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ABSTRA.cT 

The (p,t) and (p,3H~) reactions on 15N apd 13c targets have been 

investigated. Transitions to mirror final states in the mass 13 and mass 

11 final nuclei were studied over 15 and 12.5 MeV of excitation, respec

tively. Several new spin and parity assignments are made. In particular, 

the lowest Ip shell T=3/2 states in these nuclei have been identified. 

The DWBA. predictions of the angular distributions arising from 

these (p,t) and (p3He ) transitions were generally found to well reproduce 

experiment. For the 15N(p,t)13N and 15N(p,3He )13C reactions, these cal

culations were carried out using intermediate coupling wave functions to 
13 11 13 311 describe the final state; for the C(p,t) C and C(p, He) B 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 for the (p,t) transitions were also found to be 

in good agreement with experiment. 

Comparative measurements of these (p,t) and (p,3He ) 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,3He ) 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 potential 

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 
1 2 tool for many years.' Although less thoroughly investigated, direct 

two-nucleon transfer reactions are equally important as spectroscopic 

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

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

theories3-6 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 relative 

~=O state of motion, then the Pauli Principle restricts the (p,t) re

action to a pure l3S spin-isospin transfer. The (p,3He) reaction, how

ever, is notsimilarily restricted and, in particular, for reactions on 

targets with T 1= 0 leading to final states with T = [T (target) I, it 
z 31 . 13 Z 

may proceed by both Sand S spin-isospin transfers of the neutron-

proton pair. In a comparison of (p,t) and (p,3He) reactions populating 

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

(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 lp shell, this results when a 

J=3 transfer is required ~y angular momentum selectiori rules, whereas 

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

search for the intermediate coupling predicted7- 9 7/2- level in l3N and 
13 15 15' . 

C via the N(p,t) and N(p,3He) reactions, as is later discussed. 

(2) Particularly in the lower part of the lp shell, where IS 

coupling is more appropriate, some (p,t) transitions may not be observed 

because they are "S-forbidden". This occurs whenever the sp:l.n multipli

city of the initial and final states is not the same. Several striking 

examples of this were found in a recent comparative study of (p,t) and 
3 10 (p, He) reactions populating mirror final states in mass 7 and 5 nuclei. 



. '" - ,: _ t'. 

" 

'" 

;,." 

..... ,' 

: .,,", 

'; < ~ 
,~, .. 

.'. , ' 

... ,' . 

, -2-

Oth~r than what is discussed in Ref. 10, the spectroscopic utility 

of co~parative .(p,t) and (p,3He ) reactions to mirror final states has 

not ~een explored. Individually, the (p,t) reaction ~s received some 
11 ' 

study, particularly in medium and heavy nuclei with Hintz and his co-

worker-s making some detailed studies in this reg~on .12 By contrast, " 

, there has been relatively little (p,t) work reported in light nuclei, 13,14 
, 3 ' 15 16 
and the (p, He) reaction, in general, has' received only scant attention. ' 

Moreover, with the exception of Ref. 10, the (p,t) and (p,3He ) reactions 

studied to date have covered only a limited range of excitation. 

In addition to their spectroscopic utility, comparative measure

ment~ 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 

transfer reactions. 3-6 Of particular interest is an increased under

standing of the theoretical treatment necessary to interpret the greater 

flexibility in spin-isospin t~ansfer allowed in the (p,3He ) reaction. 

The population of mirror final states permits such comparisons with minimal 

uncertainty in the final state wave functions. In general, it is found 

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

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

~ponding (p,3He ) transitions, sometimes by factors as large as 6 or 7. 

The implications of this enhancement will be considered in ,a detailed 

study of two (T=1/2) target nuclei, 15N and 13c, leading to mirror final 

states in the mass 13 and mass 11 final nuclei, respectively. 

Further, since a T=l transfer is allowed in both (p,t) and (p,3He ) 

reactions, their simultaneous observation can be a particularly valuable 

,< .:. tool for locating states of high isospin. Measurement of the absolute 
" ~.f ~. ' , . .' ," ,,' 

; .- ..... 

':'::<.. . cross sections of such transitions can be used to test the hypothesis 
'I" , 

" ;' .. '~.' . ' 
"":. 

. , ... ,' ; .. 

~hat the specifically nuclear part of the nucleon-nucleon interaction is 

chBrge .independent. The comparison of (p,t) and (p,3He ) reactions popu~ 
lating analogue final states (T > 3/2) has been employed previously to . 

"'~:"'- .. ' .. ~'''' investigate the lowest T=2 level~ in mass 16 and mass 2017 and to investi

." .:r::<:.>:<··;"· gate the lowest T=3/2 levels in mass 7 .18 H~rein, are reported observa-
...... ,: . ~ } :;.: 

'.', . . (<,)": ' tions of the lowest (lp shell) T=3/2 states in the mass 13 and mass 11 

'.~ . '" . 
....... , ' 

'. , 
".-\.",' " 

. ";". ' ...... J:.,:." 
.. ;, 

isospin quartets. 

~, 

, 
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II . EXPERIMENTAL PROCEDURES 

~. , 

A. Machine and External~Beam FaciH ties 

The external beam facilities of the Berkeley 88" Cyclotron were 

used in these experiments. This is a variable energy sector-focused 

machine and its' operation has recently been described by Conzett and 

Harvey.19 The physical layout of the cyclotron and target 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. 

In 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 

of a 20 11 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 ~a. 

Proton induced reactions were studied at 43.7 MeV on a 15N 

target, at 43.7 and 49.6 MeV on a 13C target and at 43.7 and 54.1 MeV 
16 on an 0 target. 

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

a carbon block 3/4 of an inch thick) using an integrating electrometer. 

The incident beam energy was determined by a range-energy measurement 

using aluminum absorbers of known thickness and the tables of Williamson 

and Boujot. 20 Two separate counter a ssemblies were operated, both of 

which were positioned 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 angie. The scatter chamber and 

supporting beam pipe was kept under vacuum (10-4mm of mercury) by an oil 

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

Reaction events were measured in two separate counter telescopes, 

each consisting of a 5.5 mil phosphorous diffused silicon .6E ,detector :' 

and a 120 mil Li..;drift silicon E detector. The development and applica

tion of solid state counters ha"s been well d~scribed21 and will not be 

discussed here. Each .6E-E counter pair was backed by a 20 mil Li-drift 

silicon detector, which served only to eliminate energy signals from 

long-range events that passed through the first two detectors. Electri

cal contact was made by a stainless steel spring and the detector volt

ages were typically 150 V and 500 V for the .6E and E counters, respec

tively. 

A block diagram of the electronics is shown in Fig. 2. Signals 

from the three detectors (.6E, 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 I-lsec time 

constant, amplified and shaped and then stretched to a 3 I-lsec width. A 

slow coincidence (2~ = 1 I-lsec) was demanded between the .6E and E signals 

and pulses which satisfied this requirement were sent to a Goulding

Landis particle identifier. 22 This identifier depends on the empirical 

1 t o R aE1.73, R i th f th ti 1 E 'lOtS re a lon = were s e range 0 e par c e, 

total energy and ,a . is a characteristic constant dependent on particle 

type. Thus, for a particle passing through the .6E and E detectors, 

T - = a 

so that the identification signal is proportional to T/a, where T is 

effectively the thickness of the .6E counter. For protons a = 32.2 and 

for a particles a .= 2.95, so that for a given .6E detector, one expects 

a larger identification signal for a particles than for protons. A 
I 

typical particle identifier spectrum is shown in Fig. 3. 

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

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

thin .6E detectors were used, relatively small particle identification 

signals resulted for Z=l particles and consequently it was not always 

possible to completely separate deuterons and tritons. Thus a safety 
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Fig.' 2. ' Counter assembly and .b,lock diagram of the electronics used in 
these experiments. 
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group was always' observed in which any leak-through tritons were collected. 

Valid triton, helium-3 (and alpha) particle events were recorded in the 

appropriate channel of a Nuclear Data pulse height analyzer or in an on-,' 

line PDP-5 "~b~puter, both normally operating in the 4 X 1024 channel 

mode. Typical energy resoluti'ons (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 (9% l5N, 93% 

gases. They were contained in a three-inch diameter gas target 

""cylinder.whichwas filled externally. The 315 0 gas target window was 

.' covered with ... 0.1 mil Havar foi123 which ea sily withstood pressures of . 

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

monitored by a 120 mil Li-drift silicon detector fixed at 27.5 0 to the 

,beam. This was particularly important for the l3C reaction, since methane 

is known to decompose under radiation." ' 

D. Data Analysis 

Total energy signals (E+ ~) stored in the' pulse height analyzer 

computer were written on magnetic tape for later analysis; The first' 

·':·::·',.::~:ii;i:~};.'):;';:~:, ::~::;t::: ::e::i:::;C::: ::::o~:e f;::~g:t:~::t::u:::e:h;n d:::r:~~a-
- 13 13 * action. The energies of the "known" final states ( N g.s., N 3.51, 

l3N* 7.38 MeV levels in the l5N(p,t)13N reaction, for example) were 

.", ..."' of :", .~ ~<~.~. ~~". ' 
• r _.'_' • !,,:, ,'.:.: •. ~::;.. ',;.": .'r. 

t·' 

" 

<'. 
, ... " 

: .. ':: 
.,: .... 

,', 

0", " ,:' 

\ then used to determine the energy scale, from which the excitations of 

,': all other levels in the spectrum could be determined. Enough angles 

were studied to insure that the transition of interest had the correct 

",kinematic behavior and was . therefore not due to some unknown impurity. 

The average excitation was then determined and a standard deviation cal

·culated. ' 

The total number of counts in each peak (after background correc

tion) was determined for, all the levels of interest and the differential' 
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cross section calculated at each angle. For a gas target, the target 

thickness is determined by the solid angle (n) subtended by the defining 

collimators (two are needed, 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 

(mb/sr) 

where T and P are the gas temperature (DC) and pressure (cm of Hg), 

respectively, eL is the laboratory scattering angle, C/B is the total 

'number of counts per ~c of incident beam of charge Z, and £1' £2' WI' W2 , 

. 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 is the Jacobian for transformation 

from lab to center-of-mass coordinates. 

The total cross section is obtained by integrat:!.on of the above 

expression: 

1 

= 27TJ 
-1 

~ d( cos e) 

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

integration was typically 10 - 80 D in the center-of-ma·ss .. Absolute 

cross sections are expected to be good to within ± 10%. 
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III. THIDRY 
" 

"'~' .' . 
. : .... : .. 

. r 
":,,, ' . "', {: ....•. ,; 

A.' Direct Transitions 
.... , '." 

,.' ',,' • ; I'" 

• : :.' .' ~'~ .. ' t "" 
".: ,. 

, . 1.' •. Gen~;al Discussion: 
'.,', " I'. 

,'.'. " .. 

'.+ • 

~ ,., < .~.~. 
'!-.',' 

Two-nucleon transfer. reactions have received considerable theo-
24 retical attention over the past ten years. The bulk of these theories, 

. .. 

however, have been extensions of single nucleon plane wave theories, 
. 25 

and have had only marginal success in fitting the data. Distorted wave 

....... theories of direct two-nucleon transfer reactions3-6 have been developed 
26 and although several DWBA. analyses have appeared in the literature, 

. until recently, relatively little detailed experimental verification of 

. ,: the theory has been published • 
, " /" 

.',;~' . 

.... The formulation of the theory of direct two-nucleon transfer re-.... 
. ..' 3 4 6 

actions by most authors" is essentially equivalent. (An exception is 
. " 

" •• < ,;' 

'" ' the work of Rook et al. 5 who, in addi~ion to the zero range interaction 

,;' 

"," 

'.' .-
~ , " 

.. :' employed by others, also use a point triton approx:i.mation). However, 

,"~:' ..... , ." since the formulation of Ref. 3 was made with particular emphaSis on the 
.. ;' ~ 

roleplayed by the structure of nuclear states in the reaction, it was more 
.. . ~ :;, . ~ " , 

. : .... ,~ " ',-',..- :.sui table, for this analysis and w;i.ll consequently be used throughout. I This 
.r: " ' . 

. . .. ,"- . theory fully takes into account the configurations of both the target 
" .~. , ! • .::. :: ' • 

. nucleus and the residual state, spatial correlations between the nucleons 

.:.; ,. ' •.. and coherent effects in the picked up pair. The salien:t features of the 

': .,: ....... :;:~~; .. >~.: theory are di scus sed b~low • 
.. ' ":,~. of",;.> _:: . ,":.:' ,: 

Assuming that the spin-orbit interaction can be neglected in the . 
" :,' 

., " .~: . ' . 

'. ,'[ 

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

., transfer reaction can be written as an incoherent sum over all the 

...... , angular momentum' quantum numbers (L,S,J,T) of the transferred pair: 

, .. ,' 
(1) 

This is quite different from a similar expression obtained for a single-

cross section 2 
nucleon transfer reaction where it is well known that the 

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

information and the other depending on the kinematics: 

s , 

'i" 
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(2) 

One is unable to achieve a similar factorization in,the two-nucleon 

transfer reaction because of coherent effects, which are absent in the 

single-nucleon cross section of Eg. (2) and which will be discussed more 

fully below. Nevertheless, the transition matrix element (Eq. (1» can 

be separated intb a factordepending only upon the details of nuclear 

structure (GNIBJT ), and a transfer amplitude (B~L') which represents the 

probability of transferring a structureless pair to or from the target 

nucleus. Ws allows a separate treatment of the dependence of. the cross 

section on the details of nuclear structure, independently of'the,spectro

scopically uninteresting transfer amplitude with its attendant distorted 

wave calculation. 
2 

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

where b
ST

2 is an overlap integral involving the spin-isospin wave 

functions of the transferred pair and the light particle (A=:3 ground 

state in this discussion) and the Clebsch-Gordon coefficient couples 

the isospin of initial and final nuclear states by the isospin (T,~) 

transferred in the reaction. This equation is discussed in more detail 

in a later section. 
M .' 

The transfer amplitude BNL is completely analogous to a similarly 

denoted term in the theory of single-nucleon transfer reactions (Eg. (2» 

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

(4 ) 

where X (+) and X (-) are the familiar optical model solutions of the 
p t 

elastic scattering problem for the entrance and exit channels, respectively. 

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

P == !R-Rp! and Rp and Rt are the center-of-mass coordinates of the 
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I,:;':. 

inc.ident' proton and exit, tr1 ton, respectively. The internal wave function 

oft~e triton is given by <pt,(p) and V(p) is the two-body interaction 

potential between' the incident proton and the center-of~mass of the picked~. 

up neutrons. The optical model potential has the form 

-U(r) = V f(r) + 4ai WD f' (r) + iW f(r)- Vc(r) 

where V, W, and WD are the real, volume absorption and surface absorption 

potentials, 

factors are 

The Coulomb 

'respectively. Saxon-Wood or derivative Saxon-Wood form 

used throughout27 and no spin-orbit coupling is included. 

potential is given by Vc(r) and is evaluated with a spherical, 

charge distribution. 

The wave function '~L(2~R2) represents the center of mass motion 

of the transferred pair. It depends, as it does in' a single-nucleon 

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

.", .'~" .. ,': >" '?: .. ' . orbital angular momentum (1). However, unlike single-nucleon transfer 

., .... ;... ···.C':/reactions, several radial states .(those with differ~nt N) may be required 
: . "',", • t.·, 

.... ~':'... .. " ~ , 
.'; ,.' . .;, .. ''; , 

" ,to completely describe the center of mass motion of two nucleons and 

'. these enter coherently into the two-nucleon cross section '(Eq. (1)). 
• r.,', 

, ...... . 
, ", '\,1, 

"":',: ,.;-:, .::',' .. -:, Such a coherence has no analog in a single nucleon transfer reaction. 
- ... :: ...... ( ........... ", 

~ " 

. " .~. 

'>;':'", The bound' state' wave function is represented by a harmonic oscillator in 

: ';,'the interior of the nucleus. In order to give this wave function a more' 

.:, proper asymptotic behavior than that afforded by a pure harmonic oscil

lator, 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 .statewave·function for excited states. 

An alternate procedure is to evaluate the bound state wave function 
-, ,',' :,<:: ,'.: ~'. r/ using the single particle eigenfunctions of a Woods-Saxon potential.' 

. ;:'..',,:.;' ,~~:'.;'. :~: ,', This will yield a wave function for the center-of-mass of the pair which 

. ,,:;./ .. is : impr~ved Over a pure harmonic osCilla:tor wave function in the sense 
. ; 

.. that it does not decay so rapidlYj hence 'it should yield improved results' 

'\:.:/::.t" .. .; for the calculated asgular' distribution, as was recently emphasized by 

" Drisko and RybickL 2 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 clear6 that the wave function calculated from a Woods

Saxon well will have the proper .asymptotic behavior associated with the 

separation energy of the; pair. Moreover, the use of harmonic oscillator 

single particle wave functions allows one to immediately exploit their 

convenient analytical properties, as is later discussed. 

The coherent nuclear structure factors, as manifest in the G
NLSJT 

of Eq. (1), can have a drastic effect on the two-nucleon cross section, 

resulting in strong transitions to those levels for which they are con

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

the cross section is essentially proportional to a sum of their squares. 

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

product of three factors: 

(6) 

the sum on ~ is 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 factorg~ expresses the 

exchange symmetry of the two nucleons in the transferred pair. If the 

pa ir have a definite symmetry under exchange, then g'Y = 1 if nl £ 1 j 1 = 
n2£2 j 2; otherwise g~ = .[2. If the wave function of the pair does not 

have definite symmetry under exchange (i.e., a neutron-proton configura

·tion without definite isospin), then g~ = 1', 

The factor 13i.sJT 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 pickup reaction, I3LSJT measures the extent to which 

the final nucleus plus two nucleons in the state ~(nl i l , n2 i 2 ) 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 ~, they can be readily transformed to relative (r) 

and center of mass coordinates (R) using the Talmi coefficients, numerical 



:: ". 

" . .. 

, : ~. 

!., .... 

...... ' ". ~. 
t·,·· 'j' •••• 

, ",' 

. ~ : '. 

::. 

-14-

. 29 
tables of which have been prepared by Brody and Moshinsky. This trans-

.formation has the form 

L)[¢n~(r) ~NA(R)]L 

(7) 

where ¢n~(r) represents the 'relative motion of the two nucleons and 

~NA(R) is their center of mass motion! With the usual simplifying 
2 . 

assumptton that the Itght particle is purely spherically symmetric ( 8
1

/
2

), 

then oh;Ly ~ :;:: 0 states of relative motion are possible (the gJ;'~und state 
. 2· 4 

wave function of A=:3 is known to be at least 94% 81/ 2 , with a' 6% Dl / 2 
admixture) ,30 

which a ccounts for only a ~ :::: 0 term in the Moshinsky , . 

bracket of Eq. (6). The relative motion of the two nucleons in the .; 

n~cleus-¢nA. (r) - must overlap with the motion of the same pair in the 

light nuclide, which is assumed to be gaussian, and this overlap is de

noted in Eq. (6) by n. The important thing to note is that the nuclear' .' 
n . 

. . structure factors (GNLSJT ) are a coherent sum over all the amplitudes 

. shown (Eq. (6)).' 

.~ ',":~,'. 
'Unlike single-nucleon transfer reactions, where the spectroscopic 

factor is merely multiplicativ~ 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 

unique way to combine the three factors of Eq. (6) and moreover' this 

':.i-., ' 

structure factor is also coherent with the distorted wave amplitude 

" • j ..~: ,,~~., 

M 
.; ,(BNL) through the sum on N. However, if the nuclear wave functions of 

~. " ,;. 
.' .' initial ,and final states are available, say from a shell model calcula-

';"" 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 

) :'r" . 

. ' 'j""" ;:!~~ .. ;'>:::'~I: :l:'·,~;. 

.• .. : ••.. -, .. 1' ',' of "spectroscopic factors".' Due to the coherent effects mentioned above, 

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

. ~ . .,..., 

,',', <:~ '~. '~.,':'/'" th~ two-nucleon transfer reaction is, 
.' ,,: : - . . ~ .' . '. , 

in principle, sensitive to small' 

to describe the initial and final "" . \':~::>:<"'impurities in the wave functions used 
" .. ':. ~ , , , 
".~ 

.~ , :~ .. ~ 

.·c 
," , 

I."'''' '.:. t' 

:" 
.' I ~ ':, 

.< .,~ ': '" ~;.." 

nuclear states. 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 now been reported.' , 
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2. Selection Rules 

The general selection rules of other two-nucleon transfer reactions 
, 2 3 34 

have been reviewed elsewhere, " and only those pertinent to (p,t) and 

(p,3He ) reactions will be considered here. In all direct reactions, the 

total angular momentum (J) transferred in the reaction is related to 

the angular momentum of the initial state (Ji ) and the angular momentum 

of the final state (Jf ) by 

where £ and s refer to the orbital and spin angular momentum, re

spectively, in the incident (i) and exit (f) channels and Land S 

refer to the total orbital and spin angular momentum transferred in the 

'reaction, respectively. The main difference in the selection rules 

between a one and a ,two-nucleon transfer reaction is due to the relative 

motion present in the pair of nucleons. Thus, if L is the transferred 

orbital angular momentum in, for example, a (d,p) reaction, then J = L ± 

. '. '1/2 and the parity change35 ,36 in the reaction is given by f::gr :::: (_l)L. 

