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A formalism for distorted wave impulse approximation calculations of the A (m+, 2p)B
reaction to discrete states in nucleus 8 is described. Assuming that the m+ capture occurs
on a deuteronlike structure in the target nucleus, calculations are presented covering a
range of bombarding energies from 25 to 350 MeV and target nuclei from A =16 to 90.
In most cases, distortion effects arising from the interaction of the pion and two outgoing
protons with the core are large, but primarily affect the magnitude of the cross section.
Based on these calculations it is concluded that any more realistic calculation of pion ab-
sorption will require the inclusion of the interaction of the incoming and outgoing parti-
cles with the core.

NUCLEAR REACTIONS DWIA reaction theory of pion absorption
on nuclei. ' 0, Ca, Zr(m+, 2p), T„=25—350 MeV, calculate

0.(8i,82,E)).

I. INTRODUCTION

The pi-meson capture process (tr/VS) has long
been considered an important reaction to examine
and understand. One reason for its importance is
that at low pion energies it is the dominant corn-
ponent of the reaction cross section, and is thus an
essential ingredient to an understanding of pi-
nucleus interactions. In a more speculative vein,
the reaction has often been proposed as a source of
information on short-range correlations in nuclei,
since the two nucleons are released with rather
large relative momentum ()0.8 GeV/c).

Unfortunately, in spite of interest in this reac-
tion, there exists so far rather little experimental
data appropriate for direct comparisons with
theory. This situation arises primarily from the
lack, until recently, of high quality pion beams, the
rather small cross section for the reaction, and the
necessity of detecting relatively high energy nu-

cleons, thereby leading to poor energy resolution.
Much of the existing data have been taken with

stopped m beams. However, in recent years the
situation has improved somewhat with the availa-
bility of more extensive, higher resolution, in-flight

capture experiments, as well as (m. ,2n) experi-
ments with stopped m beams. Favier et al. ' have
studied the (sr+,2p) reaction at 76 MeV on a series
of nuclei ranging from He to Pb. The resultant
missing energy resolution was approximately 6
MeV. Arthur et al. have also studied the (a+,2p)
reaction at 70 MeV on Li, ' N, and ' 0 with a
missing energy resolution of 4.5 MeV. Bassalleck
et al. and Ullrich have examined the (tr,2n)
reaction on a series of light nuclei with stopped ~
particles. These experiments provided a missing
energy resolution of order 3—6 MeV. In all three
experiments the energy resolution was insufficient
to cleanly separate nuclear states, except in the case
of Li. In addition, in order to obtain adequate
statistics, these papers reported results as a func-
tion of recoil momentum for very large effective
solid angles. Thus, comparison with theory is dif-
ficult without detailed knowledge of the specific
detector geometries and a tedious folding calcula-
tion. Nevertheless, the extensive investigations of
these experiments in fact provide a great deal of
guidance in the theoretical treatment, as will be
discussed.

Various theoretical calculations ' of the
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(n;NN) process have been carried out with, at best,
modest success. Most of the emphasis has been on
the m(NN. ) vertex. However, it has proven difficult
to obtain a satisfactory. description of the
n++d ~2p two-body reaction (e.g., see Refs. 5
and 6), and applications to heavier nuclei have
been discouraged. The existing calculations gen-
erally concentrate on pionic atoms and have in-
cluded a myriad of terms associated with the
n(NN) vertex, such as initial state pion rescatter-
ing, short-range correlations, D-state contributions,
and Qual state nucleon-nucleon interactions (e.g.,
see Refs. 7—13 and references therein). Probably
the most recent detailed work on capture in pionic
atoms is that of Shimizu and Faessler' which ex-
amines the contributions from the various terms
mentioned above, as well as intermediate 6 produc-
tion.

While much effort has been expended in calcula-
tions of the n(NN) vertex, rather little work has
been reported on the treatment of the interactions
of the projectile and outgoing nucleons with the
residual nucleus. Studies of the mass dependence
of the (m+, 2p) reaction by Favier et al. ' show that
the cross section depends on target mass as A

suggesting strong localization of the reaction to the
nuclear surface and thereby the importance of the
interactions with the residual nucleus. Calcula-
tions which do include the nucleon-nucleus final
state interaction are those of Garciliazo and Eisen-
berg' and Shimizu and Faessler, ' also reported in
Ref. 4. However, in these calculations the final
state distortion is included in an approximate
manner, and its importance is indicated but not
separately delineated. Thus, both the experimental
and theoretical results indicate a need to include
distortions due to the residual nucleus on an equal
basis with the n(NN) vertex, a.t least if one hopes
to extract quantitative information from the
(n.,NN) reaction.

