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v A b3.7 Mev protén beam has been used to induce (f,t) and (p,BHe) reac-
tibns;n1an 15N target. Transitions to mirror final states of 13N and 130 |
'1ihave been investigated over 15 MeV of excitation and several new spin and parity  
assignménts have been made. The DWBA predictions of angulaf distributions for
these 15N(p,t)BN and 15N(p,BHe)lBC reactions, using intermediate coupling wave
" functions to obtain the.two-nucleon structure factbrs, were generally found to

" reproduce experiment well; in addition, calculated cross sections for the

1 .
jN(p,t)l5N reaction were in good agreement with the experimental values.

TNow at the_Nucléar Structure Iéboratory,_Uhiversity of .Rochester, New York. -
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1. INTRODUCTION

It is the purpose of tﬁis paper to-discﬁss the nﬁcleaf spectroscopy of
the mass 13 nuclei from a comparison of the 15N(p,t)l}N and lSN(p,BHe)lBC'reaé-
fions populating mirror final states. 1In the past, work at this laboratory
has shown that comparisons of (p,t) and (p,EHe) transitions are valuable spectro=-
scopic tools for identifying and characterizing isobaric analogue states.l
However, because analogue states were‘of interest, little work on comparisons .
~ of these reactions to other final states, excepf for that presented in Ref. 2,
vhas been previously reported. For the.data discussed herein, such comparisons
permit several new spectroscopic assignments to be made.

In the following: we.attempt to fit both the- shapes and the magnitudes
of theée (p,t) and (p,BHe) transitions with distortéd wave Born approximation
(DWBA) calculations,j’u thereby testing the mass 13 wave functions of Cohen and
Kurath5 oﬁer 15 MeV of excitation. Although many examples of two-nucleon DWBA‘.
fits to individual transitions exlst in the literature, only recentiy6-9 has much
attention been paid to the more comprehensive problem of fitting both fhe shapes
and the relative magnitudes of two-nucleon transitioné. This report is the
" first time that such calculations have been extended to cover a wide range of

‘excitation.
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"« II. THEORY
The formulation of the theory of direct two-nucleon transfer reactions

3,4,10

by most authors is.eééenfially equivalent.' (An exception is the work of
Rook et al.ll who, in“additioﬁ to the.zefo-range interaction employed by others,
also use a point triton approximation). However, the formulation of Ref. 4 was
made with particular emphésis on the role played by the structure of nuclear
states in the reaction and will be used thrbughout this analysis. This théory
fully takes into account the coherent effects caﬁsed by the spatial and spin
correlations Between the nucleons in the picked-up pair, which are expressed in
the shell model by configuration mixtures.

For details of the fheory, the reader is referred to Ref. 4. Here we
»briéfly récapitulate the main ingredients involfed in a calculation of two-
‘ nﬁcleon transfer reactions.. The lowestborder transfer does not entail any re-
arrangement of nucleons other than those removed from the target and this

establisheé the parentage of the states that can be excited. Further, because

the nucleons are transferred to or from a light nuclide having simple and

presumably kn'own12 spatial énd spin correlations, a nuclear state is excited
only to the extent that these pair correlations are present.u This informa-
; tion is conveniently incorporated into a calculation of the cross segtibn
through the function which aescribes the centef-of;mass motion of the trans-
ferred pair, when they are appropriately correlated and when the nuclear
istate has the required parentage. Then, in the DWBA treatment,
a calculation of the cross section invoives evaluation of the usual

354

type of integrals involved in all direct reactions, with the above described

center-of-mass wave function entering as the "form factor".
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Since most nucleér_structure calculations employ harmonic-oscillator

functions (in any case,'ail siﬁgle-pérticié wave functions canbbe eXpanded in

terms of them), the projected center-of-mass wéve,fUnction for the two-nucleon

transfer reaction can be written as

) _ . T 2
U (R) = % Cyrsgr Uyn(BVR)
where U, is a harmonic oscillator function ahd' v = md/h is a constant

NL
corrésponding to the particular single-particle motions'involved. Because of

the;xxu"asymptotic behavior of the oscillator functions, ﬁL(R) is matched.v
(at the nuclear surfacé) to the appropriate Hankel functionvwith asymptotic
behavior corresponding to the separation energy of the pair.

The structure amplitudes GNLSJU?'ére calculated from the wévelfunctiohs
used to describe the initial and final nucledr sﬁates. They carry all the
nuclear structure information relevant to the reaction and their explicit form
was glven previously.u Generally, they involve a sum over several configurations
of the pair since this 1s the way in which correlations are expressed in the
shell model. .

One of the factors involved in the calculation of the structure ampli-

‘tude G o 15 the parentage factor B[(Jlje)J] that measure the degree to

which the statg of the nucleus (A+2) has as its parent the nucleus (A), with

the transferred pair in the state (jlje)J. Using the general definition of

>

excited in
the 15N(p,t)lBN and 15N(p,aﬂe)IEC reactions15 are now given (a neutron-proton

formalism is used).
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The farget>wavevfunction'has spin J and iévwritten as
S
\ L ay . )

1) for a pair of like nucleons added or taken out of a given shell — say jb -—

where n

b is even, the final state wave function has the form

na : nb-2
The parentage factor relating initial and final state configurations for a
particular total angular momentum transfer J and a particular final'staté
3:.spin Je is
1/2

n_b..2 n.b 2J .t1
((Jb )VJ (jbe)Ji 0,] ('jb )O) ((2J+1)1(2,j+1)

_ X _l)'l/z
BL(3,)7) = (“-Lrig—-—)

Explicit expressions for the two-nucleon coefficients of fractional parentage
(])) may be found in Ref. 4 or Ref. 1k4.

2) for a pair of nucleons transferred across shells or a pair of non-identical
_nucleons (a neutron-proton pair) transferred within the same shell, the final

state wave function has the form

o

. na-l R
g = 1003 ° )y (3 )3, 137339¢)

a

where the square bracket denotes vector coupling and'na and n, are even. The

pafentage factor reiating this configuration to the initial state by the total

angular momentum transfer J is given by

<
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Bl{3grdp) 1y = (mgny)™"" (23, 71) (23,71 (23+1)

The DWBA,calculatio#'involves use of these parentage faétors in LS coupling and
this 1s achieved by the appropriate jj-LS transformation coefficient. The
calculation for states of mixed configurationj involves the appropriate linear

combination of the above B's. Explicit derivations of these expressions are

given in Ref. 15.

-TII. EXPERIMENTALY-'
These reactions were induced by a 43.7 MeV proton beam from the Berkeley

épinal ridge cyclotron. The physical layout of thé cyclotron and target area,

together with the overall beam optics, 1s 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 our

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 magnef. Beyond the analyzing slit, two quadrupole lens doublets

L Qﬁad. 21, QuadQ 22) were required to bring the beam to a radial and vertical
. q ,

focus at the center of a 20" diameter scatter chamber. Typical beam spot
sizes at this point were 80 mils wide X 100 mils high, with beam intensities
varying between 0.05 and 1.0 pa, as required. The beam current was measured

in é Faraday cup with an‘integrating electrometer.
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Reaction eveﬁts_wéré méaéured_in two sépéfgte*counter télescopes, each
consisting of a 5.5 mil phosphorus-diffused siiicon AR detector and a 120 mil
lithium-drift silicon E detector, backed by a 20 mil lithium-drift silicon

This last counter served to eliminate signals from long range

detectorif
events wﬁiéﬁ~passed through the first detectofs, The target was 99% pure

15N2 gas aﬁd was contained in a three inch diameter gas cell which was

filled externally. A 3150 gas target window was covered with 0.1 mil Haver
foill6 which easily withstood pressures of 30 cm of mercury. The target
pressure and beam energy were constantly monitored by é»lEO.mil lithium-drift
silicon detector fixed at 27.5° to the beam.

