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J dependence in the reaction '*O(7*,2p)!*N at 116 MeV
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A distorted wave impulse approximation formalism is described for (71,2p) reactions. The reac-
tion is assumed to proceed via absorption on a deuteron-like p-n pair projected from shell-model
wave functions. The spin dependence of this primary interaction is assumed to be dominated by s-
wave A-nucleon terms. Spin-orbit distortions of the emitted protons, and the coherent addition of
different orbital angular momentum transfers, L, are properly taken into account. For L=2, the
calculations show a significant dependence on the total angular momentum transfer, J = 1%,2%, or
3*. These new calculations are compared with experimental data for the '®O(7*,2p)!*N reaction.

I. INTRODUCTION

Recently we reported measurements of the reaction
1%0(7*,2p)!*N at T, =116 MeV with sufficiently good
energy resolution that several discrete states in the resid-
ual nucleus could be resolved.! These data were com-
pared with distorted wave impulse approximation
(DWIA) calculations in which the reaction is assumed to
take place on a deuteron-like cluster in the target nu-
cleus. In these calculations, “form factors” representing
the motion of the deuteron c.m. were obtained by project-
ing the target wave function onto the product of the re-
sidual nuclear state and deuteron ground-state wave func-
tions. Aside from this refinement, the procedures out-
lined by Roos, Rees, and Chant? were followed.

As pointed out by Gouweloos and Thies,? a number of
questionable approximations are used in Ref. 2 for calcu-
lational simplicity. In particular, we assumed that the
spin dependence of the 7+ +d—2p amplitudes is such
that the corresponding cross section enters as a multipli-
cative factor. In the absence of spin-orbit terms in the
emitted proton optical potentials, this assumption leads
to a final expression which is correct for orbital angular
]

momentum transfer L =0. However, in general, there is
a more complicated coherent summation of amplitudes
which leads to significant effects,’ arising from an
effective ‘“‘tensor polarization” of the deuteron cluster
participating in the reaction.

In the present paper we present an improved DWIA
treatment in which the above tensor polarization effects,
spin-orbit forces for the emitted nucleons and the
coherent addition of different L transfers for a single
transition are all taken into account. The resulting calcu-
lations are compared with the 116 MeV '%O(z*,2p)"*N
data. We shall see that, in some cases, there results a
significant dependence of the predicted cross sections on
the value of J, the total angular momentum transfer.

II. DWIA FORMALISM

If we assume that the reaction A4 (7%,cd)B proceeds
via a single-step direct process, the transition amplitude
from an initial nuclear state with total angular momen-
tum and isospin J 4,M ,,T 4N 4 to a final nuclear state of
B with quantum numbers Jp, My, Ty Ny is
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where [n,1,ji1[n,1,j,] are the quantum numbers of the
two participating nucleons, 7,5 is a two-nucleon
coefficient of fractional parentage,* the quantity [ ] is a
normalized 9-J symbol and the (j,m,j,m,|jm;) are
vector coupling coefficients. The antisymmetrized two-
nucleon wave function, resulting from projecting the tar-
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I
get onto the residual state, is ¢%§LSJT, which is expressed
in an LS basis with orbital angular momentum L, spin S,
total angular momentum J (projection M) and isospin T
(projection N). The incident pion wave function is ¢, and
[¢.04]as is the (antisymmetrized) wave function for the
emitted nucleons. In terms of X34, a two-nucleon
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spin/isospin wave function, we can write $£\1’2L= S [HE'(R) X ¢%(r) 1% @)
;}i\ZILSJT—_-E(LASEiJM)ffkIZLX§§ ’ @) alL’
Az where R=1(r,+r1,) and r=r,;—r, and the origin of coor-

dinates is the c.m. of B. It is clear from Eq. (3) that ¢

L DL DL must be space symmetric, if S +7 =1 and ¢* must be
FAT=N{P) 2 (1,2)+(—)1HSTTg 1272 1)} (3)  space antisymmetric, if S +7=41. Thus, we define
G*L'(R) through

where

is an appropriately symmetric/antisymmetric spatial 11,L il als AL
wave function. The quantity N is a normalization con- Al (rpn)= 3 [G* (R)X$¥(r) ]} &)
stant and alL’