In our present calculations, we have attempted a
quantitative investigation of efFects due to interac-
tions with the residual nucleus. Since the role of
distortion effects in the (n, NN) reaction has gen-
erally been neglected one needs to evaluate their
importance at various energies and for various tar-
get masses. To this end we utilize a distorted wave
impulse approximation (DWIA) formulation in
which we assume the pion capture takes place on a
deuteronlike component of the target nucleus wave
function, and the m(NN) vertex is then .obtained us-

ing the impulse approximation.
The use of a quasideuteron DWIA model is pri-

marily motivated by the necessity of reducing this
complex reaction to a practical calculation. The
model allows us to examine in detail the effects
and importance of distortion arising from interac-
tions with the core. In addition, there is experi-
mental and theoretical support for the use of this
model.

(1) A study of the angular dependence of the
(m+, 2p) reaction on light nuclei shows remarkably
good agreement with the angular dependence of the
m++d ~2p two-body reaction.

(2) Tests of the factorization approximation us-

ing the Triemann- Yang angles' indicate that this
approximation holds to a relatively high degree of
accuracy.

(3) Energy sharing and angular distributions'
for the low excitation region of the residual nuclei
are in rather good agreement with the momentum
width of the expected deuteron-core wave function.

(4) Recent (m.+,2p) experiments on ' C and 3 S
targets at 180 MeV which detect the y rays result-
ing from excited states of the residual nucleus,
show that the transitions to the 0+, T =1 states in
' B and P are very weak' compared to transi-
tions to unnatural parity states. These 0+, T =1
states are known to have large parentage to the
ground state of the target by coupling to a singlet
deuteron. ' ' Therefore, capture on an S =0, T =1
n-p pair is supressed, relative to capture on an
S=1, T=O n-p pair.

(5) Calculations by Schneider and Banerjee'
based on a Fermi gas model for the nucleus indi-
cate the dominance of capture on a n-p pair in a S
state. Finally, it is worth noting that even assum-
ing capture on n-p pairs in other relative motion
states is important; if the factorization approxima-
tion still holds, this two-body t matrix can be cal-
culated independently.

Based on the above arguments we believe the
present DWIA calculations of distortion effects
should be generally applicable to the (n.,2N) reac-
tion, and should provide guidance in the design
and implementation of experiments. Unfortunate-
ly, as stated earlier, direct comparison of the calcu-
lations with currently available experimental data
is almost impossible, due to the lack of suAicient
energy resolution, the use of very large solid angles,
and the absence of absolute cross section measure-
ments, except as integrated over very specific ex-
perimental geometries.

In Sec. II, we briefly discuss the DWIA formula-
tion and the ingredients in the present calculation.
In Sec. III we present results, compared to plane
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wave calculations, for the various angles, energies,
and masses. Finally, in Sec. IV we discuss the im-
plications and conclusions reached from these cal-
culations.

II. DWIA FORMULATION

As stated in the Introduction, we assume that
the A (m+, 2p)8 reaction proceeds via the capture of
a pion on a neutron-proton cluster with the same
relative motion and spin-isospin wave function as
that of a physical deuteron. Following the D%IA

cluster knockout formalism of Chant and Roos'
we introduce the impulse approximation and re-

place the three-body t operator by the free two-

body m++d~2p t operator. Furthermore, assum-

ing that the resultant t matrix varies suAiciently

slowly with momenta so that its arguments may be
replaced by their asymptotic values, we obtain a
factorized form for the transition amplitude. In
particular, utilizing the notation of Ref. 18, the
transition amplitude from an initial nuclear state
with total angular momentum and isospin

JISM&,TqNq to a final nuclear state of B with

quantum numbers JISM&,TzN& is

A!
aw B12&
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In Eq. (1), JrAB(aLSJT), the spectroscopic amplitude, and /LA(rdB), the center-of-mass wave function of the
deuteron in the target nucleus, are related by

