to or from the target
nucleus. This allows a separate treatment of the dependence of. the cross
section on the detalls of nuclear structure, independently of the spectro-

SCOplcally uninteresting transfer amplitude with its attendant distorted

- wave calculation.

The C. ° term in Eq. (1), for a pickup reaction, has the form

ST

¢ - bST2l<tf meMT|£i 'mi> 12 ' ) _' : ' (5) | ;

ST

where bST2 is an overlap integral'involVing the spin-isospin weve
functions of the transferred pair and the light particle.(A;B ground
state in this discussion) and the Clebsch-Gordon coefficlent couples

the isospin of initigl and final nuclear states by the isospin (T,MT)

- transferred in the reaction. This equation 1s discussed in more detail

in a later section.
. The transfer amplitude BﬁL' is completely analogous to a similarly -

denoted term in the theory of single-nucleon transfer reactions (Eq. (2))

 and for the (p,t) reaction it can be represented by the integral

)

, - ) o * ' o
BﬁL(kp,kt) «[x:(')_(k R,) Ul\l\/T[L(EvRE) YZM(R_) v(p) ®, (o) Xp(+)(kp,Rp)dR R, QR

(&)

. + S ,( . : . . - L
where Xp( ) and X (=) are the familiar optical model solutions of the
“elastic scattering problem for the entrance and exit channels, respectively.

The center-of-mass coordinate of the transferred pair is given by R;

IR—Rp[ and Rp and Rt are the center-of-mass coordinates of the
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incident proton and exit triton, respectively The internal wave function
of the triton is given by o, (p) eand V(p) 1is the two-body interaction o
‘potential between the incident proton and the center- of-mass of the picked-‘,

- up neutrons -The optical model potential has the form o : -,‘.j.j.ﬁ“
-U(r) =V f(r) thati Wy £'(r) AW £(r) -V (x) 0 (5) . §
jiaiwhere V,'W, and Wb are the real, volume absorption and surface absorption
*f“'potentials,-respectively. Saxon-Wood or derivative Saxon-Wood form

_ factors arelused'throughout and no spin-orbit coupling 1s included.
" The Coulomb potential is given by V (r) and is evaluated with a spherical

"'fQUcharge distribution.

The wave function ‘UﬁL(EyRe) represents the center of mass motion

;fof the transferred pair.‘ It depends, as it does in a single-nucleon

V":transfer reaction, on the principal quantum number (N) and the transferred:

,lﬂfjorbital angular momentum (L). However, unlike single-nucleon transfer |

lfreactions, several radial statesi(those with different N) may be required
-i)té completely describe the center of mass motion of two nucleons'and

“.?ﬁ:these enter.coherently into the two-nucleon cross section (Eq. (1)).

;fSuch a coherence has no analog in a single nucleon transfer reaction.

:.The bound'state'wavelfunction is'represented by a harmonic oscillator in

?athe'interior of the'nucleus.' In order to give this wave function a more '

' proper asymptotic behavior than that afforded by a pure harmonic oscil-

iator, it is matched to a Hankel function tail at the nuclear surface,

the argument of which is proportional to the separation energy of the

pair In a pickup reaction, this has the effect of compressing the

bound state wave ‘function for excited states. '

" An alternate procedure is to evaluate the bound state wave functionh

L T

;1us1ng “the single particle eigenfunctions of a Woods-Saxon potential.:
fﬁzThis w1ll yield a wave fUnction for the center-of-mass of the pair which
~1is 1mproved over a pure: harmonic oscillator wave function in the sense o v
fthatlit‘dOes not decay so rapidly; hence 1t should yield improved results .

1fﬁfor the calculated angular distribution, as was recently emphasized by
'?‘Drisko and Rybicki,28 'However,'especially if many single particle states
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are required to describe the center-of-mass motion of the transferred

pair, it is not'elear6 that the wave function calculated from a Woods-

Saxon well will have the proper asymptotic behavior associated with the
separation eﬁergy of the; palr. Moreover, the use of harmonic 0scilletor
single pérticle wave funEtions allows one to immediately exploit their
convenient analytical properties, as 1s later discussed. _

The coherent nuclear structure factors, as manlfest in the GNLSJT
of Eq. (l), can have a drastic effect on the two-nucleon cross section,
resulting in strong tren31t10ns to those levels for which they are con-

structive. These structure factors are discussed in some detail, since’

" the cross‘seetion 1s essentially proportional to a sum of their squares.

Following Ref. 3, the nuclear structure factor can be written as a

product of three factors:

0, (no, NL, L[n.t ; L) | - (6)

Cyrsgr =2; BLSJT 1f1 Bolo

the sum on 7y 1s over the various shell model configurations that may be

'present in the wave function of the target nucleus and which can be ex-

cited in the two-nucleon transfer reaction. The factorgﬁ/expresses the
exchange symmetry of the two nucleons in the transferred pair. If the

pair have a definite'symmetry under exchange, thengwﬁ— 1lif n llJ

n.f JE’ othervise éy== Jé. If ﬁhe wave function of the pair does not

2" 2
have definite symmetry under exchange (1.e., a neutron-proton configura-

‘tion without definite isospin), then g = 1.

The factor BLSJT is analogous to the same term in Eq. (2) for a

single-nucleon transfer reaction and is the two-nucleon parentage factor,
which gives the,oVerlap between initial and final nuclear states. To
be specific, in a plckup reaction, Bv measures the extent to which

LSJT
the final nucleus plus two nucleons in the state "y(nl ll, 1, 12) resembles

.the ground state of the target nucleus. Formulas expressing parentage

factors for the transfer of two nucleons from general target nuclei are

given below. Assuming harmonic oscillator wave functions for the two

nucleons in the state y, they can be readily transformed to relative (r)

and center of mass coordinates (R) using the Talmi coefficients, numerical
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. tables of which have been prepared by Brody and Moshinsky. 29 This trans-

formation has the form

11 s L
| m -,
where - ¢nx<r) represents the'reletive motion of the two nucleons and S
NA(R) is their center of mass motion, With the usual simplifying

assumption that the light particle is purely spherically symmetric ( 81/2),»

then only A\ = 0 states of relative motion are possible (the ground state

wave functlon of A~5 is known to be at least 9% Sl/2’ with a' 6% uD 1/2
_admixture), which accounts for only a A = O term in the Moshinsky

bracket of Eg. (6) The relative motion of the two nucleons in the
'nucleus-¢ (r)— must overlap with the motion of the same pair in the
llght nucllde, which is assumed to be gaussian, and this overlap is de—”t

- noted in Eq. (6) by Q. The important thing to note is that the nuclear;,

':-[structure factors ( are a coherent sum over 511 the amplitudes

T NLSJT)
¢ shown (Ba. (6)). ~

‘Unlike single-nucleon transfer reactions, where the spectroscopic

ffji’factor is merely multiplicative,one cannot, in general deduce the

. "spectroscopic factor" in a two-nucleon transfer reaction by a comparison‘
" between DWBA and experiment. This is due to the fact that there is no
"h;uniQue vay to combine the three factors of Eg. (6) and moreover 'this'

A structure factor is also coherent with the distorted wave amplitude

( ) through the sum on N. However, if the nuclear wave functions of -
‘iinitial and final states are availeble, say from a shell model calcula-__w'e
‘:tion, then the parentage factor and the nuclear structure factor (GNLSJT)
.. can be calculated. One must then regard the theory as a test of the .

.. nuclear wave functions being used rather than as a means for the extraction

£

r_of “speetrosc0pic factors".  Due to the coherent effects mentioned aboﬁe,'
,the,two-nucleon transfer reaction is, in principle, sensitive to smalll - v
simpurities in the wave functions used to describe the initial and final B
*_Inuclear etates, A more stringent test of the accuracy of such wave

- functions, other than just fitting experimental angular distributions,

. is a comparison of'relative cross sections and several calculations of

6,16,31-33

"/, this kind have new'been'reported.

(rl) ¢n kﬁh;i L, = E%A'<ﬁx, NA; ;Inlzl? n222; L)[¢nh(r) QNAKR)]L . e Y

2\
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2, Selection Rules

The general selectlon rules of other two-nucleon transfer reactions

2,3,3h

(p,EHe) reactions will be considered here. In all direct reactions, the

have been reviewed elsevhere, and only those pertinent to (p,t) and
total angular momentum (J) trahsferred in ﬂhe reaction is related to
the angular momentum of the initial state (Ji)'and the angular momentum

of the final. state (3,) by
J=J1-Jf=(£i -_/zf) +(si-sf) =L+ 8

where £ and s refer to the orbital and spin angular momentum, re-.
spectively,‘in the incident (1) and exit (f) channels and L and S
refer to the total orbital and spin angular momentum transferred in the .
- reaction, respectively. The main difference in the selection rules
bétweéﬁ a one and a two-nucleon transfer reaction is due to the relative
motion present in fhe pair of nucleons. Thus, if L i1s the transferred
. orbital angular momentum in, for example, a (d,p) reaction, then J = L *
fvl/2 and the parity change55’56 in the reaction ié given.by AT = (~1)L. ,

In a twd—nucleon transfer reaction, however, the orbital angular momentum

- transfer L = A+ X} where A refers to the center-of-mass motion of the

“pair (and is the only term present in a (&,p) reaction)and A refers to
" the relative motion of the pair. (As described earlier, any two single
particle wave functions, Inlzl) and [n2£2), can be readily transformed

into relative and center-of-mass coordinates, and 1f harmonic oscillator

‘ ' wave functions have been chosen for the single particle states, then this

29

transformation can be written in closed form).

In general, then, for a two-nucleon transfer reaction

—_— — — —_— - . '+ .
F=L+5=K+%N+8 ana oar= ("M

.Hoﬁever, as previously discussed, the relative motion of a pair of nucledns
in the target (in a pickup reaction) must overlap with the motion of the
“.same palr in the light nuclide (here triton or helium-3), so that under ‘
“the assumption of a pure 281/2 state for the triton or helium-3 grouhd
state, only A = 0 states of relative motion are possible in the transferred.

pair. Thus,



- in:complete
N It

rlgorous and 1s based ‘on the assumption that the' ground state of the

stibe borne in mind that the A = 0 selection rule is not

. triton or hellum -3 wave . function is purely spherically symmetric ( 2

L 1/2
:-The small. Dl/2
some x 2 component 1nto the selection rules Jjust discussed. Thus the

admixture expected to be present 50 could introduce

fparlty change would no longer be simply related to the center-of-mass
' angular momentum transfer (A = L) and this could have the result, for

" example, of allow1ng the formation of "unnatural parity" states in (p,t)

'*.ﬁ_reactlons on [0+] targets.

.‘3}3; vThe'Effect of a Spin-Dependent Force on the Cross Section

The factor CS

d":ls given, for a pickup reaction, by

. , 2 v 2 .

Cer = Pgr <tfme M Itimi>

'u’_The:Clebsch~Gordon.coefficient has been defined before. The factor BST
‘fﬂis'a spectroscopic overlap integral involving the spin- ~-isospin wave_
‘.1functions of the transferred pair and the A = 5 ground state wave

?Q.function. When generalized to include the effect of a spin- dependent

:tf force, this overlap can be written as

R 2(59,0533.) ’ (p,t) _
b N - - ' . (8)

1/2(a7 Soam)+a (551510)] (0, te)

‘where ao2 and al2 arise from the spin- exchange properties of the two-

- nucleon force, as described in more detail below. -

Transfer of a pair of nucleons in the spin state S involves

" the matrix element

ﬁlogy with the theory of single nucleon'transfer reaction_s.2

2 in the expression for the cross section (Eq. (1))

2

t).
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S MP

1/2 1/2 5) X S l 2) [VlB(rlB) )’Xl/e 1/2 1,2,5)/)

(9)

where, in these reactions, channel a represents the incident proton
(with spin, isoepin projections cara) and channel b_,represehts the
outgoing triton or helium-3. The transferred pair is represented by

the wave'function XST with projection gquantum numbers MS and MT‘

and the Clebsch-Gordon coefficient couples the channel spins by the spin
transfer (S) in the reaction. Vij is the two-body interaction potential

between the incident proton (particle 3) and either one of the nucleons
(particles 1,2) in the transferred pair, which in general may be
transferred in elther an 8=0, T=1 state (138) or in an S=1, T=0 state

(°'s). 1In this work, the singlet-even strength of the two-body potential

'(Vij) will be represented by A% and the triplet-even strength by AT,

Then the dependence of the matrix element (9) on these potentials for
transfer of the ﬁair in singlet or triplet spin states is given?7

respectively, by .

o = 3/ AT + 1/ A°

o]
1]

(10)

i

_al

1% AT+ 3/h A5
~ For the (p,t) reaction, only the aO(S=O)"term will contribute; for the
v.(p,5He) reaction, however, both the -aO(S=O) and al(S=l) terms are
important. Writing Eq. (9) in terms of a, and a, and expressing
~ the overlap in terms of a fractional parentage expansion of the three-
nucleon wave function (which introduces a factor of 1/2) and performing
" an incoherent sum of squares (as required by the previous assumption of
a zero spin-orbit force in the optical model) yields the result given
in Eq. (8). ,
.The intrinsic'ratio of a02 to a12 depends upon the nature
~of the nucleon-nucleon force. Evidence that the tensor force influences

nucleon—nucleon,scattering38’59 as well as evidence from model-dependent
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» "hcentrsl-force oalculations.of._s-wave soatteringuo and the bound state bf
' 44 the deuteron-leads one to expect some spin dependence in these pickup re-
;ﬁ“ff};ﬁ:i‘J tactions; Moreover, a variety of shell model calculations indicate that the
R " tensor force is strongmi"')+2 and that the ratio of the singletreven (A ) iv
strength to the triplet even (A ) strength should be sbout O. 6/l.l+l 43 The
:later calculatlons suggest use of a more strongly spin-dependent interaction
than this, and the ratio AS = 0.3 A is used. If the nucleon—nucleon in-

. teraction were spin- independent then AS AT and &, /a = 1.0, and there

would be equal probability of transferring either S=0 or S=1in the(p, He) re-
’\L:ﬁ;factlon. However, this is no longer true for the case of a spin dependent

."1Q¥{hinteraction and for the particular choice made (A = 0.3 A ), a, /a = 3.0,
-~ s0 that for a given L transfer, the S=0 transfer 1s enhanced by a factor of

1ithree over the S=1 transfer.

f&.;?éross Section Ratio for Mirror (p,t) and (p25He) Transitions

o " In COmparing (p;t) and (p,BHe) reactions to mirror final states,which
iw1ll be discussed later, it is of interest to calculate the theoretical .
;CrOSS.CeCthn ratio expected for these transltions based on the limit of

ra'pure S=0 transfer for the (p, He) reaction

T ﬁ-.,\f~_‘f, . | M2 B
SRR B T DS Gy B ~
Talpat) Cop (p,t) N “NJT “NL -

o alpt e B . N
o(p,)He) S=O CST (P)BHe) . ZIZ GNJT BNLl

vExnerimental results for: (p,t) and (p, He) transitions from T=1/2 to T= 3/2
:flnal states--where only a zero spin transfer is allowed--show that the -
fsecond ratio is essentially unity (within 10%), both in the 1p shell 18
and in the 2s-1d shell.uu 45 ‘
.:’5unity for single—nucleon transfer in the lp shell and this has been re-
:i"cently verified in the C(d,t) ¢ ana C(d He tB reactions) Thus
N:rEq. (11) becomes |

(One would also expect this ratio to be

ogggﬁz Vo 'CSTe(p’t) 1.1(1/2 - 1/21 1]1/2 1/241

o(p, He) 820 Cqn (p,5He) 1/2 [(1/2 1/2 1 0[1/2 1/2 [

l

(12)
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On the basis of’the earlier assumptions, this represents.the upper limitu7.
that can be expected in comparing (p,t) and (p,BHe) cross sections to
mirror final states since an incoherent contribution of S=1 £ransfer in
the (p,BHe) reaction could only reduce this ratio. The slight effects
of the differing kinématic and Coulomb properties in the exit channel

will be discussed later.

5. Two-Nucleon Parentage Factors

General two-nucleon parentage factors for odd A and even-even
nuclei are given below; complete derivations are presented in the Appendix.

This factor is defined as

J.T

,Bzéjm<51’32> = (A;?>l/2.j’[leTfA)¢zSJT(ri)r2)]* wJéTe(A+2) an ar, ar,

272
(12)
~where the square bracket denotes vector coupling and the combinatorial
- factor (Age)l/g denotes the number of possible ways a pair can be removed

_i:irj}Afrom'the targef. These parentage factors are constructed from a neutron-
. proton formalism of initial and final states, so that this statistical
factor 1s replaced by the product

A
(53 = (UNE

“ where v vrefers to neutron and m to prdton and N and Z represent

the initial number of neutrons and protons, respectively.

- a. For an odd A nucleus. The target has spin j and its-wave

. function can be written in the form

o a Dy N
= 103, ) (3 g 339)

(1) For a pair of like nucleons added or taken out of a given

'Ishell‘- say Jb ~ where By is even, the final state wave function has the

- form

' n -2
) =0, (7 )0 353,)
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The parentage factor relating initial and final state configurations for

a partlcular total angular momentum transfer J and a partlicular final

state spin Jf

(%%—ii’) )1/2 e
.

- o 1/2
: 27, + 1 ,
AE )

| " £
R (g )VJ(Jb 7 °NG )\ EFayErD ”
B o ' (ak) -
- " Explicit expressions for the two-nucleon coeffilcilents- of fractional
fr'parentage, ([}), are found in the Appendix.
(2) For a pair of nucleons transferred across shells or a pair
of non-identical nucleons (a neutron-proton pair) transferred within the
'same,shell, the final state wave function has the form .
o na -1
e = 100G, )y Gy )y 1 53530
: a b
wnere the square bracket agein denotes vector coupling -and ng and nb are
even. The parentage factor relating this configuration to the initial
. state by the total angular momentum transfer J is given by
N 1o 27 +1 1/2 -
B (Ja’jb)J = (na‘nb) (23a+l)(2jb+l)(23+l) - (15)
s b.  For an even-even nucleus.ug The target has spin zero and
e the wave function can be written in the form
T T
le) = [(Ja (jb )OJO)
7l-: where n, and n, are even. -
i (1) For a pair of like nucleons added or taken out of a given -
‘ shell, say Jb’ then the final state wave function has the form ‘
L 2 . | | |
Na -b D : ' ) 1"
Wp) = [(Ja )o (3 Dgidg = : ~

}, and the parentage factor is



2] -

T L) R G "
B )y == (& Iyy (3 )JsOI) (3 o) (16)

Explicit values for the two-nucleon coefficients of fractlonal parentage
[} may be found 1in the Appendix.

(2) For a pair of nucleons transferred across shells or a pair of
unlike nucleons transferred within the same shell, then the final state
wave function has the form |

na—l nb—l

e = (10, )jé(Jb )JbJJ;Jf = J)

and the parentage factor is given by

o . 1/2
BY(Jajb)J = (naﬁb) / ((Qjaii)%23b+l))

(17)

Since the angular distribution of a two- nucleon transfer reaction
is characterized by the ‘orbital angular momentum transfer (L) and not the

total angular momentum transfer (J), then it is more instructive to ex-

'press the parentage factor in LS conpling. This 1s accomplished by the

following J3-LS transformation coefficient:

N f1 8191 N
P (£1£2>LSJ =| 2 5y dp | BI(51d5);
. L s J
SR £y 81 41 . ‘ 1/2 1y 8 4y
.fg.yhgre Iy S5 dp| = [(2L+1)(2s+1)(2jl+1)(232+JJ] Iy 8y dp
: L 8 J : L 8 J

and the curly bracket {} is a 93 symbol.u9
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B, Core Excitation '

Since some transitions to bhe discussed can be interpreted on the-

- basis of a core-excitation pickup reaction (those "forbidden on the basis

" of a direct pilckup in the 1p shell), it is worthwhile to include a very .. :

."brief treatment of the theory of such reactions.