In a two-nucleon transfer reaction, however, the orbital angular momentum 

transfer L = .A + 5:, where A refers to the center-of-mass r.J.otion of the 

'pair (and is the only term present in a (d,p) reaction)and 5: refers to 

the relative motion of the pair. (As described earlier, any two single 

particle wave functions, !nl£l) and !n2 £2.) , can be readily transformed 

into relative and center-of-mass coordinates, and if harmonic oscillator 

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

transformation can be written in closed form). 29 

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

and t:iJT = (_)'" +11. 

However, as previously discussed, the relative motion of a pair of nucleons 

in the target (in a pickup reaction) must overlap with the motion, of the 

, ,same pa ir in the light nuclide (here triton or helium-3), so that under 
2 

the assumption of a pure Sl/2 state for the triton or helium-3 ground 

state, only '" = 0 states of relative motion are possible in the transferred 

pair. Thus, 
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J==A+S';"L"+S . " 

. ,"'., 
and 

.I~;·". 2 . 
in ~omplete:~~~~lOgy with the theory of single nucleon transfer reactions. 

" "'. 

It ,hiu:st be borne in mind that the A. == 0 selection rule is not 
,:':.", 

:dgorou~ 'anCl..:'is· based on the assumption that the' ground state of the 

triton' or ~elium-3 wave.fUnction is purely sPheriC~llY symmetric (2Sl/2)~ 
'. The ,small Dl / 2 admixture expected to be present 3 could introduce 

some A. == 2 component 'into' the selection rules just discussed. Thus the 

. parity change would no longer be simply related to the center-of-mass 

~ngular momentum transfer (A == L) and this could have the result, for 

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

reactions on [0+] targets . 

The Effect of a Spin~Dependent Force on the Cross Section 

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

, is given, for a pickup reaction, by 

The Clebsch-Gordon coefficient has been defined before. 
2 The factor bST 

is a spectroscopic overlap integral involving the spin-isospin wave 

functions of the transferred pair and the A. == 3 ground state wave 

(p,t) 

. '(8) 

where and 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 

'. the matrix element 

S involves 
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'Where,' in these reactions, channel a represents the incident pI"oton 

('With spin, isos,pin projections a ~ ) arid channel b. represents the a a 
outgoing triton or heliwn-3. The transferred pair is represented by 

the 'Wave function XST 'With projectlon quantum numbers ~ and M.r 
and the Clebsch-Gordon coefflcient couples the channel spins by the spin 

transfer (S) ln the reaction. Vij is the two-body interaction potential 

bet'Ween the incident proton (particle 3) and either one of the nucleons 

(particles 1,2) ln the transferred pair, 'Which in general may be 

transferred in either an S=O, T~l state (13S) or in an S~l, T~O state 

e1S). In this 'Work, the singlet-even strength of the t'Wo-body potential 
'S : 

(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 pair in singlet or triplet spin states is give~7 
respectively, by 

a
O 

~ 3/4 AT + 1/4 AS 

1/4 AT + 3/4 AS -a l = 
(10) 

For the (p,t) reaction, only the 8 0 (S=0)', teI"ID 'Will contribute; for the 

(p,3lie) reaction, ho'Wever, both the ,aO(s=O) and al(S=l) teI"IDs are 

important. Writing Eq. (9) in terms of aO and a l and expressing 

the overlap in teI"IDs of a fractional parentage expanslon 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 a0
2 to a1

2 
depends upon the nature 

of the nucleon-nucleon force. Evidence that the tensor force influences 

nucleon-nucleonscattering38,39 as 'Well as evidence from model-dependent 
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.' .' 40 ' 
central-force calculations of S - wave scattering and the bound state of 

, " 
. ,,',. , ': 

the deuteron: leads one to expect some spin dependence in these pickup re

actions. Moreover, a variety of shell model calculations indicate that the 
,,41 42 '8 

tensor force is strong,' and that the ratio of the singleireven (A ) 
"',,,,',' ( T) / 41 43 
strength to the triIllet-even A strength should be about 0.6 1.' The 

later calculations suggest use of a more strongly spin-dependent interaction 
'8 T 

than this, and the ratio A =:: 0.3 A ' is used. If the nucleon-nucleon in-· . . ~~ .' 

. . 8 T 2 2 
" teraction were sp~n-independent, then A == A and aO /a l == 1.0, and there 

.' would be equal probability of transferring either 8=::0 or 8=1:in the (p, 3He ) re-
" " .... , .. ' 

, ..... 

, ' , action. However, this is no longer true for the case o'f a spin-dependent 
:, ,"", . . 8 T 2 2 
':' ';''','' ','".':' . .interaction and for the particular choice made (A = 0.3 A ), aO /a l == 3.0, 

.~. . " .... . , 

· .~. ( 

'ti..,' 

",j .• 

"" ,', 

;-:';'''; ,: .. :.:: 

. "', 

· . '," " 

,so that for a given L transfer, the 8=::0 transfer is enhanced by a factor of 

. three over the 8=1 transfer • 

. ;.4.:,:Cr~ss8ectio~ Ratio for Mirror (p,t) and (p,3He ) Transition,s 

In comparing (p,t) and (p,3He ) reactions to mirror final states, which 

discussed later, it is of interest to calculate the theoretical, 
. '. 

'::""cross section ratio' expected for these transitions ba sed on the 11mi t of 

',' ." 

,"' 

.. 

. 
" 

8=0 tran~fer for the (p,3H~) reaction: 

" 

cr (12 ,t l· } 
a(p,3He ) 8=0 

:: 

C8T
2

(P,t) 

2 3 C
8T 

(p, He) L:IL: 
JMN 

(11) 

: 

;;,'E)(}>erimental results for (p,t) and (p,3He )' transitions from T==1/2 to T=3/2' 

,,:.> final' states--where only a zero spin transfer is allovied-'-show that the 
.. :;' . .'. . 18 

',second ratio is essentially unity (within 10%), both in the Ip shell 
.. " ' 44 45 
and, in the 2s-ld shell.' (One would also expect this ratio to be 

,,::' "'unity for single-nucleon transfer in the Ip shell and this has been 

,,:''':~ 'cently verified in the 12C(d,t)11C and 12C(d,3He)1~ reactions) ,1+6 

re

Thus 

,Eq. (11) becomes 

a(p,t , = ') } \ 
a (p , ?He ) ,8=0 

, . 

" " 

2 C
8T 

(p,t) 

2 3-C
8T 

(p, He) 

= l' 1(1/2 1/2 1 111/2 1/2) 12 

1/2'1 (1/2 1/2 1 011/2 1/2) 12 

4 
- 1 

(12) 
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On the basis of the earlier assumptions, this represents the upper limit47 

that can be expected in comparing (p,t) and (p,3He ) cross sections to 

mirror final states since an incoherent contribution of 8=1 transfer in 

the (p,3He ) reaction could only reduce this ratio. The slight effects 

of the differing kinematic and Coulomb properties in the exit channel 

will be discussed later. 

5. Two-Nucleon Parentage Factors 

GeCleral 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 

(12) 

where the square bracket denotes vector coupling and the combinatorial 
A+2 1/2 factor ( 2) denotes the number of possible ways a pair can be removed 

. from the target. These parentage factors are constructed from a neutron

proton formalism of initial and ffnal states, so that this statistical 

factor is replaced by the product 

where v refers to neutron and n to proton and Nand 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 

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

shell - say jb - where ~ is even, the final state wave function has the 

form 
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. , 
The parentage' fact'~r relating initial and final state configurations for 

a,particular total ~ngular momentum transfer J and a particular final 

state spinJf is >:.;,., 

'Explicit expressions for the two-nucleon coefficients· of fractional 

" 'pa;entage, ( [}), 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: 

,.' where the square bracket again denotes vector coupling and na and ~ are 

even. The parentage factor relating this configuration to the initial 

, state by the total angular momentum transfer J is given by 

....... 

'( 2J +1 ) 1/2 'Y 1/2 f 
t3 (ja,jb)J = (na ~) (2j +1)(2j +1)(2j+l) 

, a b 
(15) 

~ ". 
, ' . , 48 

For an even-even nucleus.. The target has spin ~~ro and b. 

." .' . the wave function can be written in the form 
. . 

.... 
. ' ... ,: ~, c 

where na and ~ are even. 
.... '." (1) For a pair of like nucleons added or taken out of a given 

'. '- .' ' .. ' .. 
shell, say jb' then the final state wave f\mction has the form 

" p n -2 ' 
I1f.tF) r (j' .a-) b , 

= (jb )J;Jr' = J) a 0 

,. and the parentage factor is 

'.' .' 

'. :.,' 
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Explicit values for the two-nucleon coefficients of fractional parentage, 

(!}), may be found in 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 

and the parentage factor is given by 

Since the angular distribution of a two-nucleon transfer reaction 

is characterized by the orbital angular momentum transf~r (L) and not the 

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

press the parentage factor in 1S coupling. This is accomplished by the 

following jj-1S transformation coefficient: 

. 4 
and the curly bracket (} is a 9j symbol. 9 
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B. Core Excitation ' 

,Since some transi tiQns to be discussed can be interpreted on the' 

'basis of a core-excitation pickup reaction (those ItforbiddE:)n: 1t on the basis 

of a direct pickup in the Ip shell), it is worthwhile to incl,ude a very 

brief treatment of the theor~ of such reactions. 

There has been 'considerable discussion of core-excitation proces

. ses populating otherwise j .;.forbidden transitions in si'ngle-nucleon strip-
. 46 50 51 . plng and pickup reactions ' , but little eVldence 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: 4. The direct pickup amplitude 

is represented by Tl and the indirect amplitudes (inelastic scattering 

plus pickup) are represented by T2 and T3 fo~ the entrance (target exci~ 

tation) and exit channels, respectively. J
f 

is the final state nuclea~ 

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 

',: .... ".. .J
A

' which has been excited in the entrance channel, or via inelastic' 
" : 

. '-i',,'scattering in the exit channel from the level J
B
', which mayor may not 

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

:. ',' .~ ... 
. ' 

,;> ': " "ela stic excitation in the entrance channel will be considered and, further, 
. " . : , 

" :, .' '~': • I ",.

"."; : .;' In order to populateJ
f 

through a core-excitation mechanism, JA'must 

" '. only a single excited state of the target nucleus will be considered. 

.be strongly excited in the entrance channel and furthermore the two-

-: j .' 

.;:; . ' ' .' .':. nucleon parentage. factor between J A I and J f must be favorable. In fact, 

with a strong excitation of J
A

' and if the nuclear structure of J f is 
", 

.' . . ." ~ 

-',. ,',,' 

. .: ~. !"", ',: .' 

. more suit~d to overlap with J
A

' than with the target ground state (JA), 

,,'then the role played by T
2

in the overall cross section could be quite 

. , 

. . , 

/ " 

.... 

. " important. 

The amplitude T2 will be a product of two matrix elements, one 

representing the inelastic excitation and the other the pickup transition, 

and in the above simple model can be pictured as having the schematic 

"1'. form: 

(18) 
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----f-- J~ 

XBL 675-3148 

Fig. 4. Various transitions contributing to the population of' the f'inal 
state, Jf. 
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p. ,. : '" '.,:' ~:. '. 
Her~ Y (r) characterizes the inelastic scattering step, which in the m . . S 
absence of a "spin-flipt~ would be a quadrupole excitation. The L

J 
re':'· 

presents the angul~r momenta transferred in the pickup from J
A
·'. Angular· 

momentum selection rules restrict the pickup of two nucleons in this 

second step to certain allowed values of L,S, and J, just as in a normal 

direct transition. The shape of the overall angular distribution and 

the strength of the transition will depend on these two amplitudes in 

such a way that it is probably not too meaningful to talk about a total 

angular momentum transfer as characterizing the overall reaction. 

, ' 
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IV. EXPERIMENTAL RESULTS AND NUCLEAR SPECTROSCOPY 

In this . section the (p,t) and (p,3He ) reactions on 15N and 13C 

targets will be studied and the experiment'al results compared with the 

predictions of the DWBA theory previously described (see also Ref. 3). 

The emphasis is strictly on the nuclear spectroscopy that can be learned. 

In the later discussion of theoretical cross sections, some of the 

a ssumptions made in the theory will be tested for consistency wj.th experi

ment; 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,3He ) cross sections. All of the DWBA, treatment to 

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

action. 

1. Experimental Results 

These reactions were studied at an incident beam energy of 43.7 

MeV. Figure 5 presents energy spectra of the 15N(p,t)13N and 15N(p,3He )13C 

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 in Tables I and II. Those levels marked with an asterisk 

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

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

the analysis. In addition, the integrated cross sections are presentedin 
,I 

tbese tabJes as well as spin and parity' assignments, which are later fully 
·13 13 explained in the text. An energy level diagram for C and N is 

presented in Fig. 6. The data in Fig. 5 show that the reaction is very 

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 

( Ip ) 11 d f th d nucleons from a configuration, which is assume or e groun 

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

strongly and their presencem these spectra will also be discussed. 

Figure 7 presents energy spectra for the 14N(3He ,a:)13N and 14N(d,3He )13c 
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15 N (P. 3 He ) 13C 
15 deg 

200 

15N(p.t) 13N 

15 deg 1 
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11.88 MeV 
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XBL677-3550 

Fig. 5. Energy spectra of the 15N(p,t)13N and 15N(p,3He )13c reactions. 
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Table I. Integrated cross sections of the 13N levels observed in the 
15N(p,t)13N reaction and comparison of these states with those 
previously reported . 

. 15N(Elt~13N . 

Excitation cr'r(flb ) 
J1T (MeV) (10-90° , c,m. ) 

1/2- *aO.O ±25b 941 ± 20 

1/2 
+ 

2·36 ± 30 very 'Weak 

3/2- * 
3·51 ± 30 652 ± 25 

5/2 + 
6·38 ± 30 63 ± 7 

5/2 - * 7.38 ± 20 1271 ± 44 

1/2- 8.93 ± 50 130 ± 16 

not ob served 

1/2- . 10.78 ± 60 17.6 ± 4 

3/2 - 11.88 ± 40 93 ± 9 

3/2 - * ± 20 ± 11 15·07 115 

[T == 3/2 J 

Previously Reported52 

Excitation 
J1T (MeV) 

1/2- 0.0 

1/2 
+ 

2·366 ± 2 

3/2 - 3·510 ± 2 

5/2 + 
6·382 

5/2 - 7.385 ± 8 

1/2- 8.90 

3/2 - 9·48 

not reported 

3/2 -
c 

3/2 -

[T == 3/2J 

11,85 

15.068 ± 8 

aLevels marked with an asterisk were considered known in the energy 
ana;Lysis. 

b Errors are given in keV. 

cSpin and parity assigned in Refs. 53 and 54 • 
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Iab1e II, ,: Int'egrat~d 'cross; sections of the 13C l~v~ls~bserved in the 
5N(p,3He)13c reaction and comparison of these 'States with those 

:previ9tls1y reporte·d. 

Excitation 

. (MeV). . 

1/2- *aO,O··· ± 15b . 
. + 

" .1/23.08 ±20 

'CYT(flb ) 

(10~906, c.m.), 

'308 ±. 18 

very weak 
.* 

3/2- . 3·68± 5.' '.573 ± 20 

5/2 + . *6 .. 87 ± 12 .. ,'.: ::42 ±. 5 

.5/2 -:. 7 ·55 ± 20 . '270 ± 18 

1/2 - . 8.86 ± 60 61 ± 9 ',' 
", .' 

'.(3/2-) '9,52 ±30·' 71 ± 12, 

(1/2-), 11.09 ± 50'. >52 ± 7 

(3/2-)' 11.80 ± 30:"': ,;1.37 ±.14 

7/2 -.' .' 12,40 ± 50 " " 100 ± 10 

3/2- '·:*15.11± 20····~c88 ± 7 

[T '= 3/2] . 

.. :. 

. ' 

.: . 

, , 

Previously Reported52 

,1/2- . 
+ 

<1/2 '. 

3/2 -
, + 
5/2 

.1/2-

(1/2 -). 

3/2.~ 
. [T ,,;, 3/2] 

Excitation 

(MeV) 

0.0 

3·086 ± 3 

3·681 ± 3 

. 6.866 ± 7 

7·55 ± 15 

8.86 ± 20 

.9.503 ± 15 

11.078 ± 20 

11. 721 ± 30 

: 12.45 

15·113 ± 5 

a ' .". 
Levels marked with'anasterisk were considered known in the energy 
analysis. 

b . 
.', Errors are given in keV,' 

. cIritegrated. to 65 Q, C .m. : 

.. 
", '0' 

.' ,'." ':.. :i ,-,:'.," .. ,:,: 

. , 

; 

, , ' 

~. 
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------- 15.07 3/2- T=3/2 - 14.7 

14.1 

13.5 

12.08 -11.88 3/2 
11.65 

-_ 10.78 1/2 
-10.37 7/2 

9.48 3/2-

8.93 1/2-

------ 8.03 3/2+ 

... 
-::::'''-=:-

....... , --.... ........ 
7.38 7.17 7/2+ 
~-

5/2-

3/2+ 

-------- 6.38 5i2+ 

- 3.56 -512+ 

3.51 3/2 -
1/2+ ... .......... 

.................. 112+ .......... 2.36 

1/2 - 112-

XBL677-3549 

Fig. 6. Energy level diagrams of l3C and l3N~ 
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reactions53 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 13N has been obtained in 14N(p,d)13N 

experiments. 54 

Angular distributions for levels excited in the 15N(p,t)13N and 

15N(p,3He )13c reactions are shown inFlgs. 8-13; the statistical errors 

are contained within the points unless explicitly indicated. The total 

integrated cross sections for these reactions are presented in Tables I 

and II. The absolute errors on the large transitions are expected to be 

::: 10 percent. Representative relative errors for all states are given in 

these tables. Of later interest will be Figs. 14 and 15 which present 

(p,t) L~ and L=2 angular distributions obtained on a variety of light 

nuclei. These are remarkably similar in shape, considering the range. of 

particle energy involved. Hintz and co-workers
12 

have observed similar. 

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

2. Optical, Model Parameters 

Since appropriate elastic scattering data were not available, in 

either the entrance or the exit channel, the optical model ,parameters 

used in this· stud.y were obtained from an 'examination of the "best fit" 

parameters available in the literature. There are only a few reports 

of higher energy (40':"50'MeV) optical model fits for proton scattering 

on light nuclei55 - 57 and most of these55,57 have employed a spin-orbit 

term in the optical model. Although the DWJ3A code under dlscussion 

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

of the angular distribution in a nuclear reaction is quite insensitive58 ,59 

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 lncreased con-, 

siderably in order to fit the data • The proton, real and imaginary 

potentials that proved to give the best overall fit to ~he data were 

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

given by BjOrklund. 60 The choice of an exit channel potential-- in 

the absence of elastic scattering data -- is perhaps subject tq the most 
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L = 0 transitions 
2000 

" Ground state,,1/2"-
• 8.93 MeV, 1/2-

1000 • 10.78 MeV, 1/2-
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500 
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III 
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.D 50 ::t -
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10 30 50 70 90 
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XBL676-327t·A 

Fig. 8.·. Differential cross sections of the (p,t) IFO transitions on l5N. 
The curves have no theoretical significance. 
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L = 2 transitions 

? 7.38 MeV,512-
I!! 3.51 MeV, 3/2-
~ 15.07 MeV,312-, T=3/2 
e 11.88 MeV,312-

To 

~X1/2 

t-! "' !-

50 70 90 
e (deg). C.m. 

XBL676- 3269-A 
15 

Fig. 9. Differential cross sections of the (p,t) L=2 transitions on N. 
The curves have no theoretical significance. 
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• t3 C (p, t)"C*6.49 MeV, 7/2-

50 

21~0~~~~~~~----5~0--~----7~0----~---J90 

8 c.m. (deg) 

XBL678 -3730 

Fig. 10. Differential cross sections of some "forbidden" (p,t)' and 
,(p,3}re) ,transitions. The curves have no theor'etical significance. 
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1000 r----r~--~--_r----._--_.----,_--_,----~ 

500 

1000 

500 

100 

50 

10 
10 

e I5 N(p,3He)13C g.s. 

1/2 -. L =0 2 . , , 

A I5 N (p, 3 He) 13 C* 3.68 MeV 

3/2-; L=0,2 

30 50 
e (deg) c.m. 

70 90 

XBL676- 3268-A 

Fig. 11. Differential cross section of the15N(p,3He)13C g.s. and 3.68 
MeV transitions. The curves have no theoretical significance. 
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Fig. 1215 Differential cross ,sections of the (p,3He ) L=O,2 transitions 
on N.' The curves have no theoretieal significance. 
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L = 2 transitions 

A -7.55 MeV , 5/2 -., 
f) 12.40 MeV I 7/2-
v 15. I I MeV ,3/2-, T=3/2 
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B (deg) c.m. 