A block diagram of the,eleétronics is shown in Fig. 2. Signals from
”.the,three detectors (AR, E, Erej,) were first sent.ﬁo chargé-sensitive pre-
.'amplifiers which then fed the main amplifiers in:the circuit. AE and E sig-
vnals from theée amplifiers were then fed to a Goulding-Landis particle identi-

1.73

bfier.l7 This unit operates on the empirical ielation R = aBk , where R is
. the range of the particle, E is its total energy and a is’a constant, char-
acteristic of the particle type. A particle identifier spectrum is shown in
‘Fig. 3. Particle identifier signals were selectively gated in a M—channel.
fouter 50 that valid triton, helium-3 (and alpha pérticle) events could be
vrecorded in the appropfiafe‘channel of a Nuciear Data analyzer or in an on-
line PDP-5 computer, bofh operating in a 4 x 1024 channel mode. Since it was
" not always possible to completely separate deuterons and tritons with this
relatively thin AE detector, -a safety group was observed in which ény leak;

through tritons were collected. Energy resolutions (FWHM) of 150 and 180 keV

were obtained for tritons and helium-3, respectively.

L9
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-ITI. RESULTS : , _
~ Figure k presents energy spectra of the 15N(p,t)BN and lSN(p, He )lBC

5

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

18 45

in this experiment and for the most part agree nith nfevious values,
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 keV)
reflect the overall uncertainties involved in’the analysis. In addition, spin
~and parity assignments are presented in these tables, and these will be fully

explained later in the text. An energy level diagram for 150 and lBN

is present-
ed:in Fig. 5. The data invFig. L shew,that the reaction is very selective; '
-strongly populating only the negative parity states in the mass 13 nuclei. -
This 1s expected Qn'the basis of a direct'pickup of two nucleons from a (1p)ll
configuration, which is assumed for the ground state of 15 . However, some
positive parity levels are excited relatively strongly end their presence.in

the spectra will aiso be discussed. Figure 6 presents energy spectra for the.

19

luN(BHe,Ot)lBN and lb'l\l(d.,BHe)BC reactions™” taken at a laboratory angle of 17°,

which will be used to support some of the later discussion. Similar data on
13

‘single-nucleon transfer reactions populating states in "°N have been obtained

"in recent N(p,d) Loy experiments.eo | |

Angular distributions for levelsvexcited in the 15N(p,t)BN.and

't 15N(p,3He)lBC'r’eactions are shewn in Figs. 7-12; 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 transitiens are expected to be < 10 percent.

Representative relative errors for all states are given in these tables. Of

later interest will be Fig. 13 and Fig. 14 which present (p,t) L=0 and L=2
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angular distributibhsﬂoﬁtaihed 6nla varietyﬂof lightvnuclei. These are remark-
. ably similar in.shape, considering the range of particle enérgies»involved.
Hintz and co—workers21 have observed similar effeéts‘in_(p,t) reactions on

heavier nuclei{f?

IV. DISCUSSION
: ' , 15 13
We wish to analyze the negative parity levels excited in the N(p,t) N
and 15N(p,BHe)lBC reactions. The energy levels observed are compared with
those predicted by intermediéte coupling theorles and the experimental angular
distributions are compared with the two-nucleon transfer theory of Ref. L.
- Later, the performance of this theory inh predictingrelative cross sections for

; these transitions is noted.' However, prior to these analyses the optical model

“v( pafameters used in this study require discussion:

Since appropriate elastic scattering data were not available in either‘
- the entrance or the.exit channel, the optical mpdel parameters were obtained

. from an examination of the "best fit" parameters available in the literature.
.‘.There are only a»feﬁ reports of about 40 MeV proton scattering on light nuclei
-(see, for example, Refs. 22 and 23) and, unlike what is availablé in our code,
most of these fit522 have emiloyed a épin-orbit term in the optical potential;
However, we are'able td employ a real well depth which is consistent with the
values given in.Refs.QE and 2%, though the absorptive potential had to be in-
- creased éonsiderably. The prbton potential that proved to give the best over-
all fit to the data was interpolatéd from a graph of opfical model parameters
vs. energy, given bvajorklund.eu

The choice of an exit channel potential -~ in the absence of elastic

scattering data -- is perhaps subject to the most uncertainty. In accord with



Yo

" nuclei.
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the hypothesis that in a reaction involving compléx particies one should con-

25,26 we have

sider the interaction of ééch'nuciéon with the SEattéring center,
used triton and hélium-3 optical'ﬁodei parameters correspohding t0o a sum of
single-nucleon potentials. These‘were obtainedvfrom éearching the literature
for the appropriate low enefgy (about ld MeV) nuéleon scaftering data on light
o7 ' '

Parameters obtained in this way are similar to thpse found from -

helium-} optical model fits on light nucle128"'in the energy region of our

experiment (about 25 MeV), although this reference generally employed larger
radii for the imaginary well. (There are no optical model parameters available

for triton scattering on light nuclei at these energies). The best "summed"

-potential was determined from the 15N(p,t)le data alone since only a single .

L transfer was allowed in these transitibns and this botential-is presented

in Table III (potential X) along with the proton potentialeu mentioned above

~ (potential A). The exit channel parameters were taken to be the same for both

tritons and helium-3 and are labeled just by the triton channel in Table III.

;  Earlier work in fitting helium-3 elastic scattering data on lightbnuclei29
- _employed a "shallow" poteﬁtiai for the real well depth and an average of the
(barameters given inARef.>29 is shown_in fable III (potential Y). In addition,
‘.Table ITI contains a pofential foundsifrom_BO MéVlhélium_3 scattering on 120

- (potential Z). The combination that produced the best overall results -- over

15 MeV of excitation -- was AX. Although the proton potential was relatively
insensitive to the choice of volume or surface (derivative Saxon-Wood) absorption,
the triton potential in the AX combination gave better overall fits to the data

with surface absorption.
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_ DWBA fits to the data are compared in Flg. 15 and Fig. 16 for the
15N(p,t) N ground state (L=O) and’ 15N(p,t)l3N 7.38 MeV (Lhe) trensitions,

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

“have all been arbiﬁrérily normalized to the data,at 32° for the ground state

transition (Fig. 15) and at 20° for the 7.38 MeV transition (Fig. 16). These
are the two strongeét statés in the spectrum, so that they should be good
tests for the correctness of the optical model wave functions, The ground state

transition (L=0) is best fit with poténtial AZ while the T7.38 MeV transition

{L=2 is best fit with potential AX. However, AX generally fits the other

transitions in the (p,t) data better than AZ does. For both transitions, the

"shallow" potential AY gives a relatively poor fit to the data. All of the

"~ (p,t) and (p,BHe) fits discussed in the fo1lowing have been calculated with

the potential AX. Attempts to improve the DWBA fits to excited states thru

introducing an energy dependence in the triton potential by reducing the real

vell depth'as a linear function of excitation2h’30 were not successful; the

DWBA results cohtinﬁed to look better with the AX potential fixed for all

excited states.