(pq ~ (8)g~ (d) IQJ„~„(A)&= g WAB(aL IJO)(JMJBMB
I JAMA &(LAlod

I
JM&pL+(re), (2)

aLJo AM

to the projection of the antisymmetrized target wave function P(A ) onto a direct product of antisymmetrized
deuteron and residual nucleus wave functions. It is assumed that isospin is conserved and a represents any
additional quantum numbers required to specify the nuclear states. The vectors k, k~, and k2 represent the
asymptotic momenta of the incoming pion and outgoing protons. The wave functions q' z' and gz

'
12

describe the relative motion of the mass centers of the particles in the entrance and exit channels, respective-
ly. Note that the use of a quasideuteron model limits us to transitions with b, T =0, AS =1, and thus for 0+
targets transitions to unnatural parity states.

Defining

Si/2
' 1/2
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I
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the transition amplitude becomes
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The differential cross section, after averaging over Mq and summing over M~, o.~, and o.2, becomes

2
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I
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JM

(4)
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where

0 )O2O

In the special case of transitions in which only
L =0 terms contribute, the form of Eq. (7) be-

comes exact without any assumptions as to the
dependence of the t matrix on cr~. If Tzz is in-

dependent of the additional quantum numbers a,
we can define a spectroscopic factor

2
1/2

SLJ ——g S~l.z

The evaluation of the amplitude Tzz requires
the specification of the relative motion wave func-
tions g'-+' in the entrance and exit channels, as well

as the deuteron cluster wave function. In the en-

trance channel we utilize a standard treatment of
m-nucleus elastic scattering by a Kisslinger poten-
tial. In particular, g'z' is the solution of the
modified Klein-Gordon equation'

with

( V+@ )rl=(E~ —2E V, —U)rl, —

where v is the relative velocity of the m and target
nucleus 3 and 8'z is the energy density of final
states.

In general, the summation over the orbital angu-
lar momentum transfer LA is coherent even if the t
matrix is independent of o.d and spin-orbit distor-
tions are excluded. However, assuming the
m++d —+2p t matrix is diagonal in the total spin
projection (though not necessarily limited to a sin-

gle channel spin) we may further simplify Eq. (6).
This assumption should have little effect on our ex-
amination of distortion effects, and may be re-
moved with a more detailed theory of the m+(NN)
vertex. The resultant expression for the differential
cross section is

2

e; l
(r & l' g QS.„'"T,,"

AU LJA a

Ug = A—bop 0 pg +Ah ) V (p Vg ) .

For the exit channel scattering solution, we use
the nonstatic approximation, ' ' replacing the cou-
pling term with its asymptotic value. This allows
us to factorize the solution

( —) ( —) ~ ( —)
gs Xp s(kp g rp g)Xp g('kp s rp s) (12)

where

(Tp, g+ Vq, ~ ep, s)—X' '(kp, g, rp, ~)=0, . (13)

(Tp s+Vp, s —e~ s)X' '(kp g, r~ g)=0. (14)

The potentials Vz, z and V&,~ are taken to be opti-

cal potentials which describe proton-nucleus elastic
scattering at the appropriate relative energies e& z
and e& z. Details of this result and the kinematicsP2

are presented in Ref. 18.
Lastly, we need the wave function PL&(rq~),

which results from the projection of the many-body
wave function for A onto that of 8 and the deu-
teron. In the shell model this is, in principle, a
straightforward calculation which has been used
extensively in the analysis of two-nucleon transfer.
However, for simplicity in the present calculations
we have chosen to introduce a phenomenological
Woods-Saxon potential Vws which is adjusted to
reproduce the empirical deuteron separation ener-

gy

( ~bB + Vws SBd )'(('I.A( ~bB ) =0 ~

The quantum numbers for this wave function have
been chosen on the basis of conservation of oscilla-
tor quanta with zero quanta in the deuteron cluster
wave function. For single particles with quantum
numbers (n~, l j)(nz, lz) the c.m. quantum numbers
of the deuteron cluster (N, L) are

2(n, —1)+l)+2(nz —1)+lz ——2(N —1)+L .

(16)

This procedure has been shown to reproduce the
shape of a more correct calculation rather well.