90 

XBL676- 3270-A 

Fig. 13. Differential cross sections of the (p,3He ) L=2 transitions on l5N. 
The curves have no theoretical significance. 
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,10 r<?--.,-~-:r----,----,.--r----""---""--""""""" 
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" . .,.," 

'.' ....... . 

". :, 

\ \ A 180 (p,t)ISO* 

\ ' ' h ' 0 180 (p,ti leo 

5 \ '\ I 1-)' \ , 0 ISO (p,t)
14

0 
\ 0 \' x 15N (p,t)13N 

\\ I' , \ I / ',.0. "" 12C (p,nlOC 'b '/ I' \ / \ 
\, I' \ " I \. '01' \ \ .. ./li :~\ 

, 10 ~ '6 \\ 

30 

\ I' ~ \ I \, 
\ I \ 
\ I \ 

I 
\ I 
\ I 
'b,,1 
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, I 

22.9 (0+) 

9.S. (0+) 

g.S. (0+) 

. g.S. (1/2-) 

g.S. (0+) 

90 

MU B 11512 

Fig~',14. Standard (p,t) L=O angular distributions taken on a variety of 
, light nuclei. ' 
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M U B -11571 

Fig. 15. standard (p,t) L=2 angular distributions taken on a variety of 
light nuclei. 
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, un~ert~inty.' Ir;, a'ceord with the hypothesis that in a complex particle 

one should consider the interaction of each ~ucleon with the scattering 
, : 61,62' , (3) , , 
center" ,thetr~ton, He optical model parameters used correspond . 

to a 'S1.:lIll of single -nucleon potentials. These were obtained from search-

", __ 'ing the literature _for the appropriate low energy (about' 10 MeV) nucleon, 

'scatte_ring' data on:, light nuclei. 63 Parameters obtained in this way are 

similar to thos~ found fromhelium-3 optical model fits64 in the en'ergy , 

'region of this exPeriment (about 25 MeV), although this reference employs 

larger radii for the imaginary well. (There are no optical model para

meters available' for:tritons at these energies). The "summed" potential 

which g~ve the b:e st 'overa 11 fit to the 15N (p ,t) 13N da ta - - a choice of 
. ...... ' ;;. 

'. '''best potential" was made from fitting the (p,t) data" since only a 

... ~ . 
~. ,;. 

:.", . - ~ ~. . ~ . 

,-: :"~" :::,\ ',::' single L transfer was allowed -- i~ shown in Table III (potential X) 
' . .... 

• • ;. ,", 1"' 

.' ~ .. 
I' " 

.: ',' "/ ': 
. ,: . .:.: :t ," 

. ' ~. '" 

~. : . , . 

. : ,'. ~". ' 

. ~ . . 

60 ,along wfth the proton potential mentioned above (potential A). The 

exit channel parameters were taken to be the same for both tritons and 

helium-3 and are labelled just by the triton channel in Table III . 
, , 65 

" ,Earlier work in fitting helium-3 elastic scattering data on light nuclei 
. ,- ~ ", . 

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

of the parameters given in Ref. 65 is shown in Table III (potential Y). 

In addition, Table III contains a potential found from 30 MeV helium-3 
, ,', 12 32 ' 
scattering' on C (potential Z) and the proton potential from Ref. 56 

12 
(potential B), which gave a fit to 40 MeV proton scatterlling on C. The 

combination that produced the best overall results -- over 15 MeV ,of 

excitation -- ~as 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

.;-'.;";'-:'<J'~.""" all fits to the data with surface absorption. 
- £". 

: ':.;"C" : .;:""" :,>.~. :~-1 ...... ,", . 

" 

",,'.-,:>,;,'::., ,,' ,-: '- DWBA fits to the data are compared in Figs.' 16 and 17 for the 

';-'::::~:_~~:'~~>:~-:-'15N(P ;tf13N -g-round -,Btate- (L=O r e,nd- 15N(p,t)-J.3; -7 .-38 MeV -(--~L=2~ transi~ions;~ ~ 0'" 

. ',<,.' • 

, .... 

respectively, utilizing the potentials AX, AY, and AZ of Table III. ,The 

fits have all ,been arbitrarily normalized to the data, at 32° for the 

ground state transition (Fig. 16) and at 20° for the 7.38 MeV transition 

(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, 
~ '. t - _ ... , 

:;,:>, :<:::',:,:';::!~: ~', 'functions. ,The ground state transition (L=O) is best fit with potential 

. ; ,,' 



-41-

. Table III. Optical model potentials 

-U(r) == Vf(r) + iWf(r) + 4aiWDf ' (r) - Vc(r) 

Channel' V W WI) aV aW 
8 WD rV rW,WD r 

!!' c 
(MeV) (MeV) (MeV) (f) (f) ( f) (f) ( f) tf) 

~ 15N+P (A) 34.0 22.0 0.65 0.50 1.25 1.25 1.30 
,13N+t (x) 153.0 16. 0 0.65 0.54 1.25 1.25 1.30 
13N+t (y) 63. 4 62.8 0.58 0.58 1.61 1.61 1.30 
13N+t (z) 220.0 23.8 0·53 0·99 1.22 1.80 1.30 
l5N+P (B) 33. 0 5.9 0.65 0.65 1.31 1.31 1.30 
3~+p 4.1.7 11.1 0·70 0·70 1.20 1.20 1.30 
29p+t 153.0 16.0 0.65 0.54 1.25 1.50 1.30 

.\.1 
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5000 

A 15 ( ) 13 N p,t N g.S. 

1/2-~L=0 

1000 
----- Pot. AX - \ ~ 

If) -. -.-'- Pot. AY 
........ . 
..0 500 \ 
:t • 

\ 
- - - - - - - - Pot. AZ 

~ \ 
"'0 . 
........ "' \ b 

:1 

• "'0 \ 
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8 (deg) c.m. 

XBL676- 3273 

Fig. 16. Normalized DWBA fits to the l5N(p,t)13N g.s. (L=O) transition" 
utilizing the AX, AY and AZ optical model potentials of Table III. 
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15 13 * Fig. 17. Normalized DWBA fits to the N(p,t) N 7.38 MeV (L=2) transition, 
utilizing the AX, AY and AZ optical model potentials of Table III. 
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" .. , . . .... 
, " 

AZ while'the7·38'MeV(L=2) transition is better fit with potential AX; 
, , " I ' 

,For both transitions:' ,the 1Ishallow" potential AY gives relatively poor 

fits to ,the data. '\ The original choice for the proton parameters was B 

and tlfe potentials BX,BY and BZ are compared in Figs. 18 and 19 for these 

these same transitions. Potential B is taken directly from Ref. 56 (with~ 
" '~ , 

out spin-orbit coupling) for proton scattering on C and corresponds 

quite closely, to recent proton potentials whi'ch include spin-orbit 

coupling. 55,57 As such, it might be ,expected to give a better fit than 

"the A potentials. Of these three, potential BZ gives the best fit to 

the ground state (L=O) transition and none are able to fit the 7.38 MeV 

"(L=2) transition. The A proton potential~ with a much deeper imaginary , 

" '" ':well than the B potential, gave consistently better :rits to all the (p, t) , " 

'transitions. Of the A, potentials, AY gives the poorest fits; AX gives a , ' 

,better fit to the 7.38 MeV state than does AZ and moreover AX fits all 
'. "" . 

. ~ _. ", ,1, ._ 

" ' 

'. ,,".,,. 

th~ other transitions in the 15N(p,t)13N reaction better than AZ does. 

Attempts to improve the DWBA fits to excited states by introducing "an 

energy dependence in the triton potential, thru: ,a reduction of the real 
-.".'. 

, '.'" ..... :' 

'" 

.. : .... 
.. 

, ' -.;-: . 

,', . 

' .. , 

, ~ ',' " -:." ... , : 

, , 

'" 

" .. ' .. . "'.,, .. :- .... 

. '",' ; 

,f '. ,.':", 

' .. 
, " 

, " ~ , 

well depth as a linear function of excitation, were not successful; , 

the DWBA re,sults continued to look better with the AX potential fixed 

for all excited states. All of the (p,t) and (p,3He ) fits discussed in 

the following pages have been calculated with the potential AX • 

',3 ~ Intermediate Coupling Theory and Nuclear Structure Calculations 

Considerable theoretical interest has been concentrated ort nuclei 

in thelp shell within the framework of the intermediate coupling shell 
67 ,68 model., The early calculations of Inglis and Lane were followed by 

8" those of Kurath,7 Boyarkina and Barker. 9 In all of these calculations 

the nucleon~nucleon interaction was taken to be purely central and the 

ratio "a/k", where "a" is the strength of the spin-orbit potential and 

l1k1l is the value of the two-body exchange integral, was left as a para

meter to be determined by a comparison with experiment. More recently, 

Halbert et a1. 69 reported a calcu'lation similar to those above but using 

the Hamada .Johnston potenti~139 for the nucleon-nucleon interaction, rather 

than a simple central interaction., An alternative approach is the 

1Ieffective interaction" treatment of the problem, where the nucleon-nucleon 

',. 
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15 ·13 Fig. 18. Normalized DWBA fits to the N(p,t) Ng.s. (L=O) transition, 

utilizing the BX, BY and BZ optical model potentials of Table III. 
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Fig.'19. Normalized DWBA fits to the 5N(p,t),..IN 7.38 MeV (L=2) transition" 

utilizing the BX, BY and BZ optical model potentials', of Table III. ' 



potential is not explicitly defined and the matrix elements of the two

body interaction are . left as parameters to be determined by experiment. 

Calculations of this kind have recently been reported by Cohen and 

Kurath70 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, 70) for the levels in mass 13, along with the experimental 

assignments. 

As mentioned earlier, the two-nucleon transfer theory3 requires 

a separate calculation of nuclear structure factors (G
NLSJT

) which are 

then used in the DWBA calculation. These factors have been calculated 

using coefficients of fractional parentage derived from Cohen and Kurath's 

complete intermediate coupling wave functions 70 the major amplitudes of 

which, for the states of interest, are presented in Table V. For com

parative pUTPoses, these structure factors have also been calculated 

.for most of the states assuming pure jj wave functions. Table VI shows 

the major nuc;lear structure factors (multiplied by CST) for 15N(p,t)13N 

and 15N(p,3He )13C transitions to mirror final states for both of these 

cases. (Those calculated from the wave functions in Table V are denoted 

by CK). Harmonic oscillator wave functions are assumed for the single 
-2 

particle states and the oscillator parameter v is taken to be 0.32 F , 

which is the same value that True empJ.oyed for the lp levels in his, 

shell model calculation of 14N. 72 

4. Spectrosc?py of Individual Transitions 

In the following discussion of individual levels, the normalized 

DWBA fits for the 15N(p,t)13N and 15N(p,3He )13C transitions were calcu-

lated only from the CK nuclear structure factors of Table VI, which were 

derived from ,the intermediate coupling wave functions of Ref .. 70. Using 

pure JJ wave functions for the final state -- which would only affect the 

(p,3He ) 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 lntermediate coupling wave functions, 

and this will be noted later. 
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Table IV; Intermediate coupling pr'edictions compared with experimental 
. assignments for the mass 13 levels . 

- ,- '" ... 
. . . ~ .' 

"-' , .. 
. : ~. , 

. .~..... -
.. ' 

, :., . ~ '.' 

,'-: .. 

n· 
J 

1/2 -

.3/2 - .. ' . 

5/2 - . 

1/2 

1/2- : .:., 

3/2 -

7/2 -

3/2 -

[T=3/2 ] 

3/2 - . 
.... .... 5/

2 -.. -'. . . . . 
• ~"!" ~ <' "' 

.. " ... ' .< ..... ~/2-

- I'· ~. '. .-

" ',', .... 
'1,"" 

, -, -; . 
. ,', . -;', : :.~ : 

. :~ " 

.-. '." 

';', ", 

, '," ,,' • :-. u •• : • ~ I 

", .. ,',' 
:' "' - ':', •• .' .. '" '1-' " 

~ .: .' 

;.0 , 

13N · 

. (MeV) 

0.0 

3·51 

7·38 

.8·93 

. 10·78 . 

, 11.88 

.15·07 

13C 
(MeV) 

0.0 

3·68 

7·55 

8.86 

1~.09, 

11.80 

12.40 

15·11 

. Kurath 7 Boyarkina 8 Barker9 Halbert69 Cohen and 70 
a/k=5.5 .a/k=4.2 a/k=3.5 et a1. . Kurath 

0.0 0.0 0.0 0.0 0.0 

3·7 3·7 3·93 3.5 3·7 

5·3 6.1 7·11 7·0 7.4 

10·7 10.4 9·3 9·0 9·0 

12·5 12.4 11.3 '13.8 

11.3 11.6 10.2 10.2 10.4 

12.0 12·3' 13·5 . 11.1 

14.5 14.5 13·2 15.0 14.8 

15~2 14.0 

16'.4 13·2 

·22.2 17.4 
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Table V. Dominant configurations of the intermediate coupling wave functions of Cohen and 
Kuratha for; the states. in mass 13. 

13 
N 

13C Theory 

J7T (MeV) (MeV) (MeV) Dominant Configurations 

1/2- 0.0 0.0 0.0 
6 3· 6()3· 8 

.187(P3/2)1(Pl/2)1/2-· 501(P3/2)0 Pl /2 1/2-·837(P3/2)OPl/2 

3/2- . 3·51 3·68 3·7 
7 2 5· .... [~ 7 2 

.376(P3/2)3/2(Pl/2)1+·450 (P3/2)3/2(Pl/2)0-·733(P3/2)312(P l /2)0 

5/2- 7·38 7·55 7·4 .177 (p3/2)~ (pl/2)~/2 + .313(P3/2)~(Pl/2)~/2 -. 929(P 3/2) ~/2(Pl/2}~ 

1/2- 8.93 8.86 9. 0 6 3 + . 6( 3 _ 7 2 
-.151(P3/2)0(P l /2)1/2 .328 (P3!2)1 Pl /2)1/2 .921(P3/ 2)3/2(Pl !2)1 

I 
+=-

5 4 8 + 6 3 
'-0 

1 12- 13·8 
I 

-/ 10.78 11.09 +.411(P3/2)1/2(Pl/2)0-·509(P3/2)OPl /2 .647(P3/ 2)0(Pl /2)1/2 

3/2- 11.88 11.80 10.4 6 3 + ) 7 ( )2~ . ( ) 7 ( )2 -.200(P3/2)2(Pl/2)1/2 .287(P3/2 3/2 Pl /2 O· ·917 P3/2 312 Pl /2 1 

712- 12.40 11.1 5 4+ 6)3 
-.329(P3/2)7/2(Pl/2)0 .945(P3/2)3(P l /2 1/2 

3/2- 15·07 15·11 14.8 6 3 5 4+ 7 2 
.159(P3/2)2(Pl/2)1/2-·237(P3/2)3/2(Pl/2)0 .958(P 3/2)3/2(P l /2)0 

[T=3/2 -] 

a See Ref. 70. I am indebted to Dr. Kurath for providing me with these "lave functions. 
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Table VI.Maj~~' nucl~a';' structure faCtors' (CS~GNLSJT) for the states in mass 13. 

J7f 
13N 13C GNLSJT (MeV) (MeV) 

~/2- O· 0 20001 . 

3/2 - ·3·51 
-: ..•. 3·68 12021 

5/2.'- 7·38 ' 7 ·55 12021 

1/2- 8·93 8.86 . 20001 

1/2- 10·78 11.09 20001 

3/2 - 11.88 11.80 12021 

~//2- 12.40 

3/2 - 15·07 15·11 12021 

[ T=3/2 ] 

15N(p,t)13N 

pure .' . mixed 
(jj) (CK) 

.408 ·579 

·373 .565 

1.00 1.11 

.0103 

.0972 . 

.. 500 .256 

·527 .560 

.. 15N(p,3He )13C 

GNrS.r:r . pure ';. mixed 
(jj}: :.:·'(CK) 

20110 
20001 
12110 

20110 
12110 
12021 
12120 

12120 
12021 
12130 

20110 
20001 
12110 

20110 
20001 
12110 

20110 
12110 
12021 
12120 

.117 

.201 

.5~3 

.403 

.224 

.184 

.226 

.601 

.494 

.269 

.150 

·300 
.168 
.247 
·302 

12130 .980 

12021 ·520 

'!'II 

.151 

.284 
.. 462 

·522· 
.177 
.278 
·380 

·562 
.546 

.. 151 

.328 

.00506 

.172 

.0530 

.0488 

.185 

.153 

.0921 

.127 

.471 

·933 

·552 

I 
\J1 
0 
I 
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a. 0 MeV, [13N and 13e J, 1/2 - • Two nucleon transfer selection 

rules restrict this transition to a pure 1=0 transfer for the (p,t) re

action but allow both L=O and 1;=2 for the (p,3He ) reaction. The DWBA 

fits are shown ln Fig. 20 and are arbitrarily normalized -- the (p,t) 

independently of the (p,3He ). The theoretical (p,t) cross section is 

overpredicted at back angles but otherwise gives a reasonably good ac

count of the data. The (p,3He ) 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 obtained 

through the inclusion of a strongly spin-dependent force, which enhances 

the 1=0 component of the transition, as is later discussed. 

b. 3.51 MeV [13NJ 'and 3.68 MeV [13e ), 3/2-. Two-nucleon transfer 

selection rules now restrict the (p,t) transition to be pure 1;=2 while 

the (p,3He ) is again a mixture of 1=0 and L=2. The DWBA. fits to these 

data,74 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,3He ) fit does not completely reproduce the back 

angle structure, although it gives a good account of the forward angle 

behavior. 
~ ~ /- ~" c. 7.38 MeV [ NJ and 7.55 MeV [ e), 5 2. Early e plus 

proton scattering results by Shute et a1. 75 indicated that the parity of 

this level (in 13N) should ~e positive (5/2+, 7/2+), in agreement with 

the results of other workers. 76 Barker,77 from analysis of 12e (p,p')') 

results, agreed that the spin of the level was either 5/2 or 7/2, but of 

negative parity. Based on his intermediate coupling results,9 repro

duced in Table IV, Barker assigned this level to be 5/2 -. Similar cal

culations by both Kurath7 and BOyarkina8 predict a 5/2- level at about 

6 MeV of excitation (Table IV); further, Gallman et a1. 78 show that a 

f / t tl ,9 h " value of about 3.5 or a k, in good agreemen wi 1 Barker s c .o~ce, ~s 

required in order to predict a 5/2- level at about 7 MeV of excitation. 
,12 79 ,Nevertheless, recent e(p,p')') experimental results could. not clearly 

distinguish between a 5/2- or a 7/2- assignment. 
lr:: 1 '3 

Transitions to this level are the strongest ones in the )N(p,t) ~N 

spectra. They show a characteristic 1=2 ~ngular distribution (compare 
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Fig. 21. Normalized DWBA fits to the 5N(p,t) N 3.51 MeV and 15N(p,~e)13C' 
3.68 MeV transitions. 
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. Fi'g. 9 with Figs. 14 and 15) which requires either a 3/2- or a 5/2-

a Eii3ignment, and 3/2~ seems unlikely in view of ' the evidence presented ! , 

above. This, and the relative cross sections discussed later, can be 

taken as confirmation that the level in question is 5/2-, a conclusion' 

which has also been reached from recent 14N(p,d)13N analyses. 54 The ~ir-,' 
ror level is observed at 7.55 MeV in 13C via the (p,3He ) reaction. "Un-

like the ground state and first excited states, however, the (p,3He ) 

transition is now restricted by angular momentum selection rules to a 

pure L=2 transfer. Consequently,' these (p,t) and (p,3He ) 5/2- transi-'" 

tions are expected to have similar angular distributions. The DWBA fits 

for these transitions are shown in Fig. 22. The theory gives a very 

, good account of the shape of the (p,t) ahgular distribution and a reason

able fit to the (p,3He ) data, although it has not been able to account 

for the shift of the first maximum toward smaller angles observed in the' 

, (p,3He ) 'angular disitribution. Nevertheless, the angular distribution is 

well enough chat-acterized to confirm a 5/2- assignment to the 7.55 MeV 

,',", level in l3C• ' 

d. 8.93 MeV [13NJ and 8.86 MeV [13CJ, 1/2-. This level has been 
, 13 ' 12 75 

:~, strongly excited in N via proton scattering on C, by a p-wave re- ," 

'sonance and a spin-parity of 1/2- has been---;~;igned:""- it -is' '81so ·s-trongly'--.....> ' 

excited in the 14N(3He ,cx)13N reaction (Fig. 7) and the l4N(p,d)13N re

''''action,5
4 

confirming its negative parity assignment. The analysis of the 

,8.93 MeV level observed in the 15N(p,t)13N reaction (its width is known52 ,75 

to be 230 keV) yields a reaonsable L=O angular distribution (Fig. 8), in 

,agreement with its '1/2 - assignment. A level at 8.86 MeV in l3C, which 

'«,i~ probably the,~~rror of the 8.93 M~V leveli~ l3N"is populated in the 

,:15N(p) 3He )i3C re~'ction. It has an angular distribution fairly similar to 

',the, (p) t )'transi tion even though both L:::O and L=2 are allowed by two-

',',: ;", 'nucleon selection rules. This, however, is understandable on the basis 
, '" . 