A. Spectroscopy of Individual Levels

Considé¢rable theoretical interest has been concentréted on nuclei in

~ the lpvshell within the framework of the intermediate coupling model. The

early'calculations of Inglis51 and Lane32 were followed by those of K’urath,53
Banrkina3u and Barker.35 Tn all of these calculations the nucleon-nucleon
t

interaction was taken to be purely central and the ratio "a/k", where "a" is

the strength of the spin-orbit potential and "k" is the value of the two-body
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exchange integfél,'wasbieft as a variable parameter. More recently Halbert et
al.36 reported a calculation similar to thQSe abOvé-but,using the Hamada-
Johnston potentia137vfor the nucleon-nucleon interaction, rather than a simple

"

central interaction. An alternative approach is the "effective interaction”

. treatment of the problem, where the nucleon-nucleon potential is not explicitly

defined and the matrix eieﬁents of the two-body interaction are left as para-
meters to be determined b& experimenf. ‘Calculations of this kind have receﬁtly
been reported by Cohen ana Kurath5 and Barker.38 In Table IV, which will be
referred to in thevfollowing discussion, are shown the predictions of these
calculations Refs. 5, 33-36) fdr the levels iﬁ mass 13, along with the experi-
mental assignments. A

As mentioned'earlieb‘the two-nucieon transferﬁtheoryu requires a

separate calculation of the nuclear structure factors (GNLSJT) which are then

 used in the DWBA calculation. These factors have been calculated using coef{

ficients of fractional parentage derived from Cohen and Kurath's complete
intermediate coupling wave functions5 and are presented in Table V (multiplied
by the spin-isospin coupling factor, CST);M ~Harmonic oscillator wave functions

are assumed for the single particle states in the nuclear structure calculation

‘and the oscillator parameter v is taken to be 0.32 F-2, which is the same value

that True employed for the lp levels in his shell model calculation of lLLN.39

The individual transitions are now discussed:

1. 0 Mev, (13§ ana 1301) 1/2”

Two nucleon transfer selection rules restrict this transition to a pure

L=0 transfer for the (p,t) reaction but allow both I=0 and L=2 for the (p,3He)

reaction. The DWBA fits are shown in Fig. 17 and are arbitrarlly normalized --
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the»(p,t)‘indepeﬁdenﬁifbofe£he~(§,3He). _Theﬂthebfetieal (p,t) cross sectionl

is Qverpredicted‘at back angles but otherwise‘giVeS'alreaeonably good account

of the data. The (p,BHe) fit,vwhich gives.a~good'representation of the envelope |
of -the angular distributien, does not coﬁpletely account for the forward angle

‘ behavior of the data,'fﬁ;better fit can be obtained through the inclusion of

| a strongly spin—dependent fbrce, which is later referred to‘and which enhances

the L=0 component of this transition.

2. 3.51 MeV (2N] and 3;68 Mev [FOc], 3/2”

Two-nucleon transfer selection rules new,reetrict the (p,t) transition
to be pure L=2 while the (p,3He) is again avmiiture of 1=0 and I=2. The DWBA
. fits to these data,uo normalized Separately'eﬁd'independently'of the ground
 state transition, are sden in Fié. 18. The (b,t) tfaneition is well predicted‘.
;by the theory; the (p,BHe) £1t does not cempletely repfoduce tﬁe back angle |

etructure,‘although it givee a good acceunt of the- forward angle behavior.

‘3. T7.38 MeV (3x] and 7.55 MeV [15c], 5/2"

Early 120 + proton scattering results by‘ShUte et al. k1 indicated that

the parity of this level (in 3N) should be positive (5/2 P 7/2 ), in. agreement
'w1th the results of other workers.u2 Barker,u5 from an analysis of some
12c(p,p'«/) results, agreed that the spin of the level was either 5/2 or 7/2,
,v but of negative'parity. Baged on the results of his intermediate coupling
'calculations?5 which are feproduCed in Table IV, Barker assigned this level
as 5/2°. Similar calculations by both Kuratho- and BoyafkinaBu'predicted‘a
5/2" level at about 6 MeVabf excitation (Table IV); further, Gallman et al.uu
show that a value of about 3.5 for a/k, ih good agreement with Barker's

choice, is required in order to predict a 5/2° level at about 7 MeV of excitation.:



v Nevertheléss, recent 120(p,p'7) experimental results

k. 8.93 Mev [3N] and 8.86 [1301, 1/2°
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45 could not clearly dis-

~ tinguish between a 5/2- or a 7/2° assignment. L v

' Transitions to this level are the strongest ones in the lsN(p,t)lBN
spectra. They show a characteristic I=2 angular distribution (compare Figs.

13 and 1) which requires eithér a‘3/2-’or a 5/2° assignment, and 3/2 seems

"~ unlikely in view of the evidence presented above. From this and the relative
"cross section results discussed later, we are able to confirm that the level in

o question is 5/2-, a conclusion which has also been reached from recent luN(p,d)15N :

20
analyses. The mirror level is observed at 7.55 MeV in e via the (p,BHe)

reaction. Unlike the ground state and first excited states, however, the

(p,BHe).transition is now restricted by angular momentum éoﬁpling to a

pure I=2 transfer. Consequently, these (p,t) andv(p,BHe)>5/2- transitions are

expected to have similar angular distributions. The DWBA fits for these

.. transitions are shown in Fig, 19. The theory gives a very good account of

the shape of the (p,t) angular distribution and a reasonable fit to the (p,EHe)

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 distribution.

~ Nevertheless, its angular distribution is well enough characterized to confirm

‘a 5/27 assignment for the 7.55 MeV level in Be,

This level has been strongly excited in 15N via proton scattering on

, N , i
120 by a p-wave resonance_;' and a spin-parity of'1/2 has been assigned. It

 is also strongly excited in the l)+N(5He,06)3‘51\l reaction (Fig. 6) and the
b 1 - '
'11 N(p,d) N reaction.2® The analysis of the 8.93 MeV level observed in the

, 1
: ;5N(p,t) N reaction (its width is known18 to be 270 keV) yields a reasonable-
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L=Of$ngularﬂdis£ribﬁtibn (Fig’,7); in agreement with.iés 1/2' assignment. A
level at 8 86 MeV in 3C, which is probably the mirror of the 8.93 MeV level

lBN, is populated in the 5N(p He) 30 reaction. It has an angular distri-
bution fairly 31m11ar to the (p,t) transition, whlch is understandable on the-
basis of the nuclear structqre calculations; as indicated in Table V, the L=0 strength
~in the (p, 3He_)’,cross_section is expected to bé.about a factor of three stronger
than the L=2 strength. As expec£ed, a.level at this excitation (8.8 MeV) is
" also strongly excited in.the 1I‘LN(d,—jHe)BC reaction (Fig. ). Intermediate
coupling predictioné for the appearance of a second 1/2_ level in this energy
region are generally in very good agreement with experiment  (see Table IV).