There has been ‘considerable discussion of core-excitation proces-

: :ses populating otherwise j-forbidden transitions in s1ngle -nucleon strip-

" ping and‘pickup reactions46 120,51 but little evidence to date for these

effects in two-nucleon transfer reactions. To the extent that two-step
processes could contribute'in these reactions, the overall general re-
action can be represented-as shown in Fig;vh. The direct pickup amplitude
.is represented by Tl and the indirect amplitudes (inelastic scattering

. plus pickup) are represented by T, and T5 for the entrance (target exci—l~"

e tation) and exit channels, respectively. J is the final state nuclear

spin, which, in-a ‘direct transition, is populated only through the

‘amplitude Tl' By a two- -step process, it may be excited by a pickup from '

»A C JA' which has been excited in the entrance channel, or via inelastic’

iscattering in the exit channel from the level JB" which may or may not

"> be the ground state of the residual nucleus. For simplicity, only in-

;wﬁelastic excitation in the entrance channel will be considered and, further,
only a single excited state of the target nucleus will be considered.

3tIn order to pOpulate J through a core-excltation mechanism, J ' must

-be strongly exc1ted in the entrance channel and furthermore the two-
T“'-"j‘,nucleon parentage factor between JA' and Jf must be favorable. 1In fact,
:'f’w1th a strong exc1tation of JA' and if the nuclear structure of Jf 1s
‘A'ﬂmore suited to overlap with JA' than with the target ground state (J ),

ﬁ;“then the role played by Te.in the overall cross section could be quite

2‘f:important

~ The amplitude T, will be a product of two matrix elements, one

. o 2
repreSenting the inelastic excitation and the other the pickup transition,
‘. and in the above simple model can be pictured as having the schematic -

form .

T, o (3,119, )¢, [¥A(E) 17,) | S (9
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XBL 675-3148

- Fig. . Various transitions contributing to the population of the final

-staﬁe,Jf.
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Here Yi(?) characterizes the inelastic scattering étep;AWhich in the

absence of a '"spin-flip', would be a quadrupole excitation. The SLJ re<.

presentsbﬁhe angulgr'momenta transferred in the pickup from JA”; Angular -

. momentum selection rules resfrict the plckup of two nucleons in this

-;. second'steﬁAto certain allowed values of s, ana J, Jjust as in a normal
direct'transitioﬁ. The shape of the overail angular distribution and
the strength of the'trénsition will depend on these two amplitudes in
such a way that it’is probabiy not tooc meaningful to talk about a total

angular.moméntum trénsfer as characterizing the overall reaction.

“

L
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- IV, 'EXPERIMENTAL‘RESULTS AND NUCLEAR SPECTROSCOPY

In this section the (p,t) and (p,BHe) reactions on ON and 12¢
targets will be studied and the experlmental results compared with the
predictions of the DWBA theory prev1ously described (see also Ref. 3).
The emphasis is strictly on the nuclear spectroscopy that can be learned.
In the later discussion of theoretlcal cross sections, some of the
assumptlons made in the theory will be tested for consistency with experi-
ﬁent; in particular, a spin ~dependence will be incorporated in the nucleon-
nucleon interaction in an attempt to account for the observed ratios of

mirror (p,t) and (p,5He) cross sections. All of the DWBA treatment to

- be presented here, however, is calculated with a spin-independent inter-

“action.

A PN, 0) 8 ana P, He)P0

: l{_ Experimental Results

These reactions were studled at an incldent beam energy of 43.7

MeV. Figure 5 presents energy spectra of the Ly N(p,t )15N and " N(p, He)lBC

reactions taken at 15° in the laboratory. The excitations shown were

obtained in this experiment and for the most part agree with previous

values?2 as shown inTables I and II. Those levels marked with an asterisk

in these tables were used to determine the energy'scale and their

associated errors (in keV) reflect the overall uncertainties involved in

the analysis In addition, the integrated cross sectlons are presentedin

these tebles as well as spiln and parity assignments, whlch are later fully

explained in the text. An energy level diagram for 3C and 5N 1s '

- presented in Fig. 6. The data in Fig. 5 show that the reaction is very
»if - selective, strongly populating only the negative parity states in the
. mass 13 nuclei. This is expected on the basis of a direct pickup of two

nucleons from a (lp)ll configuration, which 1s assumed for the ground

state of 15N, However some positive parity levels are excited relatively.

strongly and their presencein these spectra will also be discussed.

Figure 7 presents energy spectra for the luN(BHe,OL)lBN and 14N(d,5He)lBC
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~Fig. 5. Enérgy'sln_e'cﬁra of the 15N(P:'b)l5N and 15l\T(P,3H<—:‘)130 reactions. '
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Table I.._ Integrated cross sections of the 15N levels observed in the
15N(p,t) 12N reaction and comparison of these states with those
previously reported. ‘

-15N(p,t)l5N' - Previously Reported52

. Excitation R UT(pb) _ : _( Excitation
T (Mev) (10-90°, ‘c.m.) B L O (MeV)
1/27 *%0.0 £25° - gu1 %90 1/2” 0.0
1/2 2.36 .30 very weak 1/2+ ‘2-566 + 0
327 TzsLt30 | 652 25 o 3/2” 3.510 * 2
5/27 63830 63 %7 | 5/2" 6.382
5/2 *7.58 20 1271 * 4o 5/2" 7.385 £ 8
1/27  8.93 %50 130 * 16 o 1/e” 8.90

| not observed 3/27 9.48
1/27  10.78 * 60 17.6 £ 4 not reported
3/2" 11.88 % 4o 93 * _ 5/2'C 11.85
%/2" *15.07 20 115 £ 11 3/27 ‘ 15.668 8
[T =3/} \ [T = 3/2]

®Levels marked with an asterisk were considered known in the energy
.analysis. ' ,

bErrors are given In keV.
®spin and parity assigned in Refs. 5% and 54,
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.Eable II.A Integrated cross sections of the l5C lerels'ebserved in the
5N(p He) 3¢ reaction and comparlson of these states w1th those

prev1ously reported

' lsﬁ(p;BHé)IBC . Previoﬁsly Reported52 o
' . Exc1tat10n o o (ub) T Excitation
7'; o . (Mev). (10- 9o°, com.) . SN _j" (MeV) - ¥
C1/27 *%0.07 £ 15° 308 # - /2" 0.0
ayet 2 08 20 very weak Cooaet 3.086 * 3
pfeT TneB s isTs 20 3 3.681 * 3
'5/2+ '_6;87;i 12;.:]f3;hé t5 ”15/2f' . 6.866 £ 7
C5f2T i 7.55 %20 | 270 £18 - 755 t15
1/eT. 88660 - e1tg T /27 8.86 t 20
LA3/2T) 952 %30 L tle LT 9.503 £ 15
S (af27) 1109500 sk ©11.078 # 20
L (3/27) 11.80 %30 i as7 .1k ST 1mel £ 30
L 7/2T 12,402 50 7100 # 10 12Ty 1245
. 3/2' ~¥15.11 t 20 %88 2 7 . 3/2f—7 0 15.113 £ 5
(7= 3/2] ‘ L d
Levels marked w1th ‘an asterisk were con31dered known in the energy
analysis ' o . :
. Errors are given in keV.
..thtegratedjto}65°,,c;m.%-f
. .
/
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3,08 3/2
+ |7~
172 S .
~~o2.36 172*
2T 12"
13¢ 13

. . XBLE77-3549
Fig. 6. Energy level dlagrams of 3¢ ana :DN,



400

Counts per channel

oy

300

~30-

T T T

I‘ '

Channel number

) d ,\’ ~, 2
|‘4N(d.3He)|3c /T I |4N(3He' a)IBN s 4
17 deg 106 696 I7 deg 2653 || 2977
. 54.1 Mev -~ 0s. | 1600 446 MeV .39 e
2"
255 mev 11,86 MeV
, _ e b
N g
- ' . ~1200 ve' |
8.86 MeV —||—_,
ve” 8.88 MeV ~
- ' ' ~ 800+ w2~ T -
g || seaney
1.1 Mev ‘\
2" 10,81 MeV—
1400F 2 - 35iMev || |
ss2* -
HILJ \/ 572 _
l n i . s L I ! ) | 1 Y
300 400 500 700 800 900 1000

XBLE77-3548

' . :Fig..T. Energy spectra of the luN(d,5He)l3C and % N(3He,a)131\1 reactions.

©



‘&

~31a

reactions55 taken at a laboratory angle of 17°,.which will be used to sup -
port some of the later discussion. Similar data on single-nucleon transfer
reactions populating states in_lBN has been obtailned invluN(p,d)lBN
experiments.5u _

- Angular distributions for levelé exclited in the 15N(p,t)13N and.
15N(p,5He)lBC reactions are shown inFigs.8-l3;'the statistical errors
are contained within the points unless explicitly indicated. The toﬁal
integrated cross sections for these reactions are presented ianables I
and IT. The absolute errors on fhe large transitions are expected to be
S.lO percent. Representétive relative errors for all states are given in
these fables.b Of later interest will be Figs. 14 and 15 which present
(p,t) L=0 and I=2 angular distributions obtained on a variety of light
nﬁclei. These are remarkably similar in shape, considering the range of

12
particle energy involved. Hintz and co-workers  have observed similar, -

. effects with (p,t) reactims on heavier nuclei.

v2; Optical Model Parameters

Since appropriate elastic scatterihg data were not availgble, in
either the'entrance or the exit channel, the optical model‘pérameters
used in this study were obtained from an examination of the "best fit"
parameters availlable in the literature. There are only a few reports
of higher energy (L0=50:MeV) optical model fits for proton scattering
on light nuclel55 o1 22,21
term in the optical model. Although the ﬁWBA code under discussion

does not contain a spin-orbit potential, indications are that the shape '
58, 59

and most of these have employed a spin-orbit

of the angular distribution in a nuclear reaction 1s quite insensitive

~to the inclusion of a spin-orbit potential and consequently some of the

- parameters in Refs. 55 and 57 were tried directly. However, whereas a

real well depth is employed which is consistent with the value given

In these references, the absorptive potential had to be increased con-. -

_siderably in order to fit the data. The protdn real and imaginary
'“potentlals that proved to gilve the best overall fit to the data were

interpolated from a graph of incident energy vs. optical model potentlals

- glven Dby -Bgorklund.6 The cholce of an exit channel potential -~ in -
- the absence of elastic scattering data -- is @erhaps subject to the most
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-'uncertainty. In accord with the hypothesis that in a complex particle

. one should cons1der the interaction of each nucleon with the scattering

61 62

:»_ center, the triton (BHe) optical model parameters used correspond

'UO ‘a sum of Single-nucleon potentials. These were obtained from search-

"3;1ng the literature for the appropriate low energy (about 10 MeV) nucleon

’lfﬁuscattering data on. light nuclei 63 Parameters obtained in this way are '

2

6l

:5551m11ar to those found from helium- -3 optical model fits in the energy

Co iregion of this exneriment (about 25 MeV), although this reference employs

larger radil for the 1maginary well. (There are no optlcal model para-

" netérs available’ for tritons at these’ energies). 'The ' summed" potential

'f'nwhich gave the best overall fit to the 15N(p, )15N data ~-- a cholce of

,f”best potential” was. made from fitting the (p,t) data, since only a
- 51ngle L transfer was allowed -- is shown in Table III (potential X)

",along with the proton potential60 mentioned above (potential A). The |,

.;'ex1t channel parameters were taken to be the same for both tritons and
' helium—5 and are labelled Jnst by the triton channel in Table III. . ‘
Z.Earlier work in fitting helium-3 elastic scattering data on light nuclei65 |

35 employed a "shallow" potential for the real well depth, and an average

,: of.the parameters given in Ref. 65‘is.shown in Table ITI (potential Y).

. In addition, Table IIT contains a potential found from 30 MeV helium-3
'f'scattering5on c 22 (potential 7) and the proton potential from Ref. 56

;; (Potential B), which gave a fit to 4O MeV proton scatterdng on C. The
rdcombination that-produced the best overall results -- over 15 MeV of

i excitation -- was AX. Although the proton potential'was relatively

;'insensitive to the choice of volume or surface (derivative Saxon-Wood)
"-absorption, the triton potential in the AX combination gave better over-

- all fits to the data with surface absorption. '

:. "DWBA. fits to the data are compared in Figs. 16 and 17 for the ‘

©N(p, )78 grownd state (I=0) and T N(p,t) N 7.38 MeV {I-2) transitions,. _ .-
prreSpectively, utilizing the potentiasls AX, AY, and AZ of Table III. .The - ' :
: fits have all been arbitrarily normalized to the data, at 32° for the

[Ty

f ground state transition (Fig 16) and at 20° for the T, 58 MeV transition

i-(Fig. 17). These -are the two strongest states in the.spectrum, so that
~ they should be good tests for the correctness. of the optical model wave
hvfunctions. The ground state transition (L=0) is best fit with potential
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- Table III. Optical iodel potentials

—U(r) =-Vf(r) + iwf(r) + uaiwa'(r) - Vc(r)

29y

Chann_e; v . W WD. aV , aw awD v W, W o

N L (Mev)  (weV) (Mev) () () . () () () (%)
Dyp (a) 3.0 22.0 0.65 0.50 1.25 1.25 1.30
Dy (X)  153.0 16-0  0.65 0.54 1.25 .1.25 1.30
Dy (Y) 63.4 62.8 ©0.58 0.58 1.61  1.61 1.30

15N+t (2) | 220.0 23,8 0.5% ~ 0.99 1.22 1.80 1.30 .

N+p (B) . 33.0 5.9 0.65 0.65 1.31. 1.31  1.30
3l.P+p Li.7 11.1 0.70 0.70 1.20  1.20 1.3%0
153.0 16.0 0.65 ' 0.54 1.25 1.50 1.30
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AZ while' the 7 38 MeV (L=2) transition is better fit with potential AX.
For both transitlons,'the "shallow potential AY gives relatively poor

fits to the data The orlglnal choice for the proton parameters was B

: and the potentlals BX, BY and BZ are compared in Figs 18 and 19 for these.
these same tran51tlons. Potentlal B 1s taken directly from Ref. 56 (w1th-

':: out spinfofbit céﬁpling)Ufor proton scattering on.lec and'corresponds

quite cloéely to recent proton potentials which include spin-orbit

. “coupling. 25,51 As such, it might be expected to give a better fit than
;eithe A.potentlals. Of these three, potential BZ gives the best fit to
the ground state (L=0) transition and none are able to fit the T 38 MeV-

. e‘(L—E) transition. The A proton potential, with a much deeper: 1mag1naryv'
.7 "well then the B potential gave consistently better fits to all the (p,t) ..
- -transitions. Of the A potentials, AY gives the poorest fits; AX gives a

'?better fit to the T7.38 Mev state than does AZ and moreover AX fits all.
the other transitions in.the N(p,t) 5N reaction better than AZ does.
Attempts to improve the DWBA fits to excited states by introducing ‘an "v
_:energy dependence in the triton potentlal thru:.a reduction of the real .
' well depth as a linear function of ex01tation,66 were not successful

' the DWBA results continued to look better with the AX potential fixed .

l{e for all excited states. All of the (p,t) and (p, He) fits discussed in

;'ﬁhe following pages have been calculated with the potential AX.

7.3, Intermediate Coupling Theory and Nuclear Structure Calculations

L Considerable theoretical interest has been concentrated on nuclel
- in the 1p shell within the framework of the intermediate coupling shell

61 and Lane68 were followed by

model.. The early calculations of Inglis _
those of Kurath,7'Boyarkina8 and Bapkef.9 In all of these calculations -
. the nucleon-nucleon interaction was teken to be purely central and the
ratio "a/k", where "a" is the strength of the spin-orbitrpotential and
"k"'ie the value of the two-body exchange integral, was left as a para-
- meter to be determiﬁed by a comparison with experiment. More recently,

Halbert et al.69 reported a calculation similar to those above but us1ng

the Hama&aJohnstonpotential59 for the nucleon-nucleon interaction, rather -

than & simple central interaction.. An alternative approach is the

'.-:v"effective interaction" treatment of the problem, where the nucleon-nucleon

&

©
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potential is not explicitly defined and the matrix elementé of the two-
body interaction are left as paraméters to be determined by experiment.
Calculations'of this kind have recently been reported by Cohen and
Kurath7o and_Barker.71 In Table IV, which will be referred to in the
following discussion, are shown the predictions of these calculations
(Refs. 7-9, 69, T70) for the levels in mass 1%, along with the expérimental
asslgnments ' i

As mentioned earlier, the two-nucleon transfe; theory3 requires
a separate calculation of nuclear structure factors ( NLSJT) which are
then used in the DWBA calculation. These factors have been cédlculated
~ using coefficients of fractional parentage derived from Cohen and Kurath's
complete iﬂtermediate coupling wave functions7o the major amplitudes of
which, for the states of interest, are presented in Table V. TFor com-
parative purposes, these structure factors have also been calculated
for most of the states assuming pure jj wave functions. Table VI shows
the major nuclear structure factors (multiplied by CST) Tor 15N(p,t)lBN
and 15N(p,BHe)lBC transitions to mirror final states for both of these
cases. (Thoée calculafed from tﬁe wave funcﬁions in Table V are denoted
i by_CK). Harmonic oscillator wave functlons are assumed for the single
particle states and fhe oscillator parameter v  is taken to be 0.32 F—g,
- which is the same value that True empioyed for the Ip levels in his.

“ghell model calculatlon of lh 72

b, Spectroséopy of Individual Transitions

| In the following discussion of individual ievels, the normalized
DWBA fits for the 15N(p,t)l51\r and 15N(p,5He)lBC transitions were calcu-
lated only from fhe CK nuclear struéture factors of Table VI, whiéh were
..derived from-the intermediate coupling wave functions of Ref. TO. Using
purebjjbwave functidns for the final state -- which would only affect the
(p,BHe) angular distributions —-'gaVe normalized DWBA fits which were, in
- most cases, essentially the same as those obtained using intermediate
coupling wave functions. As one would expect, however, the predictions

of relative cross sections of the (p,t)73 transitions are in much better

agreement with experiment using the intermediate coupling wave functions,

and this will be noted later.
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Table IV. Intermediate coupling predictions compared with experimental
B . - assignments for the mass 13 levels. 4

’ jﬂ' - 'lBN : 150 ‘ Kurath_7 Boyark1na8 Barker9 Halbert6900hen and7o
- (Mev) (MeV) a/k=5.5 a/k—u 2 a/k=3.5 et al. Kurath

eyt 000 000 00 0.0 0.0 0.0 0.0
T3S 368 3T BT 3.95 3.5 3.7
Ll sfeT 138 1550 5.3 6.1 7.1 7.0 Tk
.4,i{:ﬁit'vif 1/2'7f:;;-8.93. Qj8.86'- 10.7 . ° 10.k 9.3 9.0 9.0
R TR 1eT A 10078051109 125 12k 11.3 - 13.8
"f%fff};fih f 5/27 0 -11.88 . 11.80 11.3 11.6 10.2 10.2  10.4
o ”"“.,; /T - 1240 12.0 12.3- 13.5 . . -~ 11.1
‘ a‘5/2 s, 07'1 15.11  1+.5 1.5  13.2 - 15,0 1k.8
[T=3/2] e - | -
‘ -'_ 3/2" L SR o 152 4.0
: s/e” . 16k S 13.2
;’/2‘ D - 222 - 17

w




Table V. Domlnant conflguratlons of the 1ntermedlate coupling wave functlons of Cohenand

Kurath® for the states in mass 13

13

l}c

N Theory _
JT 0 (Mev)  (MeV) - (MeV) Dominant Configurations
~1/27 0.0 0.0 0.0 187(1@5/2 N pl/2 1/2 501 j/E)O(pl/Q 1/2 .857(135/2 P1/e
5/27 7-587- 755 7.k 177 (p5/2 pl/2 1/2 515(p5/2>2(p1/2 12" 929(p3/2 5/2(101/2 1
1/2' 8.95 8.86 9.0 "151(1’5/2)0(1’1/2 1/2 '328(p3/2)1(p1/2 1/2"921 P3/2 5/2(131/2 1
1/2° 1078 11.09 13.8 + 411 (p, )7 (00 /)0 509 )0 ot B4 T(0, )5 (0 /)3
+/ a ' : TP /)7 f2\P 12007 2T Ja ) oP f2TOF IR /5 0Py jo )1 /o
3/2” 11.88  11.80 10.h -+200(p 1) 2(p1/2 1/2 287(p3/2 5/2(pl/2 o 917(p5/2 5/2(p1/2 N
7/ 12.50  11.1 - 529(p5/2 7/2(pl/2 o 945(p5/2 3 Pl/e 1/2
3/27  15.07 .15.11 14.8 .159(p5/?_)2(p1/2)i/2--257(p5/2)§/2(p1/g)0+-958(p5/2)g/2(p1/2)g'
[r=3/2"1 | |

%See Ref. 70. I am indebted to Dr. Kurath for providing me with these wave functions.