1 and introduce the quantity
1
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Consider now an expansion of the two-nucleon wave =V3 if[n..i nalsi 6
function in terms of relative orbital angular momentum !/ [niliji T~ Imalaga ] ©
and any other necessary quantum numbers a. Inserting Egs. (2)—(6) into Eq. (1) we obtain
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We next introduce distorted waves for the incident and emitted particles and employ an impulse approximation so
that the 7* +(pn)—c +d amplitude can be taken outside the distorted-wave integral. The resultant expression for the
differential cross section o p 4 is
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where the ) are distorted waves, X i is the pion isospin wave function, A is an antisymmetrizer, v is the incident pion
velocity and wj is the density of final states. Expressions for v and wp are given in Ref. 5. Making the impulse approxi-
mation leads to the result
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where £ =V2x +1 and { } is a 6-J symbol. The quantity c is the isospin Clebsch-Gordan coefficient, S} is a two-
nucleon spectroscopic amplitude,* the distorted-wave amplitude is

VAt 1 _ % ,
IL'A" — (—)* Yo PGt g’
T LD 1/2fX Xq @ X' T'G%Fd°R (10)
and {k’;p.pl;T.741t%|k;ISjm ; TN ) is the amplitude for pion absorption on a p-n pair in the state |ISjm ) leading to
nucleons with spin projections p,,p,; and with isospin projections 7, and 7. Equation (9) is essentially identical to the
expression given in Ref. 8. If spin-orbit distortions are included, the distorted waves become matrices in spin space
with the result

2 1 (ny1,j,nylyip ML JLS "
O'BA=%Q)BCZ %{ T E' ) (— L H I 4SS 121 117 (Tnylajo BWITOL'E G

aN'mo oy

' n

PcPa
I, I, L
1 L2 L' 1 L
X+ + S S J j (L'A'jm|JM)
v j2 J
XT",’L,{‘ (K';o.0;7,74t%k;ISjm ;TN ) |? (11)
PLP&'
[
and and
wa =L ¥ ()gall g3 gr)y=p(r) Y, (?) . (15)
TS ot TG A f)( ot XompnX GYFd’R, (12) 1 p In .
pLpy Next we rewrite Eq. (5) in the form
where, as noted above, the result is in terms of an ampli- ¢.i\1 12[‘(1-1,1-2)= > g*L'(R)p al(y)
tude for absorption on a nucleon pair with quantum num- alL’
bex'*s alSjm. The quantum nl_lmbers_ J apd m are tl}e total X[Y,(?)X ¥, R A (16)
pair angular momentum and its projection, respectively.
In order to proceed we must calculate the quantity  and thus identify the function
@ll’(R). Making a multipole expansion of the two- Lt L al* 5
nucleon wave function we may write g*" (R)= f fip (n,R)p* (r)r<dr 17)

1 ’z (r,1,)= f&.(r,R)[Y,(?)X yL,(j(‘ )L . (13)  from which G%*'(R) can be constructed using Eq. (14).
i In order to complete the calculation two technical
matters must be addressed. Firstly, as discussed for
(p,2p) reactions,’ it is convenient to introduce different
quantization axes for particles a, ¢, and d. As a result, we
GU' (R)=g™L'(R)Y  ,(R) (14)  write
. J

In order to determine the expansion coefficients, we
define radial functions through

(K';0.0;7.74]t%K;ISjm ;TN Y =3, D“Z*( ac)D‘” 4 (Rag (K500 457 mg1%(; ISjm;TN) | (18)

.04

where the matrix element is now expressed in a coordinate system with the z axis parallel to the incident beam, and the
rotations R, and R, defined in Ref. 6 relate this system with coordinates having z axes parallel to the emitted direc-
tions of ¢ and d, respectively. Since, the incident beam is not necessarily parallel to the pion direction for the
m+ +(pn)—2p process, additional rotations must also be introduced in order to evaluate the expression for the
differential cross section given above.