_ The DWBA predictions for the angular distrlbutions to these levels are
'.:shown in Fig. 20, again normalized 1ndependently. These fits are of poor
quality compared to the ones previously presented. In addition (see Sec. I¥-B), the
relative cross section for ﬁhis 8.93%3 MeV 1/2- transition is uﬁderpredicted in the DWBA
calculation by a factor 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 th(BHe,a)l3N and luN(p,d)l5N DWBAAanalysisl9’2o for. this level
agree with experiment to bettef than -a .factor of two. This enormous discrepancy

"in the (p,t) reaction is difficult to understand and will be discussed later.

5. 9.48 eV ['’N], 3/2” and 9.52 Mev [1301, (3/27)

This level was originally assigned 3/2° in N from proton scattering

oo |

results An 120 and until recently was thought to correspond to the second

3/2" level predicted by intermediate coupling theory (Table IV). However, it
‘ 1 .

is virtually absent in the 15N(p,t) 3N spectra and it is not observed in the

1k 1 14 1 . : o
N(p,d) N or N(3He,a) N reactions (Fig. 6).20919 The single-nucleon pick-
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up data are pafticulafly interestingbs1nce ooefficients of fractional parentege
for these reactions’ show that a second 5/2-‘ievel, predicted to lie at about
10 MeV of excitation, should be;stfongly pOpuleted. Furnhermore, the structure
factors shown in Table V from the Cohen and Kurath work5 indicate that the
second 3/2_ level populated in the (p,t) reaction should be roughly only e
factor of five weaker than the first 3/2° level (3.51 MeV). This would imply.
a peak angle cross section of about 80 ub and thus ehould~be as strong as the
T=3/2 level (15.07 MeV, 3/27), which 15 olearly_seen in the spectrum (Fig. 4).
The evidence presented here, then, seems to indicate overwhelmingly that the-

9. h8 MeV 3/2° level in N 1s not primarily composed of a (lp)9 configuration,

. and is therefore not the second 3/2 level predicted by intermediate coupling

theory. This 1nterpretation is supported further by the data of McPherson et
‘al.,u6 who studied the beta decay»of 15O. The log £t values for this decay
(and also for the beta decay of the mirror 13y nucleus)h7 are in good agreemenu
with intermediate coupling calculations,5 exoept for the transition to the 9.48
MeV 3/2° level in 3N. In fact, it is possible that this particular level
contains appreciable (2s, ld) admixtures.5 Such configurations caild not be
excited in the beta decay of 5O and would not be appreciably excited in these
| nuclear reactions. The second 3/2  level predicted by theory is found to lie
at 11.9 MeV as discussed below. . |

However, a level at 9.52 MeV is excited in the 15N(p, He) Je reaction,
 >vwhich is relatively strong in comparison to the'other levels in this‘region
(Fig. 4 and Table II). A.level at this excitation has also been cbserved in
the lul\l(d,BHe)DC reaction (Fig. 6) which, although weakly populated, is ex-

cited stronger than any of the positive parity levels of 130. This is a good
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_ indication that the 9.52 MeV level in 130 is of negative parity and. one might

consider it to be the 3/e” mirfor of the 9.48 MeV 3/2” level in 13_.18 “The

angular diééfibution seems to be predominantly L=2 (comparebFigs. 125 13 and lh)

-which is consistent with a 5/2_ assignment. However, a puzzling aspect about )
this (p,BHe) transition is its appreciable cross section (Table II), especially
relative to the missing‘mirror (p,t) transition. Both of these levels -- the

_9.&8 MeV in 15N ahd the 9.52 MeV in 150 r-lcan.be expected to mix with
neighboring 3/2_ levéls, the nearest being the 11.90 MeV level, which is dis-

" cussed below. This last level has strong components of quartet spin statesju

which would be "S forbidden" in the (p,t) reaction (see Ref. 2). Such com-

_ ‘ponents mixed into the 9.5 MeV 3/2° level could favor the (p,BHe) trdnsition. ..

- 6. 16.78 MeV [lBN], 1/27, and 11.09 MeV [;301, (1/27)

‘A new state in the 13N spectrun stsessing 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 show an angular distribution sharply peaked forward at small angles
(Fig. 7). A level at this excitation is also weakly excited in the
th(BHe,a)lBN reaction (Fig..6) although here it is much more strongly popu-
lated than any of the positive parity levels. The relative strength with whicﬁ_:
the 10.78 MeV level is populated in the (BHe,a) reaction indicates a level of-
negative parity and its I-O angular distribution (compare Figs. 13 and 1&) in
the (p,t) réacﬁion (albeit witﬁ very poor statistiCS)vindicates a probable épin_
and parity of'l/E“.
| In contfast to the (p,t) data, the (pQBHe) transition to a level at
‘11.09 MeV in 130, vhich ié'proﬁably the mirror of the one above, is mpfe strongly
populated. Although 6nly a few angles were faken, the lh]?\’(dﬁl-ka-)lsc reaction



- a complete DWBA analysis of the 1uN(3He,a)13N data

- good agreement with Cohen and Kurath's spectroscopic factors,
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(Fig. 6) excites a level at li,l MeV, in good agréement with,fhis value. There
are two knownl8‘levéls.£h>£hié'fégion of 13Q'at.ll.01 aﬁd 11.08 MeV, and it
would appear from ouf.enefgy ahélysis that thé secoﬁd'onekis populated in the.
15N(p,BHe)BC reaction. (Thé level at 11.01 MeV has been tentatively assigned
as l/2+, whicﬁ one would not expect to be appreciably excifed).

The angular.distribution of this 15N(p,BHe)lBC transition is presented
in Fig. 11 and indicgtes a mixture of L=0 and I1=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 15C correspond to the third 1/2°

state predicted by theory (Table IV) produced the DWBA fits shown in Fig. 21.

The 1=0 shape for the (p,t) transition is well reproduced over the peak and,

- as we later discuss, 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,BHe) angular distribution is also reasonably well fit for a level at this

high excitation. An assignment of 1/2” 1is consistent with the above fits and
. 19

confirms this conclusion.