";6ﬁ-
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 Méj6f:ngcléé;a%€%§9tu;e féét;fsw(CSiG&LsJé)'for‘thé‘sﬁatéé'in ma;s'lj;"
f.f R o lsN(p,t)}BN - | “lSN(p,BHe)lBC
ﬂ, 131‘1 B le GNLSJT pure -~ . mixed GNLSJT ~ pure i . mixed
- d - (Mev) - (Mev) (33) (ck) ' (JJ)-%A*E;(CK)
- o — 20110 7 A51
1/2” 0 0. 20001 - .bo8 579 20001 201 284
o o - _ . 12110 -523 b6z
o B 20110 403 .522lf"’ -
T o . o : 12110 224 A77
3/27 - 3.51 3.68 12021 373 .565 12021 .184 278
o i R o ' 12120 .226 .380
- _ . » _ 12120 601 . .562
5/2° 7.38 7.55 12021 1.00 1.11 12021 Lok 546
S : 12130 - - .15l
- . R o 7 20110 .269 .328
1/2” 8.93 8.86 20001 - . .0103% 20001 - .00506
. ' 12110 .150 172
. SR . 20110 - -0530
1/2” 10.78 -+ 11.09 20001 - .0972 - 20001 - - .0488
S 12110 - .185
20110 .300 .153
: : : o : : 12110 .168 .0921
3/2” 11.88 11.80 12021 .500 256 12021 2h7 127
' o o I 12120 .302 A7
7/2"’ . - 12.40 12130 .980 .933
' 3f2” 15.07 15.11 12021 .527 560 12021 .520 552
[ T=3/2] ' ‘ . ‘ o

-0G-
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a. 0 MeV, [y ana 130]) 1/27. Two nucleon transfer selection

rules resiriqt this transition to a pure I=0 tfansfer for the (p,t) re-
action but allow both L=0 and I=2 for the_(p,BHe) reaction. The DWBA
fits are shown in Fig. 20 and are arbitrarily normalized -- the (p,t)
independently of the (p,BHe). The theoretical (p,t) cross section is
overpredicted at back angles but otherwise gives a reasonably good ac~
count of the data. The (p,BHe) fit, which gives a good representation

of the envelope of the angular distribution, does not completely account
for the forward angle behavior of the data. A better fit can be cbtained
through the inclusion of a strongly spin—dependentvforce, which enhances
the L=0 cemponent of the transition, as 1s later discussed.

b. 3.51 MeV [ 220 and 3.68 Mev 130 3/27. Two-nucleon transfer

selection rules now restrict the (p,t) transition to be pure L=2 while
.the (p,BHe) is again a mixture of I=0 and IL=2. The DWBA fits to these
data,7u normalized separately and independently of the ground state
- transition, are shown in Fig. 21. The (p,t) transition is well predicted
by the theory; the (p,BHe) fit does not completely reproduce the back
‘angle structure, although it gives a good account of the forward angle
behavior. ;
c. 7.%8 MeV [TON] and 7.55 MeV [150 5/27. Tarly T°C plus
preten scatterlng results by Shute et al.75 indicated that the parity of
this level (in 13N) should be positive (5/2+, 7/2+), in agreement with
the results of other workersJ76 Barker,77 from analysis of lgC(p,p'v)
| results, agreed that the spin of the level was either 5/2 or 7/2, but of

~ negative parity. Based on his intermediate coupling resulﬁs, repro-

6 MeV of excitation (Table IV); further, Gallmen et al.

duced in Table IV, Barker assigned this level to be 5/2-. Similar calj :
culations by both'Kurath7 and Boyarkina8 predicf a 5/27 level at about
18 show that a
value of about 3.5 for a/k, in good agreement with Barker'89 choice, is
required in order to predict a 5/2° level at about 7 MeV of excitation.
v.Nevertheless, recent C(p,p Y) experimental results'? could not clearly :
~distinguish between a 5/2 or a 7/2 assiénment. ‘
» Transitions to this level are the strongest ones in the l)I\T(p, l:,)I\I

spectra. They show a characteristic I=2 angular distribution (compare
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;ﬁig}'9 with Figs,:lugend 15) which requiree either»a 3/2~ or a 5/2°
'“aéaignment; and 5/27_seemé unlikelylin‘view of the evidence presented
” rabove ~ This, ana thetrelative cross sections dlscussed later, can be
taken as confirmation that the level in question 1s 5/27, a conclusion’
which has also been. reached from recent N( d) on analyses oh The mlr--
,‘ror level is observed at T. 55 MeV in 13 C
like the ground state and first excited states, however, the (p, He)

C via the (p, He) reaction. .. Un- }f,

e ;!nﬁ; transition is now restricted by angular momentum selection rules to a
R pure 1=2 transfer. Consequently, these (p,t) and (p,EHe) 5/2° transr-*i{
. i tlons are expected to have similar angular distributions. The DWBA fits .
' f?i;ff;;“ " for these transitlons are shown in Fig. 22. The theory gives a very
R " good account of the shape of the (p,t) angular distribution and a reason-
‘able fit to the (p, He) data, although it has not been able to account

for the shlft of the first maximum toward smaller angles observed in the-

.'(p,BHe) angular distribution. Nevertheless, the angular distribution 1s_
E well enough characterlzed to confirm a 5/2 ass1gnment to the 7.55 MeV

. level in “2c. |
a2 d. 8.9% MeV [lBN] and 8. 86 MeV [150] l[? . This level has been

| strongly exclted in 5N via proton scattering on 75 by a p-wave re- .-

i "sonance and a spinaparity of 1/2” has been assigned. It is also Strongly
. excited in the N(5 ,a)l5N reaction (Fig. 7) and the lLLN(p,d)lBI\T re-
..}actiongsu
. 8.93 MeV level observed in the N(p,t) 5N reaction (its width 1s known
. to be 230 keV) ylelds a reaonsable 1=0 angular distribution (Fig. 8), in
;agreement with its '1/27 assignment. A level at 8.86 MeV in 5C which
“is probably the. mirror of the 8.9% MeV level in 5N is populated in the

.'115N(p He) 0 reactlon Tt has an angular distribution fairly similar to

confirming its negatlve parity assignment. The analysis of the

52 ™

" the (p,t) tran51t10n even though both L=0 and L=2 are allowed by two-
fnucleon selection rules This, however, is understandable on the ba81s
fcf the nuclear structure calculation; as shown in Table VI, the L=0 v
QStrength_in,the cross.eection is expected to be about a factor of three |
fatronger than the L=2 Strength As expected, a level at this excitation

_(8 8 MeV) is strongly excited in the luN(d,BHe)l5C reaction (Fig. 7),

52,80 1/2" assignment. Intermediate coupling

;con51stent with its earller
 predictions for the appearance of a second 1/2° level in this energy region

e are generally in very good agreement with experiment (see Table IV).

--._- _—
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The- DWBA.predictions for the angular distributions to these levelS"""'

are shown in Fig. 23, again normalized independently These. fits are,of, L

poor quality compared to the ones previously presented In addition, ‘as p
'_is later: discussed, the relative cross section for this 8. 93 MeV (1/2 )
vtransition is underpredicted in a DWBA calculation by a factor of 6OO
whereas agreement to within a factor of two is obtained for all the other
| (p,t) transitions. However, the cross sections predicted from. lh N(p d)l5
DWBA analysis5LL for this level agree with the data to better than a
factor of two. This enormous discrepancy in the (p,t) reaction is dlffl—.’
cult to understand and w1ll be later discussed. . N 4
e. 9.48 Mev [ NJ 3/27, and 9. 52 MeV [ 50 ()/2 BE This level

‘ was originally assigned 5/2 in 51\T from proton scatterlng results on _

: N wvﬂ~if12 7> and until recently wasthoughtto correspond to the second 5/2
.t.;f:lh;;: "_leV°l predlcted by 1ntermed1ate coupling theory (Table IV). However, it o
A ::l"_ls virtually absent in the N(p, )15N spectrum (Fig. 5) and it is not

.'observed in the th( d)l3 5M 14 (5H 0)13N reactions (Fig. 7). The

single nucleon pickup data are particularly interesting since coeffi-

70

"'c1ents of fractional parentage for these reactions show that a.second

- 5/2 level, predicted bO lie at about 10 MeV of ex01tatlon, should be,!

©. strongly populated. Furthermore, the CK strpcture factors shown in
.J;Table VI from the Cohen and Kurath work7 indicate = that the second
_1f5/2_ level populated in the (p,t) reaction should be roughly only a
f;vfactor of five weakef than the first 3/2 level (3.51 MeV). This would
uﬁ?imply a'peak angle.cross section of roughly 80 ub, and thus should be
. about as strong as the T=3/2 level (15.07 MeV, 3/27), which is clearly
:t}seen in the spectrun (Fig. 5). This; and'the evidence presented above,
;',seems to indicate overwhelmingly that the 9.48 MeV (3/27) level in Dy -
f’;fis not primarily. composed of a (lp)9 configuration, and is therefore not
:;:the second 5/2 level predicted by intermediate coupling theory. This
jfpinterpretation 1s supported further by the data of McPherson et al.,81 p
-fiwho studied the beta decay of 5O ‘The log ft value for this decay
¥ (and ‘also for the beta decay of the mirror 5B nuc%eus ) is in good

0

’5'agreement with intermediate coupling calculations, '~ except for the

. . - 1 s .
'} “transition to the 9.48 MeV (5/2 ) level in 3N. In fact, it is possible
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that this particular level contains appreciable (Es ld) admixtures. 70

Such configurations could not be excited in the beta decay of 5O nor

"Q*would uhey be expectedvto be appreciably excited in these nuclear re-

. ‘actions. The second 3/2" level predicted by theory is found'to lie at
'Erll 9 MeV, as discussed below. ' .

» ' Howeven a level at 9.52 MeV is excited in the 15N( He) Sc re-
action which is relatively strong in comparison to the other levels in |

. uhls region (Fig 5 and Table II). A level at this excitation has also
'vbeen observed in the N(d He) 3¢ reaction (Fig 7) which, although
'weakly populated is excited stronger than any of the pos1t1ve parity
-'levels of 5C This is a good indication that the 9.52 MeV ‘level in

3¢ is of negative parity and one might consider it to be the 3/2 mir-
t‘_roi of the 9.48 MeV (3/27) level in lBN.5u -
- (Fig. 12) seems to be predominantly L—2 (compare Figs. 14 and 15) which.

.,is'consistent with a 5/2- assignment. The puzzling aspect about this

The angular distribution

(p, He) transition is its appreciable cross section (Table II)

especially relative to the missing mirror (p,t) tranSition Both of

these levels -- the 9.48 Mev (3/27) level in 0N and the 9.52 MeV level
n 126 —- can be expected to mix with neighboring 3/2  levels, the

: nearest being the 11.90 MeV level, which is discussed below. This lat;

'ter level has strong components of guartet spin stateé8 which would be

"S forbidden" in the (p,t) reaction (see Ref. 10). Such components

‘”"” mixed into the 9.5 MeV (3/27) level could favor the (p,3He) transition.

£, 10.78 Mev [*7N) ] 1/27, and 11.09 MeV [130 (1/27). A new level
in the 15N spectrum possessing a small cross section (less than that to v
the 6.38 MeV _5/2+ level) is observed at 10.78 MeV; tritons from this
level exhibit an angular distribution sharply peaked forward at small
‘angles (Fig. 8). A level at this excitation is also weakly excited in

the lul\I(B ;a)lBN reaction (Fig 7) although here it is much more
. strongly populated than any of the positive parity levels. The relative
' '~strength with which the 10.78 MeV level is populated in the (5He Q) reaction

i indicates a level of megative parity and its L=0 angular distribution

" (compare Figs. 14 and 15) in the (p,t) reaction (albeit with very poor
‘statistics) indicatesa probable spin and parity of 1/2".



-59-

In contrast to the (p,t) data, the (p,5He) transition to a level
at 11.09 MeV in 15C, which is probably the mirror of the one above, is |
more strongly populated. Although only a few angles were taken, the
‘luN(d,aHe)léc reaction (Fig. 7) excites a level at 11.1 MeV, in gobd
agreement with the value obtained in the (p,BHe) reaction. There are
two known levels in this region of 150,52 at 11.01 and 11,08 MeV, and
it would appear from the energy analysis that the second one is populated
in the 15N(p,3He)_l5c reaction. (The level at 11.01 MeV has been tenta-
tively assigned as l/2+,52 vhich would not be appreciably excited in the
(p,BHe) reaction). | ' | ,

The angular distribution of this 15N(p,EHe)lBC traﬁsition is pre-
 sented in Fig. 12 and indicates a mixture of L=0 and I=2 transfers, which
would be consistent with either a 1/27 or a 3/2” assignment. Assuming
~ that the 10.78 MeV level in 15N and the li.O9 MeV level in 150 correspond
to the third 1/2” ‘state predicted by theory (Table IV) produced the DWBA
fits shown in Fig. 24k. The I=0 shape Of the (p,t) transition is well
reproduced over the peak énd, as 1ls later discussed, the relative cross
section of thisvlevel is in huch better agreement for this choice than
with a 3/2° (L=2) assignment. The (p,5He) angular distribution is also
regsonably well it for a level at this high excitation. An assignment
of 1/27 is consistent with the above fits and a complefe DWBA. analysis
of the lhrN(BHe,Ot)laN data”” confirms this conclusion.

g. 11.88 Mev [7ON] 3/27, and 11.80 MeV {150], (3/27). These levels

have recently been observed in single nucleon transfer reactions on

'luN 53,5h (Fig. 7) through a p 3/2 pickup. An analysis of the interme-
v>diate'coupling wavenfunctiong for the various final statesYO in lBN shows
" that the 5/27, 7.38 MeV level; the 1/27, 8.93 MeV level; and a 3/2° level
should all have the same dominant configuratiOn, [(pl/z)i’(p5/2>_l3J> and
. consequently these would all be expected to be strongly excited in single
'nucleon transfer reactions:oh'luN: A1l thrse are indeed strongl$oexcited,

" in good agreemeht with Cohen and Kurath's spectroscopic factors, and on

" this basis a 5/2_ asslgnment was made for the level at about 11.9 MeV in
5 ' 2

15N.55’/LL A level at 11.88 MeV is observed in the 15N(p5t)l)N reaction

' 1 1

and one at 11.80 MeV in the 5N(p,5He) 30 reaction - this latter level
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most likely being the mirror of the one in “2N. This ~2C level has also
been observed 1n‘luN(d,3He)l5c (Fig. 7) and l5c(5He,3He)150 reactions””
and similarexcitations have been found. The (p,t) réaction pOpulating‘a
-5/2_ level is restricted by two-nucleon transfef-selection ruies to a
pure L=2 transfer and thé aﬁgular distribution of the 11.88 MeV transi-
tﬁOn'is shown in Fig. 9. It has the general structure of other pure IL=2
transitions, although the first maximum is shlfted sharply inward.

The (p,BHe) trans1tlon, on the other hand, can be pOpulated by both L=0

"_ and =2 components and its angular digtribution is given in Fig. 12.

_ - The DWBA fits for these levels, using intermediate coupling wave
functions for the second predicted 5/2 level, are given in Fig. 25.
For the (p,t) redction, both a representative L=0 transition at this
excitation and an L=2 transition are compared with the data. It can be
 seen that I=2 gives a decidedly better fit, which is consistent with a
5/é- assignment for the 11.88 MeV level in ow. The DWBA calculation is,
however, unable to account. for the small angle behavior observed. This
shift of the most forward maximum to smaller‘angles with increasing ex-
citation has been observed in other (p,t) transitions (Figs. 1k and 15).
"The theory, on the'Othef hand, exhibits a slight shift outward in angle
with increasing excitation. The oy N(p,t )lBN* 7.38 MeV (L=2) transition
gave a slight. 1nd1catlon of this effect, although not so drastic as ob-
served here. The (p,5He) fit, on the other hand, is quite good,
especially for such a highly excited state. Both the structure and the
envelope of the cross section are well predicted by the theory, which

'glves a good 1nd1cat10n for a 5/2 assignment to the 11.80 MeV level in
15 .
13

h. 12.40. Mev [150], 7/27. A level at 12.40 MeV in ~~C was ex-

’_c1ted falrly strongly in the 15 (p,BHe) 5C reaction, although its counter-

part in the N(p, ) oy spectrum was completely absent. A previously
_:‘raported level at 12.4k MeV ex01tation in 50 has been tentatively
"a551gned as 1/2 .52 This level at 12.40 MeV had a width consistent w1th
 the recently reported value of 90 keV, 52,85 in contrast with other re-
ii‘ports on the width of a level at this ex01tation of about 300 keV. 8l
Other levels are also observed in this region in the'lsN(p, He) 5

reaction, at about 12.2 and 12.6 MeV, and these could be the cause of the
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differing widths reported for this state. Although the 12.40 MeV level
was not well,resolved;at most angles from thesevother peaks, its angular
distribution was extracted and is shown 1n Fig. 13.

| The angular distribution for this level has a reasonably pure
I1=2 shape (compare Figs. 12-15) which would 1mply that this was a transi-
tion to a 5/27 or 7/27 final state, rather than to a 1/2° state. Inter-
mediate coupling theory (Table IV) would argue for a 7/2 assignment.
Most importantly, this state is aboent‘in the 15N(p,t)BN spectrum and
there is no evidence for a level in this range of ex01tatlon in either
14 3He 13 14 Ser \ 13 . .

N(“He,o) "N or ~ 'N(d,”He) ~C reactions (Fig. 7) or in the

N(p,d) 5N reactions.5u A 7/27 assignment is the only one consistent

the
14
wlth these observations since of the allowed lp - shell pickup flnal
states for this (p,BHe) reaction (1/27, 3/27, 5/27, 7/2°7) only the 7/2”
state 1s J (or j) forbidden in all the other reactions. The DWBA fit
based on a 7/2_ aSsi‘gnmentS5 (L¥2) is shown in Fig. 26. The theory
giyes a satisfactory account of the data, predicting quite well the

- envelope of the cross section. For these reasons, then, the assignment
of this state as 7/2 rather than the earlier l/2i seems warranted.
(Curiously, the original assignment86 for this level was 7/2— rather
than 1/27). : , '
1, 15.07 MeV [™2N] and 15.11 Mev [S0c], 3/27, 1=3/2.