<'of the nuclear structure calculation; as shown in Table VI, the: L=O 

,<\:strength in the cross ,section is expected to be about a factor of three 

;:::'stronger than the ,~=~ strength. As expected, a level at this excitation 

(8.8 MeV) is strongly excited in the 14N(d,3He )13C reaction (Fig. 7); 
, : .. 52 80 -

consistent with its earlier) 1/2 assignment. Intermediate coupling 

:' ',. predictions for the appearance of a second 1/2 - 'level in this energy region 

, ' . are generally inver~ good agreement with exper~ment (see Table IV). 

: ,~. 
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" ~. . 
;'. ,- ~ 
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' ... _, .... --" 
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XBL676- 3274-A 

15 13 * 15 3 13 * Fig. 22. Normalized DWBA fits to the N(p,t) N 7.38 MeV and N(p, He) C 
7.55 MeV transitions. 
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TheDWBA predictions for the angular distributions to these levels 

are shown in Fig. 23, again normalized independently. The.se fits are of 

poor quality compared to the ones previously presented. In addition, as 

is later' discussed, the relative cross section for this 8.93 MeV (1/2-) 

transition is underpredicted in a DWBA. calculation by a fact<?r of 600, 

whereas agreement to within a factor of two is obtained for all the other 
'. . ~ ~ 

(p,t) transitions. However, the cross sections predicted from N(p,d) N 
4 . 

DWBA analysis5 for this level agree with the data to better than a 

factor of two. This enormous discrepancy in the (p,t) reaction is diffi

cult to understand and will be later discussed. 

e. 9.48 MeV [13NJ 3/2 -, and 9.52 MeV [13c), (3/2-). This level 

~as originally assigned 3/2- in 13N from proton scattering results on 

.. 12C 75 and until recentiy was thought to correspond to the second 3/2-

level predicted by intermediate coupling theory (Table IV). However , it 

. is' virtually ab sent in the 15N(p,t)13N spectrum (Fig. 5) and it is not 

ob'served in the 14N(p,d)13N 54 or 14w(3He ,a)13N reactions (Fig. 7) . The 

single nucleon pickup data are particular],.y interesting since coeffi

cients of fractional parentage for these rea.ctions 70 show that a. second 

. 3/2 - l~vel, predicted to lie at about 10 MeV, of excitation, . should be. 

· .': .,;".. . strongly populated.' Furthermore, the CK strjUcture factors shown in 

..Y'",·,:: " .. Table VI from the Cohen and Kurath ~ork 70 indicate that the second 
; . ~ I. ..- . " : - _ - • • • .' 

.,' 3/2- level populated in the (p,t) reaction should be roughly only a 
!. :' ~. ' ~'. ' '.. . . 

'.: .,' .. :, factor of five weaker than the first 3/2-' level (3.51 MeV). This would 
_; .c·, ..•. , '.," ' . . 
.... .. . '. ~ imply a peak angle cross section of roughly 80 IJ.b, and thus should be 

... .'. :.~<.::, " about as strong as the' T~-3/2 'level (15.07 MeV, 3/2-), which is clearly 
.~' ,~. 

seen in .the spectrum (Fig. 5). This, and the evidence presented above, 

:: ;, '.:".:"".'" .' seems to indicat~' overwhelmingly that the 9.48 MeV (3/2 -) level in 13W .: 

· .,' -,: ",":. 

", ·:<::·;,:'is not primarily composed of a (lp)9 configuration, and is therefore not 

· , ....... ".:.,.. the second 3/2- level predicted by intermediate coupl:i.ng theory. This 
" ,.', '.' . 81 
.. /:;" interpretation is supported further by the data of McPherson et a1., 

:>:~:\;~:.', .... :,,:.,:.~.:: .. who studied th~.bet~ decay of 130 . The 10glft value ~~r this decay 

:. :"i.:· .. ', .... 'i··i::~.\ (and 'also for the beta decay of the mirror 3B nucleus ) is in good 

.. ,.: . agreement with i~te~med:iate' coupling calculations,70 except for the 

;:.:.,~ .. :.:",::;, ' .. transition to the 9.48 MeV (3/2-) level in 13N. In fact, it is possible 
. . ~. ~' 

.....• 

'" . ~. 
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15 13 * Fig. 23. Normalized DWBA. fits to the N(PJ t ) N 8.93 MeV and 
l5N(pJ3He )13C·l\- 8.86 MeV transitions. 
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, ." 
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that this particular., level contains appreciable (2s,ld)2 admixtures. 70 
. 13 

Such configurations could not be excited in the beta decay of 0, nor 

" ,would they be expected to be appreciably excited in these nuclear re

·actions .. The second 3/2- level predicted by theory is found to lie at 

11.9 MeV, as discussed below. 

HoweveJ; a level at 9.52 MeV is excited in the l5N(p,'He)13C re

ac~ibn which is relatively strong in comparison to the other levels in . 

th~'p' region (Fig. 5 and Table II) .. A level at this excitation has also 

.. be'en observe~ in the l4N(d,3He )13C . reaction (Fig •. 7) which, although 

weakly populated is excited stronger than any of the positive parity 

'lev~ls of l3C. This is a good indication that the 9.52 MeV level in 
13,· / -C is of negative parity and one might consider it to be the 3 2 mir-

. ror of the 9.48 MeV (3/2 -) level in l3N• 54 The angular distribution 

(Fig. 12) seems to be predominantly L=2 (compare Figs. 14 and 15) which 

is consistent with a 3/2- assignment. The puzzling aspect about this 

(p,3He ) 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 (3/2 -Y level in 13N and the 9.52 MeV level 

in l3C -- 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 quartet spin state~8 which would be 

tiS fo'rbidden" in the (p,t) J;eaction (see Ref. 10). Such components 

mixed into the 9.5 MeV (3/2-) level could favor the (p,3He ) transition. 

f. 10.78 MeV [13NJ 1/2-, and 11.09 MeV [13CJ, (1/2-). A new level 

in t.he l3N spectrum possessing a small cross section (less than that to 
'. + 

the 6.38 MeV 5/2 level) is observed at 10.78 MeV; tritons from this 

level exhibit an angular d-istribution sharply peaked forward at small 

'angles (Fig. 8). A leVel at this excitation is also weakly excited.in 

the l4N(3He ,cx)13N 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 (3He ,cx) reaction 

indicates a level of negative parity 'and its L=O angular distribution 

(compare Figs. 14 and 15) in the (p,t) reaction (albeit with very poor 

'statistics) indicat'es a probable spin and parity of 1/2 -. 

" 
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In contrast to the (p,t) data, the (p,3He ) tra~sition to a level 

at 11.09 MeV in 13C, which is probably the mirror of the one above, ts 

more strongly populated. Although only a few angles were taken, the 

.14N(d,,3He )13c reaction (Fig. 7) excites a level at 11.1 MeV, in good 

agreement with the value obtained in the (p,3He ) reaction. There are 

two maIm levels in this region of 13c,52 at 11.01 and 11.08 ~ev, and 

it would appear from the energy analysis that the second one is populated 

in the 15N(p,3He ) 13C reaction. (The level at 11.·01 MeV has been tenta-
+ "'2 

tively assigned as 1/2 ? which would not be appreciably excited 1n the 

(p,3He ) reaction). 

The angular distribution of this 15N(p, 3He ) l3c transition is pre

sented in Fig. 12 and indicates a mixture of L==O and L=2 transfers, which 

would be consistent with either a 1/2 - or a 3/2 - assignment. Assuming 

that the 10.78 MeV level in 13N and the 11.09 MeV level in 13C correspond 

to the third 1/2-statepredicted by theory (Table IV) produced theDWBA. 

fits shown in Fig. 24. The L=O shape of the (p,t) transition is well 

reproduced over the peak and, as is later discussed, the relative cross 

section of this level is in much better agreement for this choice than 

with a 3/2- (L=2) assignment. The (p,3He ) angular distribution is also 

reasonably well fit for a level at this high excitation. An assignment 

of 1/2- is consistent with the above fits and a complete DWBA. analysis 

of the 14N(3He ,a)13N data53 confirms this conclusion. 

g. 11.88 MeV [13NJ 3/2-, and 11.80 MeV [13cJ, (3/2-). These levels 

have recently been observed in single nucleon transfer reactions on 

14N 53,54 (Fig. 7) through a p 3/2 pickup. An analysis of the interme

diate' coupling wave,ifunctions for the various final states 70 in 13N shows 

that the 5/2-, rr.38 MeV level; the 1/2-, 8.93 MeV level; and a 3/2- level 

should all have the same dominant configuration, [(Pl/2)~'(P3/2)-1;J) and 

consequently these would all be expected to be strongly excited in single 

nucleon transfer reactions on 14N. All three are indeed strongly excited) 
" 70 in good agreement with Cohen and Kurath's spectroscopic factors, and on 

this basis a 3/2- assignment was made for the level at about 11.9 MeV in 

13N.53,54 A level at 11.88 MeV is observed in the 15N(p,t)13N reaction 

and one at 11.80 MeV in the 15N(p,3He )13c reactton - this latter level 
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mast likely being the mirrar af the ane in 13N• This 13C level has alsO' 

been abserved in 14N(d,3He )13c (Fig. 7) and 13c(3He,3He)13c reactions53 

and similarexcitatians have been found. The (p,t) reaction populating a 

. 3/2 - level is restricted by twa-nucleon transfer selection rules to a 

pure L~2 transfer and the angular distributian of the 11.88 ~eV transi

tion.is shown in Fig. 9. It has the general structure of other pure L~2 

transitions, although the first maximum is shifted sharply inward. 

The (p, 3He ) transition, on the ather hand, can be populated by both L~O 
and L~2 components and its angular distribution is given in Fig. 12. 

The ·DWBA fits far the se levels, using intermediate coupling wave 

~~nctions for the second predicted 3/2- leve~ are given in Fig. 25. 

For the (p,t) reaction, both a representative L~O transition at this 

excitation and an L~2 transitian are camparedwith the data. It can be 

seen that L=2gives a decidedly better fit, which is consistent with a 

3/2- assignment for the 11.88 MeV level in 13N• The DWBA calculation is, 

however, unable to' accaunt for the small angle behavior. observed. This 

shift of the most forward maximum to smaller angles with increasing ex

citation has been abserved in other (p,t) transitions (Figs. 14 and 15). 

The theory, on the other hand, exhibits a slight shift outward in angle 

with increasing excitation. The 15N(p,t)13N* 7.38 MeV (L~2) transition 

gave a slight indicatian of this effect, although not sa drastic as ab

served here. The (p,3He) fit, on the ather 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 

gives a good indication far a 3/2- assignment to the 11.80 MeV level in 
13 C. 

h. 12.40 MeV [13c J, 7/2-. A level at 12 .. 40 MeV in 13c was ex

cited fairly strongly in the 15N(p,3He )13C reaction, although its counter

part in the 15N(p,t)13N spectrum was campletely absent. A previously 

reported level at 12.44 MeV excitation in 13C has been tentatively 

assigned as 1/2-.52 ' This level at 12.40 MeV had a width consistent with 

the recently reparted value af 90 lcev,52 ,83 in contrast with ather re

ports on the width af a level at this excitation of about 300 keV. 84 . 

other levels are alsO' observed in this region in the 15N(p,3He)13c 

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 these other peaks, its angular 

distribution was extracted and is shown in Fig. 13. 

The angular distribution for this level has a reasonably pure 

L=2 shape (compare Figs. 12-15) which would imply that this was a transi

tion to a 5/2- or 7/2- 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 absent in the l5N(p,t)13N spectrum and 

there is no evidence for a level in this range of excitation in either 

the l4N(3.He"cx)13N or l4N(d,3He )13c reactions (Fig. 7) or in the 

l4N(p,dl3N r~~ctions.54 A 7/2- assignment is the only one consistent 

wi th these observations since of the allowed lp - shell pickup final 

states for this (p,3He ) reaction (1/2-,3/2-,5/2-,7/2-) only the 7/2-

state is J (or j) forbidden in all the other reactions. The DWBA fit 

based on a 7/2- assignment85 (L=2) is shown in Fig. 26. The theory 

gives 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 1/2- seems warranted. 
86 (Curiously, the original assignment for this level was 7/2- rather 

than 1/2 -) ~ 

i. 15.07 MeV [13NJ and 15.11 MeV [13cJ , 3/2-, T=3/2. 

The (p,t) and (p,3He ) 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

tions toT=3/2 levels, the (p,3He ) reaction is restricted to a pur~ 138 

spin-isospin transfer of the neutron-proton pair. (whereas, as previously 
13 31 / 

discussed, both 8 and 8 transfers are allowed in transitions to 

T=1/2 final states). In such cases then, both the (p,t) and (p,3He ) 

reactions are transitions from the same initial to identical final states. 

Within the framework of charge independence of nuclear forces, identical 

cross sections are to be expected for (p,t) and (p,3He ) transitions 

", populating T=3/2 final states. This can be seen a s follows : writing 

Eq.(l) as a ratio, 
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Fig. 26. Normalized DWBA fits to the 15N(p,3He )13C* 12.40 MeV and 
~5N(p,t)13N* 15.0, MeV ~T~3/2) transitions. 
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cr(p,t) := kt 

cr(p,3He ) k3He 

Thus if nuclear forces are charge independent, then the third ratio should 

be unity (the different binding energies of the transferred p~ir 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 

cr(P't)} ::: 
cr(p,3He ) T:::3/2 k 1re 

From Eqs. (3) and (8), .c~'r(p,t)::: [0/2-1/2 11[1/2 1/2)[2 ::: 1/6 

Hence th~ second ratio in the above expression is also unity, so, that the 

ratios of (p,t) and (p,3He ) T:::3/2 transitions should just be given by the 

phase-space factor, kt/k 3H' . 
e 13 13 

The lowest T:::3/2 states in Nand C are eXpected to lie near 

15.3 MeV of excitation, as calculated from the 13B mass after corrections 

for Coulomb energy and neutron-hydrogen atom mass differences. This 

prediction ,is in good agreement with the observed excitations of the 15.07 

and 15.11 MeV levels in 13N and 13C, respectively. As such, these states 

should be members of the lowest isobaric multiplet in mass 13 with a spin 

and parity of 3/2-, since this is the measured value of the 13B(Tz ::: +3/2) 

ground state.
82 

'I'wo-nucleon selection rules would then restrict the 

(p ,t) and (p, 3He ) tral!si tions populating these levels to pure L:::2 transfers. 

The experimental angular distributions are shown in Fig. 27, with the 

(p,3He ) multiplied by the phase space factor, 0.924. Comparing the 

, .. ii, shapes of the se angular distributions with those shown in Figs. 8 and 9 
, , 

and in Figs" 11 thru 15 shows that they are indeed L==2 transfers, con

sistent with their 3/2 i spin and parity assignment. 'J'hese levels have 

also been observed in the IlB(3He ,p)13C 87 and 1~(3He,n)13N 88 reactions 

and the T==3/2 state in 13N has been seen as a IItwice-forbidden ll resonance 

in the 12C plus proton reaction. 89 
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Fig. 27. Differential cross sectiohs of the 15N(p,t)13N and l5N(p,3He )13C 
T=3/2 transitions. The (p,3He) cross section has been multiplied by 
the phase space factor 0.924. 



\-

-67-

The above analog~e states are IIsha.rpll in the (p,t) and (p,3He ) 

spectrwn, with a resolution comparable to that of their respective ground 

state transitions. This long lifetime is consistent with their being the 
- 13 13 -

lowest T=3/2- states in Nand C since there are no T=3/2 channels 
1'" 13 * energetically available for decay. The cross sections of the, )N(p,t) N 

15.07 MeV (3/2-, T=3/2) and l5N(p,3He )13c* 15.11 MeV (3/2-, T=3/2) 

transitions are expected from the charge independence of nuclear forces to 

be identical. The differential cross sections shown in Fig. 27 are indeed 

almost identical and the integrated cross sections (10-65 0
, c.m.) are in 

the ratio of 1.09/1, .'with the (p,t) b'eing the larger. It would .be diffi

cult, however, to interpret this difference as a measure of the expected 

isospin admixtures 90 in the nuclear states involved (T=3/2 admixtures in 

the l5N ground state and/or T=1/2 admixtures in the T=3/2 states) because 

these are very highly excited 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 r~sults of Barker:,9 

which place them about two MeV too low. The (p,t) DWBA fit (the (p,3He ). 

fit was virtually the same) is presented in Fig. 26, along with the DWBA. 

fit to the l3C* 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 peaking toward smaller angles and the 

peak angle is consequently shifted inward with respect to the theoretical 

fit. Nevertheless, considering that this is such a highly excited level, 

the DWBA, fit is still reasonable. 

j. 6.38 MeV [13NJ and 6.87 MeV [13CJ, 5/2+, Insofar as the ground 

state of l5N can be represented by a pure (lp)ll 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 

be due to other effects, such as. (2s,ld)2 impurities in the l5N ground 

state or an ~dditional mechanlsm 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-



"', 

",.:, 
:.;- .- '," 

.. ,:. 

......• '- .. 

-," .. 

. ,". ',' 

" ... ,':':' 

-68- . 

,,-. . . 

sistently observed'in both·the (p,t) and (p,3He) spectra; the first 1/2+ 

. level at 2.'37 and 3 ~09 MeV in 13N and 13e.i respectively, and the second. 

5/2+ level at 6!38 and 6~87 MeV, respectively. In both, spectra, the + . . . 
5/2 transition is much stronger and angular distributions populating it 

are shown in Fig. 10. Also of interest:, in an attempt to int~rpret the .' 

. population of these 5/2+ states, is· the 13c(p, t) lIe 7 /2~ transition, which 

.. is later discussed in detail; it is J..,.fo~bidden (see later discussion) 

on the basiS of a two neutron pickup reaction on a pure (lp)9 13e target, 

but is populated relatively strongly. Its. angular distribution is also 

'shown in Fig. 10. (Inthe'followingdiscussion, a knockout mechanism 
. . . + 

in view of the relative population of the 1/2 and . has been disregarded, .. + . 
. 5/2 levels and since this mechanism has. recently been shown to be in-

.:·c9.d~q~ate in a treatment of uforbidden" (d,p) reactions, 91 where its 

.i~flU:en~e !!light be eXpected to be greater than in the (p, t) reaction). 
. . . D + . .~ 

,,' Although the shape of the N 5/2 angular distribution is . 

.. ,: .. ,'; .... ,<.not what is norinaliyobserved for an L=3 transfer,13,93 as would be 

required for a pickup from a (ld)2 impurity in the 15N ground state, 

it is'possible to obtain a reasonable fit to the data. In Fig. 28, 

, are shown' DWBA. fits to this transition as well as to the 13e(p,t)11e* 

(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 
. +' , 

c'; '" ..5/2 .transition andv=0.32, 0.46 for the 7/2- transition. The larger 
:.' : 'I " " :",' 

.. ' .... 

'. ", 

:.'-

"' ~ . ....... :-. 
. ~:..... . .: -, . '. 

" ...... . 

~ . " , ", 

,', ':. '."',', 

',,"0 • 

:.,,' 

. ;.," 

" -

values of, v correspond to different radii for matching the 

Hankel function tail at the nuclear surface. (This procedure is dis-

~ussed.in more detail later). Since it is not clear how to treat the 

.bound state wave function for a (ld,lp) L=3 or a (lp,lf) L=4 transition 

(a probl~m which also arises in the theory94 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· 

from weak coupling calculations95 for the 13N 5/2+ state, about a 15 ± 5%' 
2 15 adinixture of (d5/?). 'in the N ground state would be necessary to 

account for the relative strength of the observed transition. The relative 
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15 13 * Fig. 28. Normalized DWBA fits to the N(p,t) N 6.38 MeV and 

13c(p,t)11C* 6.49 MeV transitions. 
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population of the 6.38 MeV (5/2+) and 2.37 MeV (1/2 +)l'evels in 13N can' 
.' . .' 2' , 2 

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

'~-2N groMI1d state .,. aconclusi~nconsistent with an amilY~i~' of neg~tive . 
',;i;;ity s~ates populated in the 15N(3He ,cx)14N reaction53 and with the .' 

. excitation of the 15N* 5.28 MeV (5/2+) level in the160(d,3H~)15N 
. . t' 64 reac lon. 