7. 11.88 Mev [*N], 3/27, and 11.80 Mev [c], (3/27)

This level in 15N has been recently observed in singlé-nucleon transfer

lul\T 19,20 (Fig. 5) through a p 3/2 neutron pickup. An analysis

>

reactions on

of the intermediate coupiing wave functions for the various final states

shows that the 5/2°, 7.38 MéV level; the 1/27, 8.93 MeV level;and a 3/2°

level should all have the same dominant coﬁfiguration, [(pl/z)i, (p3/2>'i; J)

2

- and consequently these would all be expected to be stfongly excited in single-

. nucleon transfer reactions on th. All three are indeed strongly excited, in

>

and on this
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»basis a 3/2 assignment?o was, made for the level at about ll 9 MeV in lBN.‘ A
level at 11.88 MeV has been observed in the 15N(p,’c) N reaction and one at
11.80 MeV in the 5N(p,5He) 5C reactlon-—this latter level most likely being
the mirror of}ihe.one 1in P, This 19C level has also been observed in
lI‘LN(<iL,5He)130"(Fig. 6) and e PHe, Het ) e reactions.19 The (p,t) reaction
populating a 3/2* level is reefricfed by two-nucleon transfer selection rules
to a pure L=2 transfer and the angular distribution of the 11.88 MeV tranéition
is shown in Fig. 8. Theb(p,BHe) transition, on the other hand; can be populated
vby both L=0 and L=2 components and its angular distriﬁution is given in Fig. 11l.
The DWBA fits fer'theée levels, using intefmediate coupling wave
functions for the‘secéna_predicted 3/2" level,. are given in Fig. 22. For the
(p,t) transitien, both a fepieseﬁtative L=0 transition at this excitation and
.'an 1=2 transition are compared with the.data. It can be seen that L=2 gives a some-
what better overall fit, which is consistent with the 3/2" assignment. The
DWBA.Calcuiation is, however, unable to account for the small angle behavior’
oeserved. This shift of the most forwardexperimental meximum t6 smaller angles with
increasing excitat&on has been observed in other (p,t) transitions (Figs. 13
and 14). The theory, on the other hand, exhibite e slight shift outward
' in angle with increasing excitation. 'The-l5N(p;t)l3N_7;58 MeV (L-2) transition
gave a slight indication of this effect, although not so drastic as observed
here. The (p,?He) fit, on the other hand, is quife good, especiaily for
such a highly excited»state. Both the,strubture and the envelope of the crose

section are well predicted by the theory, which gives a good indication for

a 3/2 assignment to the 11,80 MeV level in 130.
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8. 12. ho MeV [l5c], 7/2

A level at 12.40 MeV in 3C was excited fairly strongly in- the
15N(p, He) ) reaction, although its counterpart in the 15N(p,t)13N spectra
was completely absent. A previously reported level at 12.4k MeV excitationl8

n 22¢ nas been tentatively assigned as 1/2°. This level at 12.40 MeV had a

width consistent with the recently reported value of 90 keV,lL8 in contrast with

other reports on the width of a level at this excitation of about 300 keV.u9

5He)BC reaction at
about 12.2 and 12.6 MeV and these could be the cauée of the‘differing widths
reported for this state. rAlthough the 12.40 MeV level was not well resblved
at most angles from these othér peaks, its angularAdistribution was extracted
and is shown in Fig. 12; | |
- The anguiar distfibution for this level has a reasonably pure I=2 shape at small
angles (compare'Figs. 13; 14) which would imply that this was a transition |
to a 5/27 or 7/2” final state, rather than to a 1/2 state. Intermediate

coupling theory (Tabie IV) would argue for a 7/2_ assignment. More importantly,

this state is absent in the 15N(p,t) N spectra . ,and there is no evidence for

- a level in this range of excitation in either the N(BH ,a)l3N or N(d He)13
‘reactions (Fig. ) or in the N(p,d) Ly reaction.eo A 7/2" assignment is the

. only one consistent with these observations since of the allowed lp - shell

pickup final states for this (pQEHe) reaction (1/2°7, 3/27, 5/27, 7/27) only

 the 7/2" state is J (or j) forbidden in all the other reactions. The DWBA fit

based on a 7/2_ assignment5o (L=2) is shown in Fig. 23. The theory gives a
satisfactory account of the data, predicting qﬁite 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.
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9. 15.07 Mev [2N] and 15.11 Mev [Dc], 3/2”, 1=3/2

These two levels populated in the 15N'(p,t)lBN and 15N(p,BHe) J¢ re-

actions werefreported earlier’™ and will not be diseﬁssed in any detail here..
The excitafiens observed are in.good agreement'with most intermediate coupiing
calculations (Table VI), except for the results of Barker35 which place them
almost 2 MeV fdo low These are trans1tions from the same initial to identical
final states and as such proceed through a pure (8=0, T= l) L=2 transfer of two
nucleons for both transitions. The differential cross sections for both are
evirtually the same, as shown in Figs. 8 and 12, and arecdiscussed:in more detail
in Ref. 51; ..~ the DWBA fit'ﬁo the (p,t) transition is given in Fig. 23. (The
'efit to the (p,BHe) transitlon was virtually the same as the (p,t) and isvnot
"shown). The same effect observed earlier in the 5N(p,t)lBN 11.88 MeV (3/2° )
transition also appearsvin this (p,t) transition—namely, that the data peak
_at'considerably smaller angles than’the theoretical fit. Nevertheless, the

DWBA fit does reproduce the ocbserved structure and, considering that this 1is

such a highly excited level, is still reasonable.

io. 6.38 Mev [ 1341 and 6.87 MeV (e, 5/2 .
| Insofar as the ground state of 5N can be represented by a (lp) con-
: figuration, then the direct plckup of two nucleons can only exc1te negative |
- parity states in the final nucleus. Hence, the population of positive parity
ievels muet_be due to other effects, such.as (2s, 1d)2 impurities in the oy
e ground state or an addiﬁional mechanism such as core-excitation or knockoﬁt.
'(Cempound nucleus contributions are expected to be negligible at these high
" bombarding energies). Only twe of the experimentally resolvable positive

. parity levels were consistently observed in both the (p, t) and (p, 5He) spectra;
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| the first 1/2 level at 2. 37 and 3 09 MeV in IBN and 3C, respectlvely, and

the second q/2 level at 6. 38 and 6.87 MeV, reopectlvely In both spectra,

the 5/2 transition is much stronger and angular distributions populating it
are shown in Fig. 9. Also of interest in our atteﬁpt to interpret the pop-

" ulation of these 5/2" states is the 130(-p,t)1lc 7/2" transition discussed
elsewhere;ls"52 it is J-forbidden on £he basis of a two-neutron.pickup reaction
on a pure (lp)9 13C terget, but is populated relatively strongly. Its angular
disrribution is also shown in Fig..9. (In the following discussion, a knockout
mechanism has been disregarded, in view of the relative population of %he 1/2+
and 5/2+ levels and since this mechanism has been shown to be inadequate in'a

53

treatment of "j-forbidden" (d,p) reactions,”” where its influence might even be

" greater than in the (p,t) reaction.)

| Although the shape of the 13N(5/2+) angular distribution is not that nor-
mally observed for an L = 3 transfer,5u as would be required for pickup from a
(ld) impurity in the_liN ground.state, it is possible to obtain;a reasonable
fit to these data. In Fig. 2L are'shown‘DWBA fits for this transition_as well

13 15,22
as for the C(p,t) c (7/27 ) tran51tion reported prev1ously

Tvo curves
are shown for each transition, corresponding to different choiceo for the ouoll-
lator parameter of the bound state wave funct10n° = 0.32 and 0.40 for the 5/2+
transition and v = 0.32, 0.46 for the 7/2 transition. The larger values corre-
spond to different radii for matching the Hankel function teil at the nuclear
surface. (Thie procedure is discussed in more detaii later. ) >Since it is not
clear how to treat the bound state wave function for a (1dlp) L=3ora (1p1f)

= b transition (a problem which also arises in the analysis of single-nucleon
transfer reactions b), these lazcer valuea of vy are per PS not unreasonable
and their use does result in improved r;ts to the data.

iUnder these assumﬁtions and using the configura tions predicted from

56 . .