The (p,t) and (p,5He) reactions on T=1/2 targets are able to

populate both T=1/2 and T=3/2 states in the final nucleus. For transi-’
13
S

tions to T*5/2 levels, the (p,3He) reaction is restricted to a pure
spin- 1sosp1n transfer of the neutron-proton pair (whereas, as previously
dlscussed both 58 and 51 S transfers are allowed in transitions to

' T=1/2 final states). In such cases then, both the (p,t) and (p,5He)
reactions are transitions from the same initial to ldentical final states.
W1th1n the framework of charge independence of nuclear forces, identical

“cross ‘sections are to be expected for (p,t) and (p, He) transitions

"« populating T=3/2_final states. This can be seen as follows: writing

- Eg. (1) as a ratio,
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Thus 1f nuclear forces are charge independent, then the third ratio should
be unity (the different binding energies of the transferred pair and the
- different Coulomb potential for triton and helium-3 in the optical model
make a negligible difference to the ratios of these cross sections, as is

later indicated). Thus

N .
k c (p,‘t)

o(p,t) _ %, Zer
5 (b, He) re3je K3p  Cgp(p. He)

From Bas. (3) and (8), COg(p,t) = [(3/2-1/2 1 1]1/2 1/2) (% = 1/6

it

CgT(p,BHe)‘= 1/2x[(3/2 1/2 10[1/2 1/2')[2 = 1/2x1/3 = 1/6

Hence the éecond ratio in the above expression is also unity, so that the
ratios of (p,t) and (p, He) T=3/2 transitions should just be given by the
phase-space factor, k /K 5He .

_ v : The lowest T—5/2 states in 5N and 5C aré expected to lie near

- 15.3 MeV of excitation, as calculated from the 5B mass after corrections
E for Coulomb energy and neutron-hydrogen atom mass differences. . This A
“'prediction:is in good agreement with the observed excitations of the 15.07
15N and 150, respectively. As such, these states

should be members of the lqwést isobaric multiplet in mass 13 with a .spin
+3/2)

i

f  and parity of 3/27, since this is the measured value of the 15B(TZ
ground state. 2 Twoénucleon selection rules would then restrict the
(p,t) and‘(p,BHe) transitions populating these levels to pure L=2 transfers.
The experimental angular distributions are shown in Fig. 27, with the
(p,5He) multiplied by the phase space factor, 0.924. Comparing the

."g_‘shapes of these angular distributions with those shown in Figs. 8 and 9

and in Flgs., 11 thru 15 shows that they are indeed IL=2 transfers, con-
slstent with thelr 5/2‘ spin and parity assignment. These levels have
also been observed in the llB(BH p)15 87 and llB(BH )L3N 88 reactions
and the T=5/2 state in 5N has been seen as a "twice-forbidden" resonance

89

in the 20 plus proton reaction.
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Differential cross sections of the 15N(p,t)l5N and 15I\T(p,BHe)
The (p,JHe) cross section has been multiplied by



""" be due to other effects, such as (25,ld)2 impuiities in the
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The above analogue states are "sharp" in the (p,t) and (p,5He)
spectrum, with a resolutilon comparable‘to thst of their respective gfoundv
state transitions, This long lifetime is consistent with their being the
lowest T~5/2 states. in 5N and 3C since there are no T= 3/2 channels
energetically available for decay. The cross sections of the l)N(p, )15N*
15.07 MeV 5/2 , T= 3/2) and 5 (p,5He)l3c 15 11 MeV (3/27, T=3/2)
transitions are expected from the charge independence of nuclear forces to
be 1dentical. The differential cross sections shown in Fig. 27 are indeed:
almost identical and the integrated cross sections (10-65°, c.m.) are in’
the ratio of 1.09/1, with the (p,t) being the larger. Tt would be Aiffi-
culﬁ, however, to interpret this difference as a measure of.the’expected
isospin admixtures90 in the nuclear states involved (T=3/2 admixtures in
the 15N ground state and/or T=1/2 admixtures in the T=3/2 states) because
these are very highly exclted states with relatively low cross Sections,
so that background corrections could conceivably contribute a large
fraction of their cross section differences. _ ' |

The intermediate coupling predictions for the energies of the
lowest T=3/2 states in these nuclei (Table IV) are generally in good
agreement with the observed values, except for the results of Barker;9 v
which place them about two MeV too low. The (p,t) DWBA: fit (the (p,BHe):
fit was virtually the same) is presented in Fig. 26, along with the DWBA.
fit to the 150* 12.40 Mev (7/2—) transition disucssed earlier. The same effect
appears in this T=3/2 +transition which occurred in the 11.88 Mev (3/2°)
‘transition; namely, the data are peakiﬁg toward smaller angles and the
peak angle is consequeﬁtly shifted inward with respect to the theoretical
fit. Nevertheless, considering that this is such a highly excited level,
~ the DWBA fit is still reasonable. '

jo 6.38 MeV [ 13 N] and 6.87 MeV [150] 5/2 . Insofar as the ground
stefe of 15N can be represented by a pure (lp) configuration, then the

. direct pickup of two nucleons can.only excite negative parity states in
“the final nucleus. Hence, the population of positive parity levels must

15N ground

state or an &dditional mechanism such as core excitation or knockout.
(Compound nucleus contributions are expected to be negligible at these

' high bombarding energies). Only two positive parity levels could be con-
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- Jg::sistently observed in both the (p, ) and (p, He) spectra, the first l/2
‘lfﬁh:jlevel at 2. 37 and 5 09 MeV in 15N and 13
L 5/2 level at 6,38 and 6.87 MeV, respectively In both spectra, the

)/2 transition is much stronger and angular distributions populating it

C, respectively, and the second

.ffvare shown in Flg. lO._ Also of interest, in an attempt to interpret ‘the _
-'-"population of these’ 5/2 states, 1s-the 15C( llC 7/2 transition, which’

~is later discussed in detail, it is J- forbidden (see later discussion)

- 'von the basis of a £wo neutron pickup reaction on a pure (lp)9 50 target
"ﬁ. but is. populated relatively strongly. Its angular distribution 1is also
*f[shown in Fig 10. (In the- following -discussion, a knockout mechanism
;ifhas been dlsregarded in view of the relative population of the l/2 and .
'w'5/2 levels and s1nce this mechanism has recently been shown to be in-

91

*adequate in a treatment of "forbidden" (d,p) reactions, where its
.1nfluence might be expected to be greater than in the (p,t) reaction)
."; h Although “the shape of the 15N 5/2 angular distribution92 is
;{inot what is normally observed for an L=3 transfer, ; 192 48 would be v
Lrequired for a pickup from a (ld) impurity in the 5N ground state,.
51t is possible to obtain a reasonable fit to the data. In Fig. 28,
pare shown DWBA fits to this transition as well as to the 130( t)ll
_(7/2 ) transition . Two curves are shown for each transition, corre-
?sponding to differenct ‘choices of the oscillator parameter for the
{bound state wave function, v=0.32 (the standard one) and 0.40 for the.
15/2 transition and v= O 52 0.46 for the 7/2 transition, The larger
_ ltvalues of + v . correspond to different . radii for matching the
zi'Hankel function tail at the nuclear surface. (This proCedure is dis-
jgps;cussed;in more detail later).  Since it is not clear hou to treat the
:7o'hound'state wave function for a (1d4,1p) L=3 or a (1lp,L1f) L=h transition
'f,(a'problem-which‘also arises in the theory " of single nucleon transfer '
' reactions), these larger values of v are perhaps not unreasonable and
" their use does result in improved fits to the data.

- Under these assumptions and using the configurations predicted

admixture of (d5/2) -in the 5N ground state would be necessary to

S f from weak coupling calculations95 for the N 5/2 state, about a 15 * 5%

'account for the relative strength of the observed transition. The relative':'

-
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Fig. 28. Normalized DWBA fits to the 15N(p,t) oy 6.38 MeV and
13¢(p,t)11c* 6.49 MeV transitions.
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. populatlon of the 6 58 MeV (5/2 and 2. 57 Mey (1/2 ) leVels in 15N Can u.,‘lﬂ,

" be understood through a larger amount of (d5/2 than of(sl/2) in the'f#f

iN ground state - a. conclusion cons1stent w1th an analy51s of negatlve o

"i'parlty states pOpulated in the (5He a) N reactlon53 and with the

SRR 1
... The observed angular distribution . of the 3N 5/2 (and the

-v»'(core-exc;tatlon) reaction mechanism may be applicable.

"ex01tat10n of the 5N 5.28 MeV (5/2 level in the’ O(d,5He)15N
: reactlon .
However, the relative population of the 1/2 and 5/2 levels can -
also be understood on the basis of a core-excitation pickup reactlon o
11 %

c 7/27)

= tran51tlon is qulte similar to that of other transitions where a two- step ’

k6,96

As described
previously, the two step reaction must have a strong'excitation of the.

- .. parent state via inelastic scattering and a favorable overlap of this '
) 7s£ate'with the configurations of the final state. Bussiere et al. o1 have
Ediehownhthat'the 1oy 5.28 MeV (5/2+ level is strongly excited in (a,o' )
?,“and they interpreted ‘this as due to a single particle promotlon of a
'ifpl/z_proton_to.the d5/2 shell. (No similar strong transition to a 1/2

-f‘state"(promotion~to the 2s 1/2 level) was observed). Assuming that this

-g'level would also be strongly excited in inelastic proton scattering at .

1f;h3 7 MeV, then those flnal state configurations con51st1ng of a 120

“ﬁcore coqpled to a d5/2 proton could be relatively strongly excited in

:i two-neutron plckup from thlb 15N 5.28 MeV level. Such configurations *
fflare expected from weak coupling calculatlons95 for the 3. 56 MeV level

. and 6. 58 MeV 5/2 levels in. 15N, Slnce the 2,37 MeV (1/2 ) level in
“;ilBN malnly has the configuration of the 12 C ground state coupled to an-
isl/2 nucleon,95 then thls state should be relatively weakly exc1ted by
,.”thls mechanism, as is experimentally observed. Of the two 5/2 levels, -
,::the 3.56 MeV one is noﬁ resolved, but some population of the mirror - a
5155/2+‘level at 3%.85 MeV.in 130 can be seen as a slight asymmetry on the
':side of the allowed %.68 MeV (3/27) level. ' Tts cross section, howeve?r,.
ﬂfis only about 30 ub/sr at forward angles which is about the same as that
.;fiobserved to the 6.87 MeV (5/2 ) level of 3¢, . Assuming a comparable
"::situation in the (p,t)'data wodld be consistent with the p0pulation'ofv_.
the 3.56 and 6.38 MeV (5/2+) states of TON via the chosen core-excitation
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route. However, if one assumes a direct pickup,“the 3.56 MeV (5/2+)
transition is predlcted to be much stronger (by a factor of ten) than that
to the 6. 58 MeV /2 } level, and this appears experlmentally to be very
unTikely The shape of the angular distribution of the 13N 6.38 MeV
(5/2 ) tran51t10n,aswellasthat of the lC 7/2 transition and the l5c*
5/2 transition (Fig. 10) 1s.vpresumably also consistent with a core-
excitation pickup reaction. Clearly much more theoretical work and more
extensive experimental data are required in order to determine the signi-

ficance of core excitation 1n these reactions.

‘B.. 15C(p,t)llc and 150(p,5ﬂe)llB

1. Experimental Results
| These reactions were studied at incident proton energies of U43.7
and 49 6 MeV. - Figure 29 presents energy spectra of the 15C(p,t) C and
15C(p, He) Ty reactions at 49.6 MeV, taken at 22° in the laboratory. .The
excitations shown were obtained in this experiment and in the ﬁajority
of cases agree well with previous values.52’98 Spin and parity assignments
consistent with the experimental resultsare chown on thefigure and these also
agree well with‘previous assignments.52’98 Assuming that 13C‘can be
represented by a pure (1p)9'configuration, then the direct pickup of two
1lp nucleons could only exeite negative parity levels in the mass 11
-final nuclei. The data in Fig. 29 do indeed show a selective population
_of negative parity final states. The only positive parity state that
could be clearly identified was the 6.8 Mev (5/2+) level in llc, and
this was very weakly excited, unlike the 5/2+ level previously discussed
in the 5N(p,t)lBN reaction. Since the target was only 9% pure, the
12, C impurity did present some problems in observing the levels at higher
excitation.

| ‘The excltations and spins and parities of states observed in
these experiments are compared with the results of previous work in
Table VIT for the llC‘states and in Table VIII for the ll states. The
results are given for two different beam energies, 43.7 and 49.6 MeV;

the Integrated cross sections are also given 1n these tables. Those
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llc levels observed in +the

able VII. Integrated cross sectlons of the
5¢(p,t)1LC reaction and comparison of these states with those previously
reported. '
| l30(1),‘G)J'1C Previously Reported52
- Exeitation v'UT(ub) GT(ub) . Excitation
I (MeV) 43,7 MeV 49,6 MeV J" (Mev)
: (15-58°,C-m-) (15-77°¢C-m-) ‘
) ' 132k .
3/27 0.0% 1156 11624 3/2" 0.0
N - : 310
1/2 ¥ o.00 £ 40°  3%0 - 267% 1/2” 2.00
5/2 b.z2 * %0 333 353 5/2 h.31
) N 167,
5/2;v * 4,80 * Lo 162 1Lo 3/0” L.oro
- - 1674 )
7/27  F 6.k9 * 50 136 124 7/2 6.48
5/2f 6.84 * 60 - 33.2 5/2" 6.90
. ) . _ . ‘ 2924"6_ ‘
/27 0 1248 =70 196 196 - not reported
o [T=3/27) |
—

Not used in the energy scale because these tritons were non linear.

bLevels marked with asterisk were used to determine the energy scale.
c ; . '

- "Errors are given in keV.

dIntegrated to 58°, c.m,
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Table gIII Integrated cross sections of the lB levels observedlln the dt
13c(p,”He) B . reaction and comparlson of these. states w1th those o
prev1ously reported.

.-15C(p;3He)l¥B - .. .. .Previously
~ ' - ‘ Reported

Excitation 'cT(ub) - | cT(ub)v o | Excitation
J" T(MeV) - . b3.7 Mev 49,6 MeV J (MeV)
' - (3-58°,c.m.)  (13-77°,c.m.) ,
3/ *Po.0 t30° - 380 . 359, Y 0.0
S 309°
S ¥ 22 230 58 .4 . 63, Lo 1/2” - 212
Lo T T LTS | | .
5/eT. o FLhhr30 o 631 9.7, 5/27 bk
Sz e 502230, 51.7 57, 8 3/27 5,02
I ‘ di:;. o '_.' : Lh, uc : ’ .
50 . hs8 611 /27 6.Th
529° |
60 ° = o s6S /2T 8.57
c 50 i oes e 160° 5/2" 8.9
G S5/2T T 1Lk r 60 e - 0 3t 11.60
‘ _-1'./2'_'-5_ S.12.8k 260 ¢ ‘{»,14,8‘1 - 293 not reported
e e %

Levels marked w1th an asterisk were used to determine the energy scale.

o

o

Cop em
55/2- 8.88

R

o

Errors are glven in keV
Integrated. to 58°,7c m.
Integrated to 48°, c.m.

o o"o' o |

52,98



. cients of fractional parentage rélating mass 11 to mass 12,

1‘_7?_ N

levels marked-with an aéterisk in the tables were used to‘determine the
energy scale and‘their associated errors'(inAkeV) reflect the overall
uncertainty involved in'the'analysis."The angular distributions for the
first five levels (ground stafe‘through the 7/2f level) populated in these
lBC(p,t)ll :
for the two different beam énergies, 43,7 and M9.6 MeV. Error bars
reflect counting statistics only. Both the shapes and the magnitudes

S | |
C and’ 5C(p,5He)ll_B reactions are shown in Figs. 30, through 3k,

(also compare integratéd cross sections in Tables VII and VIII) of these
fransitions‘appear to be relativély insensitive to this 6 MeV increase
in the beam energy, although the (p,t) 2.00 MeV (1/27, 1=0) transition
is more strongly exciféd at the lower: energy. A dependence of the cross
section on incident beam energy for (p,t) L=0 transitions has been notéd
previously.99 '
2. Qptical Model Parameters

The same potentials shown in Table III, which were used in the

préviousfanalySis of the 15N(p,t) and (p,3He) reéctions, were also tried in
analysis of the 15C(p,t) and (p,jHe) feactions (fonly the 49.6 MeV data are
consideredlmﬁé._Again the pofential that proved to give the best overall
fits to the data was AX, although in this case the radius parameter of
the imaginary well for the exit potential had to be increased from ‘
1.25 to 1.45. This is the‘only optical potentlal used in fitting the

data to be presented. No attempt'was made to improve the DWBA fits to

- excited states by introducing an energy dependence in the exit channel.

A1l DWBA fits are arbitrarily and separately normalized to the data.

- 5. Spectroscopy of Individual Transitions
| Unlike the mass 13 states previously dlscussed, intermediate
codpling wave functions for thege mass 11 final states were not avail-
able. Consequently, nuclear structure factors have been éalculated
assuming pure jj configurations for the final'state. The configurations
assumed.are the dominant ones expected from the single nucleon coeffi-

70

and are
presented in Table IX. The ground state of 15C was also assumed to be
described by a pure jj wave function (pl/2 neutron) and the nuclear
“structure factors calculated on this basis are presented in Table X.

Several numerical examples are worked out in the Appendix.



é76?"

1000

500

100

2000

TTTT]

T

T

TTTT]

I

[TTTT]

1

(8

.s‘j s'f.i. _

e '3¢ (p,1)''C gs.,

'3C (p,3He)“B g-S-» %

—

—TT

3-
3 L2

1=0,2 7

I

3
|8 9

L1t

i

‘ 3(3

. significance.

.jé;'

cm.

4

5,
(deg)

The curves have no theoretlcal':;

XBL678- 3975

;sFig 30.‘ Differential cross sections ‘of the 43.7 and 49. 6 MeV 5c(p,t)
- and (p, He). ground state transitions.




f77;‘ :

|()()<),_ l l‘ — ‘_ " I [ : T —
- F 3¢ (p,1)''c* 2.00 MeV, L, L0 =
500 °043.7 MeV B
gl o 49.6 MeV N
% 100 E
3 F :
~ s50F _
S
= i
N
S I |
S
10 E
— 0O 43.7 MeV -
5 B 49.6 Mev' v B
[ "c (p, ®He) "B¥ 212 Mev, LTiL=0,2 _
2 »" 1) l L N l _
5. 25 45 65 85

90.'m.>(deg )

XBL678-3986

e o 1 11 *

" Fig. 31. Differential cross sections of the 5C(p,t) ¢ 2.00 and

~ 13¢(p, He)HB* 2.12 MeV transitions at 43.7 and 49.6 MeV incident
proton energies. The curves have no theoretical significance.



8 o

100

TTTT]

l

,‘.-5‘.0

|

b PN

L LY

100

‘d.crt/dQ |

50

1

TTTT]

T T T TTTIT

“e'3c (p,ty''c* 432 Mev, 32
'|3C ( p,3He) ”_B* 4.44 MeV, g-’L-=2. —

32
€

Ll

|

]

L1

[\
6
D
(0}
0))
0]
@
0))

Qc.m. (d.eg) .
XBL678f3972

. . | | RSN
Fig. 32. Differeptial cross sections of -the 15C(p,t) C k.32 and
13¢(p, He) 1" 4.4l MeV transitions at B, = 43.7 MeV and 49.6 MeV.
. The curves have no theoretical slgnificance. -



-79-

200—————T T

e3¢ (p,1)'c*4.80Mev, 3, L=2
100 3m85 B¢ (p’Hel'B* 5.02 Mev,3731-0,2
50— ‘ ]
— %éﬁf & .
B B\, & -
o ' %;}'Q‘:; | i 1 ds
S 100F et ooa, NG Q -
© N
_ ~
b 7
©
10 ]
5 _
32 ! ‘ ! | | | !

6. (deq)

c.m.
XBL678- 3974

 Fig. 33. Differeptial cross sections of the 13c(p,t)llc 4,80 and

- 22¢(p,3He) 18" 5.02 MeV transitions at E, = 43.7 and 49.6 MeV.
., The curves have no theoretical significance.