To summarize, the cross section expression for a
specific L,J transfer including fully relativistic ex-
pressions for the phase space and incident flux be-
comes

E EiEz PiPzc 1 'T—
l

(~& l'SIJ
dQ&dOzdE~ (2m) (Pic) P~ 1+(Ez/Es)[1 (P /Pz)k kz+(P—~/Pz)k~ kz]

(17)
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where

TBA Xr' s' (kr s, r }X& s'(kz a, r )X'z '(k z,yr }PIz(r )d r, (18)

@=8/A, g'+z' ——g'+z', and E; is the total energy for
particle i. For convenience and use in later sec-
tions we can replace the

~
(t }

~
by the two-body

cross section and rewrite Eq. (17) in the form

Tal h 2

(19)

where E contains the kinematic factors present in

Eq. (17) as well as those required to replace

~
(tQ ( by do/dQ.
In the limit of no distortions the above expres-

sions reduce to the plane wave impulse approxima-
tion (PWIA). Specifically, the distorted waves X in

Eq. (18) reduce to plane waves and the quantity

Tzz is proportional to the Fourier transform of
the deuteron cluster c.m. wave function. For this
reason

~
Tgz"

~

is often referred to as the distort-
ed momentum distribution. An expression
equivalent to the plane wave limit of Eq. (19}was
used by both Favier et al. ' and Arthur et a/. in
the analysis of their (n+,2p) data

The DWIA cross sections to be described were
evaluated using a version of the DWIA cluster
knockout code THREEDEE, modified to include

pion elastic scattering wave functions. The code
performs a direct integration in (r,8,$) leading to a
large increase in speed over conventional partial
wave decompositions.

Before proceeding to the next section it is
worthwhile to recall that our major approximation
(in addition to the use of a distorted wave theory)
is probably the restriction of the calculation to cap-
ture on quasideuterons. The decomposition of al-

most any A-body wave furiction into 8+(np)
shows the existence of a number of terms with rela-

tive motion different from that of the S state of a
deuteron. However, as our understanding of the m

capture process grows one will be able to evaluate
the importance of other configurations. Further-
more, if the factorized impulse approximation we
have used proves satisfactory, a result which can be
tested experimentally, our approach can be general-
ized to include other elementary m(2Ã amplitudes
and to take proper account of the omitted coher-
ence between different amplitudes.

III. D%IA CALCULATIONS

To carry out these calculations the pion optical
model code DUMIT was combined with the
DWIA code THREEDEE. Since our interest was to
study distortion effects systematically over a range
of mass and energy, we wanted to use systematic
optical model potentials. For the pion channel we
chose to use phenomenological choices of the s-
and p-wave parameters bo and bi. For bombard-

ing energies in excess of T =100 MeV we have
utilized the recent results of Cottingame and Holt-
kamp, who obtain reasonable fits to the experi-
mental data in the resonance region by using the
free m-X parameters from an energy approximately
30 MeV lower than that of the bombarding energy.
For lower energies, T & 100 MeV, we have com-
bined the work of Dytman et al. and Amann
et al. Dytman et al. show that at 50 MeV an
average set of bo and b~ provide acceptable fits to
nuclei from ' C to Fe. From fits to ' C data
from 28 to 88 MeV, Amann et al. obtain a linear
energy dependence for the b's. We therefore use
the expressions of Amann et al. and assume that
these parameters provide equivalent fits to all nu-

clei with X=Z. We believe that this potential is
sufficient to obtain a good understanding of the
distortion effects particularly in the lower energy
region where the pion absorption is not strong.

For the proton optical potentials we have used
the results of Nadasen et al. The global potential
presented in that work was obtained from an
analysis of nuclei ranging from Si to Pb over
an energy range of about 40 to 180 MeV. Again,
we believe this potential to be sufficient, even for
the light elements, to provide a global understand-

ing of distortion effects in the (n+,2p) reacti. on.
Finally, the Woods-Saxon potential for the

bound deuteron cluster wave function was assumed
to have a geometry of ro ——1.3 fm, a =0.65 fm,
which yields wave functions having rms radii close
to the rms radii of the various target nuclei.