. o , .17 + ‘ ' A
weak coupling calculations” ™ for this jN (5/27) state, a 15 * 5% admixture of
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'(1d 5/2)2 in the 15N ground state would be necessary tO-accoﬁnt,for the relative
strength of the observed transition. . The relative population of the 6.38 MeV

+ o ' 3 : .
5/2 and 2.37 MeY,l/Q levels in_le can be understood through a larger amount

of (d5/2)2 than of"(sl/2)2_in the 1N ground state—a conclusion consistent with

> (3

. , 1 !
an analysis of the negative parity states populated in the -N He,a)lFN re-

action.57 Similar results for 16O have been obtained based on the population

.28
of its 5. 28 MeV 5/2 level in the O(d 3Hc)lsN reaction.

However, the relative pOpulation of the 1/2" and 5/2 levels of 17N can
58

~ also be understood. on the ba51s of a core—exc1tation plckup reaction” proceeding

thru the 15N 5.28 MeV level.15 Further, the observed angular distribution to the

1z . + : : ¢ o . T
vl)N (5/2") state (and the e (7/2 ) state) 1s presumably also consistent with

such a mechanism Cledrly, much more theoretical work and more extens1ve data are,,vv-v

- . required to establish the mechanism involved in populating these positive parity

states.

B. Comparison of Relative CrosQ Sections

The discossion of relative cross sections is concentrated on the
'15N(p,t) N reaction, since a previous report5 has shown that interference
terms in the (p, He) rcaction are liable to drastically affect its cross secticn.
Before discussing the theoretical cross sections, it is well to review how the
form factor is treated in the calculation. .Sihce'the bound state wave function
is represented by a ﬁarmonic oscilletor, it is matched at the nuclear surface
to a Hankel function tail. "For a pickup'reaction, the increasing separaticn
energy of the peir with excitation hes a damping effect on the magnitude of

- the Hahkei function and this results in an increase in the matching radius with

increasing excitation. For a given . L transfer, this tends to czuse an

B
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increase in the predictea'tﬁe—nuéleon cross'sécfibn'with excitation, although
the magnitude ofvthis incféaéé can be quite senSitivevfo the chosen optical
modelvpotential, as will be indicated later. An alternative methbd is to match
the Hankel function tail at the same fadius.for all excited states, which
. necessitates a slight increasé in therscillétor parameter vy with excitation.
Both approaches have been tried and noticeably better results are obtained wifh
the latter.

Relative cross sections for these two éalculations are compared with
_experiment in Table ¥I fof two choices of the optical-model potential, AX and
AZ (Table M), and using the nuclear structure factors shown in Table Y.

Both calculations have_been érBitrariiy adjusﬁed to give the best agreement

with experiment. The éalculation<in whi¢h thé.oscillator parameter is fixed -

at v = 0.32 and the matching radius is correspondingly increased gives notice-~
ably poorer.results for réiative cross sections than the procedure adopted
whereby the matching'radius is fixed (at the gfound state value of 3.60f) and_i
the oscillator pafameter adjusted. The variation in agreement of thé experi-
mental and theoretical.rela£ive éross'sectibns is indicated by the quahtity B
in Table ¥YI, which wés calcuiated by minimizing_the average value of the larger
. ratio of experiment.and fheory for all the indicated levelsAand then subtracting
one from the result (B = O for perfect agree&ent). B varies from a value of
1.53 (AX potential with constarﬁ; v) to a value of 0.31 (AZ potential with
constant R = 5:60f and é 1’7 percent variation in v). For bofh calculations,

the theoretical reéﬁlts usiﬁg optical potential AZ are in much better agreement
 ﬁith experiment than those using potential AX. Other choices were triéd (iﬁcluding
AY of Table 0) and in no casé was there a‘significanﬁly greater differenceithan

between AX and AZ. It is disappointing that potential AX shows the worst
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agreement iniféﬁrbducﬁinglﬁhévrelﬁti&e;croesleeCtiens,ueiﬁce.it gives better
overall fits to the data and is the potentlal used in the prev1ous d1scuss1on
However, potential AZ shows the best fit to the ground state transition (Fig. 15)
and also gives a reasonable fit to all the excited states (an example is shown
in Fig. 16). |

The data in Table -¥TI rebreseht the first time, to our knowledge, that

"comparisons of relative cross sections. in two-nucleon transfer reactions over

15 MeV of excitation have been made. The calculation involving a fixed matching

radius for fhe final states must be considered as being in quite good agreement
with experiment (and is'used hereafter) and insofar as our adjustment of the

os01llator parameter v would not markedly affect the amplitudes of the inter-

mediate coupllng wave functlons of" Cohen and Kurath, 2 then these wave functions :

must be regarded as giving a good descriptién of the final states populated in
lsN(p,t)lBN reaction.

Two points of interest appear in Table'II Flrst, it is 1mportant to

note that the cross sect1on to the very weakly exc1ted 10. 78 MeV level 1n13N

2

_Whlch we earlier a351gned as 1/2 , 1s in good agreement with calculatlon In
" fact, assuming this level to be the next 3/2 state gives a theoretical value

. for the cross section (shown in brackets in Table YI) which, on the average,

is a factor of four too large. Second, of equal 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. However,fone should note that good

. _ L ,
agreement is obtained in the luN(p,'d)l5 1 N(3He,a)15N calculations20’19
for this level. We do not understand thie large discrepancy; it can perhaps

be explained through coherent admixtures of.other configurations or by a very

complex reaction mechanism.
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_ Table ViI preeents,the.feletive inteéfatedveross eeetions for the
15N(p,3He)lBC reaetion'and bWBA.comparisons similar fd-thOSe of Table VI.
The matching‘fadius for‘the 3;68 MeV.(E/E_) transitien 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 the ‘table, Bl
and B,. The B, value arises froh all the levels shown in Table VII while B,
is calculated only for the mirrer traneitions correspohding to those in Table
VI. ‘

In a preceding paper52 it was reported-thaf ﬁhe ratios of (p,t) to

_(p,3He) cross sections for mirfOr transitions were significantly improved with

the introduction of a strong spin dependence in the nucleon-nucleon‘inter—

action between the incidenf‘proton’and the picked up nucleons. Since this can -

3

‘only affect the (p,

dependent, AS:A?, and the strongly spin—dependent interaction of Ref. 52, A

He) relative cross sections,'calculetiens for both a spin-in-
5.0.347,
are presenfed in Table VII.‘.There appears to be little difference between the
spin-independenf and the spih—depeﬁdent results for the Bl calculation bufﬁthe

B2 calculation ehows a definite preference for the epin-independent-interactien
vfor such relati#e cross section comparisons. However,ethe previous discussion52
of cross section ratios has shown that a spin—dependence is to be preferred,
‘although it could not account for all the date,and one of the further suégestidns
: made_was that g eohereﬁt sum on the (I8) quantum numbers of the transferred

bpair in the (p,5He) reection should be taken into account. Since the calcula-
tions described above have nef included this coherence, we would expect that

the agreement in relative cross sections for %hese transitions should be signi-

ficantly worse than for the mirror (p,t) transitions discussed earlier (Table

VI). Comparing the two over the same range of excitation and for the same
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Opticél poféﬁfial;.héﬁéQér; the (;,t) cross sécfibné'é:e_fdund fo be only in mar-
ginally. befter agreementIWifh'experiment. Thé‘agreement’in these (p,EHe)
cross sections is certainly acceptable -- the preseﬁt theory predicting
fairly well those states which are strongly or weékiy excited.