Secondly, it is necessary to invert the multipole expansmn defined in Eq. (13). This is carrled out using techniques fa-
miliar from earlier studies of two-nucleon transfer reactions.” Specifically,
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where the u nilidi) (r;) are the radial parts of the nucleon single-particle wave functions, and the d/,, (6) are reduced rota-
tion matrices. The arguments of the functions are related by
172 172

r? r?
R2+—4—+Rrx , R2+—4———Rrx ,
(20)
cosfd;= |R +L2x— /rl, cosf,= |R —-sz— /r2 .

In the calculations which follow we consider only a single term ¢* which is approximated by the deuteron ground-state
wave function. Furthermore, we ignore the D-state component so that / =0 and j =S. In our calculations the corre-
sponding wave function is taken as a simple Hiilthen function. We hope to explore other approximations in a future
publication. For the present we simply note that, in the calculations of Ohta, Thies, and Lee,® the cross section is dom-
inated by 35, contributions and the inclusion of other configurations for the p -n relative motion lead only to a 20% in-
crease in cross section. Thus Eq. (19) can be simplified and the required f&; (r,R) can be easily evaluated.® The use of
the general expression!? for / > 0 detailed in Eq. (19) is also straightforward. With the restrlctlon to I =0 we can simpli-
fy Egs. (11) and (12) to the expressions
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where the two-nucleon quantum numbers ISjm are simply replaced by the spin angular momentum SX.

III. DWIA CALCULATIONS

In the calculations which follow the two-nucleon “form-factor” G%'L’(R) defined through Egs. (14), (17), and (19) is
computed in a code MICRO, for =0 only, using a simple Hiilthen form for p®(r). The form factors are obtained using
Woods-Saxon single-nucleon wave functions with parameters obtained from an analysis of electron elastic scattering!!
in combination with the spectroscopic amplitudes of Cohen and Kurath.!? It is precisely these results which are used in
our earlier publication' concerning the reaction °O(7*,2p)!*N at 116 MeV.

If spin-orbit terms in the emitted nucleon optical potentials can be neglected, we have already noted that the expres-
sion for the differential cross section (11) reduces to the simpler form (9). Furthermore, with the restriction to / =0 and
a single term «, for L =0 or for certain (nonphysical) assumptions concerning the spin dependence of ¢ %, we can further
reduce the expression to the form

2

) . I, I, L
21 ["11111][”212/2] 1 2
‘713/1‘_‘%—1}‘01&2 > > eSig(n i nylyip JT) |+ 4+ S| T
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X {K;plpl; .74t 2K SZ; TN Y2, (23)
[
where the result can clearly be written in terms of the tion with improved DWIA  calculations for

7t +(pn)—c +d differential cross section. Despite its
limitations, this result is suggested as an ansatz for L >0
in Ref. 2 and is the expression employed by Schumacher
et al.! by inserting interpolated values of the empirical
7+ +d —2p cross section. We refer to this approach as
the “‘simple product approximation” (SPA).

We shall first compare the simple product approxima-

160(77'+,2p)1“N at 116 MeV using a new computer code,
PIPP, in which the expressions given in Egs. (21) and (22)
are evaluated with the spin dependence of the
7+ +(pn)—2p amplitudes calculated by assuming only
s-wave A-nucleon terms are important. In order to facili-
tate the comparison, the 7+ +(pn)—2p amplitudes in
PIPP are renormalized to reproduce the magnitude of the
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7 +d —2p cross sections at each angle and energy used
in.the calculations. As a result, if spin-orbit terms are set
to zero, the improved DWIA results will be identical to
the SPA predictions for L =0, and may or may not show
changes for L >0.