8o-

|OOO ' ' r  '||'->§; l LB —
o ®Bc(pt) CT 6.49 Mev, ,
B '3c:( p> He )"B 6.72 MeV

- NN
]
1111

TTTT

500

S

N

O ' o ,

i!oo: -

o~ - ]
50 u

e —
—
—
e

|

do/sd)

32
<

¢
by
<

b2
<

100  43.7 MeV -
S50 -

1
|

20 [ l'l"|'|'1 1 l

) ( deqg)

c.m.

|  XBL678- 3978
.' Fig % Differential cross sections of the 15C(p,t) ¢ 6.49 and
‘ c(p,

SHe)1B¥ 6.72 MeV transitions at Fy = 43.7 and 49.6 MeV.
The curves have no theoretical significance



' ;TablefiX.£:Méss:llvlevelé'and assumed JJ configurations. |

R

. . Configuration
S (Mev) - (MeV) o '

327 0.0 00 Gyp)ln
.1_/'2' : 2.00 2.12 o (p5/2)g _p‘l’/é‘.'

: _;5/.2'5 l}v.3.2.‘ u,.m’L. : | »'-F}(p3/2‘)g pl/e 1
, ':5/2—.» 1;.80 : 5.'0}2_';'__”? :.}_“}(ps/é)g pl/gﬁj_ '

2T 128 12,8 i '-‘-(?,."l'.]';';.vﬂ_,(pB/e)g b1/
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_Teble X. ‘Major miclear stfuéture‘féctéré@CéTGNiéJﬁ)fbr'the states in mass 11,

| oA, oA 1
e rel B Cyr g - e p
Jooo (MeV) : :

. (MeV)

USRI R T o - 20110 . .328

3/ 0.0 0.0 © 12110 183
Do D e s 12021 . 915 450
12120 552

: o 0 - 20110 ‘ - .298
/27 - 2,000 2,120 20001 . 4T3 232
T 121100 S A3k
5/ 0T W2t ekl 12021 577 .285
TS e 12130 : _ .855
LT L T 20110 S L23
2T k.80 it s02 . 12021 o Wh78 .233
SR R 12110 212
B e 71 T 12130 - ,0963% .990
/2" - 1248 . 12.8% 0 0 20001 334 328
(T=3/2]" - ‘

#Calculated under the assumption of a 5% &7/2)3 admixture in the “OC
ground state and also'assumin_g an (f7/2 pl/é) pickup.

{
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& o Mev [Me and M1B1,3/27. ‘This transition is restricted by
two mucleon selection rules to a pure L=2 transfer for the (p,t) reaction,
but both L0 and =2 transfers are allowed in the (p, He) reaction. ' The
- DWBA fits to these transitions are shown_in Fig. 35 and are independently

and separately normalized to the data. The fit to the (p,t), transition
is very'good; the (p,5He) fit is reasonabie, the theory predicting quite
-~ well the envelope of the cross section. A better fit to the (p,jHe) '
 transition could possibly have been obtained if a complete intermediate
coupling wave function had been used to describe the final state. The
(p,t) transition, on the other hand, is characterized by only one L
transfer and the shape of its angular distribution is insensitive to
detalls of the final state wave function

b. 2.00 MeV [llC] and 2.12 MeV llB 1/2-. This transition is
restricted to an L=0 transfer for the (p,t) reaction while the (p,5He)
transition is again a mixture of I=0 and L=2. The DWBA fits to these

data, normalized independently of the ground state transition, are shown
in Fig. %6. The (p,t) angular distribution is well predicted by cal-
culation out to about 50°, but then shows a deep mlnlmum where the data
show little structure. The (p, He) fit is quite poor, showing almost
an ‘identical structure to that of the (p,t) transition,unlike the data.
On the basis of the assumed wave functions, however, this similarity in
shape can be readily understood by a .nuclear structure calculation, as
shown in Table X, where the L=0 strength of the (p, He) transition is
expected to be roughly & factor of eight stronger than the I=2 strength.
c. Lh.32 Mev [;lC] and 4.4l Mev [llB], 5/2°. Since these are
1/27 to 5/27 transitions, both the (p;t) and (p,BHe) reactions are re-

stricted to pure L=2 transfers. As such, the angular distributions are

‘expected to be very similar and this 1s generally found to be the case -

- (Fig. 32), except at forward angles, where the (p,EHe) transition ex-
~ hibits a slight forwatd angle rise not present in the (p,t) transition.

The DWBA calculation for these levels 1s shown in Fig. 37 and although
rgiVing excellent agreement with the data for the (p,t) transition, it glves
quite a.poor-' account of the (p,BHe) angular distribution; this appears to
particularly true at Jdarger angles, although the theory is also un-

able to account for the observed forward angle rise. TFigure 38 presents
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"-the angular distributions of these two transitions on a linear scale for
' the two beam energies “On’ ‘this scale, the difference at forward angles’
between the (p,t) and (p,3He) transitions 1s quite striking and is re-

' produced well outside of statlstical errors, at both energies. The

fact that this behav1or shows up in the (p,5He) angular distribution,

." and not in the (p,t) has interesting implications for the reaction mechanism

and this will be conSidered in a later discussion.

_ ‘a. 4.80 Mev. [*c) and 5.00 MeV ], 5/2 . Angular momentum
“selection rules for. these transitions are the same as for the ground state
transition; L=2 for the (p,t) and 1=0,2 for the (p,”He). This is the .

" third L=2 transition observed in llC and these three are shown together

. in Fig.:39f They are very similar in shape and in addition are remark-

" ably similar to other.L=2‘(p,t)'angular distributions on light nuclei
~. (Figs. 9'and 15). For comparison the (p,BHe)'angular distributions for
| thé ground state, 2:12 MeV and the 5.02 MeV transition (all L=0,2 mixtures)

"farepresentedin Fig. 4LO. They show little reproduceable overall structure

' but in most cases do have thecharacteristic of rising at forward angles,

'where-the (p,t) transitions are falling. This appears.to be a general

" characteristic of most 1/2- to 3/27 or 1/27 to 1/27 (p,BHe) angular distri- .
" butions on light (T= l/2) target nuclei, as can be further seen in Figs.
'i'll and 12 for other I=0,2 transitions in the 5N( 5He) 3C reaction.

L The DWBA fits to the C(p,t) 1¢* 1.80 MeV and 3c(p, He)llB 5.02 -
- MeV transitions are given: in Fig. b1, Again, the (p,t) transition is

?; insensitive to the pure jj wave functions used to describe these statest’;
" and the corresponding DWBA fit gives a good account of the data; the _ 
”i.(p,BHe) fit, on the other hand, is very poor and did not significantly

‘ 1mprove with any variation in the optical model. parameters

o e. 6.49 Mev [ cJ and 6.72 MeV llB , 7/2°. Assuming that 5
,Lffcan be well represented by a pure (lp)9 configuration, then transitions

: ;Afrom a 1/27 initial state to'a 7/2  final state are not allowed in the

)“"(p,t) reaction. The exact nature of how these transitions are forbidden

. can be understood from the nuclear wave functions of the initial and
_,final states. The intermediate coupling wave functions of Boyarkina
show that the first 7/2 state in mass 11 is-predominantly composed of
the configuration [ nd [22G), while the ground state wave function
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r-isaprimarily l P) and - [ ;' Thus the transdtion betueen'initial.i.
and final states in the (p,t) reaction. (assumlng a transfer of two (lp)
’ »llneutrons) is not :Sfforbldden_ and is generally not "Lfforbldden"‘gthe e
P ‘G_transition'would'not be allowed; it is in fact "J-forbidden”, since
"'T-fVConservation of angular momentum requires that J = L + 8 = 3, and this L

"1s not allowed in the (p,t) reaction because the spin transfer S is

- restricted to zero. The (p,3He) trans1tlon, on the other hand is not f’th7f

. ';_restricted in this way since S=1 is allOWed, therefore, the (p, He)
: 1/2 to 7/2 transition proceeds via a pure J = 5, L= 2,8 =1 pickup

-)_.,

uﬂk.of a neutron-proton pair. _ ‘ f
_ 4 _ The angular distributlons of these two tran51tions are presented.d
in. Flg 34 for 43.7 and 49.6 MeV incident protons.. The shape of - the
R ‘(p,t) angular distribution ‘is almost 1sotrop1c»out to 60° and shows
v_bfznothlng of the diffraction: structure which has characterized other (p,t)
‘tiﬁ(tran51tlons to date. ‘The DWBA fit to the (p,t) transition has been
'}gglven previously (Fig. 28) and although not shown, 1t was also possible.
;- “to get a reasonable fit to the. (p,BHe) angular distribution. .
S ' Since the (p,t) transition is J forbidden, one would a priori _
"”‘expect a very weak excitation of the C 6.9 MeV (7/27) level, perhapsh,"
;ﬁ proceeding through second order processes such ‘as core exc1tation or l» .
fdfknockout. In fact, this level is relatively strongly excited (Table VII,f{
i Fig. 29), with a cross section only slightly smaller than the other
llC excited . states populated in the 5C(p,t) c reaction. _Sdnce

opulation of this state. Of the two mentioned above, core excitation
. and knockout, the latter mechanism would seem to be the more unlikely, _
5'fsince, in general, the selective population of final states seen in these}i“

| ,_reactions could not be understood if knockout were a contributing

. mechanism (Fig. 29). A core-excitation mechanism, on the other hand, B

.does present a possible explanation for the excitation of this 7/2
o level _ - o
Following the treatment outlined earlier (see Theory section), -

,'a core-excitation mechanism populating a given final state requires both "’

%T_a.strong eicitation:of some parent state in the target via inelastic

v compound nuclear contributions can be regarded as insignificant at these f’f;

'hf high bombarding energies, then other explanations must be sought'for the’_l_‘; S
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scattering and a favorable overlap of this parent state with the configu~-

13

C has been

ration of the final state. Although no proton scattering on
‘ 100

done at higher energies, the lBC(a,a')lBC* results of Harvey et al.
should give a good indication of which levels in the target nucleus would be
strongly excited in the 15C(p,p')lBC reaction. The data in Ref. 100

show a strong_excitaﬁion of the le* 3.68 MeV 5/2_ state and this parti-

- cular level will be assumed to be the only contributing parent state in

the two-step reaction.

The overall matrix elemeﬂt cQuld then be represented schematically

as
T, @ (7/27 10, 3/27)(3/27 1A (#) |1/27)

where Yé(f) ‘characterizes the inelastic scattering step which, in the
absence of any "spin-flip", would be a quadrupole excitation. Two nucleon -
selection rulés restrict the pidkup of twd neutrons in the second sﬁep to
an L=2 transfer, so that this matrix element is characterized by a lD2
_operatof. The shape of the overall angular distribution and the strength
. of the fransition will depend on these two amplitudes in such a way that
it is probably not too meaningful to talk about a total angular moméntum
~ transfer as characterizing the reaction. 1In particular, if the inelastic

v #
excitation shows very little structure as, for example, the 12C(p,p’)lQC

L.k3 MeV (I=2) transition at 30-50 MeV does}plf57 then 1t may be reason-
able to expect the kind of shape observed:for the angular distribution of the
Bop, )" 7/2” transition (Fig. 34).

- Since there would appear to be a reasonably strong excitation of
a parent state (3.68 MeV, 3/27) in the entrance channel, it is of interest
 to see if the overlap between this state and the TLe* 6.49 Mev (7/27)
level iswalso favorable. This can be estimated by a nuclear structure
calculation using the 15% 3.68 MeV (3/27) state as the initial wave
' functiOnf‘ Using methods described in the Appendix, one finds that the
nuclear structure factor for this 3/2” to 7/2” transition (Gy,0,q) could
have a valuq as large as 0.605, which when compared to those values for
the "allowed" transitions in Teble X, could be taken as an indication for

*# - * -
a very favorable overlap between the 150 3/2 and llC 7/2 states.
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Thls overlap coupled with a strong excitation of the parent state in the S
T entrance channel could account for the relatively strong population of
'*f‘;-,:she 6.49 MeV 7/2 level in the 13C(p,t) C reaction.
- It is’ interesting to note on the basis of the above model for
"; core'exc1tation, that a plau51ble explanation can also be advanced for
“the small angle rise observed in the l‘5C(p,3He Hg* bl Mev k5/2-
-angular distribution As noted earller, this transition is restricted
'to an L=2 transfer and as such should be quite similar to. the mirror.
' (p,t ) tran51tion However, as can be seen in Fig. 38, the (p,t) angular

g dlstribution does not. show the forward angle rise observed in the (p,BHe)

?1?j angular distribution, the shape of which i1s reminiscent of an L=0 com-
'“;‘ponent in the cross’ section (compare Figs..lQ 14 and MO) An L=0 con—'.v'
;ftrioution £0 the (p,BHe) cross. section of this 5/2 level is strictly |
“:iforbidden on the ba51s of a direct pickup, but could be accounted for in
"a’a two- step reaction proceeding through the 150 3.68 MeV (5/2 ) level. '

, ?Such a )/2 to 5/2-~pickup of a neutron-proton pair could take: place by :'
’;'a:?sl'transfer‘in,thé (?,iHc)~reaction; any such contribution to the -
“”:mirror (p,t) transition;'however; would still be restricted to L=2. ,

: ) The above discuss1on, of course, can only be regarded as quali-
F;tative, since ‘even -if core - exc1tation did play a dominant role in the

:G XCitation of the 5/2 and 7/2 levels which were discussed, many more -
*ﬁ'parent states than the “2C 3.68 MeV (5/2 ) level would surely be involved.:
'; . On the other hand, the assumption that the 130 ground state can

: 3be represented by a pure (lp)9 configuration may not be adequate and other
‘ﬁdadmixtures, for example (1f 7/2) , should perhaps be considered. Any
“f‘(lf 7/2) mixed into the ground state of 3¢ could account for the
_2'130(p,t)110 (7/27) transition by the direct pickup of a (1p lf) neutron
=-'pa1r No explicit calculations exist’ for the amount of (1f 7/2

_ apected in the 5C ground state, but other calculations on the amount of
‘uj_:thls impurlty expected in l1p shell nuclei would indicate about 5%. 102

o _Assuming a 5% admixture of (lf 7/2) then, the nuclear structure factor -
I~- 14041 for a (pl/2 7/2) picKup iilcalculated to be .096. Comparing |
"j‘this'value to those of the other C transitions shown in Table X would - -
- seem to imply that the state is too strOngly-eXcited to be accounted for

- : 11 % :
. Dby this relatively small structure factor (for example, the ~7C. 4 .80 MeV
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(3/27) transition might be expected to be a factor of 25 times stronger, -

when in fact the two cross sections are identical). A DWBA calculation,

however, predicts a strong cross section for the 7/27 transition. In

fact, as is later indicated, its relative cross section, assuming a 5%

admixture of (1f 7/2)2, is predicted as well as the other negative

_parity states in the llC spectrunm.

MoreoVer; although the shape of the angular distribution would

not be expected to show such a lack of structure for a direct pickup, it

is possible to obtain a good fit to the data with a DWBA calculation.

.Figure 28 presents this fit. As previously described, two curves are

shown for this transition, corresponding to different choices of the oscil-

lator parameter for the bound state wave function.

11 %
t)*lc

-Mitigating against the direct plckup mechanism in the 5C(p,
(7/2 ) transition are (1) uncertainties in the DWBA treatment of such
quantities as the form factor for this type of trans1tion, and (2) the
abgsence of relatlvely strong tran51t10ns to positive parity states in
L C arising from what would presumably be a greater than 5% admixture of

(2s 1<1)2 in the 150 ground state. (The 6.8 Mev (5/2 ) level in e s popu-

lated stronges, .but with a total cross section of only 33 pb (Table VII))

Of interest in the discussion of the levels to follow, will be

Table XI, which presents the dominant configurations of the intermediate

’_coupling wave functions of Boyarkina, for the mass 11 levels in this

region of excitation. The angular distributions of the levels to be
c0n81dered below are presented in Fig. Lo, | .

£, 8.10 MeV [*7¢] and 8. 52 MeV | lB < 5/27. The 8.10 MeV
ievel in llC was obscured-atvmost angles by the lOC ground state arising
from the 12C(p,t)lOC'im,purity reaction, so that an angular distribution
for this level could not be obtained. The analysis of the 8.52 MeV level
in llB waé similarly obscured by transitions to the lOB* 1.74% and 103*
2.15 MeV levels, also arising from the 120 impurity. Nevertheless, an

| 11_% |
angular distribution for the 15C(p,5He) B 8.52 MeV transition was
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. Teble XI. Dominant IS configurations (in percent) of the

: ‘ : gass ll;inter—
mediate coupling wave functions of Boyarkina.
Theoretical . o o _
Jm EX?&Zéglon B T L S R T
5/2” 1.1 - m 2 . 11 10
1/2” 12.2 23 9 - 6l o
3/2" 12.7 27 13 7 .30 . 18
5/2” 2.7 . 3k 50 78
3/2" 13.7. 8 - % 19 o 36 |
9/2” 13.7 | ' | 11 89
7/2" 15.4 , 5 3 11 55
5/27" 16.L s 20 13 25 '
1/2” 16.9 1 78 15
g 17.h4 o 4 k8 | 2 16
17.9 8. 15 7 58 100
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Fig. 42, Differential igoss sections of some higher excited (< 5/2 )
" transitions in the ~“C(p, 5He)11B reaction at 43.7 and 49.6 incident
" proton energies. The curves have no theoretical significance.
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obtainedrand'ie presented in Fig. 42 for the tﬁo’beam energiesAconsidered,
43.7 and L9.6 Mev. Thevshapes are quite similar at the two energies,
boﬁh having a sharp rise at forward angles with a structure indicative of
a direct L=0, L=2 mixture (compare with Figs. 11, 12 and 40), thus implying
a 1/27 or 3/27 spin and parity. These shapes are consistent with the pre-
vious assignment of this level ae < 5/2-. No attempt was made at a DWBA
analysis of these data. S

g. B8.43 MeV [llC] and 8.88 .MeV llB 5/2°. The spin and parity
of a level at 8.92 MeV. in 1B nas been previously determined52 to be 5/27,
and this level likely corresponds to the one observed at 8.88 * ,05 MeV
in the 15C(p,iHe) g reaction. The angular distribution is presented in

| _Fig. MQZ for 43.7 and 49.6 MeV bombarding energy. At forward angles, the
shape of the angular distribution is not reproduceable at both energies
j and this could be due to unresolved 10B impurities at the lower energy.

] ‘The 49.6 MeV data shows a reasonable IL=2 shape, although somewhat less

- . structured than those prev1ouslykobserved (compare Figs. 9, 13 and 39)
Although this 8.88 MeV level in Ty can be elearly seen at most

angles, there is little evidence for excitation of the mirror level in

'llC at 8.43 Mev, o2 even at forward angles. This is completely. contradlctory

to almost all of the (p,t) and (p,BHe) mirror transitions discussed to

.iibdate} As previously shown in Tables I, II, VII and VIII, the (p,t) transi-

tions are found to be consistently stronger than their mirror (p,5He)
;:‘trans1t10ns and the implications of this will be considered in some detail
" later. Unfortunately, lacking proper intermediate'coapling wave functions'
(in jj coupling) to describe the final state, one can only speculate as
to the nature. of this departure from the now established trend of stronger
(p,t) than (p, He) transitions. _
. There have been previous examples of severely inhibited (p,t) _
transitions, notably in the "S-forbidden" transitions discussed in Ref. 10
for the 'Li and “Be (p,t) and (p,5He).reéctions. On these light nuclei,

- . where LS coupling is likely more eppropriate, those final state configu-

_rations which are strongly quartet (S=3/2) can not be directly excited
in the (p,t) reaction. Although it is less likely that such strongly
quartet spin configurations would be present in the final states populated

»
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in the lBC(p,ﬁ)llC reaction, the intermediate coﬁpliné wave functions of
Boyarkina (Table XT) do indicate a high percentage of quarfet spin states
for the mass 1l levels in this region of excitation. On this basis, one
would be forced to conclude that the above levels correspond to the cal-
culated level in Teble XTI at 11.1 MeV, which is the first 5/2° state
predicted in this region. (This is actually the second 5/2-_étate pre-
dicted by the intermediate coupling calculations of Ref. 8, the first

one lying at 5.2 MeV and thereby correspondlng well to the experlmental
values of 4.32 MeV in llC and 4.k MevV in llB) This particular level

1s 83% quartet, which would likely enhance the (p,5He) transition consid-
erably.