+ + 
However, the relative population of the 1/2 . and 5/2 levels can 

also be understood on the basis of a core-excitation pickup reaction. 
13 * + 11 * -

The observed angular distribution. of the N 5/2 (and the C 7/~) 

transition is quite similar to that of other transitions where a two-step' 
. 46 96 

(core-excitation) reaction mechanism may b'e applicable.' 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 

state with the configurations of the final state. Bussiere et al. 97 have 
15 * + . shown that the N 5.28 MeV (5/2 ) level is strongly excited in (cx,cx t

) 

. i.;'., ,:' .·and they :lnterpretedthis as due to a single particle promotion of a 
.... :::' . + 
.. ,,: "' .. ·~:·::pl/2. proton to the d5/2 shell. (No similar strong transition to' a 1/2·. 

state';;'(promotion'to the 2s 1/2 level) was observed) ~ Assuming that this 

ievel would also be strongly excited in inelast:i,c proton scattering at 

, ,43, i MeV, then those final st~te configurations c~nsisting Of a 12C 

core coupled toa d5/2 proton could be relatively strongly excited in 
. . . I 15'* 

,'. two-neutron pick:up from this N 5.28 MeV level. Such configurations ,: 

'. are expected from ~eak coupling ~alculations95 for the 3.56 MeV level 

>.;", i·,~. and 6.38 MeV . 5/2+ levels in 13N, Si~ce the 2.37 MeV (1/2+) level in 

.,"' ;;> •. ;: ,,;,,::,.l?N mai~ly ha~ the' configuration 'of the 12C ground state coupled to an 
'o~; :/. 0.", 

:,,";';' < ·;·:::::·sl/2 nucleon) 95 then this state should be relatively weakly excited by 
..... .'.:".'.' . . + 
.',.' .. ' '. '>: this mechanism, a's is experimentally observed. Of the two .5/2 levels, 

,,",:\':~/y~.:'~':,\ the 3.56 MeV one is not' resolved, but some population of the mirror 

::.,: ~,::'},<f.~', <.: ..... 5/2+ level at 3',85 MeV in i3c can he seen as a slight asynunetry on the .... ~::, .. > .. :. . '. side of the allowed 3.68 MeV (3/~ -) level. Its cross section, however)" 
'. ~ 0 •• '.,' F. • 

.,.:' :,~ >,'~:"";:'::;',: : is 'only about 30 J.lb/ sr at forward angles which is about the same as that 

·:·;:>?~,:,r<·\,,' :observed to the 6.87 MeV (5/2+) level of 13C .. A~suming a comparable 
: :.,. -: ~ .. ~." . (., 

~. . . . 

. . ....... 
~. . 

situation in the (p,t) data would be consistent with the population of 

the 3.56 and 6.38 MeV (5/2+) states of 13N 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 predicted to be much stronger (pya fact,or of ten) than that 
+ ' 

to the 6.38 MeV (5/2 ) level, and this appears experimentally to be very 

unlH:ely. The shape qf the angular distribution of the 13N* 6.38 MeV 

/ 
+ ' ' , " 11 * / - 13 * (5 2 ) transition,8swellasthat of the C 7 2 transition an,d the C 

(5/2+)' transition (Fig: 10) is: presumably 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 in these reactions. 

1. Experimental Results 

These reactions were studied at incident proton energies of 43.7 

'd 49 6 M V F" 29 t t of the 13C(p,t)11C' and an . e.' 19ure presen s energy spec ra 

13C(p)3He)1~ reactions at 49.6 MeV,taken at 22° in the laboratory. The 

excitations shown were obtained in this experiment and in the majority 

of cases agree well with previous values. 52 ,98 Spin and parity assignments 

consistent with the experimental resultsare,Ehovm on the figure and these also 

agree well with previous assignments. 52,98 Assuming that 13 C can be 

represented by a pure (lp) 9 configuration, then the direct pickup of two 

Ip nucleons could only excite 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 6.8L~ MeV (5/2+) level in llC, and 
+ 

this was very weakly excited, unlike the 5/2 level previously discussed 
15 13 in the N(p,t) N reaction. Since the target was only 9~% pure, the 

12C impurity did present some problems in observing the levels at higher 

excitation. 

The excitations and spins and parities of states observed in 

these experiments are compared with the results of previous work in 
II II ' 

Table VII for the Cstates and in Table VIII for the B states. The 

results are given for two different beam energies, 43.7 and 49.6 MeV; 

the integrated cross sections are also given in these tables. Those 
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Fig. 29. Energy spectra of the 49.6 MeV (p,t) and (p,~e) reactions on 13C• 
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11· . 
Iable VII. Integrated cross sections of the C levels observed in the 
3C(p,t)11C reaction and comparison of these states with those previously 

reported. 

Previously Reported52 

Excitation C1 T(l-lb) C1T(l-lb) . Excitation 

49.6 MeV if (MeV) 
(13-77°,c.m.) 

J1f (MeV) 43.7 MeV 
(13-58°,c.m.) 

3/2 - O.Oa 1156 
1324d 1162 3/2- 0.0 

350 
310d 1/2-267 2.00 1/2 - b 

± 40c * 2.00 

5/2- * 4·32 ± 30 333 
425d 
353 5/2- 4·31 
167 . 
140d 3/2- 4.79 3/2~ * 4.80 ± 40 162 

7/2- * 6·.·49 ± 50 136 
167d 124 7/2- 6.48 

33·2 5/2+ 6.90 
+ 6.84 ± 60 5/2 , 

294 
196

d not reported 1/2- 12.48 ±70 196 

[T=3/2 - ] 

aNot used in the energy scale because these tritons were non linear. 

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

. cErrors are given in keV. 

dIntegrated to 58°, c.m. 
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Table YIII. Integrated cro~s 'sections of the 11B ievels observed in the 
13c (p J~He) llB, reaction and comparison of these, states with those 
previous~y reported. . 

Excitation 
.7T 

J (MeV) 

3/2 - *aO. O ± 30
b 

. , 

1/2 - * 2.12 ± 30 

5/2 .- * .4.44 ± 30 .. ' 

3/2 - * 5·02 ± 30 

O'T(llb ) 

43;7 MeV 
( 13 -5$ ° , c • m. ) 

: 380 . 

58.4 

51.7 

CYT(llb ) 

49;.6 MeV 
(13-77 0, c .m,) 

359 
'309c 

63.4 
47.4c 

90.7 
65.0

c 

57.8 
44.4c 

611 
529

c 

.PreviouslY52 98 
Re120rted ' 

Excitation 
J7T (MeV) 

3/2 ,. 0.0 

1/2- 2.12 ' 

5/2- 4.44 

3/2- 5.02 

7/2 - 6.74 

56.4
c -y/2- 8·57 

,', .,. 

.'. . ':::5/2 . 8··52:±.60 
", ',: 

i60c 5/2 - 8.92 
." ',';. ~ 

, .. :, ,:.:,:),.'~5/2-
:,~ ;.~:. . 

8.88 ± 50 ," . 

92 .. 3·c 11.·60 ~'-',:"'~;" ::5/2 -' 
, ' 

... ·11.64 ± 60:· .. 
" . -. 

293 not reported 
195

c 
':, .; ,1/2-.':, 
, , '.' [T=3/2 ] 

12 .84± 60 "., 
, . 

:'.".: ";.. 

~ ." . a ., .... ' . , ',' 
.' Levels marked with an asterisk were used to determine the energy scale. 

.. 

':: bErrors are given in keV. 

"":"" " 
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• . . 'l 
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levels marked with an asterisk in the tables were used to determine the 

energy scale and their associated errors (in,keV) reflect the overall 

uncertainty involved in the analysis. The angular distributions for the 

first five levels (ground state through the 7/2 - level) populated in these 

13C(p,t)11C and 13C(p,3He)1~ reactions are shown in Figs. 30. through 34, 

for the two different beam energies, 43.7 and 49.6 MeV. Error bars 

reflect cOuriting statistics only. Both the shapes and the magnitudes 

(also compare integrated cross sections in Tables VII and VIII) of these 

transitions appear tobe relatively insensitive to this 6 MeV increase 

in the beam energy, although the (p,t) 2.00 MeV (1/2-, L:::O) transition 

is more strongly excited at the lower' energy. A dependence of the cross 

section on incident beam energy for (p,t) L:::O transitions has been noted 

previously. 99 

2. Optical Model Parameters 

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

previous~analysis of the 15N(p,t) and (p,3He ) reactions, were also tried in 

analysis of the 13C(p,t) and (p,3He ) reactions (only the 49.6 MeV data are 

cbrisidered~. Again the potential 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 potential 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. 

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

3. Spectroscopy of Individual Transitions 

Unlilte the mass 13 states previously discussed, intermediate 

coupling wave functions for these mass 11 final states were not avail

able. Consequently, nuclear structure factors have been calculated 

assuming pure jj configurations for the final state. The configurations 

assumed are the dominant ones expected from the single nucleon coeffi-
, 70 cients of fractional parentage relating mass 11 to mass 12, and are 

presented in Table IX. The ground state of 13C 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. 
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13 C ( p. t ) "C* 2.00 MeV. ~-, L=O 

500 o 43.7 MeV 
o 49.6 MeV 

-
lo.... 
CJ) 100 
"'-
.J::l 

::l 
'-'" 

50 

C; 
"D 

"'-
b 
"D 

10 

o 43.7 MeV 

5 i1 49.6 MeV 

13 C (p, 3 He ) "8* 1-2.12 MeV, '2 ;L=0,2 

25~----~----~----~----~----~~L-----L-~ 
25 45 65 85 

Bc.rn. (~eg) 
X BL678- 3986 

Fig. 31. Differential cross sections of the l3c(plt)11c* 2.00 and 
'13c(p)3He)11B* 2.12 MeV transitions at 43.7 and 49.6 MeV incident 

protDn energies. The curves have no theoretical significance. 
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Fig. 32 •. Differential cross sections of·the l3C(p,t)11C* 4.32 and . 
....13C(p,?He)11B* 4.44 MeV transitions at Ep = 43.7 MeV and 49.6 MeV. 

·.The curves have no theoretical significance. 
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200~--~~~~--~--~--~~------

-~ 
(/) 

........ 

..0 

:::l 
'-'" 

100 

50 

100 

50 

10 

5 

Ol3C (p, t)"C* 4.80 MeV, ~-, L= .2' 

m 13C (p ~He)" S* 5.02 MeV, ~-; L=O,2 

43.7 MeV 

3~--~--~----~--~--~--~----~--~ 
5 25 45 

Sc.rn. (deg) 

65 

XBL678- 3974 

Fig. 33. '~Differe~tial cross sections. of the l3C(p,t)11c* 4.80 and 
,13C(p,3He)11B 5.02 MeV transitions at Ep = 43.7 and 49.6 MeV. 

" ' The curves have no theoretical significance. 
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65 

XBL678- 3978 

Fig.' 34. 'Differentialcro~ssections of the 13C(;,t)11C* 6.49 and 
13C(p,3He)11B* 6.72 MeV transitions at Ep = 43.7 and 49.6 MeV. 
The curves have no theoretic~l significance. 
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; Table IX. ;". Mass 11 level's and assumed jj configurations . 

J7T llC . .. 1~ Confi'guration 
(MeV) (MeV) 

3/2 - .; 0.0 0:0 (P3/2)~/2 .. 

1/2- . 2.00 2.12 .. )6 ' 
(P3/2 0 P1!2· 

5/2 - 4.32 4.44 6 
(P3/ 2 )2 P1/ 2 

.. 3/2 - 4.80 5·02 
' 6 
(P3/ 2 )2 Pl / 2 

- .', .".- ,7/2 - 6.49 6.72 (P3/2)~ Pl/2 

1/2- l2~48 12.84 
. 6 

(P3/2)0 Pl / 2 

[T:=3/2 ] 

.. : : i" ";' 

'.':";. 
I .~ ' •• 

; : . 

. ,\'::.,: 
<,-,; " 

-," 

. ;-. 1.:" 

. ',' : 

, ~,'. 

r\ :: ",; 

'.' " 

'/>",. ,','r',: 

:', ,:1 \' 

'. ", . . :~ .. 
'J' •••• : • 

.... , 
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" 

", ,ll~"" " , 1~ G
NrSJT 

lle 1~ " 

j7T :. (MeV)' ' " (MeV) 
.. 

20110 .328 
'3/2 - 0.0 ' '0.0 12110 .183 : 

" 

12021 .915 .L~50 , 
, . " 12120 ·552 , " 

20110 .298 
1/2 

- 2.00 "",2.12 20001' .473 '. '," .232 
'" 

12110, .134 

4 . 32" > ,,' ,'; ,: 4 .44 
.... , .. 

. ~ ".' 

5/2 - 12021 .577 .285 
, " . , ' 12130 .855 

20110 .423 
" '3/2 - 4.80 5·02 , 12021 .478 .233 

12110 .212 
".~ ... 

.0963
a 

7/2~ 6.49 6.72 12130 ·990 
" 

1/2"" 12.48 12.84 20001 .334 .328 

[T=3/2 J ' 

aCalculated under the asswnptionof a 5% (f7/2); admixture in the 13C 
ground state and also assuming an' (f7/2 Pl/2) pickup. 

, ',' 

. .' ~. 

: . 

" , . ,'r' 



8. 0 MeV [lle and 1~),3/2-. This transition is restricted by 

two nucleon selection rules to a pure L=2 transfer for the (p,t) reaction, 

but both L;o and L=2transfers are allowed in the (p,3He) 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,3He ) fit is reasonable, the theory predicting quite 

well the envelope of the cross section. A better fit to the (p,3He ) 

transition cou~d 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 

details of the final state wave function. 

b. 2.00 MeV [llC] and 2.12 MeV [l~], 1/2-. This transition is 

restricted to an L=O transfer for the (p,t) reaction while the (p,3He ) 

transition is again a mixture of L=O and L=2. The DWBA fits to these 

data, normalized independently of the ground state transition, are shown 

in Fig. 36. The (p,t) angular distribution is well predicted by cal

culation out to about 50°, but then shows a deep minimum where the dat'a 

show little structure. The (p,3He ) 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=O strength of the (p,3He ) transition is 

expected to be roughly e: factor of eight stronger than the L=2 strength. 

c. 4.32 MeV [llC] and 4.44 MeV [l~], 5/2-. Since these are 

1/2- to 5/2- transitions, both th~ (p,t) and (p,3He ) reactions are re

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

expected to be very similar and this is generally found to be the case 

(Fig. 32), except at forward angles, where the (p,3He ) transition ex-

hibits a slight forwatd angle rise not present in the (p,t) transition. 

The DWBA calculation for these levels is shown in Fig. 37 and although 

giving excellent agreement with :the data for the (p,t) transition, it gives 

quite a poor . account of the (p,3He ) angular distribution; this appears to 

particularly true at Ilarger engles, although the theory is. also un-

able to account for the observed forward angle rise. Figure 38 presents 
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i 5. No~lized DWBA fits to the 49.6 MeV 13C(p,t)11C a~d 
JC(p,3:He)llBground state transitions. 
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1000r---~--~~~--~--~~--~--~----~ 

.500 
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50 

10 

5 

A. 13C(p, t) "C * 2.00 MeV 

1/2- ~ L = 0 

o 13C (p, 3 He) " S *2.12 MeV 

1/2-~ L = 0, 2 

III! 

I ~ __ ~ __ ~ ____ ~ ___ ~ ____ ~ __ ~ ______ L-___ ~~ 

o 20 40 60 80 

e (deg) 
C.m. 

XBL674-2964 
. 13 11 * 

Fig. 36. Normalized DWBA fits to the 49.6 MeV C(p,t) C 2.00 MeV and 
13C(p,3He)11B* 2.12 MeV transitions. ' 
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• 13C(p, 3He ) "S *4.44 MeV 

5/2-; L = 2 

20 40 

8 "(deg) . c.m. 

60 80 

XBL674-2967 

.' .' 1 11 * 
, .. ' Fig. 37. Normalized DWBA fits to the 49.6 MeV 3C(p, t) C 4.32 MeV and 

'. , 13C(p,)He)11B* 4.44 MeV transitions. ' 
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90 Ep =43.7 MeV E p = 49.6 MeV -
~ 

if) 

A 13C(p, t) "C * 4.32 MeV ~ A 13C(p,t)"C*4.32 MeV ......... 
....Q 

70 ....... , - I ~ 5/2-jL=2 ::t +" 5/2'L=2 , ~ , 
I 

, • 13C(p,3He)"S*4,44MeV 
......... , 

i \ • 13C(p,3He)"S*4.44MeV ,'i 
t 

, 
5/2-; L = 2 5/2-: L = 2 \ I 

50 ~ \ , 
\ 

\ 

~ q \ 
~ 

~ 
\ \ \ 

b ~ I \1 .. 
"'0 30 '! 

'I )--j--- - x 1/3 ~~-~-1-f . 'I'" ,-x 1/3 

10~~--~~~~--~~--~~~~--~~--~--~~ 

10 30 50 70 10 30 50 70 

8 (deg) c.m. 
XBL674-2970 

13 11 * . 13 3 lL * Fig. 38. Angular distributions of the C(p,t) C 4.32 MeV and . C(p, He) ~ 
4.44 MeV transitions at 43.7 and 49.6 MeV incident proton energies. The 
(p, t) cross sections have been multiplied by 1/3. The curves have no 
theoretic?l significance. 
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, the angular distributions, of these two transitions on a linear scale for' 

, the two beam energies.' 'O~this scale', the difference at forward angles 

between the (p,t), and '(p)3He)' transitions is quite striking and is re- ' 

produced, well outside of statistical errors, at both energies. The 

fact that this behavior shows up in the (p, 3He ) angular distr,ibution, 

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

and this will be considered in a later discussion. 

d. 4~80 MeV, [lleJ and 5.02 MeV [1~],3/2-. Angular momentum 

'selecti'on ruies for these transitions are the same as for the ground state 

transition; 1==2 for the (p,t) and 1=0,2 for the (p',3He ). This is the 

third 1==2 transition observed in lle and these three are shown together, 

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

ably similar to other 1==2 '(p,t)' angular distributions on light nuclei 

(F~gs .. 9'and 15). For "comparison the (p,3He )'angular distributions for 

the ground state, 2:!12 MeV and the 5.02 MeV transition (all 1=0,2 mixtures) 

are presented in Fig. 40. They show little reproduceable overall structure 

hut in most cases do have the' characteristic of rising at forward angles, 

where the (p,t) transitions are falling. This appears to be a general 

cha'racteristic of !Uost 1/2- to 3/2- or 1/2- to 1/2- (p,3He ) angular distri

b:utions on light (T=.1/2) target nuclei, as can be further seen in Figs. 
, " 15 3 13 

11 and 12 for other 1==0,2 transitions in the N(p, He) e reaction. 

The DWBA fits to the 13e (p,t)11C* 4.80 MeV and 13e(p,3He)1~* 5.02 

", ' MeV transitions are given, in Fig. 41. Again, the (p,t) transition is 
"·'=.,_f',' .. 

',.' insensitive to the pure jj wave functions used to describe these states 
'.t./,t., ... 

.... ,' .' 

_<",;":.;" I.\, , 

• • '?" • 

:"~"> ,-, .~:. 

'. ( ...; 
'. '. ~ .' 

and the corresponding DWBA fit gives a good account of the data; the 

(p,3He ) fit, on the other hand, is very poor and did not significantly 

improve with any variation in the optical model parameters. 
11 . ' lL /' - 13 e. 6.49 MeV [ C] and 6.72 MeV ( 13J, 7 2. Assuming that, e 

can be well represented by a'pure (lp)9 configuration, then transitions 

,from a 1/2 - initia,l state to a 7/2 - final state are, not allowed inth~ 

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

can be understood from the nuclear wave functions of the initial and , , 8 
,final states. The intermediate coupling wave functions of Boyarkina 

show that the first 7/2- state in mass 11 :ls/predominantly composedof 
22 22 ' 

the configuration r , F) and I G), while the ground state wave function 
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Differential cross sections of the 49.6 MeV (p,t) L=2 transitions 
on 3c. The curves have no theoretical significance~ ... 
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· is pri~·;'ilYI2.?p)' andl~2D). Thus the transition between,initial. 

and firi:~l' states in the (p, t) reaction. (ass~ing a transfer of 'two . (lp) 

neutrons) is not ';S:-forbidden" and is generally not "L-:forbidden" {the 

. P-4 Gtransition' would' not be allowed)j it is in fact "J-forbidden", since 

conservation of:angular momentum requires that J = L + S := 3, and this . . . 
· is not allowed in the (p,t) reaction because the spin transfer S is 

restricted to zero. The (p,3He ) transition, on the other hand, is not 

· restricted in this way since S=l is allowedj therefore, the (p,3He ) 

1/2 -:- to 7/2 - transition proceeds via a pure J =. 3, L = 2 J" S = 1 pickup .. " 

of a neutron-proton pair. 

The angular distributions of these two transitions are presented 

in Fig. 34' for 43.7 and 49.6 MeV incident protons .. The shape of the 

(p,t) angular distribution is almost isotropic out to 60° and shows 

;.:,;' ;.:';:' .. ' . '. nothing of the diffraction' structure which has ~haracterized other (p, t) 
:~ 0 • 

~ .... . 

',': 
. : .... : ~". 

. . ,' 

' .. transitions to date •. The DWBA fit to the (p,t) transition has been 
:~: ',' . 

given previously (Fig. 28) 'and although not shown, it was also possible 

to get a reasonable fit to the (p,3He ) angular distribution. 

, ,:' .", ~'. -': :. . ' 

," • .' ,<, -

Since the (p, t ) transition is J -forbidden, one would ~ priori 

expect a very weak excitation of the llC* 6.49 MeV (7/2-) level, perhaps: .. 

proceeding through second order processes such as core excitation or 
... ' 

E' 

.. : .....•.. : 

'" .... ,:. 
.' .,' ',' 

:: ";' ','-.~ : ' .. 

knockout. In fact, this level is relatively strongly excited 

Fig. 29) , with a cross section only slightly smaller than the 
· . 11 . 13 11' 

i C excited states populated in the C(p,t) C reaction. 