A. Spin-orbit effects and J dependence

In the calculations which follow, Kisslinger-type opti-
cal potentials for the incident pions are taken from the
work of Amman et al.,'* and for the emitted protons
from the global analysis of medium-energy proton
scattering by Nadasen et al.!* Results are shown for en-
ergy sharing distributions for the reaction '%0(7*,2p)"*N
at an incident energy of 116 MeV. In Fig. 1 calculations
for the L =0 transition to the 17 level at 3.95 MeV in
1N are shown for a quasifree angle pair, an angle pair for
which zero recoil of the residual nucleus is kinematically
allowed. Results are presented both using the correct
values for the emitted proton spin-orbit potentials as well
as results in which these terms are set to zero. As noted
above this latter calculation is identical to the SPA pre-
diction. We see that the spin-orbit terms have relatively
little effect and that our earlier calculations for this level
should be satisfactory. This behavior is probably a conse-
quence of the fact that the emitted proton spin projec-
tions are summed over, leading to averaging of the spin-
orbit effects.

In Fig. 2 predictions are shown for the L =2 transition
to the 31 level at ~11 MeV in ¥N. Here we illustrate
the difference between the SPA prediction and the DWIA
result with and without spin-orbit terms. We see that the
spin-orbit effects are again modest. However, there are
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FIG. 1. Energy sharing cross sections (ub/srMeV) for the
160(7*,2p)*N (1%, 3.95 MeV) reaction at T,=116 MeV and
proton angles of 68,=50°/6,= —107.5°. The curves are DWIA
calculations for a pure L =0 transition with (solid curve) and
without (dashed curve) spin-orbit terms in the proton optical-
model potentials.
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FIG. 2. Energy sharing cross sections (ub/sr’ MeV) for the
160(7*,2p)"*N (3%, 11 MeV) reaction at T,,=116 MeV and pro-
ton angles of 6;=50°/60,= —107.5°. The solid (dashed) curve is
the DWIA L =2 calculation with (without) spin-orbit terms in
the proton optical-model potentials. The dotted curve is the
SPA cross section.

larger differences between DWIA and our SPA, so that
the former calculations are certainly preferable.

In Fig. 3 DWIA calculations at four angle pairs are
shown for the L =2 transitions to the 17, 2%, and 3% lev-
els of *N. For illustrative purposes, the spectroscopic
amplitude and nucleon separation energies for all three
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FIG. 3. Energy sharing cross sections (ub/sr>MeV) for the
1%0(7r*,2p)!*N reaction at T, =116 MeV. The outgoing proton
angles are 0;=50" and 6, as specified on the individual graphs.
The curves are DWIA calculations using identical form factors
and orbital angular momentum transfer L =2, but with total
angular momentum transfer J =1 (solid), J =2 (dashed), or
J =3 (dotted).
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states are identical and taken to have the values used for
the 3" calculations of Fig 2. As a result the three levels
are degenerate and the SPA prediction for —107°, the
quasifree angle, is identical to the curve shown in Fig. 2
for all three transitions. In DWIA, we see that there is
pronounced J dependence. In particular, the 1+ and 2+
transitions are significantly different from the 37 case,
which is more similar to the SPA result.

To examine the J dependence further, in Fig. 4 we
present DWIA energy sharing distributions for three
quasifree angle pairs ranging from 6,=30° to 77°. Again
the form factor is identical for each state. For compar-
ison purposes we have included the SPA calculation in
Fig. 4. Asin Fig. 3 the J-dependent effects are quite pro-
nounced for the 11 and 2™ levels, whereas the 37 level is

quite similar to the SPA calculation. Note that the effect
J

of the J dependence changes sign from 30° to 50° and then
back again at 77°.

This strong j dependence is a consequence of the “ten-
sor polarization” effects reported in earlier calculations.’
In. essence, the largest angular momentum, 37, permits a
more uniform sampling of the possible projections of the
orbital angular momentum transfer, L and hence spin
S =1. Thus, this calculation more nearly resembles the
SPA result. In contrast, the more limited couplings pos-
sible in the J=1% and 2% cases lead to significant
differences.