It would appear from the. above resﬁlts'that a comparison of experi-
" mental relative cross sections‘with'theor& in a (p,BHé) [or(BHe,p)] reaction
on a T=1/2 target does not ciarify thé'discussion presented earlier52 which
indicated 1) a necessity for some spin-dependent nucleon-nucleon interaction
in the two-nucleon trénsfer theory and 2) the probable necessity for including
spin-orbit couplihg in thé optiéél potential. DWBA calculations that reliably
predicted absolute cross sections for,these two-nucleon transfer reactions
and could incorporate thesé effects would certainly resolve the problem. In-
sofar as the first effect is considered, a comparisoﬁ of éxperimental aﬁd
theoretical relative cross sections for (p;BHe), [or (jHe,p)] transitions on
‘T=O @argets 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
1

transferred ih unique 38, T=0 or "8, T=1 states. Calculations by Hardy and

Towner59 of the states populated both in the 12C(BHe,p)luN reaction at 20 MeV8

"and the 16O(p,BHe)th reaction at 40 MeV6O show that a spin dependence, con-
 sistent with that used in theoretical calculation and compatible with that used
52

previously by us, is required in order to account for the experimental cross
sections. We will further discuss the necessity for including a spin depen-
dence in the two-nucleon DWBA calculation in a forthcoming report on the

l6O(P;5He)ll+N and léo(p,t)luo reactions.
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Table I. Integrated cross sections of the\ 3N 1evels observed in the
15N(p,t)13N reaction and comparison of these states with those
previously reported. : v

15N(P,t)13N Previously Reportedl8

Excitation - oT(ub) . ' : Excitation
b (MeV) (10-90°, c.m.) J" ~ (MeV)
1/2- *%0.0 25  gu1 20 /e 0.0
1/2+_ . 2.3 30 very weak . 1/2+ 2.366 * 2
327 Tssltzo  es2tas 3/ 3.510 % 2
s/t 6.38%30 63 %7 st 6.382
5/2° 738 t20 1271 + b4 527 7.385 * 8
1/2°  8.93t50 - 130 16 /2~ 8.9
 not observed d ‘ 3/2” 9.48
1/2°  10.78 60  17.6 t k o not reported
3/2° 11.88 * o 0 93 % o 3/2°°  11.85
3/2' *15.07 +20 - 1511 3/2' . 15.068 8
321 o T = 3/2) |

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

bErrors are given in keV.

cSpin and parity assigned in Refs. i9-énd 20.




x—éSax." .ji R Q' - UCRL-17840

o . RO . 15 o o
N !ntogratod cross sections of the ~7C levels observec n thé

}'£ {' RL)lJC reaction and comrarison. of these atatCu wnth thuse
previous ly reported :
15N(p,5He)l3C _ 4 viPréviously Rn;arued;
. Excitation - O (1b) o ' E.;.itation
ZT Mev) - (10-90°, cim.) . T | SO
12T *¥90.0 0 = 1sP T 508 118 o 1/2" .
1/2+ 5,08 % 20 very weak . o .1/2+- 3.0 7 3
5/27 F3.88 £10 0 573.% 20 s 3,651 % 3
52" 7687 £15 b2 £ 5 YA £.866 % 7
5/27 0 7.55 20 - 270 18, 7.55 =15
1/2°  8.86%t60 . 61*tg - 1feT . 8.86 =20
(3/2T) 0 92tz o TA*12 9503 % 15
(1/27)  11.09 * 50 _7 _'52.i T g_f . . 11.078 t 20
(3/27) | 11.80 £ 30 . 137 * 1k T e 11.721 % %0
727 1240 £50 - 100 10 0 (1/27) 2.5
3/27  715.11 % 20 @7 o 3f2T 15,113 * 5
1= 3/2) o [T = 3/2)

a, . .
levels marked wlth an asterlsk were considered known in the energy
ana L‘

“LA f . .
Jerore are glven in keV.o

Yrategrated to 657, c.m.
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" Table ITT. Optical model poténtials.

-U(r) = VE(x) + twe(r) + batupe () - V()

— ——

v ’w W a a a r 'r r
v D v W WD v w,wD c
Channel (Mev) (MeV) (MeV) (£) (£) (£) (£) () (£)
Lyip  (a) 34,0 22.0 065 . 0.50 1.25 1.25  1.30
Dy (x)  153.0 16.0 - 0.65 0.54 1.25 1.25  1.30
Lyt (1) . 63.4 62.8 | 6,58 0.58 1.61 1.61  1.30
15N+t (z) 220,0 23.8 . 0.53 0.99 1.22  1.80 1.30

— st

—— e e
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Table IV. Intermédiatéfcoupling predictions compared with experimental
T assignments for the mass 13 levels.
Jﬂ 5 N 13 c Ku,ratlvrl3 5 B’oyarkinaﬂJr .Barkexﬁ ‘l_jﬂaﬂlber'c5 6'Cohen and 2

(Mev) (MevV) a/k=5.5 a/k=k.2 a/k=3.5 et al. Kurath
1/2~ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -
3/2" 3.51 3.68 3.7 3.7 5.93 3.5 3.7
5/27 7.38° . 7.55 5.3 . 6.1 7.11 - 7.0 7.k
1/2” 8.93 8.86 10.7- 10.4 9.3 9.0 9.0
/2" 10.78  11.09 . 12.5 - 12.h 1.3 - 13.8
3/2° 11.88 11.80 11.3  11.6 10.2  10.2  10.4
7/27 - 12.50 12.0 12.3 . 13.5 - 1.1
3/2" 15.07 15.11 14.5 W5 - 13.2 - 15.0 1h.8.
[T=3/2] o o |
3/2"7 15.2 14.0
5/2~ W6l - 13.2 -
;/2' 22,2 174
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Table V. Nuclear‘structure factors (CST GNISJT) for the states in mass 15
lBN - s I Ly R 13
™ : ' ' :
J (MeV) (MeV) - NLSIT  Cgm Gyrgm NLSJT L -
‘ _ : . , .. 20110 151
1/2° 0.0 0.0 ¢ 20001 +579 20001 284
: o 12110 - =.hg2
_ T o 20110 .522
3/2" 3.51 3.68 S 12021 565 12021 .278
' 12110 277
12120 .380
A : o . 12120 -.562
5/2" 7.38 7.55 12021 1.11° ' 12021 546
: L : 12130 !
_ R L. ... 20110 - .328
1/2" 8.93 '8.86 20001 - .0103 20001  .00506
| : , . : 12110 172
, . R - . 20110 .0530
1/2 10.78 11.09 . 20001 - -.0972" 20001 - -,0481
o S ' ' 12110 -.185
R o S 20110 153
3/2 11.88 . 11.80 - - 112021 . .256 12021 .127
: _ S : - 12110 - .0921
| 12120 -T2
7/2" - 12.40 _:-‘t':f - - o 12130 -.933
3/2” 15.07 15.11 - 12021 '»;: .560 | 12021 .552
(7=3/2] o |

See Ref. 4 for a definition of CST GNISJT" The values shown in the table do
not include the L=0 N—l terms .gince these make little contribution to the cross
sectlon.