Although many of the results presented exclude
the two-body m.++d ~2p cross section, in those
cases where it is used we have approximated it by
the on-shell cross section corresponding to the final
state of the two protons (final energy prescription}.
In principle, of course, the struck deuteron is of or-
der 20 MeV off the mass shell.
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As a first examination of distortion efFects we
have calculated the (m.+,2p) cross sections for 1. =0
transitions to low-lying states in the residual nu-

cleus over an incident pion energy range of 2S to
350 MeV. In Fig. 1(a) we present the results for
the coplanar symmetric case with 8~ ———82,
E~ ——E2, and zero recoil momentum for the residu-
al nucleus. To clearly identify the specific effects
of distortion we have plotted the ratio of the dis-
torted wave to the plane wave cross section.

This graph shows a number of features. Firstly,
there is an obvious discontinuity near 100 MeV,
where our choice of pion potentials change. This is
not unexpected since this bombarding energy is on
the high side of the analysis of Amann et al. and
the low side of the analysis of Cottingame and
Holtkamp. One should probably ignore the de-
tails of the calculation over the energy range of 80
to 120 MeV due to these inconsistencies. Secondly,
as expected, the absorption reflects the m-nucleon

(3,3) resonance and is strongest near the resonance.

I
I

Q25-

(b)

The difFerences in absorption between the three nu-
clei is least on the resonance. Thirdly, even on the
resonance the reduction is not very large, being
comparable to similar calculations for (p,2p) in the
200 to 400 MeV range, and significantly smaller
than (p,pa) in the same energy range. Thus, one
expects distorted wave treatments of the interaction
with the residual core to be adequate. Finally,
these results are similar in shape to poor resolution
studies of the (m+,2p) reaction over a comparable
energy range. For example, Bressani et al. plot
the ratio of the A (m+, 2p) cross section to the
(m++d ~2p) cross smtion for several light nuclei
as a function of bombarding energy. These data
show a small dip in this ratio near the resonance.

In order to examine the origin of the shape of
the curves in Fig. 1(a) in more detail, we have car-
ried out a series of calculations for ~Ca(n+, 2p)
with either the m+ or the two proton distortions
omitted, i.e., plane waves either in the entrance or
exit channels. These results are plotted in Fig.
1(b). The curve with no proton distortion clearly
shows the strong effect of the (3,3) resonance with
reduced absorption on either side. The efFect of
proton distortion, on the other hand, falls mono-
tonically as the proton energy increases. It is in-
teresting to note that the product of the two ratio
calculations (no m+ distortion and no proton dis-
tortion) is very nearly equal to the result of the full
calculation. This suggests that the calculations for
this geometry involve no strong interference efFects,
but rather a simple attenuation of the plane waves.

Finally, to show explicitly the dependence of the
(m+,2p) cross section for zero recoil momentum
with symmetric geometry, we have plotted the Ca

o.5-

loo 200

T~{Mev)

300

FIG. 1. Ratio of distorted wave to plane wave cross
sections for the (~+,2p) reaction as a function of the
pion bombarding energy. The cross sections were calcu-
lated for a co-planar symmetric geometry with 8&

———02,
E~ ——E2, L =0, and zero recoil momentum for the resi-
dual nucleus; (a) target nuclei ' 0 (———), Ca
( ), and Zr (- ~ -); (b) ratios for Ca with plane
waves in the m.+ channel (———), plane waves in the
proton channels (- -), and the full distorted wave calcula-
tion { ).

20.0-
X

es

N

IO.O-

Cy

b

I

IOO
I

200

T~(MeV)

300

FIG. 2. The D%'IA cross section for ~Ca(m. +,2p)'sK
as a function of bombarding energy. See caption for
Fig. l.
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results multiplied by the 90' m++d~2p two-body
cross section. This result, assuming a spectro-
scopic factor of unity, is plotted in Fig. 2. Al-
though the attenuation is largest in the resonance
region, the shape of the cross section is dominated

by the two-body ~++d —+2p cross section showing
the resonance behavior. It is interesting to note
that this shape is almost identical to that measured
for the energy dependence of the pion absorption
cross section.

B. Energy sharing distributions

lO

10

N

N&

IS ~ 14
0(&+, 2P) N(L= 0)

One of the most common measurements made in
three-body final state reactions is to determine an

energy sharing distribution, i.e., d o./dO~dQ2dE&,
the cross section for the population of a particular
final state in the residual nucleus as a function of
the energy of one of the outgoing particles. In the
PWIA limit of our quasideuteron model, this cross
section is proportional to the square of the deu-

teron cluster-core momentum wave function in the
target nucleus.