As discussed in Ref. 3 the tensor polarization effects
persist even in the plane-wave limit. Thus, if we evaluate
T°LA in the plane-wave limit, we may rewrite Eq. (21),
for a single L value, in the form

0pa~IRL(PN? S |SILASSIIM)Y, AP pLps;temy [t k;SZ; TN ) |2, (24)

M |AZ

o

PcPa

where P is the c.m. momentum of the pn pair prior to ab-
sorption and R (P)Y, o(P) is the corresponding momen-
tum wave function. In the approximation that the pion
absorption is dominated by the s-wave A-nucleon term,
Gouweloos and Thies have shown that the above expres-
sion can be reduced to the form

Opa~IRL(P[1+EL,NI1+3(§R)]
—3&(L,N(3G-Pge—PR)? 5

[see Eq. (2.23) of Ref. 3], where q is the relative momen-
tum of the emitted nucleons and « the pion-pn pair rela-
tive momentum. The J-dependent effects seen in Figs. 3
and 4 are generally qualitatively reproduced by this
plane-wave expression. The primary effect is due to a
change in sign of &£(L,J) between the 11 and 2% transi-
tions.

For the pion absorption on %0, possible values of £ are
tabulated in Table I. Thus, as observed, we expect rough-
ly equal and opposite J-dependent effects for the J =11
and J =27 transitions whereas the J =37 transition is
expected to show less modification and be closer to the
SPA prediction.

It is interesting to note that for each L value in Table I
the quantity ¥ ;(2J +1)&(L,J)=0. Thus, given an ap-
propriate average over different transitions, the tensor
polarization effects cancel and the SPA expression is
recovered. In terms of the expressions given in Sec. II,
we may write schematically,

S (27 +DoPVA=cFA S (27 +1) , (26)
T T
where o 2V14 and o$FA are the results of evaluating Egs.

(21) and (23), respectively, with the structure factor
XY([n,1,j,1ny1,j,]) =1, where

XM([n1j nalyj, D) =gS ki [n1,j, nylyj,15JT)

I, 1, L
x|1 1 os|. @7)
J1 J2 J

The result (26) is exact provided Q-value differences
and the effects of spin-orbit terms in both the bound and
emitted nucleon potentials can be ignored. In addition,
the possibility of interference between different L values
for a given J has been ignored.

For pion absorption on the closed-shell nucleus '°O it
is straightforward to show that, for L =2,

(XY (p3 D HIXY(py 2030
+H[XH(p} ) P=7+1). (28)

Similarly, for L =1 transitions in which a pion is ab-
sorbed on an sp pair

[XY(s1p1 )P+ [X (s 503 )P=2(20 +1), (29)

where the additional factor of 2 is a consequence of our
choice for the normalization of G%°L(R) [Eq. (5)]. Thus,
calculations for experimental data which do not resolve
individual levels in N, may be carried out using the
SPA approximation with the hope that, at least partially,
tensor polarization effects will cancel. If configuration
mixing is taken into account the same ‘“‘sum rules’ are ob-
tained'® in Egs. (28) and (29) provided the summation is
over the (X17)2 for all states of a given J. Thus, to this
same level of approximation, all shell-model calculations
for 1®*0/'*N restricted to an (s*)(p !2) basis will yield iden-
tical results.

B. Reanalysis of °0(zr*,2p)!*N angular correlations

In view of the J dependence found for the L =2 transi-
tions, it is of interest to repeat our analysis' of the
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160(7*,2p)*N reaction at 116 MeV. Angular correla-
tions, d%0 /dQ,dQ,, for specific final states in *N were
obtained by integrating over the energy range 60-175
MeV for one proton (detected in the SUSI spectrometer),
the other proton (detected in a Nal telescope) having an
energy between 30 and 200 MeV. Results were compared
with SPA calculations using Cohen-Kurath wave func-
tions, for the pure L =2 transitions to the 2%, 7 MeV lev-
el and 3%, 11 MeV level in N, for the predominantly
L =0 transition to the 17 level at 3.9 MeV in “N, and
for the predominantly L =2 transition to the 11 ground

(a) 77 -7

) 50°/-107"

d3s/40d0dE

10 /

50 100 150 200 250
Tproton(Mev)

FIG. 4. Energy sharing cross sections (ub/sr? MeV) for the
1%O(7r*,2p)!*N reaction at T, =116 MeV. The outgoing proton
angle pairs are as indicated. All curves are DWIA calculations
using identical form factors and orbital angular momentum
transfer L =2, but with total angular momentum transfer J =1
(solid), J =2 (dashed), or J =3 (dotted). The dashed-dotted
curve is the SPA result and is identical for each J.