(Table ~I, 

other 

Since 

· . compound nuclear contributions can be regarded as insignificant at these 

high bombarding energies, then other explanations must be sought for the' 

population of this state. Of the two mentioned abOve, core excitation . 

.•. j; ..•.••.•.. : ',' and knockout, the· latter mechanism would seem to be the more unlikely, 
:, : " .~' ~ .. '. 

. ,",-":', . 

" '0 • ~ " 

/' since, in general, the selective population of final states seen in these: 

reactions could not be understood if knockout were a contributing 

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

. does pres~rit a possible explanation for the excitation of this 7/2-

level . 
• : !',:" 

F61iowing the treatment outlined earlier (see Theory section); . . . . ' . 
•• " c ' . . 

.i .'.;·~:i~::... a core-excitation mechanism populating a given final state requires both' 

...... ;'. '::?:.' a strong excitation of some parent state in the target via inelastic 

· . 
';,' ..... : .. : ...... : 

. ,". 

""',' ; 

",. 

' . 
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scattering and a favorable overlap of this parent state with the configu

ration of the final state. Although no proton scattering on 13C has been 
. 13 13 * 1 0 

done at higher energies, the c(a,a ' ) C results of Harvey et al. 0 

should give a good indication of which levels in the target nucleus would be 

strongly excited in the 13c(p,p,)13c reaction. The data in Ref. 100 

show a strong excitation of the 13C* 3.68 MeV 3/2- state and this parti

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

the two-step reaction. 

The overall matrix element could then be represented schematicaily 

as 

where charac~erizes the inelastic scattering step which, in the 

ab"sence of any "spin-flip", would be a quadrupole excitation. Two nucleon 

selection rules restrict the pickup of two neutrons in the second step to 
1 an L=2 transfer,so that this matrix element is characterized by a D2 

operator. The shape of the overall angular distribution and the strength 

of the transition will depend on these two amplitudes in such a way that 

it is probably not too meaningful to talk about a total angular momentum 

transfer as characterizing the reaction. In particular, if the inelastic 
. .. 12 12 * excltatlon shows very Ilttle structure as, for example, the C(p,pl) C 

4.43 MeV (L=2) transition at 30-50 MeV do~s;-01,57 then it may be reason-

able to expect the kind of shape observed for the angular distribution of the 

13C(p,t)11C* 7/2 - transition (Fig. 34 ) . 

. Since there would appear to be a reasonably strong excitation of 

a parent state (3,.68 MeV, 3/2-) in the entrance channel, it is of interest 

to see if the overlap between this state and the llC* 6.49 MeV (7/2-) 

level is also favorable. This can be estimated by a nuclear structure 
. 13 * -calculation using the C 3.68 MeV (3/2 ) state as the initial wave 

function. Using methods described in the Appendix, one finds that the 

nuclear structure factor for this 3/2- to 7/2 - transition. (G12021) could 

have a value as large as 0.605, which when compared to those values for 
" I 

the "allowed" transitions in Table X, could be taken as an indication for 
13 * I - 11 * / -a very favorable overlap between the C 32 and C 7 2 states. 
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This ove:rlap coupled ,,:ith a strong excitation of the parent state in the· 

entrance,>qhannel ~ould acc~unt for the relatively strong population of 

the 6.4·91~eV 7/2- level 1:0: the l3c(p,t)11C rea~tiori. 
'It is interesting to note on the basis of the above model for 

core excitation, that a plausible explanation can also be advanced for 

the small angle rise . observed in the 1:3C(p,3He)1~* 4.44 MeV (5/2- ) 

.. angular distribution. As noted earlier, this transition is restricted 

.toan L=2 transfer and as such should be quite similar to the mirror 

(p,ty transition .. However, as can .be seen in Fig. 38, the (p,t) angular:~ 

distribution does not. show the forward angle rise observed in the (p,3He ) 

angular distributio~, the shape of which is reminiscent of an L:=O com

:ppnent i.n the cross ·.~~~tion. (compare Figs. 12, 14 and 40). An L--o con-' 

. tribiltion to th~ (p,3He ) cr~ss section of thi~ 5/2.- level is strictly 

.... ;, ': forbidden .on the ba sis' ot' a direct plickup, but could be accounted for in· 

·/,.c .>::,.. .. 8. :'two-stepreaction proceeding through. the l3C* 3.68 MeV (3/2-) level.'· 

, . Such a' 3/2 - to 5 /2 ~ .. pickup of a neutron -proton pa ir could take: .p:;i8 ce by 
~ ~',' 

::\.';'::~"::' i:.::· d a ,381 transfer' i~ the' (p ,3He ) reactionj any such contribution to the 

, .' 

\';;'>,: '> m1.rror (p, t) transition, however', would still be restricted to L=2. - .... .;.. 
'::' The above discussion, of course, can only be regarded as quali-

" . . . . 
, :tat,ive) since 'even ·if core . excitation did playa dominant role in the 

,:;~xcitation of 'the 5/2- and 7/2- levels which were discussed, many more . 

parent states ~han the 13C* 3.68 MeV (3/2 -) level would surely be involved. 
. 13 

On the other hand, the assumption that the C ground state can 

• be represented by a pure (lp) 9 configuration may not be adequate and other 
" , . 2 . 

.... , 'admixtures,; for example (If 7/2) , should perhaps be considered. Any 

'.;, .. ' '. (If 7/2)2 m:txed into the ground state of 13C could account for the 
,.' '1 11 * 

. 3C(p,t) C (7/2~) transition by the direct pickup of a (lp If) neutron 
!' 2 

. " ,', ~. "',." pair. No expl[cit calculations exist 'for the amount of (If 7/2) ex-

pected in the 13c ground state, but other calculations on the amount of 

'.>':','::':.>':~::, - this impurity expected in lp shell nuclei would indicate about 5%.102 

. Assuming a 5% admixture of (If 7/2)2, then, the nuclear structure factor 

; G14041 for a (Pl/2 f
7

/ 2 ) pickup i~l calculated to be .096. Comparing 

"'r 
. ,.r. 

",- " 

.. 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 
, ,,' ,-

' .. ',.:: .. by this relatively small structure factor {for example, the llC~ 4.80 MeV 

. I 

, ". 
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(3/2-) 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 7/2- transition. In 

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

admixture of(lf 7/2)2, is predicted as well as the other neg~tive 
11 parity states in the C spectrum. 

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. 

Mitigating against the direct pickup mechanism in the 13e (p,t)11e* 

(7/2-) transition are (1) uncertainties in the DWBA treatment of such 

quantities as the form factor for this type of transition, and (2) the 

absence of relatively strong transitions to positive parity states in 

lIe ar~s~ng from what would presumably be a greater than 5% admixture of 
2 . ·13 . + 11 

(2s Id) in the C ground state. (The 6.84 MeV (5/2 ) level in C is popu-

lated stronges, but with a total cross section of only 33 f.1.b (Table VII)) 

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

Table XI, which presents the dominant configurations of the intermediate 
8 

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

region of excitation. The angular distributions of the levels to be 

considered below are presented in Fig. 42. 
11 ' l~ -

f. 8.10 MeV [ C] and 8.52 MeV [ ~], < 5/2. The 8.10 MeV 
11 10 level in C was obscured at most angles by the C ground state arising 

from the 12C(p,t)10C impurity reaction, so that an angular distribution 

for this level could not be obtained. The analysis of the 8.52 MeV level 
11 . '. 10 * 10 * 

in B was similarly obscured by transitions to the B 1.74 and B 

2.15 MeV levels, also arising f~om the 12C impurity. Nevertheless, an 

angular distribution for the 13e (p,3He )11B* 8.52 MeV transition was 
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Table XI. Dominant ,LS configurations:(in percent) of·the rss 11: inter-
mediate coupling wave functions of Boyarkina. 

Theoretical 

J1T 
Excitation 

2p . 4p 2D 4- 2F 4F 2G 4· 
(MeV) D G 

5/2- 11.1 ,41 32 11 ' 10 
1/2- 12.2 ,23 9 64 

3/2 - 12··7 27 13 7 . ·30 18 
5/2- 12·7 '3 '4. 5·0 78 
3/2- 13·7. 8 32 ,. 19 36 
9/2- '13·7 11 89 
7/2 - 15·4 6 34 11 55 
5/2- 16.4 34 22 13 25 
1/~ 

- 16·9 1 78 15 
, 7/2~ 17.4 48 32 16 
3/2- 17·9 8 15 7 58 10 

• ,1. 

, ., 

I; 
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100r--,------------------------~ 
13C (p, 3He)IIS*(~t-) transitions 

50 

100 

50 

100 

50 

049.6 MeV}"s* 
043.7 MeV 

8.88 MeV 

'" * ' S 

25 

.49.6 MeV }IIS*SS2 MeV 
043.7 MeV 

11.64 MeV 

(49.6 MeV) 

45 65 

e ( d eg ) c.m. 
XBL678-3989 

85 

Fig. 42. Differential. c:r;oss sections of some higher excited (:s 5/2-) 
transitions in the ~)C(p,3He)11B reaction at 43.7 and L~9.6 incident 
proton energies. The curves have no theoretical significance. 
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obtained and is presented in Fig. 42 for the two'beam energies considered, 

43.7 and 49.6 MeV. The shapes are quite similar at the two energies, 

both having a sharp rise at forward angles with a structUre indicative of 

a direct L=O, L==2 mixture ( compare with Figs. 11, 12. and 40), thus implying 

a 1/2- or 3/2- spin and parity. These shapes are consistent yith the pre

vious assignment of this level as :: 5/2-. No attempt was made at a DWBA 

analysis of these data. 
, 11 ' . lL 

g. 8.43 MeV [. e] and 8.88.MeV [ -B], 5/2-. The spin and parity 

ofa level at 8.92 MeV.in l~ has been previously determined52 to be 5/2-, 

and this level likely· corresponds to the one observed at 8.88 ± .05 MeV 
'13 3 lL " . 

in the. e(p, He) D reaction .. The angular distribution is presented in 

Fig. 42, for 43.7 and 49.6 'MeV bombarding energy. At forward angles, the 

shape of the angular distribution is not reproduceable at both energies 
, . 10 

and this could be due to unresolved B impurities at the low,er energy. 

The 49.6 MeV data shows a reasonable L=2 shape, although somewhat less 

structured than those previously ob served (compare Figs. 9, 13 .and 39) 

Although this 8.88 MeV level in l~ can be clearly seen at most 

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

. lIe at 8.43 MeV,52 even at forward angles. This is completely.contradictory 

to alm~st all of the (p,t) 'an'd ,(p,3He ) mirror transitions discussed to 

date. 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,3He ) 

transitions and the implications of this will be considered in' so~e detail 

later . Unfortunately, lacking proper intermediate coupling wave i'y.nctions 

(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, 3He ) trap. si tions. 

There have been previous examples of severely inhibited (p,t) 
' .. 

transitions, notably in the "S-forbidden" transitions discussed in Ref. 10 

for the 7Li and 9Be (p,t) and (p,3He ). reactions. On these light nuclei, 

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

rations which are strong~y quartet (8==3/2) can not be directly excited 

in the (p,t) reaction. Although it is less like'ly that such strongly 

quartet spin configurations would be present in the final states populated 

"", 
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in the 13C(p,t)11C reaction, the intermediate coupling wave functions of 

Boyarkina (Table XI) do indicate a high percentage of quartet spin states 

for the mass 11 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 Table OCI at 11.1 MeV, which is the first 5/2~ state 

predicted in this region. (This is actually the second 5/2- state pre

dicted by the intermediate coupling calculations of Ref. 8, the first 

one lying at 5.2· MeV and thereby corresponding well to the experimental 

values of 4.32 MeV in lle and 4.44 MeV in l~). This particular level 

is 83% quartet, which would likely enhance the (p,3He ) transition consid

erably. 

If the calculated level at 11.1 MeV does correspond to the 8.43 

and 8.88 MeV levels in llCand l~, respectively, then this would imply 

that the levels at 8.10 and 8.52 MeV are either 1/2- or 3/2-, since the 

first 5/2- level would already be assigned. An assigrunent of either 

1/2- or 3/2- to the 8.88 MeV level in IlB would be consistent with its 

angular distribution in the 13e(p,3He)1~ reaction (Fig. 42). 

h. 11.64 MeV [llB] (1/2- or 3/2-). This is a further example of 

a transition in these mass 11 reactions which is strongly excited in the 

(p,3He ) reaction but is virtually absent in the (p,t) spectr~. At some 
11 angles, there was an indication of a peak in the C spectrum at about 

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

distribution. (There isa kno~52 broad level at 11.45 MeV). The angular 

distribution (49.6 MeV data only) for the (p,3He ) transition is presented 

in Fig. 42 and shows a structure strongly suggestive of a mixture of 

direct L=O and L==2 transfers (compare with Figs. 11, 12 and 40), thus 

implying a spin and parity assignment of 1/2- or 3/2-. 

There are several known52 l~ levels in this region, most of 

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 is 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 level discussed above could be the same state. No attempt was 

made at a DWBA. analysis of this transition. Further spectroscopic comment 

can not be made without detailed intermediate coupling wave functions. 
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. . 11 11· . 
12.48 MeV [ eL 12.84 MeV [ BJ, 1/2-, T=3/2. These levels 

correspoli.Cl:i~o the lowest Ip shell 'T=3/2 levels in the mass 11 nuclei. 

As such,'~hey form the middle members ofa quartet' composed of l~e(Tz = 

+3/2 ), l~(T' ~ +1/2), lle(T = -1/2) and l~(T = -3/2). Since IlBe 
z 103 z z 

is a shell model anomaly',' --the 2s 1/2 level appears lower th~n the Ip 1/2 

level-- then the lowest T=3/2 level in IlB and lle could not be directly 

excited in these 13e (p,t)11e and 13e(p,3He)1~ reactions. No evidence 

has been seen in the previous discussion to indicate any significant 

admixture of (2s Id)2 in the 13e ground state; consequently a positive 

parity state 

to be T=3/2 
lLe of the --B 

The 

to' lie near 

could not be directly excited and the levels above thought 

states must correspond to an exCited (negative parity) state 

nucleus. 
. / 11 11 lowest negat~ve parity T=3 2 states in Band e are expected 

12.8 MeV of eXCitation, as calculated from the IlBe ~~~~ after· 

correction for Coulomb energy and neutron-hydrogen atom mass differences. 

This value is in good agreement with the observed excitation of 12.48 

MeV in lle and 12.84 MeV in l~. The first negative parity state in l~e 
is known52 to have a possible spin and parity of 1/2-, 5/2:- or 7/2-. If 

. ~he levels described above are indeed the lowest negative par~ty T=3/2 

states) then both the (p)t) and (p)3He ) reactions populating them are 

transitions from the same initial to identical final states and as such 

both proceed via an S=O) T=J, transfer of the nucleon pair. TwO nucleon 

transfer selection rules then restrict these transitions to L=O, L=2 or 

L=4 transfers populating 1/2-, 5/2- and 7/2- final states, respectively. 

The angular distributions for these (p,t) and. (p,3He ) transitions, at 

"'both 43.7 and 49.6 MeV, are shown in Fig. 43 (the (p,3He ) has been multi-

plied by the :phase space factor, kt/k3H~' .of 0.932 and 0.963, respectively); 

they are virtually identical, as expe~ted for transitions populating T=3/2 

final states within the framework of ~harge independence of nuclear 

forces. The (p)t) transitionisshovm again. in Fig. 44, along with the 

13e (p,t)11e t~ansitions (at 49.6 MeV)" popu~ating the lle ground state 

(3/2-) L=2) and first excited states (1/2-, L=O). The T=3/2 transition 

. is quite similar to the lle* 2.00 MeV (1/2~) L=O angular distribution 

(the first maximum is shifted slightly inward, which is consistent with 
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43.7 MeV 
100 

50 

·j..,oo 49.6 MeV 

50 

100 

50 

DWBA fIt 

( L= 0) 

\ 
\ 
~\ , 

, I 

" / ....... / " / " / , ~ / 
ol3C (p,t)" C* 12.48 MeV,f [T=~] '-/ 

13 3 "* 1 - [ 3] o C (p, He) B 12.84 MeV'2 T='2 

20~--~--~--~--~--~--~--~--~ 
5 25 45 

Sc.rn. (deg) 

65 

, XBL67B-3976 

85 

, ' 13 11 * 
Fig. 43. Differential cross sections of the C(p,t) 'C 12.48 MeV and 

13C(p,3He)11B* 12.84 MeV (1/2-~ T=3/2) transitions at Ep = 43.7 and 
49.6 MeV. The (p,3He) cross sections have been multip1ed by the 
phase space factors 0.932 and 0.963, respectively. A DWBA fit (L=O) 
is shown for the 49.6 MeV data. 
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. Fi·g. 44. Angular distributions of the 49.6 MeV l3C(p,t)11c transitions 
populating the ground (3/2~), 2.00 MeV (1/2-) and 12.48 MeV (1/2-, 
T=3/2) states. The curves have no theoretical significance. 
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other (p,t) L=O angular distributions to excited states, as can be seen 
. 11 . 

in Fig. 14); it shows nothing of the structure of the e ground state 

(3/2- L=2) angular distribution .. This comparison is then a very good 

indication that these lowest negative p~ri ty states are 1/2 -, and not 

5/2 - or 7/2-. It is very unlikely that a 7/2 - state at this excitation 
13 11 * ' would be so strongly excited, even though the e(p,t) e 6.49 MeV 

(7/2-) transition (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 coupling calculations 7) 8 ,70 (in the Ip shell alone) 

predict that the lowest negative parity T=3/2 state in lle(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, respectively, further removed from the 

first 1/2- T=3/2 level. These calculations and the evidence presented 

, above seem to overwhelmingly indicate that the levels observed at 12.48 

MeV in lIe and 12.84 MeV in l~ in the 13e (p,t) and (p,3He ) 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 ± 40 keV for the l~ state and 550 ± 50 keV for the lIe state. How

ever, these T;3/2 levels are expected to be wide since they both have 
, 11 * T=3/2,channels energetically allowed for decay; the ,), e 12.48 MeV level 

, w* ll* 
can decay to the' B (1.74 MeV, T=l) level plus a proton and the B 

12.84 MeV level can decay to the lOBe ground state (T = + 1) plus a pro-z 
ton.· The energies available for these modes of decay are.2.05 MeV and 

1.61 MeV, respectively, which is consistent with the larger width observed 

for the lIe state. 

The DWBA fit to the 49.6 ,MeV (p, t) transition (the (p, 3He) fit is the same) 

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 

-: value ) ,it is quite poor. The calculated angular distribution does not 

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

minimum at 70° where the experimental data show little structure. However, 

this was also the case in the DWBA fit to the lle* 2.00 MeV (1/2 - L=O) 

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

, wave functions. 



-104-

. . 11 + . 
j. 6.84 MeV [ cl, 5/2. As noted earlier, positive parity states 

cannot be directly excited in either the (p,t) or (p,3He ) reactions on a 

13C(1/2-) target, assuming a pure (lp)9 configuration for the 13C ground 
11 

state. A. weak level was observed at 6.84 MeV in C,·which probably 

corresponds to the known52 6.90 MeV (5/2+) level. (The mirror level at 
11 ). 7.30 MeV in B 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 i.s not shown. It 

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

of only 33 ~b (Table VII), which may give evidence that the amount of 
2 . 13 

(d
5
/ 2 ) admixed into the. C ground state is very small. 
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V. TH.IDRETICAL CROSS SECTIONS 

In the prediction of absolute cross sections, single-nucleon 

transfer reactions have yielded impressive results. In such calculations, 

one is able to treat the motion of a single nucleon bound in a well quite 

accurately. Recent (d,3He ),64 (d,p)58 and (3He ,d)104 calculations have 

shown that absolute cross sections predicted by theory are in very good 

agreement with experiment, often to within 20 or 30%. In two-nucleon 

transfer reactions, however, the motion of the pair is obviously more 

complicated and the approximations inherent in the theory are corres

pondingly more suspect. For exan~le, the zero range approximationl05 is 
, 106 

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

transfer. 107 Broglia and Riedel,6 using the theory under discussion, re-
. 2~ 2~ 

port on calculations of absolute cross sections for the Pb(t,p) Pb 

reaction which are an order of magnitude too low, a difference they 

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. 

obtained good fits to the angular distributions 

Mangelson et al. have 

found in the l2c(3He ,p)14N 

reaction32 and Glendenning33 has had equally good results in fitting the 
268 206 Pb(p,t) Pb reaction. Since the shapes of the (p,t) angular distri-

butions previously discussed (the (p,3He ) being sensitive to the final 

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

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

nucleon transfer reaction. 
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A.Mirror State Cross Section Ratios . 
. ?,~ /."t~)~~,:. ...'.. '. . 
Of. interest ,is the ability of the theory to predict the magni-, 

tudes ofth~' (p,3He ) transitions'relat~~e to the (p,t) transitions. 'A 

study of mirror tr~nsitions permits such compari~ons with mi~imal .u.n-
. certainty in the final state wave functions. Although such, a study will 

depend somewhat on the choice of acceptable optical model parameters, the.:: 

theoretical ratios of (p,t) to (p,3He ) cross se~tions should be relatively 

i.nsensitive to this choice. 