If the calculated level at 11.1 MeV does correépond to the 8.43%
and 8.88 MeV levels in,llC-and llB, respectively, then this would imply
that the levels at 8.10 and 8.52 MeV are either 1/2° or 3/27, since the
first 5/27 level would already be assigned. An assignment of either -
1/27 or 3/2" to the 8.88 MeV level in B yould be consistent with its

. angular distribution in the 13C(p,BHe)llB reaction (Fig. Lk2).

n. 11.64 Mev (1B ] (1/27 or 3/27). This is a further example of

. a tran51tion in these mass 1l reactions which is strongly exc1ted in the

(p, He) reactlon but is virtually absent in the (p,t) spectrum. At some

- angles, there was an indication of a peak in the llC spectrum at about

- 11.3 MeV of excitation, but it was not possible to obtain an angular

distribution. (There isa known?g,broad level at 11.45 MeV). The angular
distribution (49.6 MeV data only) for the (p,5He) transition is presented
in Fig. 42 and shows a structﬁre strongly suggestive of a mixture of
direct L=0 and L=2 transfers (compare with Figs. 11, 12 and 40), thus
implying a spin and parity assignment of 1/2° or 3/27.

There are several known52 llB levels in this region, most of

a which have been tentatively assigned as positive parity and as such could

not correspond to the 11.64 MeV state by virtue of the strength with which
it is excited. The width of this level (FWHM) was found to be 300 * 70
keV. There 1s a broad level reported in Ref. 52 at 11.0 MeV, which is
tentatively assigned as 5/2_, but it .seems unlikely that this and the
11.64 MeV 1level discussed above could be the same state. No attempt was.

" made at a DWBA analysis of this transition. Further spectroscopilc comment

 can not be made without detailed intermediate coupling wave functions.
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i. 12.48 MeV’[llC], 12,8l Mev [ll ], 1/2-) T=3/2. These.lefels_fi,

correspond %o the lowest 1lp shell T—5/2 levels in the mass 11 nuclel. | '

- As such, they form the middle members of a quartet composed of lBe(T =
+3/2), llB(T = +1/2), C(T = -1/2) and lN = -3/2). Since llBe

. 1s a shell model anomgly’ 05--the 2s]¢2 level appears lower than the 1p 1/2 o
level-- then the lowest T= 5/2 level in 11B and : lC could not be dlrectly
excited in these 15C(p,t) C and C(p,BHe M reactions. No evidence

has been seen in the previous discussion to 1Indicate any significant
admixtnre of (2s ld)2 in the'ljc ground state; consequently a positive
'parity state could not be directlf excited and the levels above thought
to be T= 5/2 states must correspond to an excited (negative parlty) state
of the lBe nucleus. v : _
_ The lowest negative parity T=5/2 states in llB and llC are expected :
+to lie near 12.8 MeV of excitation, as calculated from the llBe ﬁésé after'
_ correction for Coulomb energy and neutron—hydrogen atom mass differences.
This value is in good agreement Wluh the observed excitation of 12.48
MeV in llC and 12.84% MeV in lB. The first negatlve parity state in lBe
‘ is'_known52 to have a possible spin and parity of 1/27, 5/2° or 7/27. 1If
fithe levels described above are indeed the lowéét.negative parity T=5/2
states, then both the (p,t) and (p,5He) reactions populating them are’
transitions from the same initial to identical final states and as such .
.both proceed via an S=0, T=l transfer of the nucleon pair. Tw0 nucleon"
transfer selection rules then restrict these transitions to 1L=0, L=2 or
L= =l transfers populating 1/2 5 5/2 and 7/2 flnal states, respectlvelyf
- The angular distributions for these (p,t) and (p, He) transitions, at
;ulnf"both 43.7 and 49.6 MeV, are shown in Fig. 43 {(the (p,5He) has been multi-
P “‘plied by the phase space factor, kt/RBﬁé7'Of 0.9%2 and 0.963, respectively);
they are virtually identical, as expected for transitions populating T=3/2
j'final states within the framework of charge independence of nuclear
' forces.’ The (p,t) transition is ghown again  in Fig. L4 along with the
13C( t) ¢ transitions (at h9 6 MeV) populating the 11 C ground state
_ (5/2‘, L=2) and first excited states (1/2° , L=0). The T=3/2 transition
; is quite similar to the- llC 2.00 MeV (1/2 ) I=0 angular distribution
: (the first maximum is shifted slightly inward, which is consistent with
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Fig. 43. Differential cross sections of the lBC(p,t) "C 12.48 MeV and

15¢(p,3He) 118" 12.8k Mev (1/27, T=3/2) transitions at Ep = L3.7 and
L9.6 MeV. The (p,BHe) cross sechbions have been multipled by the
phase space factors 0.932 and 0.963, respectively. A DWBA fit (1=0).
ig shown for the 49.6 MeV data.
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Fig. 4k, Angular distributiors of the u9.6_Mev_l3c(p,t) C transitions
" populating the ground (3/27), 2.00 MeV (1/27) and 12.48 Mev (1/27,
: T=3/2) states. The curves have no theoretical significance.
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other (p,t) L=Ovahgulér‘distributions to excited states, as can be seen
in Fig. 14); it shows nothlng of the structure of the llC ground state
(5/2 1=2) angular dlstrlbutlon . Thls comparison is then a very good
indication that these lowest negative périty states are l/2f, and not
.5/2_ or'7/2—. It is very unlikely: that a 7/2— state at this e;citation ‘
would be sé strongly excited, even though the lBC(p,t)llC* 6.49 Mev
(7/27) tfanéition'(see previous discussion) is surprisingly strong (Table
VII); moreover, the angular distribution of this latter transition (Fig.
~ 34) shows nothing of the structure observed in the above T=3/2 angular
distributions. | |
" Intermediate cbupling calculations7’8’7o'(in the lp shell alone) .
predict that the lowest negative parity T=3/2 state in llC(llB) should
‘be of 1/2” spin and parity and should lie at about 13.5 MeV of excitation.
In fact, the calculations of Ref. 8 show that a 5/2° and a 7/2  T=3/2 -
level should be 4 MeV and 12 MeV, reépectively, further removed from the
. rirst 1/27 T=3/2 level. These calculations and the evidence presented _
»aboﬁe'seem to overwhelmingly indicate that the levels observed at l2.h8v
MeV in TTC and 12.84 MeV in M5 in the 15C(p,t) and (p,BHe) reactions,
respectively, are indeed 1/2° T=3/2 states. ' ‘

The width (FWHM) of these 1/2° T=3/2 levels are large, being
350 = LO keV for the llB state and 550 * 50 keV for the llC state. How-
ever, these T= 5/2 levels are expected to be wide since they both have

~B/Q“Channels energetlcally allowed for decay; the }lC 12.48 MeV level

can decay to the- 105* (1.74 MeV, T=1) level plus a proton and the =3
12.84 MeV level can decay to the 10g¢ ground state (TZ = + 1) plus a pro-
ton. - The energles avallable for these modes of decay are.2.05 MeV and

l.6l MeV, respectively, which is'consistent with the larger width observed

':v for the llC state.

. The DWBA fit to the 49.6 MeV (p, @'tran31t10n(the(p,5H@fitJﬁ the same)

l-_ is shown in Fig. 43, and compared to the quality of fit previously dis-

cussed for the (p,t) reaction (which has always been.restricted to a single L

., .vvalue),it is quite poor. The calculated angular distribution does not

account for the position of the first minimum and moreover, predicts a

minimum at T70° where the experimental data show little structure. However,
this was also the case in the DWBA it to the ~-C 2.00 MeV (1/27 1=0)

~“transition (Fig. 36) and may reflect a basic inaccuracy in the optical model

- wave functions.
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i 6.8k Mev [llC], 5[2+. As noted earlier, positive parity states
cannot be directly excited in either the (p,t) or (p,BHe) reactions on a
150(1/2') target, assuming a pure (lp)9 configuration for the ¢ ground
state. A weak level was observed at 6.84 MeV in llC,'which probably
corresponds to the known52 6.90 MeV (5/2+) level. (The mirror level at
T.30 MeV in llB could not be seen due to contaminant peaks). The angular
distribution to this 6.84 MeV (5/2+) level was very similar to those ob-
served in other "forbidden" transitions (Fig. 10) and is not shown. It

was, however, relatively very weakly excited, with a total cross section

of only 33 ub (Table VII), which may give evidence that the amount of
(d5/2)2 admixed into the 1°C ground state is very small.
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V. THEORETICAL CROSS SECTIONS ' ‘ -

- In the prediction of absolute cross sections, éiﬁgle-nucleon
transfer reactions have ylelded impressive results. In such calculations,
one is able to treat the motion of a single nucleon bound in a well quite
accurately. Recent (d, He), (d,p)58 and (3He d)lol‘L calculations have
" shown that absolute cross sections predicted by theory are in very good
agreement with experiment, often to within 20 or 50%. In two-nucleon
transfer reactions, however, the motion of the pair is obviously more
complicated and the approximatlons inherent in the theory are corres-
pondingly more suspect. Yor example, the zero range approx1mat10n 105 is

106

probably much more inadequate in two-nucleon than in one-nucleon

6

using the theory under discussion, re-

transfer.lo7 Broglia and Riedel,
206Pb(t,p)208Pb

port on calculations of absolute cross sections for the
reaction which are an order of magnitude too low, a difference they v
attribute as mainly due to the assumed simple (gaussian) structure of the
triton wave function. The DWBA code used herein, consequently, is not
programmed to calculate absolute cross sections and only relative cross
‘sections will be compared in the discussion to follow.

The two-nucleon transfer theory under discussion has been success-
fully tested on targets of widely varying mass. Mangelson et al. have |
- IQC(BHe,p)luN
react10n32 and Glendenning33 has had equally good results in fitting the
208 Pb(p t)206Pb reaction. Since the shapes of the (p,t) angular distri-
butions previously discussed (the (p,~He) being sensitive to the final

state configurations) are also well predicted, it can be assumed that

obtained good fits to the angular distributions found in the

the present theory properly takes into account the dynamics of the two-

nucleon transfer reaction.

e g e e 1 o
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| "r;A; Mirror State Cross Section Ratios

v o O¢ 1nterest is the ablllty of the theory to predict the magnl—_‘

, tudes of the (p,BHe) trans1t10ns relative to the (p,t) tran51t10ns A
_vstuay of mirror transitlons permits such comparlsons with mlnlmal,un-‘“
"certainty in the final state wave functions. Although such a study ﬁill fv
depend somewhat on the ch01ce of acceptable optlcal model parameters, the
theoretical ratios of (p,t) to (p,iHe) cross sections should be relatlvely
'1nsens1t1ve to this ch01ce

This 1nvest1gatlon of mirror .state ; transitions was carried out -

"on the target nuclel ;5N, 5C, and 51P An explanation for the ratios '

S of experlmental cross sections from these targets is sought in terms of fa -

the theory based on a spin-independent nucleon-nucleon interaction (A

.,Ai) as well as the case of a strongly spin-dependent interaction (AS =
OojA?). The . introduction of this strongly spin-dependent force will 1
‘alter the relative (p,t) and (p,BHe) cross sections and hence alter the .

ratios to be compared; in addition, it may also change the shapes of

: "'those (p,5He) angular distributions in which multiple L values are '2'1

allowed _ _ . .
' of particular concern is an understanding of the general implica-

'”f]:.tioqs of the few observed experimental transitions in which the ratio of

lb"m these cross sections is above the limit of M/l-predicted by the theory.

\'.Two possible.expianations, both of which introduce.interference terms,

are considered: either (1) a coherent sum on the (LS) angular momentum

‘:“',quantum numbers of the transferred pair must be taken into account, or

(2) a core-excitation mechanism plays a role in the overall cross section, -~

" which is then coherent with the direct reactionrpath.

1. Discussion of Results

a. ON(p,t)2N and ON(p, He) ¢ transitions. Only the first

three "strong" states of those previously discussed will be considered

~ here. As noted earlier, the shapes of these (p,t) angular distributions
. (Figs. 20 thru 22) are well predicted. In addition, although not quite @’
‘as well predicted, the (p,5He) angular distributions shown in Figs. 20
thru 22 are also fairly well fit. All these previous (p,BHe) fits are

-for'a spin-independent nucleon—nacleon interaction. The effect of
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introducing a spin-dependent interaction is to alter the relative amounts
of L=0 and L=2 in these (p,5He)'transitions, since the factor CST2 in the

differential cross section of Eq. (1) will be altered. ‘The particular
choice that has been made (As = 0.3 A?) strongly enhances the S=0
tranéfer;‘fesulting in a considerable increase of the IL=0 component in

the ground state transition bﬁt'causing 1little difference in the 3.68 MeV .
transition. The effect of this"is shown in Fig; 45 which presents norma-
lized (p,BHe) fits to the ground state (1/27) and 3.68 MeV (3/27) transi-
tions, utilizing the spin-dependent interaction. The ground state
“transition is now better fif by.the'theory, while the 3/2— transition
shows no significant change: Although the (AX) optical model parameters
used in this study were obtained by interpolaﬁion from parameters given

in the literature for neighboring nuclei, and as such are certainly sub-
ject to inaccuracies, this effect of improving the ground state (p,5He)
fit by introducing the spin-dependent force does reproduce for other
choices of the helium-3 potential. The fit to the 7.55 MeV (5/27)

angulér distribution shown in Fig. 22 is unaffected by a spin-dependent
nucleon-nucleon interaction, since two-nucleon selection rules restrict
this transition_tovavpure I=2 transfer. Before comparing (p,t) and (pgaHe)
T cross sectim ratios)itiscfinterest to ascertain whether Coulomb and

‘kinematic effects on the relative cross sections are important. With

. 1dentical structure factofs,ithe DWBA integrated cross sections for

“(p,t) and (p,aHe) transitions to any given mirror pair were virtually
identical,lo» so that theory and experiment can be directly compared
for each such pair. o

' Figure 46 presents a comparisdn of theoretical cross sections
with experiment for the (p,t) and (p,5He) ground state transitions--

' the data are shown in ub/sr and the theory is given . in arbitrary units

 with no relative normalization. Two theoretical comparisons of these

transitions are shown--one for a spin-independent interaction and the
other for the chosen spin-depéndent interaction. .Agreement between

theory and experiment'for the relative magnitudes of these transitions

'v-is certainly better in the case of the spin-dependent interaction,

Similar comparisons have been made for the other levels and the ratios
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(R) oﬁi(p;t) to (p,?Hé) integrated cross sections (the theory being in-
tegfated over the samé‘raﬁge as the experiment) are shown in Table X171,
along ﬁith_thoée.fof the 13C'discussion_which follows. The over-all re-
sult is that one héSu'ﬁd-invoke'a strongly spin-dependent force in order

; to'approach reasonable»agreement between these theoretical ratios and
-experimenﬁ: Noting the table, it can be seen that the mass 13 5/2_ level_‘
is quite well predicted By the chbice of a spin dependence while the
vgréund'staﬁé (1/27) transition is not. Nevertheless, the average agree-
ment with experimeht'for theseAtwo levels is considerably improved. OF
particular interest is the expérimenial ratio for the 5/2— transition, .
which is greater thailthe limit of 4/1. Accordingly, the theoretical

ratio for this transition remains in poor agreement with the data, re-

- gardless of the value used for the spin-dependent nucleon interaction.

A
b. Pe(p, )¢ and Po(p, He) B transitions. Only the first
four levels of those previously discussed will be considered here. DWBA

o fits for the (p,BHe) transitions have not been calculated for the spin-

dependent interaction, as they were for the mass 13 fiﬁal states, becauée
the jJj wave functions used to described these-mass 11 final states are
too uncertain. The previously discussed DWBA fits (Figs. 35 thru 37 ‘and
Fig..hl) are reasonable and Should_pérmiﬁ‘a comparison of (p,t) and

5He) croés sections. o _

As observed earlier for transitions to mass 13 final states, the
DWBA calculation of ﬁhe (p,t) and (p,EHe) Integrated cross sections to

the several mass 11 mirror pairs, utilizing (p,t) nuclear structure

(p;

"- factors for both,'were essentially equal, so that théory and experiment

can again be directly compared for each mirror pair. Figure 47 presents

" such a comparison -for the ground state transitions, where the ¢foss'

. . sections in ub/sr‘are compared with theoretical predlctions for the case

of a spin-independent and the spin-dependent interaction. The theoretical
., curves are plotted in arbltrary units without relative normalization. As
such, they repfesent how well the theory accounts for the relative maéni—
tudes of these (é;ﬁ) and'(p;3He)'transitions. Note that the agreement

vis much better with the inclusion. of the strongly spin-dependent interaction.
Simllar comparisons have been made for the other strong states excited in

'fthese reactions and the ratios (R) of (p,t) to (p,BHe) integrated cross



Table XII. Mass 13 and.maéé 11 expefiﬁental'ahd‘théoretical integrated cross sections.

: : o lp,t)
. 15N(P,t)13N lSN(p,BHe)lBC Rexp = ;Et;”BE;;' Rtheory vRtheory :
J o {1d) Ip(kd) L A5 = AT A° - 0.3 AT
(10-90°,c.m.) (10-90°,c.m.) .- :

1/2” oh1 508 3.16 635 1.h6°
3/2" 652 573 1.14 686 . - -1.50
5/2° 1271 270 L.72 1.71 2.72

ijC(p t)llc 15c(p 5He)llB = €3531E2~—— R R
- ’ : ’ exp (p,5He) theory theory
i on(wo) 0, (1b) T a5 = AT 2% - 0.3 AT
(10-80°,c.m.) (10-80°,c.m.) -
3/2" 1320 359 3.68 1.3 2.4k
1/2” 310 63 L.oe 1.51 2.74
5/2" - Les s} L,72 o2 1.01
3/2" 167 53 2.88 .875 1.84 -

~Tit-
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sectioﬁs>(the theory.being integrated over the same range as the experiment)
are shown in Table XII,’-However, and unlike the 15N reactions, relatively
poor agreement is obtafhed for each‘level; even -in the limit of a strong
spin dependence. Nevertheless, the results for these mass 11 final states
are still consistent with what was found for the mass 1% final nuclei--

that agreement between ﬁheory and experiment improves as one goes to a
strongly spin-dependent interaction.

The most importaht feature of the 150 data shown in Table XII is
the experimental ratio for the 1/27 and 5/2  integrated cross sections,
‘both of which are well outside the L/1 limit expected for a pure S=0
tranefer of the neutrohaproton pair. . The theoretical ratios for these
transitions, even in the case of strong spin dependence, are in very

| poor agreement wiﬁh experiment. In order to emphasize this, the'diffe—
‘rential cross sections for these 1/27 and 5/2° (p,t) and (p,BHe) transi-
'ﬁions are shown again in Fig. 48. At forward angles, where direct re-

~action contfibutionsvto the cross section are expected to be at a maximum, .

~the (p,t) transition is favored over the (p,BHe) by factors as large as
six or seven. ‘ B o

There are now three examples where the ratios of (p,t) to (p,BHe)
cross sections are beyond the limit predicted by theory. Table XIII pre-
sents the total cross section of these cases integrated just over the
forward angles of the data and comparee the results with those obtained
over the total angular range considered earlier. Also shown are the
theoretical predictions for the spin-independent interaction, integrated
over the same angular range; For the mass 11 levels, the disagreement:
between theory and experimenﬁ is mueh‘more‘striking when congidered over
this limited range of angles. , |

c. 51P(p,t)29P and, 51P(pJBHejggsi g.s. transition. All the other
available data on T=1/2 targets [those of 7Li, 7Be (Ref. 10) 27A1_

(Ref. L), 5lp (Ref. 44) and 5% (Refs. 45, 109)] are consistent with

the previously mentioned general trend, that unless inhibited by nuclear

structure conslderations, the (p,t) transition is stronger than the
cofresponding mirror-(p,BHe) transition. This is shown in Table XIV
" where the experimental results for the cross section ratios "of (p,t) to

(p,iHe) reactions on these targets are given. Two values are shown:
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-115-

Table XIII;':Ihtégrafed (p,t) and gg,3He) cross section ratios for those
S

levels exceeding the pure

transfer limit of the theory.