TABLE 1. Values of £ in Eq. (25) for the allowed (L,J)
transfer in '°0— N.

L J I3
0 1 0
0 —1
1 1 1
2 ~%
1 -1
2 2 1
3 il

state. For the transitions to excited levels of N, fairly
good agreement was obtained between theory and experi-
ment. However, for the ground-state 17 transition,
agreement was less satisfactory, suggesting that the
Cohen-Kurath wave functions underestimate the L =0
contribution to the transition.

In Fig. 5 we show the results of a new DWIA analysis.
In addition to the inclusion of spin-orbit distortions and a
proper treatment of the tensor polarization effects as out-
lined above, we also treat correctly the coherent addition
of the L =0 and L =2 contributions to the two 17 transi-
tions. On the whole the results are encouraging. As was
the case in the SPA analysis! the calculations must be re-
normalized and these normalizations are comparable.
Presumably much of this renormalization results from an
inadequate basis for the shell-model calculations and the
restriction of the two-body ¢ matrix to a Hiilthen deute-
ron wave function and s-wave A-N interactions. Howev-
er, agreement with the ground-state transition [Fig. 5(a)]
is much improved, seemingly confirming the J depen-
dence. Note that the need for additional L =0 strength
in this transition is reduced. Although agreement with
the 2% transition could be considered slightly worse, it
must be noted that the region of the minimum (—107°) is
exactly where the data are most unreliable. In this angu-
lar region the adjacent 17 level (3.95 MeV) is at a max-
imum, and separation of the 27 strerigth from the tail is
extremely difficult. For the other two levels (11, 3.95
MeV and 37, 11.0 MeV) the differences between DWIA
and SPA calculations are relatively small, so that the
agreement is as before.

IV. CONCLUSIONS

We have described a formalism for DWIA calculations
of (w*,2p) reactions in terms of absorption on a (pn) pair
in a state |ISjm ) projected from shell-model wave func-
tions. Sample calculations, for the *O(7*,2p)*N reac-
tion at 116 MeV, were carried out for the deuteron-like
quantum numbers 3§, I =0. It was found, for both ener-
gy sharing distributions and for angular correlations, that
there were significant J-dependent effects arising from the
anticipated tensor polarization of the (pn) pair. The
effects of includinig spin-orbit terms in the emitted nu-
cleon optical potentials were examined and found to be
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1.5
N
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FIG. 5. Angular distributions for the '*O(7",2p)!*N (J™) reaction at T,, =116 MeV with one proton detected at 50°. The data are
from Schumacher et al. (Ref. 1): (a) 1%, ground state, (b) 17, 3.95 MeV, (c) 2%, 7.0 MeV, and (d) 3%, 11.0 MeV. The solid curves are
DWIA calculations normalized to the experimental data. The DWIA calculations have been multlplled by (a) 3.0, (b) 6.7, (c) 4.2, and
(d) 1.9. The dashed curves are the SPA calculations with the same normalization factors.

small. Comparisons with earlier (SPA) calculations
which ignored both these effects showed that there were
some significant changes for L =2, J=1,2 transitions,
modest changes for L =2, J=3, and negligible
differences for L =0,J =1.

For the closed-shell target considered, it was shown
that sum rules could be applied. As a result, in the ap-
proximation that both spin-orbit effects and binding-
energy differences could be neglected, the earlier SPA
should not lead to serious error in describing experimen-
tal data which summed over all possible final states.

Using the improved DWIA calculations, our 116 MeV
180(7*,2p)!*N experimental data to specific final states
was reanalyzed. In general there was somewhat im-
proved agreement between theory and experiment, par-
ticularly for the ground-state transition. However, while
it is clear that it is important to use the more correct
DWIA expressions, the new analysis does not change our
earlier conclusions based upon an SPA analysis.
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