This investigation of mirror ,state ; transitions was carried out 

on the target nuclei 15N, 13c, and 3~. An explanation for the ratios' 

of experimental cross sections from these targets is sought in terms of 

the theory based on a spin-independent nucleon-nucleon interaction (AS = 
,AT) as well as the 'case of a strongly spin-dependent interaction (AS = 

'T 0.3A). The introduction of this strongly spin-dependent force will 

alter the relative (p,t) and (p,3He ) cross sections and hence alter the 

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

those (p,3He ) angular distributions in which multiple L values are 

allowed. 

Of particular con,cern is an understanding of the general implica-

. ti'cms oftte few observed experimental transitions in which the ratio of 

these cross sections is above the limit of 4/1 predicted by the theory~ 

Two possible explanations, both of which introduce interference terms, 

are considered: either·(l) 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 reaction path. 

1. Discussion of Results 

a. 15N(p,t)13N and 15N(p,3He )13C 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,3He ) angular distributions shown in Figs. 20 

thru.?2 are also fairly well fit. All these previous (p,3He) fits are 

£or a spin-independent nucleon-nucleon interaction. The effect of 
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introducing a spin-dependent interaction is to alter the relative amounts 

of L=O and L:::::2 in these (p,3He ) transitions, since the factor C
S
·
T 

2 in the 

differential cross section of Eq. (1) will be altered. The particular 

choice that has been made (AS::::: 0.3 AT) strongly enhances the S:::::O 

transfer, resulting in a considerable ·increase of the L:::::O component in 

the ground state transition but ·causing little difference in the ·3.68 MeV. 

transition .. The effect of this is shown in Fig. 45 which presents norma

lized (p,3He) fits to the ground state (1/2-) and 3.68 MeV (3/2-) transi

tions, utilizing the spin-dependent interaction. The ground state 

transition is now better fit 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 interpolation 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,3He ) 

fit by introducing the spin-dependent force does reproduce for other 

choices of the helium-3 potential. The fit to.the 7.55 MeV (5/2-) 

angular distribution shown in Fig. 22 is unaffected by a spin-dependent 

nucleon-nucleon interaction, since two-nucleon selection rules restrict 

this transition to a pure L:::::2 transfer. Before comparing (p,t) and (p,3He ) 

crqssseciic:n ratios,itisci'interest to ascertain whether Coulomb and 

kinematic effects on the relative cross sections are important. With 

identical structure factors, the DWBA integrated cross sections for 

... (p) t) and (p, 3He ) transitions to any given mirror pair were virtually 

identical,l08 so that theory and experiment can be directly compared 

for each such pair. 

Figure 46 presents a comparison of theoretical cross sections 

with experiment for the (p,t) and (p,3He ) ground state transitions-

the data are shown in ~b/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 chose.n spin-dependent interaction. Agreement between 

theory and experiment for the relative magnitudes of these transitions 

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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Fig. 45. ' The normalized DWBA fits to the 15N(p,3He)13c ground and 3.68 MeV' 
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(R) of,'(p,;t) to (p)3He ) integrated cross sections (the theory being in

tegrated over' the same'rarige as the eXperiment) are shown in Table XII) 

along with those for the l3C discussion which follows. The over~all re

sult is that· one has,' to invoke' a strongly spin-dependent force in order 

to approach reasonable agreement between these theoretical ratios and 

'experiment~ Noting the table) it can be seen that the mass 13 3/2- level 

is quite well predicted by the choice of a spin dependence while the 

ground state (1/2~) transition is not. Nevertheless) the average agree

ment with experiment for these two levels is considerably improved. Of 

. particular interest is the exp~rimental ratio for the 5/2 - transition, 

which is greater than the iimit 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. 

b. l3C(PJt)11C and l3C(PJ3He)1~ transitions. Only the first 

four levels of those previously discuss.ed will be considered here. DWBA 

fits for the (p, 3He ) transitions have not been calculat.ed for the spin

dependent interaction, as they were for the mass 13 final states) because 

the jj wave functions used to described these· mass 11 final states are 

too uncertain. The previously discussed DWBA. fits (Figs. 35 thru 37 and 

Fig. 41) are reaso~able and should permit-a comparison of (p)t) and 

(p)3He ) cross sections. 

As observed earlier for transitions to mass 13 final states) the 

DWBA .calculation of 'the (p)t). and (p)3He ) integrated cross sections to 

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

factors for both) were essentially equal, so that theory and experiment 

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

such a comparison-for the ground state transitions) where the cross 

sections in Ilb/sr are compared with theoretical predictions for the case 

of a spin-independent and the spin-dependent interaction. The theoretical 

curves are plotted in arbitrary units without relative normalization. As 

such, they rep~esent how well the theory accounts for the relative magni

tudes of these (~,t) and (p) 3He )transi tions. Note that the agreement 

is much better with the inclusion of the strongly spin-dependent interaction. 

Similar comparisons have been made for the other strong states excited in 

. these reaction3l and the ratios (R)of (p)t) to (p)3He ) integrated cross 
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Table XII. Mass 13 and nBSS 11 experimental and theoretical integrated cross sections. 

15N(p', t) 13N 15N(p,3He )13c R 
dT('P)t) 

R R 

;if exp 
a T(P, 3He ) theory theory 

aT(J.l.b) aT(J.l.b) AS = AT S - T 
A = 0.3 A 

(10-90O,c.m. ) (10-90 o ,c.m.) _ 

1/2- 941 308 3. 16 .635 1.46 

3/2 - 652 573 1.14 .686 -1·50 

5/2 - 1271 270 4.72 1.71 2.72 

13C(p,t)11C 13C(p,3He)1~ R 
dT(P) t) 

R R == 
a
T

(p)3He ) exp theory theory 
J7f aT(J.l.b) aT(J.l.b) AS == AT S T 

A == 0.3 A 
(10-80 o )c.mo) (10-80°,c.m.) I 

!-J 
!-J 
!-J 

3/2 - 1320 359 3.68 1.34 2.44 I 

1/2- 310 63 4.92 1.51 2.74 

5/2 - 425 90 4.72 .402 1.01 

3/2 - 167 58 2.88 .875 1.84 . 
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sections (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 obtained for each level)' even in the limit of a strong 

spin dep'endence. Nevertheless) the results for these rnass 11 final states 

are still consistent with what was found for the mass 13 final nuclei--

that agreement between theory and experiment improves as one goes to a 

strongly spin-dependent interaction. 

The most important feature of the 13C data shown in Table XII is 

the experimental ratio for the 1/2- and 5/2- integrated cross sections) 

both of which are well outside the 4/1 limit expected for a pure S~ 

transfer of the neutron-proton pair. The theoretical ratios for these 

transitions) even in the case of strong spin dependence) are in very 

poor agreement with experiment. In order to emphasize this) the diffe

rential cross sections for these 1/2- and 5/2- (p)t) and (p)3He ) transi

'Sions are shown again in Fig. 48. At forward angles) where direct re

action contributions to the cross section are expected to be at a wEximum) 

the (p)t) transition is favored over the (p)3He ) by factors as large as 

six or seven. 

There are now three examples where the ratios of (p) t) ,to (p) 3He ) 

cross sections are beyond the limit predicted by theory. Table XIII pre

sents the total cross section of these cases integrateq just over the 

forward angles of the data and compares 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 experiment is much more ,striking when considered over 

this limited range of angles. 

c. 3~(p)t)29p and 3~(p)\Ie)29Si g.s. transition. All the other 

available data' on T=1/2 targets [those of 71i) 9Be (Ref. 10) 27Al 

(Ref .41+) ) 3~ (~ef. 44) and 39K (Refs. 45) 109) ] are consistent with 

the previously mentioned general trend) that unless inhibited by nuclear 

structure considerations) the (p)t) transition is stronger than the 

co~responding mirror (p)3He ) transition. This is shown in Table XIV 

where the experimental results for the cross section ratios' of (p)t) to 

(p)3He ) reactions on these targets are given. Two values are sho"Tn: 
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& 13C(p,t)"C*2.00MeV 

1/2- ; L = 0 

• 13C(p, 3 He ) "S*2.12.MeV 

1/2-:-~L=O,2 

& 13C (p,t)" C *4.32MeV 

5/2- ; L = 2 

• 13C(p,3He )" S *4.44 MeV 

512-; L = 2 

20 40 60 0 20 40 60 80 
e (deg) C.m. 

XBL674-2971 

'. " '~ ll* 
fig~ 48. 'Differential 3rosYls~ctions at 49.6 MeV for the (a) C(p,ti ¥ 
, ,2 .00 MeV and 13c(p , He) B 2.12 ,MeV transitions and (b) 13c (p, t) lC , 
,: 4.32 MeV and 13c(p,3He)11B* 4.44 MeV transitions. The curves have no 

theoretical significance. 
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Table XIII-Integrated (p, t) and i~' 3He ) cross section ratios for those 
levels exceeding the pure S transfer limit of the theory. 

Excitation R(10-800) R(10-45°) R 
Ir., J7r (MeV) experiment experiment theory 

(10-h5°) 
AS = AT 

.J 

l~} 7.38 
5/2- 4.72a 4.44 1.66 

l3c 

llc} 2.00 
1/2- 4~92 5.88 1.55 

l~ 2~12 

He} 4.32 
5/2- 4·72 5.64 0.380 

lIB 4.44 
a Cross sections integrated to 90°. 
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Table XIV. (p,t)/(p,3He ), cross s~ction ratios for other data available 
on T=1/2 targets:, 

- - Peak -
Excitation Angle Integrated ,~' 

Reaction J7T (MeV) Ratio (0' )Ratio Reference 
T 

-71i ~ 5He ) 5~i 3/2- g.s. 3·0 2·3 10 
0 
--'Be ~ 7Be ) 7r · .u~ 3/2 - g.s. 3·3 2·5 10 

~ 
7 * Be) 7 * 1i, 1/2- 0.478, 2·9 1.5 10 

7* 71i * 7/2 - 4.63 1.8 ,~ Be) 1.3 10 

27Ai ~ 2 5Al ) 25M 
" + 

' g 5/2 - g.s. 3·7 3·3 44 
" 25 -l(- 25 -l(- + 

; , ~ _ Al) Mg 7/2 ,-- 1.61 2.0 1.9 44 
:,' 

31p , 29 
' "<~ P , 29Si 1/2+ g.s. 4.1 3·0 44 

20 -)(- 29S~ * + 
2.04 0.80 44 ,-'7 ,--'p ) 5/2 1.0 

, ' 

.. 39K,' ~37K 37A, 3/2 + g.s . 4·5 3·8 45,109 
. 

. ,",' '. 

. -' .' " .. 

,-

.; . 
. ~ ,' . 
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't,' - " 

, . 
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1) the differential cross section ratio ar~s~ng from the peak angle in the 

(p,t) reaction and the corresponding angle in the (p,3He ) reaction, and 

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

Not shown are data concerning the liS-forbidden" transitions in the 
o . 7 7 5 10 
/Be(p,t) Be and ,1i(p,t) 1i reactions, 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 pointed out 

in the l3C(p,t)11C and l3c(p,3He)1~ discussion. 

Of the above data, the 3~(p,t)29p and 3~(p,3He)29Si reactions 

appeared the most tractable for detailed consideration, since nuclear 

wave functions were available and two-nucleon spectroscopic factors were 
44 

rea,dily calculable. This experiment was done by Harely and Skyrme, 

using the 40 MeV proton beam from the Rutherford 1inac. The ground state 

angular distributions and DWBA fits are sho~ in Fig. 49. Although only 

a small angular range is covered by these data, it is still worthwhile 

to present the DWBA fits in order to show that the theory is properly 

accounting for the experimental angular distributions. The calculated 

curves are arbitrarily normalized to the data and the optical model para

meters used are given in Table III. Note that the (p,t) transition is 

again much stronger than the mirror (p,3He ) transition, with their cross 

sections at the peak angle differing by about a factor of four. Nuclear 

structure factors have been calculated from wave functions llO based on a 
. 28 

model of three nucleons outside a Si core. As ob served previously, 

the theoretical cross sections for mirror state transitions utilizing 

(p,t) nuclear structure factors for both were essentially the same and 

one can 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. 

The theoretical curves represent the relative magnitude of these (p,t) and 

(p,3He ) transitions and, as observed earlier, agreement with experiment is 

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

interaction. 
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:':';2 :." Possible Explanations', " 

, Although, the theory generally gives a good account· of the shapes of 

tte· (:p)'t)angular'dis~ributions, 'it is unable', in almost every case, to 

account forthe:ratios of, cross sections, observed for (p}t) and (p,3He ), 

"transitions to T=1/2 mirror states.' It is found that the introduction' ' 

of a' strongly.' spin dependent term (AS = 0 .3A~) in the nucleon-nucleon: 

.' interacti,?n considera~ly improves the agreement between theory and exp.eri-:-

ment ,for these ratios, but even so, it was not possible to fit the overall 

average behavior of the data. Moreover, three examples now discussed lie' 
, ' 

outside the pure s=O limit of the present theory. An explanation for 

these results is sought in either one, or both, of the following: 1)' that,' 

:~ ,;::' " ,the neglect of spin-dependent interactions in the optical potential is not 

.(.';' .. " ", 'I.:~?: "" justified, so that the angular momentum <luantum numbers of the t'ransferred 

' .. ',:. 
t.. ' : .... '- ~ ... 

' ... '.~~ 

..... 

" ,'. ~ . .' .. ' .. 
.. ~ ':" .'. ' ...... 

. :~ ~:. -
. , .~ " 

"pair would interfere, or 2) that a two-step reaction mechanism may be, 

, corrrpeti tive vrith the direct reaction mode. 

a. Coherence arising from the spin-orbit interaction~ The present 

theory assumes that the incident particle interacts only with the two 

nucleons to be transferred and has no other interactions except its' 

interaction with the nucleus through the optical potential; the further 

~ssurrrption of the absence of a spin~orbit force leads to an incoherent 

, ........ . 
" .. ',- sum on all the angular momentum <luantum numbers of the transferred pair . 

, "', ',' ',;However, when a spin-orbit 'force is included in 'the optical potential, 

<.' " 

. "': '~ . .- - ~~ .. '.' ; 

.: ",: 

" ,.' .,,' ~ , 

, .~ .. -.;.: '. .- , 

.' > . 

,. ,,-,;,.;.'., .' ~ . }. 

:. '.:'. 
';:' 

" 
, ' 

the orbital angular momenttlJ!l (L) and the spin angular momentum (S) tran?-

ferred in the reaction are no longer incoherent (although the sum on the 

total angular momentum (J),remains incoherent) and one must consider a 
, 36 coherent sum on these <luantum numbers. 

The coherence introduced through the spin-orbit interaction will 
111 not affect the (p,t) reaction, since the, spin transfer is zero. The 

(p,3He ) reaction, on the other hand, might be expected to undergo a consi

derable change since now a ~eparation between the Land S transferred in 

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

, , and exit channel spins by Sa and Sb respectively, the differential cross 

section can be written as 

.. 
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dcr ~ \' 
dO (p)./He) a: W 

JM (19) 

"here the distorted wave amplitude now contains discrete sums over the 

channel spin projections(M' )m~)~). (See Ref. 2 or Ref. 36 for a more 

complete discussion). 

The strong influence of the S:::l transfer in the (p,3He ) reaction 

can be seen in those transitions where multiple L values are allowed. 

For most of these cases the' (p)3He ) angular distribution is quite unlike 

the corresponding (p,t) transition where only a single L value is allowed. 

The coherence introduced with the S:::l transfer could have a marked effect 

on the (p)3He ) cross section, possibly reducing it with respect to the 

mirror (p, t ) transition, so that agreement betw'een theory and experiment 

could be considerably improved over what has been heretofore presented 

based on an incoherent SQm. Such interference effects might also alter 

the shapes 'of the (p,3He ) angular distributions, possibly in such a way 

as to improve the overall agreement between theory and experiment. How

ever) the theoretical shapes that have been obtained for the 15N(p,3He )13C 

, transitions (neglecting the reactions on 13C since the final wave functions 

are too uncertain), assuming an incoherent sum on the angular momentum 

quantum numbers, are already in reasonable agreement ,with experiment. 

As previously discussed, the DWBA code being used cannot 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 analysis 

with the Oak Ridge codeJlJLIE was conducted on the 15N(p)t) and (p)3He ) 

transitions populating the 5/2- levels at 7.38 MeV in 13N and 7.55 MeV 

in 13C. The results are only tentative) but using the AX optical potential 

given in Table III) a considerable improvement was found in the ratios of 

(p,t) to (p,3He ) 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 necessary to establish any quantitative results on the significance 

,of spin-orbit interference terms in two-nucleon transfer reactions. 
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b:' Coherence arising from core excitation: In addition to spin:" 

orbit iht,~.fference terms, other coherent effects, such as those arising 

through core excit'ation, could also possibly account for the observed 

ratioso.f.rriirror (p, t) and (p ,3He ) transitions. Following the treatment 

preserited earlier (see Theory), the overall cross section for a given re-
. 51 . 

action, ~ith the inclusion of a core-excitation step,can be written as 

(20) 

~here Tl and T2 are agallin the transition amplitudes for the direct 

~ step'and the core-excitation step (which consists of terms like the one 

shown in Eq. (18)), respectively. The last term in the above equation is' 

an interference term between the direct transition and the core-excitation' 

", ~. , . 

1 ~ .' 

" '< .. ' 
": ", 

.' ~.;. 

.... ',' 

'''', " 

.-,.', .. 

. 11 * -
transition. It has been noted previously that the C 7/2 state is ex-

cited with an appreciable cross section in the l3C(p,t)11C ~eaction 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 t~o-nucleon transfer reaction in the absence of spin-orbit coupling, 

the orbital, .angular momentum (L) and total angular momentum (J). trans-

.... ferred in each reaction path will be coherent. Although this coherence 

" t~uld account for the 'observed ratios of' (p,t)' and (p,3He ) mirror state 

transitions, its effect is by no means clear, Since, due to the S=l spin 

transfer, many more interference terms would be present in the (p,3He ) re-' 

action, than in the corresponding mirror .state (p, t ) transition. 

B.' Comparison of Relative Cross Se'ctions 

. ,," . '-. ~"", . 

: .. -.... 

<'f, 

....... : ... 

Before discussing the DWBA. predictions for these transitions it 

:: is' well- to review how the form factor is treated in the calculation. Since 

" the bound state .lave. function is represented by a harmonic oscillator, it 

is matched at the nuclear surface to a Harikel function tail. For a pickup 
i 

.,;,,:'._:: - reaction, the increasing sepa'ration energy of the pair with excitation has 

- ::",:.,'~' .. a 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 transfer, this tends to cause an increase in the predicted two

nucleon cross section with excitation, although the magnitude of this in

crease can be quite sensitive to the chosen 'optical model potential, as 

will be indicated later. A more reasonable method might be to match the 

Hankel function tail at the same radius for all excited states: which 

necessitates a slight increase in, the oscillator parameter v with exci

tation. Both approaches have geen tried and noticeably better results 

are obtained with the latter. 

Relative cross sections for these two calculations are compared 

with experiment in Table J0J for two choices of the optical-model potential, 

AX and 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 the oscillator 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 matching 

radius is fixed (at the ground state vaiue 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

me~t). In TabJe 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 hO 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 better overall fits to the data and 

is the potential used in the previous discussion. However, potential AZ 

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

reasonable fit to all the excited states (an example is shown in Fig. 17). 



. , 

Table XV.' ~5N(p, t) 13N relative cross sectio~s for' different form factors and optical model potentials. 

v == 0.32 .' R t h == 3·60f ma c 

.'J7f Excitation crT(l-tb) Relative Matching AX AZ AX AZ 
(MeV) expo .' cr e • R(f) crT 'cr v crT crT" . T. . T 

(10-90 ,c.m) .• .. :. (exp:) '. (ReI. ) (ReI. ) (ReI. ) (ReI. ) 
'''''''- ---.--

1/2- 0.0 941 1.00 3.58 .174
a 

.445 ·318 .408a 
.822 

3/2 - )·51 652 .693 3·70 .3e6 .457 ·334' .690 .641 

5/2 - 7.38 1271· 1.35 3·82 1.71 .31~8 .. 2.26' 
.. 

1.80 1:.79 

1/2- 10.78 17·6 .0187 3·89 .0239 .0217 ·357 ,;0187 .0196 

3/2 - 11.88 93 .0988 3.94 .104 .0800 ·362 .0872 .0600 

3/2 - 15·07 115 .122 4.03 .473 ~320 ·372 .268 .188 
I 

[T==3/2 ] 
'1-' 

f\) 

0.674 
.f7 

B == 1.51 .578 .312 I 

aThe ground state is expected to show poor agreement for the AX p'otential since this potential . 
produced a relatively poor fit to the data (Fig. .14). 

i, • ~ 
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In Table XVI the relative integrated cross sections of all the 

(p,t) transitions are compared 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 potentials, 

utilizing the CK structure, factors, agree with experiment to within an 

average B value of 0.45; This 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 good. Insofar as the theory is to be re

garded as a test of the nuclear wave functions being used, then the 

intermediate cou1ling calculations of Cohen and Ku~ath70 give good results 

. for the l5N(p ,t) 3N reaction; moreover, insofar as these wave fimctions 

have been previously tested (Ref. 70), the two-nucleon transfer theory3 

under discussion is found to perform very well. The relative cross 

sections predicted in Table XVI using pure jj configurations to describe 

the final state are, on the other hand,· in relatively poor agreement with 

experiment. 