Excitation R(10-80°)

R(lo-h5°)‘

R
" o (MeV) ‘ experiment | experiment (ig?£;¥)
| A5 = AT
Ly  7.38 o
| 5/2 ‘ b2 bbb 1.66
13, . . . .
He ) o 2.00 . o _
12" h.oe 5.88 1.55
Yy _ o2i12
He S b
5/2 , 4,72 5.64 . 0.380
Hp A " |

8cross sections integrated to 90°.
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_Table'XiV.' (p,t)/(p, He) cross section ratios for ‘other data avallable
' R on T=1/2 targets:

_ ] Peak -
7 Excitation Angle Integrated
Reaction = = J (Mev) Ratio @:T)Ratio Reference

s 5He, 2 I g.s- 3.0 2.3 10
%e—$7 7 .ffp" g.s. 3.3 2.5 10

| %a 7Be? 7Li*'.”.i/2'v ‘.‘d.ﬁ78 2.9 1.5 10

| f'}A;—a 7Befi 7Li*'Qf 727 hes 18 13 10
."27Ai ~ %71, %SMg,f‘f 5/é+"' ges. 3.7 3.3 i

| " L0% g et La 3 2.0 1.9 | "
;?§m92%>;?%i' cuf',.g$. okl 3.0 Ll
LR %% st 2.04 1 0.80 bk

R k.5 3.8 . 45,109
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1) the differential Cross section ratio arising from the peak arngle in the

3

(p,t) reaction and the corresponding angle in the (p,”He) reaction, and’

. 2) the ratio of integrated cross sections over the angular range observed.

.Not shown are data concerning the "S-forbidden" transitions in the
9Bé(p,t)7Be and 7Li(p,t)5Li reactions,lo which are virtually absent in
those spectra. Those ratios which are close to unity in Table XIV can
presumably be understood on the basis of nuclear structure effects inhi-
biting the (p,t) transition. Other than the striking cases of this inhi-
bition discussed in Ref. 10, further_examples were previously pbinted out
in the 15C(p,t)llC and 15C(p,EHe)llB discussion.

- Of the ébove_data, the 51P(p,t)29P and 51P(p,BHe)QQSi reactions
appeared fhe most tractable for detailed consideration, since nuclear
wave functions were available and two-nucleon spectroscopic factors were
readily calculable. This experiment was done by Hardy and Skyrme,uu
using ﬁhe 40 MeV proton beam from the Rutherfordeinac. The ground state
angular distributions and DWBA fits are shown in Fig. 49. Although only
a small angular range is covered by these data, 1t i1s still worthwhile
to present the DWBA fits in order to show that the theory is préperly
accounting for the experimental angular distributions. The calcﬁlated
curves are arbitrarily normaiizéd to the data and the optical model para-
meters used are given in Table ITI. Note that the (p,t) transition is
again much stronger than the mirror (p,5He) transition, with their cross
Secfions at the peak angle differing by about a factor of four. DNuclear
:' structure factors have been calculated from wave functionsll based on a
._ model of three nucleons outéide a 2881 core. As observed previously,
the theoretical cross sections for mirror state transitions utilizing
(p,t) nuclear structure factors for both weré essentially the same and
" one éan again directly compare theory and experiment. Figure 50 shows ,
_the ground state cross section compared with the theory for the spin-inde-
pendent and spin-dependent nucleon-nucleon interaction discussed earlier.
1 The theoretical curves represent the relative magnitude of these (p,t) and
(p,BHe) transitions and, as. observed earlief, agreement with experiment is

much improved for the case of a strongly spin-depehdent nucleon-nucleon

”: interaction.
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.foosslble Eyplanatlons
' Although the theory generally glves a good account- of the shapes of
'&n (p t) angular dlstrlbutlons, it 1s unable,'ln almost every case, to
‘account for the ratios of cross sectlons observed for (p,t) and (p, He)
:_tran51t10ns to T=1/2 mlrror states.. It is found that the 1ntroductlonvi7
h:'of a strongly Spln dependent term (A = 0.2A ) in the nucleon-nucleon;].

lnteractlon con51derably 1mproves the agreement between theory and experl-

ment for these ratios, ‘but even s0, it was not possible to fit the overall.w

e aﬁerage behavior of the data. Moreover, three examples now discussed'lie’:'

outside.the pure §=0 limit of the present theory. An explanation for

‘. these results is sought in either ome, or both, of the following: - 1) that -
'ltthe neglect of spin-dependent interactions in the optical potential is not .

- justified so that the angular momentum guantum numbers of the transferred .

‘*;palr would 1nterfere, or 2) that a two- step reactlion mechanism may be. .
r'_competltlve with the direct reaction mode. '

a. Coherence arlslng from the spln ~orbit 1nteract10n."The present

j;>theory'assumes that the 1n01dent partlcle interacts only with the two fjifj.
'-Z'nucleons to be transferred and has no other interactions except 1ts'~4""v_v
_1nteractlon with the nucleus through the Optlcal potentlal, the further ij"\“
';v'assumptlon of the absence of a spin-orbit force leads to an incoherent .

) . sum on all the angular momentum guantum numbers of the transferred pair.

;;tHoweVer, when a'spin—orbit‘force is included in the optical potential,

. the orbital angular momentum (L) and the spin angular momentum (S) trans}
;f ferred in the reaction are no longer incoherent (although the sum on the
total angular momentum (J). remains incoherent) and one must consider a
'ﬂ coherent sum on these quantum numbers. 26 ‘

_‘ The coherence introduced through the spln -orbit 1nteract10n w1ll
}’not affect the (p,t) reaction, since the. spin transfer is zero. ML e
(p,jHe) reaction, on the - other hand, might be expected to undergo a consi-

derable change since now a separation between the L and S transferred in -

'""fithe reaction cannot be achieved. In this case, representing the entrance

~+.and exit channel snlns by Safand Sy respectively, the differential cross

. section can be written as
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‘where the distorted wave amplitude now contains discrete sums over the
channel spin projectionsl(M',mé,mg). (See Ref. 2 or Ref. 36 for a more
complete discussion).
The strong influence of the S=1 transfer in the (p,BHe) reaction
can be seen in those transitions where multiple L values are allowed.
For most of these Cases.thel(p,5He) angular distribution is quite unlike
the corresponding (p,t) transition where only a single L value is allowed.
The coherence 1ntroduced with the S=1 transfer could have a marked effect
on the (p,iHe) cross section, possibly reducing it with respect to the
~ mirror (p,t) transition, so that agreement between theory and experiment
coﬁld be cénsiderably improved over what has been heretofore presented
- based on én.incoherent sum. Such interference effects might also alter
the shapes’bf the (p,BHe) angular distributions, possibly in such a way
as to 1mprove the overall agreement between theory and experiment. How-
ever, the theoretical shapes that have been obtained for the 15N(D, He)lBC
" transitions (neglecting the reactlons on 150 sincé the final wave functions
are too uncertain), assuming an incohérent sum on the angular momentum |
quantum numbers, afe already in reasonable agreement with experiment.
As previously discussed, the'DWBA‘code.being used cénnot calcu-~-
‘late the influence of such interference terms on.the cross section, since
it contains no spin-orbit potential. To get an indication of whether
interference terms could explain the‘results, a very preliminary anaiysis
with the Oak Ridge code JULIE was conducted on the 15N(p,t) and (p,BHe)
transitions populating the 5/2_ levels at 7.38 MeV in 15N and 7.55 MeV
n 150.‘ The results are only tentative, but uslng the AX optical potential
given.in Table III, a considerable improvement was found in the ratios of
(p,t) to (p,BHe) cross sections as compared to the previously discussed
(incoherent sum). calculations, although a spin dependence was still re-
quired. Clearly, much more extensive and detailed theoretical analysis
: is ﬁecessafy to establish any quantitative results on the significance

.of ‘spin-orbit interference terms in two-nucleon transfer reactions.
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b?’ Coherence ar1s1ng from core excitatlon - In addition to spin-

| orbit 1ncerference terms, other coherent effects, such as those ar1s1ng
through core exc1tatlon, could also p0551bly account for the observed
vratlos of mirror (p,t) and. (p,BHe) tran81t10ns._ Following the treaument
presented earlier (see Theory), the overall cross section for a given re-

51

action, with the inclusion of a core-excitation step, can be written as
ool + ?2,_-=[Tll +[T,[% + 2Re (T, T, ):4 o | (2o)

| where Tl- and 'I‘2 are agamn_the transition Emplitudes for the direct |
step and the core—ekcitation step (which consists of terms like the one
- shown in Eq. (18)), respectively. The last term in the above equation is
an 1nterference term between the dlrect transition and the core-excitation
'tran51tlon. It has been noted previously that the llC 7/2 state is ex- -
" cited with an appreciable .cross section in the 15C(p,‘t) C reaction and
" insofar as this can be taken as evidence for a. core-excitation pickup re-
~action, then interference effects could presumably be quite large. For
 'a two-nucleon transfer reaction in the absence of spln -orbit coupling,
ff.the'orbltaluangular momentum (L) and total angular momentum (J).trans-
}j ferred_in each reaction path will be coherent. Although this coherence
”,'icould account for the observed ratios of (p,t )‘and (p,BHe) mirror state
'g;?tran51t10ns, its effect is by no means clear, s1nce, due to the S= l spin
transfer, many more interference terms ‘would be present in the (p,BHe) re--

2nact10n than:n the corresponding mirror state (p,t) transition.

B.- Comparisonvof Relative Cross Sections

Lff?i;m 15N( t)l)N and 15N(p,)He)lEC transitions

‘_n: 2 Before discussing the DWBA. predictions for these transitions it
v;?lfls well to review how the form factor is treated in the calculation. SinceA
:ﬁivche bound ‘state wave function is represented by a harmonic OSCillatOT: it

FCVﬂ'ls matched at the nuclear surface to a Hankel function tail. For a pilckup

""f”vreactibn; the increasing sepa}ation energy of the pair with excitation has

ﬁia damping effect on the magnitude of the Hankel function and this results

©in an increase in.the matching radius with.increasing excitation. For a
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given L frénsfér; this tends to éaﬁse an incréase in the predicted two- ‘
nqcleon cfoss seéfion’With excitation, although the magnitude ofvthis in-
crease can bebquiﬁe sensitive to the chosen optical model potential, as
will be indicated later. A more reasonable method might be to match the
Hankel function tall at the same radius for all excited states, which
necessitates a slight ihcrease in; the oscillator parameter v with exci-
tation. Both approaches have been tried and noticéably better results
are obtained with the latter. . v

Relative Eross sections for these two calculations are compared
with experimént in Table XV for two choices of the optical-model potential,
AX ané AZ (Table III), and using the nuclear structure factors calculated
from the Cohen and Kurath (CK) wave functions (Table VI). Both calculations
have been arbitrarily adjusted to give the best agreement with experiment.
The‘calculation in which theboscillator parameter is fixed at v=0.32 and the
matching radius is correspondingly increased gives noticeably poorer results
‘for relative -cross sections than the procedure adopted whereby the ﬁatching
‘radius is fixed (at the ground state value of 3.60f) and the oscillator para-
meter adjusted. The variation in agreement of the experimental and theoretical
relative cross sections is indicated by the quantity B, which is defined as

the average value minus one of the larger ratio of experimental and theoretical

. relative cross sections for all the indicated levels (B=O for perfect agree-

ment). In Table XV, B varies from a value of 1.51 (AX potential with constant v)
- to a value of 0.31 (AZ potential with a constant R=3.60f and a 17 percent .

. variation in v). Since the method of requiring the Hankel function tail to
match the oscillator at the same radius for all the excited states gives a
significant improvement.in this agreement, its use is adopted hereafter.

For both calculations, the theoretical results using optical potential AZ are
" in much better agreement with experiment than those using potential AX.

Other choices were tried (including those of Table III) and in no case was
there a significantly greater difference than between AX and AZ. It is
disappointing that potential AX shows the worst agreement in reproducing the
relative cross sections, since it gives bétter overall fits to the data and
is the potential used in the previous discussion. However, potentlal AZ

- shows the best fit to the ground state transition (Fig. 16) and also gives a

reasonable Fit to all the excited statés-(an example is shown in Fig. 17).



| Table‘XV.illsN(ﬁ,t)lBN relative cross sections for different form factors and optical model potentials.

: ST : v 0732 - _ Rmatch = 3.60f
g™ Excitation  op(ub) Relative Matching  AX A7 AX .. Az

' (MeV) : exp- Oy R(f) Oip O v Op ~ Oqp

~'(lO—90,cqn),’“‘“S?fp:};.nﬂij (Rel.) = (Rel.) _ (Rel.) (Rel.) L

/2" 0.0 . gk - 1.00 3,58 AT RANS 318 .ho8% . .82
3/27. 351 . 652 693 3.70  .386 b5T 3Bk 690 T gk
5/27 1.38 »12715-5 1.35 3,82 1.79 171 348 226 1.80
1/2; 10.78 17.6 .0187" 3.89 L0239 L0217 357 .0187 ' .0196

. 3/27  11.88 9% . .0988 3.9 10k .0800 362 L0872 L0600
3/2" | 15.07 115 . 122 k.03 L3 .320 372 : 268 < .188
(2-3/2] B = 1.51 0.67h | .578 312 T

&The ground state is expected to show poor agreement for the AX ﬁoﬁential since this potential =

produced a relatively poor fit to the data (Fig. 14).
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In Table'XVI the relative‘iﬁtegrated cross sections of all the

(p,t) transitions are comﬁared'using nuclear structure factors (Table VI)
calculated from both pure:jj and intermediate coupling (CK) configurations,
for the optical model potentials AX and AZ discussed above. . Both calcu-
lations have been arbitrarily adjusted to give the best agreement with
experiment. The average relative cross sections for these two potenfials;
utiiizing the CK'structuré‘facﬁors, agree with experiment to within an
average'B value of 07455 Thié is the first time that such comparisons
_ have been extended to cover such a wide range of excitation and the agree-
ment must be considered as very gbod. Insofar as the theory is to be re-
garded as a.test of the nuclear wave functions being used, then the
intermediate cbuoling calculations of Cohen and Kufath7o give good results
~for the 15N(p,i:) 5N reaction; moreover, insofar as these wave functions
have been previously tested (Ref. T0), the two-nucleon transfer theory5
under discussibn is found to perform very well. The relative cross
sections predicted in Table XVI uéing pure jj‘configurations to describe
the final state are, on fhefother hand, in relatively poor agréement with
experiment. _

Two fufther‘poiﬁts of interest appear in Table XVI. First, it.is.
important to note that the cross section to the very weakly excited 10.78
. MeV level in 15N, which was earlier assigned as'l/2—,~is'in good agreement
with calculation. In fact, aésuming this level to be the next 5/2— state,

gives a theoretical value for the cross section (shown in brackets in

the table) which, on the average, is about a factor of five too large.
Second, of equal interest is the transition to the 8.93 MeV (1/27) state,

. for which the relative cross section is predicted to be a factor of six

" hundred too low. 'it is unlikely that this gross discrepancy between
"theory and. experiment is due to the nuclear wave functions because of

the good agreement obtained in luN(p,d)lBN o and laN(BHe,a)l5N 23 caleu-
lations for this level. This large discrepancy is not understood; it

can perhaps be explained through coherent admixtures of other configurations

or by a very complex reaction mechanism.



Table XVI.
mediate coupling wave functions.

15N(p t) 5N relatlve cross sectlons for constant form factor calculated from jj and 1nter-

JJ CK
i Excitation ' op(ib) Relative AX AZ AX A7
J L (MeV) ~ exp O v -9 O op I
'(10-90°,c.m.) (exp.) (Rel.) (Rel.) (Rel.) (Rel.)
1/2” 0.0 o1 ©1.00 .318' 2122 416 Lo8? 822
3/ 351 652 - 695+ 33k 13 - .28 690 .6h1
5/2" " 7.38 . 1271 1.3 348 0 1.96 - 1.51 0.26 1.80 -
' /" 8.9 © - 130 0 1.138 351 ~ . [.00021 .00022]b
1/2° 10.78 17.6 L0187 3BT - - .0187 .0196
| . . R [.0975 . .ot02 I°
3/27  11.88 g3 0988  .362  -.338 23l L0872 L0600 5
3/2” 15.07 ' 15 122 372 L2lg 171 .268 .188 %D\
[T=3/2] | | | |
' B = 17T .952 578 .312-

The ground state is ‘expected to show poor agreement for

produced a relatively poor fit to the data (Fig. 1k).

bNot included in the calculation of B.

the AX potential since this potential
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Table XVIT presentq the relatlve 1ntegrated cross sections for the
15 N(p 5He) 3C reaction and DWBA comparisons similar to those of Table XVI.
Calculations for the intermediate coupling (CK) configurations only are
‘shown. The matching radius for the 3.68 MeV (3/27) transition; was held
constant and the theoretical cross sections are again arbitrarily adjusted
to give the best egreement with experiment. Two values of B are shown in
the table, B, and B,

1 L2l
XVII while 32 is calculated only for the mirror transitions corresponding

The Bl_valﬁe arises from all the levels shown in Table

to those in Teble XVI.
| The earlier discussion has shown that the ratios of (p,t) to
(p,5de) cross sections for mirror transitions were significantly improved
- with'the introduction of a strong spin dependence in the nucleon-nucleon
interaction. Since this can only affect the (p,5He) relative cross
sections, calculations for both a spin-independent (As = A?) and the strongly
spin-dependent interaction (As = 0.3 A?) are presented in Table XVIT.
There appears to be little difference between the spin.independeht\and the
spin dependent results for the Bl calculaticn but the 32 calculation shows
“a definite preference for the spin-independent interaction for such relative
Cross section comparlsons. However, the previous discussion of cross
section ratlos has shown that a spin dependence i1s to be preferred although
it dould not account for all of the data. One of the further suggestions
,'made was that a coherent sum on the (I8) quantum numbers of the transferred.
1.‘pa1r in the \p,5He) reaction should be taken into account. Since the (p 5He)

calculations described above have not included this coherence, one would

. expect that the agreement in-relative cross sections for these transitions

~ should be significantly worse than for the mirror (p,t) transitions

~ discussed earlier (Table XVI). Comparing the two over the same range oOf
‘excitation and for the same optical potential, however, the (p,t) cross
sections are found to be only in somewhat better agreement with experlment
In fact, the agreement in these (p,BHe) cross sections is certainly

acceptable --. the present theory predicting fairly well those states which

L are‘strongly or weakly excited.

: . _ 1 1
Tt would appear from the above results on the 5N(p,BH_e) 3¢ re- .
aetion that a cbmparison'of experimenfal relative cross sections with theery
(in a‘(p,BHe) reaction on a T=1/2 target) does not clarify the dis-

. cussion pfesented earlier, which indicated 1) a necessity for some



-Table XVII. 15N(p
Optlcal potentials..

3

He) 5C relatlve cross sectlons for dlfferent spln dependent 1nteract10ns and

_Exc..

.J - (Mev)

-UT(ub)'
“exp. .
(10-90°,c.m.)

=03 AT

Relative . AX .~ AZ ...

% 9% Op -

(exp.)  (Rel.)  (Rel.)

'S SRR AR

e g

(Rél.)ffr LRel;)?j;_ﬂfJf

1/2” 0.0

3/ - 3.68
5/ - 155
/27 8.86 "
(1/27) 11.09
(3/27) 11.80°
7/2°  12.h0
3f7 151
(T=3/2]

308

573
270.

e

= .
137
© 100 .