We have carried out calculations of L =0 transi-
tions for ' 0 and Zr and L =0 and L =2 transi-
tions for Ca, again with a co-planar symmetric
geometry allowing zero recoil momentum for the
residual nucleus. Again, to show the energy depen-

dence of the distortion effects, we have plotted the
distorted momentum distribution g~ ~

Tgq"
~

[see Eq. (19)] as a function of recoil momentum for
three pion bombarding energies below, on, and
above the resonance. These results are shown in

Figs. 3—5, along with a plane wave momentum
distribution for comparison. The absolute cross
sections at zero recoil momentum for these calcula-
tions, assuming C S =1, can be obtained from Fig.
2.

From Figs. 3,—5 we see that at all three energies

the distorted momentum distribution reflects the

true momentum distribution of the deuteron cluster

relatively well. For the L =0 transitions minima

in the distorted momentum distribution arise from

the nodes in the deuteron cluster wave functions,

2S for ' 0, 3S for Ca, and 4S for Zr. Although

the distortion effects at zero recoil momentum are

largest at 180 MeV, the effect is primarily that of
absorption (attenuation), thereby generally preserv-

ing the shape of the momentum distribution. As a
result the 40 MeV calculation least accurately re-

flects the momentum distribution, and the distor-

tion effects fill in and shift the minima. Similarly,

for the L =2 calculations (Fig. 4), the minimum at

l0

Io

0.5

0.2-

O. l

05-

i00 200 300

Recoil Momentum (MeV/C)

zero recoil momentum is greatly modified, and at
40 MeV it actually becomes a small maximum for

Ca. Note also that the peak of the L =2 distri-
bution is at least of factor of 10 smaller than that
of the L =0 distribution. Thus, experimental
geometries emphasizing recoil momenta near zero
will predominantly select the L =0 transitions.

The modification of the momentum distribution
by distortion effects is more graphically illustrated
by the bottom panels in Figs. 3—S. Here we have
plotted the ratio of the distorted wave to plane
wave momentum distribution for each point on the
energy sharing distribution. These curves show the

FIG. 3. Calculated distorted momentum distributions
for ' O(m. +,2p)' N (L =0, Q =117.1 MeV) at three bom-
barding energies as a function of the recoil momentum
of the residual nucleus. The calculations represent an
energy sharing distribution for a co-planar symmetric
geometry: T =40 MeV, Hl

———82 ——81.7'(- ~ -); T =180
MeV, H& = —02=74.8 (———) T =350 MeV
Hl ———H2 ——70.5'( ); plane waves ( . ).
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pronounced effect of distortion around the minima,
but also show that near the peaks of the distribu-
tion the distortion effect is relatively constant.

Overall, the calculations suggest that the distor-
tion effects do not greatly modify the momentum
distribution measured in an energy sharing experi-
ment. Furthermore, even at the relatively low en-

ergy of 40 MeV, a region in which the experiment
may be performed more easily, the resultant data
should provide reasonable details of the cluster
wave function, assuming, of course, the applicabili-

ty of our quasideuteron model.
Finally, to relate these present calculations of the

energy sharing distributions more closely to experi-
ment, we have plotted the calculatmi Ca(rr+, 2p)
cross sections, using C S =1 and the final energy
prescription, versus the energy of one of the outgo-
ing protons. These results are displayed in Fig. 6.
As can be seen, the cross sections are relatively
small, explaining in large part the challenge in ob-
taining significant amounts of quality data.

C. Radial localization

An alternative method of examing distortion ef-
fects, used quite successfully for the understanding
of alpha-cluster knockout reactions, ' ' ' is to calcu-
late the cross section contributions as a function of
radius. We have calculated the (m+,2p) cross sec-
tion for a series of lower radial cutoffs in the
distorted wave integral of Eq. (18). The resultant
cross sections are then differenced for adjacent cut-
off radii and the difFerence ho is plotted as a func-
tion of radius; i.e., bo(r)=rr(r+6) o(r), where-
o(x) is the cross section calculated with the radial
cutofF x. Such a procedure provides a sirn. pie
means of understanding the sensitivity of the reac-
tion to various radial regions, and thereby the de-
gree of radial localization of a given reaction.