Two further points 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 13N, which was earlier assigned as 1/2-,. is in good agreement 

with calculation. In fact, assuming this level to be the next 3/2- 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 eq.ual interest is the transition to the 8.93 MeV (1/2-) 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 

~heory and experiment is due to the nuclear wave functions because of 

the good agreement obtained in l4N(p,d)13N 54 and l4N(3He ,a)13N 53 calcu-

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. 15N(PJty13N relative cross· sections for constant form factor calculated from jj and inter
mediate co~pling wave functions. 70 

.jj CK 

Excitation aT(l-Lb ) Relative AX AZ AX AZ 
J7T . (MeV) .exp . aT v aT aT O"T aT 

(10-90 o
Jc.m.) (exp. ) (Re1. ) (Rel. ) (Re1. ) (Rel: ) 

1/2- 0.0 9+1 1.00 ·318 . 212a .416 .408a 
.822 

3/2 - 3·51 652 . 693 ·.334 ·313. .281 .690 .641 . 

5/2 - 7·38 ·1271 1.35 ·348 1.96 1.51 2.26 1.80 

1/2- 8·93 130 : .;L38 ·351 [ .00021· .00022]b 

1/2- 10.78 17.6 .. 0187 ·357· .0187 .0196 

[.0975 ~ .0702 ]b 

3/2 - 11.88 93 .0988 ·362 - ·338 .234 ·.0872 .0600 

3/2 - 15·07 115 .122 ·372 .249 .171 .268 .188 

[T=3!2] 
. B' = 1·77· ·952 .578 ·312-

aThe ground stat~ is· expected to shm-1 poor ·agreement for the AX potential since this potential 
produced a relatively poor fit to the data (Fig. 111-). 

b 
Not included in the calculation of B. 

• • .. 

I 
l-' 
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Table XVII presents the relative integrated cross sections for the 

15N(p,,3He )13C 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 '(3/2-) transition; was held 

constant and the theoretical cross sections are again arbitrarily adjusted 

to give the best agreement with experiment. Two values of B are shown in 
I 

the table, Bl an~ B2 . The Bl value arises from all the levels shown in Table 

XVII while B2 is calculated only for the mirror transitions corresponding 

to those in Table ,XVI. 

The earlier discussion has shown that the ratios of (p,t) to 

(p,3He ) cross sections for mirror transitions were significantly improved 

with',the introduction of a strong spin dependence in the nucleon-nucleon 

interaction. Since this can ohly affect the (p,3He ) relative cross 

sections, calculations for both a spin-independent (AS;::. AT) and the strongly 

spin-dependent interaction (AS;::. 0.3 AT) are presented in Table XVII. 

1nere appears to be little difference between the spin independent and the 

spin dependent results for the Bl calculation but the B2 calculation shows 

a definite preference for the spin-independent interaction for such relative 

cross section comparisons. However, the previous discussion of cross 

section ratios has shown that a spin dependence is to be preferred, although 

it could not account for all of the data. One of the further suggestions 

made was that a coherent sum on the (LS) quantum numbers' of the transferred 

pair in the (p,3He ) reaction should be taken into account. Since the (p:3He ) 

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 of 

excitation and for the same optical potential, however, the (p,t) cross 

sections are found to be only in somewhat 'better agreement with experiment. 

In fact, the agreement in these (p,3He ) cross sections is certainly 

acceptable -- the present theory predicting fairly w~ll those states which 

are strongly or weakly excited. 

It would appear from the above results on the l5N(p,3He )13C re- , 

action that a comparison of experimental relative cross sections with theory 

(in a (p,3He ) reaction on a T=1/2target) does not clarify the dis-

cussion presented earlier, which indicated 1) a necessity for some 
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,Table XVII. i5N(p,3He)13C'-relat:Lve cr6sss~'~tions-for dif~erent spin-deperident interactions and' '.' 
optical potentials.,. 

Exc. 

. J7T(MeV) 

1/2- 0.0 

3/2-3.68 

5/2 -: 7·55 
1/2- 8.86 .. 

(1/2-) 11.09 

(3/2 -) 11.80 

7/2- 12.40 

3/2- .. '.,15;11 

[T==3/2] 

O'T(~b) 

·'exp.' 

(lO~90°,c.m.) 

308 

573 

270 

61 

52 

137 

100 

115
a 

A.S =: AT 

Relative AX .AZ 

aT 0' . T-- aT 
(exP .) (Rel. ) (ReI. ) 

1.00 .;650 " . 1.00 

1.86 l.bl~ . 1.44 

.878 1.41 1.26 ' 

:198 .271', ' ·329 

;169 .0690 .0588 

.445 .44)+ .364 

·325 1.31 1.02 :. 

·358 ·319 .246 ' 

Bl == 0.863 0.'760 

·b 
B2 == 0.498 0.426 

AS '-~o.3 AT -

AX ' , ··AZ " 

_aT .. ~.,~±,'.: .. v 

(Rel.) .. (Rel.), -,': 

:.612 ,'·997' '. ·308 " 
" '. 

' 1.04 . 1.28 ·32}< 

2.00 1'.66 '·337 

.198 .226, .;.342 

.. 0479 
\ 

.0571 '·350 

.361, .276 ·352 

·954 ' .693 ·354 

.699 ,395 . ·363 

0·972 0·733 

0.899 0·110 

aThis 'cross section assumed identical to the (p,t) [T==3/2] cross section due to the lack of large 
angle data. ' 

bThis calculati~n does not include the 8.86 MeV (1/2-) and 12.40 MeV (7/2-) levels. 
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spin-dependent nucleon-nucleon 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 for these two-nucleon transfer reactions and could incor

porate these effects would certainly resolve the problem. Insofar as the 

first effect is considered, a comparison of experimental and theoretical 

relative cross sections for (p,3He ), [or (3He ,p)'] transitions on '1'=0 

targets would be expected to be much more sensitive to the presence of 

a spin-dependent nucleon-nucleon force, since here the neutron-proton pair is 

transferred in unique 3s , '1':::0 or IS, T:::l states. 

2. 13 11 
C (p J t) C Transitions 

Table XVIII presents the relative integrated'cross sections for 

all of the 13C(p,t)11C transitions previously discussed. The optical 

potentials used in the DWBA calculation were again AX(R :::' 1.45) and AZ . w 
of Table III, and the matching radius of the ground state transition 

(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 13C(p,3He )11B 

transitions because of the ambiguities inherent in such comparisons on 

a T:::l/2 target, as previously pointed out in the discussion of the 

15N(p,3He )13C 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 

one) between experiment and theory indicated in Table XVIII is so good. 

In fact, over 12.5 MeV of excitation (excluding the 6.49 MeV (7/2-) 

transition), the average value of B for the optical potentials shown is 

0.52. When this is compared to the value of 1.4 obtained earlier in a 

similar calculation using j-j configurations for the ~5N(P,t)13N reaction, 

then the agreement for these mass 11 transitions appears to be quite 

striking. That the pure jj configurations assumed for these states are 

indeed a poor representation of their struct'ure can be seen by proj ecting 

out the appropriate intensities from the complete (interm~diate coupling) 
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Table XVIII. 13'C(PJt)11c relative cross sections for contant form factor 
and different optical model potentials . 

Excitation . aT(~b) Relative AX AZ 
7T 

(MeV) ~.: 
J exp.· aT . ·v aT' aT 

(13-77°J c .m.) (exp. ) (Re1. ) (Re1. ) 

3/2 - ,. 0 .0 1324 1.00 • ·323 ·920 -1.00 

1/2- 2.00 • 310 .234 ·327 .236 .226 

5/2- 4·32 425 ·321 ·337 ·366 ·336 

3/2~ 4.80 167 .126 . ·339 .. 247 .221 

7/2 - 6.49 167 .126 .456 [ .120 .0812Ja 

1/2- 12.84 294 I .222 ·362 .0862 .0856 

[T=3/2 J 
0.486 B = 0.556 

aAssuming a 5% (f7/2)2 admixture in the 13C ground state ·and a (Pi/2 
f

7L2
) pickup. Not included in the calculation of B. 
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vlave functions:." Calculations of this by Kurath 70 show the following: the 

gr()unci (3/?-)--: state, .2~·OO MeV (1/2 -)state and the 4.32 MeV (5/2 -) state 

are only 46%, 55% and 53% pure jj, respectively .. It ,is somewhat dissapoint-
.. .:' 

ing, then~thatthecaiculated cross sections agree as well as they do . 

: -, . ~, . ,.' . 
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,', ,..; 
" .' VI. ,CONCLUSIONS' 

;~ . .', ... 
: ,', 

The comParative measurement of (p,t) and (;,3He ) reactions populating, 

mirror final states',has proven ~o be a useful spectroscopic tool. Inpartt,- ,," 

cular, these reactions were found to be ideal probes of the nuclear configu-
, , 

rations which characterize highly excited analogue final states. Two- . 

nucleon structure factorsformirror (p, t) and (p, 3He ) reactions "were cai

culated from assumed nuclear configurations and the~ test'ed for consistency 

with experiment, utilizing the DWBA, theory of Glendenning. 3 In general, 

good results were obtained for,the angular distributions and the theoretical 

comparison of relative cross sections populated in' t~e' ,l5N(p,t)1)N reaction, 

has indicated that the, (p, t) reaction may, in general, be a good test of 

the wave functions used to describe the initial and final nuclear states. 

~he theoretical comparison of cross section ratios, of mirror (p,t) 

and' (p,3He ) transitions led to the incorporation of a strong spin dependence 

in the 'nucleon-nucleon interaction, in an attempt to account for the generally 

• 

, I , 

much stronger (p,t) transitions. This led to a modification of the computed 

ratio in the correct direction, but did not.in itself provide a satisfactory 

, " , ' account of the data. Several transitions were observed in which this ratio . 

was greater than the 4/1 li~it expeCted for pure 8=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 

, ,;1 

-"0' 

. , 

, " 

-.. "." . 

." 
, for this result. The ,former explanation is somewhat preferred, since the' 

examples which are outside this limit gen~rally arise from the most highly .... 
, '" populated' final states. In fact, until the exact nature' of this inter- ' 

, ference effect, iSl.,.understood, the 'spectroscopic utility of (p, 3He ) or 

"':"::',' (3He ,p) reactions on Tfo targets is greatly hindered. 
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APPENDIX 

. . 

. TWO-NUCLEON STRUCTURE FACTORS (GNLS~) 

A. Derivation of Two-Nucleon Parentage Factors 

1. Even-Even Nuclei 

The target wave fimction has zero spin and can be written in 

the form 

· where na \a·nd .~ are even . 

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

.sh~llJ say jb' then the final state wave function has the form 

.and the parentage factor relating this conffguration to that of the initial 

. state is just simply the two-nucleon coefficient of fractional parentage. 

· Thus 

· For states of minimum seniority (maximum T)J this coefficient is discussed 

by Schwartz and de_Shalit. 112 One finds that 

. 2 ~ ( 2(nb -2) (2J+l). )1/2 
(jb) J; ~ I }(jb)O ). = (~ -1)(2jb -1)(2jb +1-) v=2,JfO 

( 
2jb + 3 - ~ )1/2 

= (~ -1) (2jb +1) v=OJJ=O 

. 'Othe'r cases are discussed in Ref. 3 or Ref. 112. 

(b) For any pair of nucleons transferred across shells or a pair 

of uniike nucleons transferred within the same shell (neutron-proton pair), 

the final state wave function has the form 

• 
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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 

so. that the pair is immediately separated from the core. Thus the parent

age factor has the form 

1/2 
( 

2J+l 

)

1/2 
(naD.. ) 

b (2ja +1) (2jb +1) 

2. Odd-A Nuclei 

The target wave function has spin j and is written in the form 

where na and ~are even and j is the spin of the odd nucleon. 

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

shell) say jb) tpen the final state wave function has the form 

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 '2' .. ~ . 
= ((jb)vJ. (jb)J; OI}(jb)O~· 

X 1[(jb).~(jb):-2Jo(ja)~a)j; j) 

where the square bracket denotes vector Goupling. The transferred pair 

must now be separated from the final state and this is achieved ?y a 

recOuplingcOefficient,49 

. . 

The angular momentum of the transferred l?air is J, J f is the spin of . 

the final state and.the vector - coupled expression in the brackets is ., . 

just the'configuration of the final state. For a particular J f ) 

. .•. . .' J -J -j ( 2J +1 ) 1/2 
J2Jf +l H(~~jj;~.O·Jf);= (_)f. (2J-U)(2j+~) 

~-2 .' . . ~ J -J-j 
.11fJT) = ((jb)VJ(jb)~; OI}(jb)O )X(-) f 

and 

. and the parentage factor (defined with respect to core X particles) re

lating this configuration to that of the final state is given by, 

. where the expression (I}) is a two-nu~leon coefficient of fractional 

parentage, as defined previously. 

, :(b) 'For a pair of nucleons transferred across shells ora pair of 

unlike ~ucleons (neutron-proton pair) transferred within the same shell) 

the final state wave function has the form 

\0' 
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n -1. ~ -1 ". 
!</JF) = '[[(ja)ja (Jb )· JJ'" J, J f ) 

a Jb ' 

where the square bracket again denotes vector coupling. Following the 

. procedure outline above, then 

For na and ~ even, the single nucleon coefficients of fractional 

parentage are just unity,2 and can thus be dropped from the above expres

sion. Hence 

j; j) 

Now recoupling of the angular momentum yields 

I*T) = J~J [i:~::J J2Jr +l W(JJjj; 0 J f ) 

. where J is the angular momentum transferred in the reaction and the 

expression in curly brackets is just the configuration of the final 

state. For the total angular momentum transfer J, then 

[

ja ja OJ ' 
. 
jb jb ° = (2J+l) 

J J ° 
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, .. , J~ja -jb 
!7fJ ) ::: L .(-) .. , .J(2J+l)2J

f
+l W(JJjj;' 0 J

f
) 

T . ,J f'jJ':' . 
Thus 

x ,W(jajajb'jb; OJ) !(jajb)J',· ([(jatja-l(jb)~J. -lJ j}J; j) 
. a b J f 

- .' 

W(jajajbjb;O J),. W(Jjjj; 

. Jf-j-Ja -jb 
OJ )'-::: -->-( -..J-) ______ _ 

. f ((2J+l) (2j+l) (2j +1) (2j +1) )1/2 
a b 

where 

therefore 

., J.' +J-j 
\' .. ( ~!f. 

= G' --1-' 
J'JJ; 'd· 
f, 

Note that on odd-A.'nuclei J 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 

'parentage' factor rel~ting this configuration to that of the final state 

is defined with respect to core X particles and has the form 

B. Numerical Examples of Nuclear Structure Calculations 

In the following dis.cussion J 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 were in fact constructed from a complete intermediate 

coupling wave function}70 which introduces a coherent sum over the various 

configurations. Each separate shell-model configuration} however} is 

calculated as shown below. Only the (pJt) transitions are considered; 

the extension to the S:::l transfer for the (pJ 3He ) reaction is straight

forward. The configurations of initial and final states-are written in 

terms of neutrons and protons} where v refers to neutron and7T to 

proton. 

.. 
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1. 15N(p,t)13N Transitions 

The 15N ground state wave fu..Dction is written in the form 

. (a) For the ground state transition, the final state wave function 

has the form 

This is actually an especially simple case since the pair of neutrons to 

be transferred is i3.1ready separated from the final state. Thus, using 

the notation developed above 

~ (1/2 1/2)0 = 1.0 x 1.0 = 1.0 

and in LS coup ling, [ll/2 l/2] 
~LSJ ~OOO = 1 1/2 1/2 = +0·577 

000 

Since this (p,t) reaction is a 1/2- to 1/2- t~ansition, it is restricted 

by angular momentum selection rules to an L=J=S= 0 and T=l transfer. 

The two-nucleon structure factor is defined as 

The selection rule for transforming to relative and center-of-mass co

ord.inates is given by , 

which for A = 0 becomes 
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Now} for an L:=O transition in the Ip shell} both n:=l, N:=2 and n=2, N=l 

are allowed values of the relative} center-of-mass principal quantum 

numbers. A.ssuming a Gaussian wave function for the triton, the overlap 

integral between the transferred pair and this wave function has the for~3 

Thus 

(2n_l)1/2 ( )3/2 ( )n-l ° := xy 1-x ; n=1,2, .... 
n 2n-\n_l)! 

° := (xy)3/2 
1 

and ° := 2 
.[6 
2" 

The parameters x and yare defined as 

and 
2 1/2 

y:=1](~) 
v 

,,'here v refers to the 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 is the same value 

employed by True. 72 The parameter a is 3 for 3H (3He ) and the size para

meter 1] of the light particle is related to its mean square radius by 

2 
1] = 1 for and 3He • 

For the triton, 1]:= 0.242 (0.206 for 3He ) which in conjunction with the 

value of v} yields for the triton 

and 

(10 }20; 0/11,11; 0) = + 0.707 

(20,10; 0/11,11; 0)' == - 0·707 

thus the product, 

°1 < 10,20; 0/ 11,11; 0) -' + 0.707 

a:qd °2 (20,10; 0/11,11; 0) = - 0.0407 . 

.. 
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and these numbers, along with the evaluation of the parentage factor, 
'Y . 

PL8JT, yield for the nuclear structure factor, GN18JT , .the values 

G1000l ~ 0.577 X -.0407 ~ -0. 023 

G20001 ~ 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 ~argest value of the princi

pal quantum number N always dominates the cross section. However, these 

structure factors enter coherently into the cross section (Eq. (1)) 

. through a sum on N and for cross shell transitions, such a coherence 

can be quite important. 

(b) For the 7.38 MeV 5/2- transition, the final state wave function 

has the form 

13 * I N 7.38 MeV) 

In order to excite this configuration in the 15N(p,t)13N reaction, a pair 

of neutrons must be transferred across the Pl/2P3/2 shells .. · The parentage 

factor for this transfer is given by 

Thus, for a 5/2- final state. 

(
. 6 )1/2 == .[3 
2·4,2 

For a 1/2- to 5/2- transition the (p,t) reaction is restricted to a 

pure L=J=2, 8=0 transfer, so that in 18 coupling, 

~ne two-nucleon structure factor has the form 



.' .' 

,;;' i, 

,., 

• ,1 • 
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GNLSJT ,='~ g-Y~Is;yr nn(no J NL; Llnl £l Jn2£2; L) 

and for this L~2 transfer J g'Y =,[2 and n=N=l~re the only principal 

quantum numbers allowed by selection rules. Thus the product 

and " 

G12021 = ,[2 X l. 00 X .707 = l. 00 

2. ,13C(PJt)11C Transitions 

Most of the transitions in this reaction involve picking two 
13 ' 

neutrons out of the P3/2 shell. The C ground state wave function has 

the form 

1
13 )' C, g.s. 

1
'( v')4( , 'TI)4 v /) 

- P'3/.2, 0 ~3/2 0 'Pl/2 ; ,I 2 

,Then for a pair of like nucleons removed from the same shell J the final 
11 * / state wave function, for the C, 2.00 MeV 1 2- levelJ for example, has 

the form 

11 * 'I ( TI 4 ( v ) 2 v I C 2.00 MeV) = P3/2 )0 P3/2 ' 0 Pl/2 ; 1/2) 

and the parentage factor is given by 

, which in the case 'of jb=3/2J Jf=1/2 J J=O and j=1/2, has the value . 

, t3(3/2)~ = ,[6 X ((3/2)~(3/2)~;01}(3/d~) X (~) 1/2 
1.2 

=, r6x' 1 
'" I ,[6 x 1.0 = l. 0 

, , 

',",' However) in this case such is not the final resultJ because removing two 

neutrons from the P3/2 shell leaves an intermediate state of T=l which 

, can then couple with the' odd nucleon, (j=1/2 J t=1/2) to give an isobaric 

'. -"': 

'eJ 

"', 



-," 

; .-' 

' .. ~ 

··.·f )',..-' ," 

,.' '1'," 

. --. .. :"- ' .' . 

spin of T=3/2or T=1/2 forthe final, state. Thus the parentage factor 

mus-t include the appropriate Clebsch-Gordon coefficient) which is .J 2/3 . ' 

for T=1/2.' final states) and ,the value of ~ is then given by 

and ·in LS .coupling (L=J'=S:::O)) 

. ,'. . : '[1 1/2 3/2] 

~LSJ ~ ~OOO ,= . .J2/3. xl 1/.2,3/2 

... '.' '. 2 0 2 

. 'Hhich' leads tOtheGNLSJT values of 

GIOOOl 2/3x:-.0407 = -.0271 

G20001' =2/3X ~ 707 = +.472 

,. '. 

= 2/3 
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