115

S 1.00 650 1.00°

1.86 © n.0h- L

. .8718 . 141 1.2
~ “;198 271 .329

169 .0690  .0588
ks A 36k
L325 .. 1.3 1.02:

358 319 .26

- o
I

w
1

o.&98 ‘ o.heé

- 0.863 0.760

e 'ﬂ9977:
Lokl 1.8
2.00 _*J;f66'2
198 .26
0571 Lok
361 276

.95 - ..693.

' ;699‘ w395

0.912  0.733 .

ﬂ;BOg'fv "QEfE1£;
‘BQBF;TfJFiiv;?f.
"}337,". g“'iv'rf1
'@3u2_;ff‘7:?:”;”-
350
352
354

h..563

0.899 - .0.70

qThis cross section assumed 1dentlcal to the (p,t) [T= 5/2 cross section due to the lack of large ; _'ff-- :

' angle data.

his calculation does not include the 8. 86 MeV (1/2” ) and 12 Lo Mev (7/2 ) levels.

C-geT-
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_'spin-dependent nucleon-nueleon interaction in the two-nucleon transfer
theory and 2) the probable necessity for including spin-orbit coupling in
the optical potential. DWBA calculations that reliably predicted absolute
cross sections fof these two-nucleon transfer reactions and could incof-
porate these effeCts would certalnly resolve the prablem. Insofar as the
first effect is considered, a comparison of experimental and theoretical
relative cross sections for (p,5He), [or (BHe,p)J transitions on T=0

targets would be ekpectedvto be much more sensitive to the presence of

a sﬁin—dependent nucleon-nucleon force, since here the neutron—protonvpair‘ia

transferred in.unique ES, T:O'or lS) T=1 states.

2. C Transitions

Do, 0™ | |
. Table XVIII presents the relative integrated cross sections for
all of the 15C(p,t)llC transitions previously discussed. The optical
potentials used in the DWBA calculation were again AX( = 1.45) and AZ
of Table III, and the matching radius of the ground state tran31t10n
(3.63f) was held constant (although here this procedure did not appear
to be necessary to obtain good agreement with experiment). Calculations
" of relative cross sections have not been carried out for the 5C(p,5he)llB
transitions because of the ambiguities inherent in such comparisons on

a T= 1/2 target as previously pointed out in the discussion of the
’15 N(p ,BHe) e reaction, and also because of the assumed simple jJ con-
 figurations of these mass 11 final states -- such calculations could
hardly yield meaningful results.

| For the (p,t) transitions, it is surprising that the agreement

» (again denoted by B -~ the larger ratio of experiment and theory minus.
vone) between experiment and theory indicated in Teble XVIII 1s so good.
In fact, over 12.5 MeV of excitation (excluding the 6.49 MeV (7/27)
transition), the average value of B for the optical potentials shown 1s
© 0.52. When this is compared to the value of 1.4 obtained earlier in a
‘J:similar calculation using 33 eonfigurations:for the %5N(p,t)15N reaction,

:’then the agreement for these mass 11 transitions appears to be'quite
striking; Thatbthe pure jj'eonfigurations assumed for these states are
indeed a poorvrepresentation of their structure can'be seen by projecting

out the appropriate intensities from the complete (intermediate coupling)
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. ..Table XVIII. 'lBC(p,t)llC relative cross seéﬁions for contaht form factor

and different optical model potentials.

-

4 :Excitation 30T(gb) Relative | - AX | AZ
J o (Mev) exp.- Ogp- . Vo O ' O
- (13-77°,¢.m.) (exp.) (Rel.) (Rel.)’
,0.0 132k 1.00 . .323  .920 1.00 *
1/27 - 2.000° . 310 ' 234 327 236 226
5/27 k.32 S hos  » 321 L3337 366 .3%6
3/2” 4.80 167 T u126 0 - .339 0 2Lkt 221
7/2°  ghg 167 126 - use  [.120 .08121%
/27 128 . g9k, . 222 362 L0862 .0856
© [1=3/2) ' '
= _ B = 0.55 0.486

@Assuming a 5% (f7/2)2 admixture in the e ground state and a (p1/2

f7/2) pickup. Not included in the calculation of B.
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70

' wave fuPCulonS Calculatlons of this by Kurath
'-groupd \9/2 ) state, 2 00" MeV (1/2 ) state and the .32 MeV (5/27) state

show the follow1ng the

-;rlng, then that th‘> alculated cross sectlons agree as well as they do.

are only 46% 55% and 55% pure 33, respectively C Tt is somewhat dlssap01nu—f :
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;ibﬂ:;;fﬁfa*“f;“"‘“:VI;‘-CONCLUSIQNé"':

' . The comparatlve measurement of (p,t) ‘and (p,BHe) reactions populatlng
“mlrror final states has proven to be a useful spectroscoplc tool. In partl—
cular, these reactions were found to be ideal probes of *he nuclear conflgu-

' ratlons which characterlze highly excited analogue final states.” Two- =
_nucleon structure factors for mirror (p,t) and (p, He) reactlons ‘were cal--:
" culated from assumed nuclear configurations end then tested for con51stency 7f¢ft=
with experlment utllizing the DWBA theory of Glendenning. > In general, -
good results were obtained for the angular distrlbutlons and the theoretlcal'

comparison of relative cross sections populated in the N(p, )l)N reaction’

- has indicated that the (p,t) reaction may, in general,.be a good test of .

751 the wave functions'used to describe the initial'and final'nuclear‘states

v The theoretical comparison of cross section ratlos of mirror (p,t)
and’ (p,5He) transitions led to the incorporatlon of a strong spin dependence_
in.the nucleon—nucleOn‘interactlon, in an attempt to account for the generally
ﬁmuch stronger (p,t) transitions. This led to a modification of the computed .

ratlo in the correct dlrectlon, but did not .in 1tself provide a satisfactory .

\'account of the data. Several tran31tlons were observed in whlch this ratio

- 3_was greater than the L/l limit expected for pure S=0 transfer of the nucleon.

" pairs and interference terms arising either through spin-orbit coupling in

‘ . the optical potential or through core excitation were suggested as accounting

. for this result' The former explanation is somevhat preferred, since the

‘}.examples whlch are outside this limit generally arise from the most hlghly
lm'pOpulated final states In fact, until the exact nature of this 1nter—'
”‘ference effect 1s‘understood the spectroscopic utillty of (p,BHe) or
f;'(5He,p) reactlons on T%O targets 1s greatly hindered. '
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'APPENDix-l‘" '
TWO-NUCLEON STRUCTURE FACTORS ( NLSJT)

‘ Ad Derlvatlon of Two-Nucleon Parentage Factors

1. Even—Even Nucle1

The targeu vave function has zero spin and can be wrltten in”
~ the form o '
: ’nv ‘n :
v b C
where n, ~and nb are even.

(a) For a palr of like nucleons added - or taken out of a glven

-Vshell, say jb, then.thevflnal state wave function has the form

g = l(a) Jb')J AR

- and the parentage factor relating:this configuratien to that of the initial
"7stete is just simply the two-nucleon coeffieient of fractional parentage.
. Thus | | ' ' .
S /2 -
(nb w”) 72 T

o )5 - (3,2 (303 01(3) %)

".For states of minimum senlorlty (maximum T) this coefficlent is discussed

112

v by Schwartz and de-Shalit One flnds that

e -

( 2(n -2)(2J+l) )1/2‘

o creyczs) SN

. ( 23y *+ 3 - nb)l/e

<nb-l)(gjb+l) v=0,J=0

her cases are discussed in Ref. 3 or Ref. 1l12.

(b) For any pair of nucleons transferred across shells or a peir

. of unllke nucleons transferred within the same shell (neutron-proton pair),

';f the final state wave function has the form

\.



o

o)y

. and the parentage factor relating this configuration to that of the

initial state is derived as follows (this type of calculation is treated

in more detail below) - The target state wave function is expanded in the

form
' n —lv -1
. X a . . oy, . .
g =-’[(Ja)ja . Ja][(Jb>jb s dylgs O

: n -1 nb-l
Z 0[5y 1)

s0.that the pair is immediately separated from the core. Thus the parent-

age factor has the form

y / Ja Ja 0 e | 2J+i 172

J  J- 0

2. 0dd-A Nuclei

“The target wave function has spin J and is written in the form

n nb
where n, and n, are even and J dis the spin of the odd nucleon.
(a) For a pair of like nucleons added or taken out of a given
shell, say Jb, then the final state wave function has the form

-2
WjF —’ 8.0 (Jb)nb ’ J: Jf>

- and the parentage factor relating'this configuration to that of the initial

state is derived as follows:
The target wave function is first expressed in terms of the trans-.

ferred pair and the core. Thus
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-2 ‘ AR
le> - ((Jb)nb _(Jb ERINE 2b?<} | .
. | - -2 R
: '_-_ X_'[(jb)t (Jb)ib (Ja o 2 9J j)_ _—v<

L where the square bracket denotes vector coupling. The transferred palr
must now be separated from the flnal state and this is achieved by a
rocoupllng coefflclent 49

PPN S ™
:!wT>’= (()yy ()35 011(3)5")
X z:-Jsz+1= w(JJjj;'o Te)
T : _
f

n.b2

I(Jb 7 (). » @ )o , 35 E J)

‘Thé'angﬁlar momentﬁm of the transferred pair is J, Je- is the spin of
' the final state and the vector - coupled expression in the brackets is .

L Just the conflguratlon of the flnal state. For a particular J

- SRR 2Jf+l 1/2
~/2J +1 W(JJJJ, o J ) (=) ( )

- {2J+1) (235+1)
:.ahd" : PR | 533
o) - ((ab 33 )% Ol}(Jb o () F
' 27 +1 1/2 2 n
% (2J+l§(2j+17) X303 (Jb)ip (3)o s g &

7 and the parentage factor'(defined with respect to core X particles) re-

f[vlating this configuration to that of the final state 1s given by,

(nb(nbéé))l/z n, -2 nb ( 23, +1 )1/2
2

BY(3,)7 =

'3 ((jb)vJ (3) J’ O'}(Jb 0 (2J+l)(2j+l)

o whefe the expressioh ([}) is a two-nucleon coefficient of fractional
v . parentage, as defined'pre?iously
(b) For a pair of nucleons transferred across shells or a pair of
"unllke nucleons (neutron-proton pair) transferred within the seme shell,

. the final state wave-functlon has the form
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P _
) = <Jb>nb IREHER

a_ Jb

where the. square bracket again denotes vector coupllng Following the

.-nrocedure outline above, then

naFl ‘ n -1 R .' n,.

vp) = (Ga)y f 1 (3, ) ) (3 W)s, 0 S O 3)g0)
n -1 nb-l
X I[Kjé)jz ;‘Ja O-[(jb)qb_ ’ jb]Of j? j>‘

. For n, and n, even, the:single nucleon coefficients of fractional

parentage are Just unity,2 and can thus be dropped from the above expres-

sion. Hence

: na—l _' -nb-l
W) = l[(Ja)ja , Ja]O:[(Jb>jb » dplgr 3500
J‘a Ja 01 na ' - -1
=L 3y &y OSI{(Jan)J,[(Ja)Ja (Jb) il 35 3)
J J 0 _
Now recoupling of the angular momentum yields
[, 4, S
W) = & |4 3 0| Vs w(Tis: 0 dy)
T T3 b b £ SR &
£’ J J 0 :
-1 -1

.35 (003, > ' oy

X

10 33 3
r 9,

" where J is the angular momentum transferred in the reaction and the

éxpression in curly brackets is just the configuration of the final
state. For the total angular momentum transfer J, then

Jg dg O : Jg 3g 0 T=3,=3y. '

.J J .0 J J o)

X W3 350005 O J)
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mus i) = & -;(,—).»_ J<2J+l>2J T - (33385 0 3, )

Jf’J ’ L .
MR ">l< ), <'>na ( )nbl 59
X W J 3y 3 0 T) (3 3. ) 0 (1C3,) J J, 3.5 3
| - a‘a b.b A g b’'J a ja b Jb J Jf )
vwhere . - . . - - o . A _ Jf-J-Ja-Jb
. 4

(3,3 dpdp3 0 3) (T35 0 3.)= 1/2

((2J+l (23+1) (23,+1) (23, +l))

fherefqre _ o _
R el egm 1/2
) ?-sz,:;t(ﬁ’? IR [ i e oo
' n l' n, -1 ' .
(J 3y,) (J ) SR ETS o BT WA '

- Note that on odd-Afnuclei, for an across shell transfer the total angular

momentum transfer J enters only in the phase of the above equation, un-

like the similiar case discussed earlier for even-even nuclei. The

'parentagé factor reléting this configuration to that of the final state»_f

" is defined with respect to core X particles and has the form
| _ S S .

11 = (6 )1/2 27 1 a1/2

a%p’J a'b (23,717 (23, 1) (23+1)

B. Numerical Examples of Nuclear Structure Calculations

In the following discussion, several nuclear structure factors

.:_ are computed on the basis of assumed pure Jj wave functions to describe

”':the final state. In many of the DWBA calculations previously presented;
"these factors were3in‘fact constructed from a complete intermediate _

coupling wave function,7o which introduces a coherent sum over the various

.“_¢onfigurationé. Each separate shell-model configuration,.however, is

 calculated as shown below. Only the (p,t) transitions are considered;

o . 2
i the extension to the S=1 transfer for the (p,”He) reaction is straight-

forward. The configurations of initial and final states-are written in
~ terms of neutrons and protons, where v refers to neutron and 7 1o

proton.
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1. n(p,t) 8 Transitions

T = S : ,
The 5N ground state wave function is written in the form

N

N>.=[(ﬁi/ey)g(PB/éﬂdg(Pl/gv)g Pl/zﬂﬁ 1/2—),

(a) For the ground state transition, the final state wave function

~has the form

2y g.s.) - 1(_1@5/_;)'3_@5/'2”)@ o) /05 1/27)

This is actually an especialiy simple case since the pair of neutrons to
be transferred is already separated from the final state. Thus, using

the notation developed above

8(1/2 1/2), = 1.0 X 1.0 = 1.0

ana in IS coupiing, ‘
- 11/2 1/2

11/2 1/2 | = +0.577
0 0 O

=B

BLSJ

000 ~

Since this (p,t) reaction i1s a 1/2° to 1/2° transition, it is restricted

. by angular momentum selection rules to an L=J=5S= O and T=1 transfer.

The two-nucleon structure factor is defined as

_ o T A -
Cyrsor = 2; 8'Brggr O (10, NB5 Tln ), nplps I)

- The selection rule for transforming to relative and center-of-mass co-

_brdinates is given by

2(n *+ N) + AN + A

|1

2(n, + n2)v+ N f 2

1 2

Il

0O becomes

+Zl+[2

n

+

2(nl 2(n + N) + L

o)
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-_Now, for an I=0 transition in the 1lp shell, both nél, N=2 and n=2, N=1
are allowed values of the relative, center-of-mass principal gquantum

numbers. . Assuming a Gaussian wave function for the friton, the overlap

integral between the transferred pair and this wave function has the férmjv'

1/2 | |
Q= (en-1)777 (xy)5/2 (l—x)n_l; n=l,2,....
n_ n-1 , _ :
27 “(n-1)!
Thus ‘

0, = ()72 e gy - Y (P2 1)

The parameters x and y are defined as

oy pg L/2
=T emd vy =)
(2an"+v)

b
where v Trefers to fhe_oscillator parameter of the single particle
(harmonic oscillator) wave functions being used to describe the trans-
ferred pair. The value of v used is 0.32, which 1s the same value
employed by True.72 The parameter a is % for 5H (5He) and the size para-
meter 1w of the light particle is related to its mean square radius Dby

ﬂg = _—;§~ for 3H and 5He.

6(r")

For the triton, 10 = 0.2k2 (0.206 for 5He) which in conjunction with the

value of v, yields for the>triton

= . s ‘=+c‘
Ql 1.00 and 92 0575

The Moshinsky bracket -(nO, NL;'L[nlll,nele; LY- has the values

il

(10,20; 0]11,11; 0) = + 0.707

1.

(20,10; 0[11,11; 0) = - 0.707

thus the product,
9, (10,20 0]11,11; 0)

I

-+ 0.707

-'o.ouo7«

and @, (20,10; 0[11,11; O)

Lo



v

b1~

and these numbers, along with the evaluation of the parentage factor,

Y

BLSJT yield for the nuclear ‘structure factor, GNLSJT"the values
910001 = 0.577 x -.o&o7v=.-o.oe5
GZOOOl = 0.577 X 0.707 = .+0.408

Thus, although two values of N are allowed, the transition is
dominated by the N=2 term. This is a general result for two-nucleon

transfer within the same shell; namely, the largest value of the princi-

pal quantum number N always dominates the cross section. However, these
structure facfors enter coherently into the cross section (Eg. (1))
“through a sum on N.and for cross shell transitioné, such a coherence
can be quite important. _ :

- (b) For the 7.38 MeV 5/2 tran31tion, the final state wave function
has the form '

P 7.8 Mev) = I<p5/2?>gc<p5/2“)§/2 pl/2f12,pl/2ﬂ;5/2>

' 1 . X
In order to excite this configuration in the 15N(p,t) 5N reaction, a pair
of neutrons must be transferred across the pl/2p5/2 shells. - The parentage
factor for this transfer is given by
J_+
1/ 27 41
&7, D25, D25

1/2

By(Jajb)i = (n,n,)

’Thus, for a 5/2° final state.

(2 u)l/2 ( 6 ]l/?'= NE

8(1/2 3/2) 2 22

 For a 1/27 to 5/2” transition the (p,t) reaction is restricted to a
" pure L=J=2; 5=0 transfer, 5o that in IS coupling,
| 11/2 1/2

2 = JB x| 11/2 3/2| = 1.00
- 2 0 2

BLSJ 2

The two-nucleon structure factor has the form



_B'y( b>J

- -1&2- |
Yy |
NLSJT E: LSJT Q <no NL; L[n zl,n 1y L)

 and for this L =2 tranSfer, =2 and n=N= l are the only prlncipal_-

quantum numbers allowed by selectlon rules Thus the product

o (10,12;2|11,11;2) = +0.707

and
Gio0p] = Jé X 1.00 x .07 = 1.00
2. ,lBC(p,t)llc Transitions""
Most of the transitions in this reaction involve picking two

neutrons out of the p5/2 shell. The 5C ground state wavé function has
~the form = ‘ '

e - I'_‘%'/.eV?g(%/é”)g'*Pl/av"l1/ ?)

. Then for a pair of like nucleons removed from the same shell, uﬁe final
~ state.wave function, for the llC 2.00 MeV 1/2 level for example, has
the form S -

. lllc*vg-O‘O MeV) = I(pj/gﬂ))-t p5/2 ) pl/gv’ 1/2)

and the parentage féctbr is given by

nb(nb ))1/2 C nb—2 ' nb 1/2

éJf+l
(29+1)(25+1)

((3),0 <Jb 3 oD (3"

“'? -’which.in the case ‘of jb=3/2 J =l/2 J=0 and J=l/2, has the value

1/2

?',r 5(5/?)3‘ IJB x ((3/2) (5/2)0,01](5/2) ) % (I%§)

JB X ok X 1. O = 1.0

Je

h However, in this- case such 1s not the final result, because removing two

Jl -

. neutrons from the p5/2 shell leaves an intermediate state of T=1 which
' can then couple w1th the odd nucleon (Jj= 1/2 t= 1/2) to give an isobaric



»Iand 1n AS COupllng (L J= S—O),-

o SDln of T= 5/2 or, T 1/2 for the flnal state Thus‘the parehtage factor

must. 1nclude the approprlate Clebsch- Gordon coefflclent whlch iswN2 79“
Tfor T 1/2 flnal states, and the value of B is then given by

; 15(3/2) ~1.0 X vr7% ‘2/

S .”vl 1/2 5/2:»,£ e
g Jz—/i x| 11/23/2 | =2/3

’ BLSJ = Pooo =
PR o 0" 2

'whlch leads to the G values of

NLSJT

G

10001 l 2/5 %= 0407 -.0271

'-’, G 2/5 x 707 +, 472

EOOOl
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