The most transparent case for examination of Acr
is that of the zero recoil momentum point for an
I.=0 transition. Note that for plane waves

10

0.5-
CL

0.2-

I I

IOO 200

Recoii Momentum (MeV/C)

FIG. 4. (a) Calculated distorted momentum distribu-
tions for the Ca(sr+, 2p)38K (L =0, Q =118.1 MeV) at
three bombarding energies as a function of the recoil
momentum of the residual nucleus. The calculations
represent an energy sharing distribution for a co-planar
symmetric geometry: T =40 MeV, 8&

———82 ——81.7'
(- ~ -); T =180 MeV, 8&

———82 ——74.8'(———); T =350
MeV, 8& ———82 ——70.5' ( ); plane waves ( ). (b)
Same as (a), but with orbital angular momentum L =2.
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bombarding energies as a function of the recoil momen-
tum of the residual nucleus. The calculations represent
an energy sharing distribution for a co-planar symmetric
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T =180 MeV, 8& ———82 ——74.9'(———); T =350
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(PWIA) this case corresponds to an integrand
which is equal to the bound cluster wave function.
The resultant b,cr for L =0 (m+, 2p) transitions on
' 0, Ca, and Zr are shown in Fig. 7. Calcula-
tions are presented for 40, 180, and 350 MeV,
along with plane wave calculations for comparison.
From these calculations we can now understand
much of the behavior presented in the previous two
sections. In particular, the primary effect of the
distorted waves is to gradually attenuate the contri-
butions of the bound cluster wave function as the
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FIG. 6. DWIA energy sharing cross sections for the
Ca(~+,2p) 'K reaction as a function of the energy of

one of the outgoing protons. The calculations are the
same as presented in Figs. 4(a) and (b); L =0 ( )

and L =2 ( ———).
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radius decreases. Thus, the real optical potentials
which can change the phasing in the nuclear interi-
or are not playing a major role. Unlike (p,pa) or
(a,2a) reactions' ' ' which are strongly surface lo-
calized, the (sr+,2p) reaction is sensitive to the full

radial extent of the nucleus. These calculations
thus explain why the structure of the momentum
distribution is generally preserved in the D%'IA
calculations for the energy sharing distributions.
One also observes the other expected features,
namely, that the attentuation increases with in-

creasing mass and that the attentuation is more
pronounced at 180 MeV than at 40 or 350 MeV.

IV. CONCLUSIONS

The present DWIA calculations show that it is
essential to include distortion effects arising from

the residual core in any quantitative comparison
with (n+,2p) da. ta. Neglect of these distortions can
lead to errors of as much as a factor of 7 in the
calculated cross section, and thereby the spectro-
scopic information. However, the present calcula-
tions show several very encouraging features.
Firstly, these distortions are sufHciently small that
a distorted wave treatment of them should be fully

adequate. Secondly, the (sr+,2p) reaction in fact
samples essentially the full radial extent of the nu-

cleus, and is therefore one of the few reactions to
do so. Thirdly, the distortion effects are very simi-

lar over the full energy range studied in this paper.
Thus, assuming the applicability of the present cal-
culations, experiments at lower energy, where the
proton detection is more easily performed, provide
as much information as those at higher energy. Fi-
nally, the energy sharing distributions contain rath-

er directly the information on the momentum dis-

tribution of deuteron clusters in nuclei.
%e believe the present calculations enhance our

understanding of the (sr+,2p) reaction mechanism.
With the acquisition of high quality (sr+, 2p) data
to discrete states, one can begin to understand the
validity of the present quasideuteron D%IA calcu-
lation. If the validity of the approximation can be
demonstrated, one can then begin detailed compar-
isons to examine whether the reaction is dominated

by longer ranged correlations, such as those con-
tained in standard shell model ca1culations, or
whether the data contain any evidence for short-

ranged correlations. If, on the other hand, precise
data for discrete states show the quasideuteron ap-

proach to be inadequate, the present calculations
can be modified in a factorized form to include a
more detailed treatment of the m(NX) ver. tex. In-

dependent of the result, we have demonstrated the
importance of including interactions with the core
nucleus, and believe the general eA'ects shown will

persist for any likely reaction mechanism.
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