We are indebted to Dr. Kurath for providlng us with the appropriate two-nucleon
coefficients of fractional parentage. s




Table VI. 15N(p,‘t)lBN'relative-cross sections for different form factors and optical model potentials.

Exc. o (ub) Relative Matching AX AZ Sy - AX AZ
.J"T (MeV) exp. | | op R(£) i 'UT B ' op ‘ O op
- (10-90°, (exp.) - - (Rel.) - (Rel.) (Rel.)  (Rel.)
. C.m.) ) R : : .
1/2° 0.0 %1 1.00 3.58 2007, .500 318 koo 790
3/2” 3.51 o 652 693 3.70 | Lbd - .510 .33k .676' ' 616
5/2°  7.38 121 135 3.82 2.06 = 1.2 38 222 LT3
1/2” 8.95 130 .138 [3.84 .00024 ,.oooe5]b [.351 .00021 oooee] -
1/2”  10.78 17.6 - .0187 "3.89 0266 .02uk _1 357 .018 . L0188 -
B . R | (357 0968 .06751° K
3/2~  11.88 = 93 0988 3.9 ..120 . .0900  ".362  .0855  .0576 o
3/2°  15.07 115 a2 k.03 Skl 359 372 263 181
[T=3/2] o S S
: - B = 1.53 0.68 - 0.59 0.31

#The ground state is expected to show poor agreement for the AX potential since this potentlal
produced a relatively poor fit to the data (Flg 15). : :

bNot included in the calculation of B.

OHgLT-TdoN



Tablevji. 15N(p,jHe)ljc relative cross sections for different spin-dependent interactions end
optical model potentials.

L a5 - aT A8 0.34T
~ Exc. - oT(ub) - Relative AX - AZ - AX AZ
" (MeV) exp. O O | Orp .cf OV
(10-90°,c.m.) (exp.) (Re1.) . (Rel.) (Rel.) - (Rel.)

1/ oo 308 1.00 650 1.00 612 997  .308
3/2" 3.8 573 S 1.8 1.0k 1. o 1.0b 0 1.28 .323
5/2" 7.55 270 878 1.1 1.26 2.00 1.66 337
1/e” 8.86 - . 61 - | .198 271 0 .7%29 198 - __.2267" .32 B
(1/27)  11.09 52 .60 0690  .0588 0571 L0479 .350 o
(3/27) 11.80 137 - L5 bk 36k L361 276 352 ;& ;
7/2” 12.%0 100 .325 1.31 1.02 .95k 693 .35 N
3/27 1501 1152 38 .319 0 246 699 395 - .363
(1=3/2) o . : : - . | S

B, = 0.863 0.760 0.972 07733

32b = 0.498 0.426 0.899 0.710

8This cross section assumed identical to the (p,t) [T=3/2] cross section due to the lack of large
angle data. . ’ ’ :

bThis calculation does not include the 8.86 MeV (1/27) and 12.40 MeV (7/27) levels.

OHgLT-THON
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| - FIGURE CAPTI(.)NS.

fig:_l. Cyclotron layout and beam optics.

Fig.iE, A counter assembly and block diagram of the electronics used in.
these experiments.

Fig. 3. A.typical particle - identifier spectrum. _

Fig. k. Energy spectra for the 5N(p,t)BN and 15N(p 5He) 3C reactions. The
spectra have been adjusted to match channels for the 5/2- tran31tions,
showing a slight non-linearity in the triton spectrum at the higher energies.

13

Fig. 5. Energy level diagram for . N and lBC.T

Fig. 6. "Energy specﬁra;of:the (d ‘He )150 and l)'LI\I(BHe,Ot):LBI\I reactions.

Fig. 7. 15N(p,t)l3N =0 angular_distributions. The curves are drawn through the
data and have no theoretical significance. -
Fig. 8. 15N(p,t)lBN L=2 angular distributions. The curves have no theoretical

significance.

Fig. 9. Angular distributions for the l30(p,t)nc 6.49 MeV, the 151\1(p,t):L3

6.38 MeV and the 15N(p,BHé)IBC 6.87 MeV transitions. The curves have no

theoretical significance.

Fig. 10. The 1=0,2 angular distributions of the 15N(p,BHe)lBC g.s. and 3.68

MeV transitions. The curves have no theoretical significance.

Fig. 11. 15N(p,3He)l3C 1=0, L=2 angular distributions. The curves have no

theoretical significance.
Fig. 12. 15N(p,BHe):BC L=2 angular distributions. Tne curves have no theore-
-‘tical significance.b
Fig. 13. "Standard" (p,t) L=0 angular distributions obtained on a variety of

light nuclei.
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Flg. lh "Standard"(p,t) L_2 angular distributions obtained on a variety of
light nuclei.
e 150 113 : - rlAY . : .
Fig. 15. DWBA fits to the ~“N(p,t) "N g.s: (1/2°, 1=0) transition, utilizing
the AX, AY and AZ optical model potentials given in Table III.
Fig. 16. DWBA fits to the l5.1_\1(p,t)131\1 7.38 MeV (5/27, L=2) transition,
utilizing the AX, AI and AZ oPtical model potentials given in Table III.

Fig. 17. DWBA fits to the 15N(p,t) N g. s. and 5N(p, He)lBC g.s. transitions.

Fig. 18. DWBA fits to the 15N(p,t)l51v 3.51 MeV and N (p, 3He) 3¢ 3.68 Mev

transitions. » _
Fig. 19. DWBA fits to the " N(p,t)™ N 7.38 MeV and “7N(p, He) 2C 7.55 Mev

transitions.

| Fig. 20. DWBA.fits to the.15N(p;£)15N 8,93:Mev and‘l5N(p,3He)130 8.86 Mev

- transitions.

‘Fig. 21. DWBA fits to the “2N(p,t) >N 10.78 Mev and 7N(p,”He)>C 11.09 Mev

transitions.
1
Fig. 22. DWBA fits to the 15N(p,t)13N 11.88 Mev (L_e) and ON(p, He)17C 11.80
MeV transitions. A representative IFO fit is also shown for the (p,t)

reaction.

‘Fig. 23. DWBA Tits to  the 5N(p,5He)15c 12.40 MeV and Ly (p,4) 2N 15.07 Mev

(T=3/2) transitions. . ,
Fig. 2k. DWBA fits to_theVIBC(p,t)l;C‘G.h9 MeV and 15N(p,t)l5N 6.38 MeV
transitions, utilizing different choices for the oscillator parameter v

in the bound state wave function.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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