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The {n+,2p) reaction has been studied on targets of 'H, Li, ' N, and ' 0 with 70-MeV pions. All
kinematical quantities needed to define completely the final state were determined. The data are
presented in an unbiased form, integrated over well-defined regions in phase space, and are thus readily
comparable with available theoretical calculations. Data were obtained for opening angles both on and
off the kinematics of the free process, n+ + d ~ p + p. Thus a more extensive test of the
applicability of a pole model or impulse approximation which assumes absorption on a quasideuteron
could be made. For I,i and ' 0 the center of mass angular distribution was determined and compared
with that for m+ absorption on a free deuteron. Nuclear structure effects appear to play an important
role for capture on ' 0 and ' N, since little excitation of the low-lying levels of the residual nuclei was
observed, in contrast to theoretical predictions. For events leading to low excitation of the residual
nucleus, theoretical curves in recoil and relative momentum, Treiman-Yang angle, and opening angle
calculated for a pole model or plane wave impulse approximation gave general agreement with the
measured distributions even for events off the kinematics of the free n.d process.

NUCLEAR REACTIONS 2H, ~Li, '~N, '60(7t', PP), E =70 MeV, measured

I. INTRODUCTION

The dominant mode for pion absorption is capture
upon two closely correlated nucleons. The high
relative momentum of the two outgoing nucleons in-
dicates that very small distances can be probed
(&0.5 frn), and the reaction has been suggested as
a means to obtain l.nformat1on concerning shor t-
range correlations in the initial nucleus. '-' Two-

hole shell model nuclear states can also be studied
using this reaction.

Theoretical calculations' "of the (m, XN) process
have been made assuming the two-nucleon capture
mechanism. Information concerning short-range
correlations is masked to some extent by compli-
cations resulting from final state interactions be-
tween the two outgoing nucleons. Final state inter-
actions have been included in various calculations
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through the use of the asymptotic form of the nu-
cleon-nucleon scattering amplitudes, ' and through
the solution of the Schrodinger equation for the
motion of two particles in a realistic potential. ' '
Further complications arise from interactions be-
tween the outgoing nucleons and the residual nu-
cleus (nuclear distortions). For the most part,
the latter effect has been neglected; exceptions are
the calculations of Kaushal and Waghmare" and
those of Morris and Weber" for the (m, NN) pro-
cess on C.

The simplest description of the (v, NN) process
is through the use of the pole model or impulse
approximation. ""In particular, for the (r', PP)
reaction, the cross section for absorption on a
complex nucleus is proportional to the cross sec-
tion for absorption on a free deuteron. The reac-
tion is thus dominated by the kinematics for the
process

Initial and final state interactions are neglected
except for effects included in the cross section for
the elementary process (I). Previous experimen-
tal measurements of the (m', Pf) reaction on light
nuclei" "were interpreted using this model.
Good agreement" was obtained between the experi-
mental data and theoretical predictions for 'Li.
However, results were presented uncorrected for
geometrical bias, so that comparison with theory
could only be accomplished after integration over
the particular geometry of the experimental appa-
ratus.

Our experiment sought to test further the ap-
plicability of this model by extending the kinemati-
cal range over which data were acquired and by
improving the energy resolution. The energy and
direction of the outgoing protons were measured,
and thus all the kinematical variables needed to de-
fine completely the final state were determined.
We present in this paper the results of our mea-
surements of the (v', PP) process on 'H, 'Li, "N,
and "Q. Data were taken at opening angles equal
to the free deuteron angle of reaction (I), but which
had different c.m. angle values. Data were also
obtained at opening angles off the free deuteron
angle. All three-body final state data have been
corrected for geometrical effects and are thus in
a form readily comparable with available theoreti-
cal calculations.

alent two-body reaction of m' absorption on a quasi-
deuteron. The diagram for the process is shown

in Fig. 1 where p„,p„, and p~ are the momenta of
the incoming pion and the ejected protons, p(A, Z)
is the momentum of the target nucleus (zero in the
laboratory system), P~ is the momentum of the re-
coiling 4 —2 system which may be bound or un-
bound, and p„~ is the momentum of the virtual nP
pair. To derive a cross section expression with
the PWIA, the following assumptions are made:
(a) The wave function for the target nucleus can
be represented schematically by

Here g„, is the wave function of the residual 4 —2

system, g, is the internal wave function of the
quasideuteron, and g(R, —R„,) describes the rel-
ative motion between these two cluster s.
(b) Plane waves represent the incoming pion and

outgoing protons.
(c) Absorption is considered to take place on a
quasideuteron with the residual system acting as
a spectator for the reaction. In this approximation
the momentum of the nP pair before capture is
equal and opposite to that of the & —2 system. If
the PWIA is valid, measurement of the distribution
of recoil momentum p„will give the momentum
distribution of the quasideuteron in the target nu-
cleus.
(d) The quasifree approximation is used; i.e., the
cross section for absorption upon a quasideuteron
bound within the initial nucleus is considered to be
the same as that for absorption on a free deuteron.

With these conditions the PWIA form for the
(v", PP) cross section is given by"

p„psdT„dQ„dQ~

PA

II. THEORETICAL BACKGROUND-THE PLANE

WAVE IMPULSE APPROXIMATION

The three-body problem of the (v', PP) reaction
on a complex nucleus is reduced using the plane
wave impulse approximation (PWIA) to the equiv-

P(A, Z)

FIG. 1. Pole model diagram for the (x+, 2p) reaction.
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Defined in the c.m. of the ejected protons are the
magnitudes of the pion and proton momenta, P',
and P', the sum ~ of the totaL energies of the pro-
tons, and (do/dQ)„, the differential cross section
for the free process (1). The term Q(P„), with the
integral of the absolute value squared normalized
to unity, is the Fourier transform of the wave
function which describes the relative motion of the
clusters. The quantities V~ and V~ which appear
in the phase space term of Eq. (3) refer to the ve-
locities of one of the outgoing protons and the re-
coiling nucleus, respectively.

The factor N„ is the effective number of deuterons
in the target nucleus and is defined by Eq. (3). It
is related to the probability that a nucleus can be
described in terms of a quasideuteron and some
state (E, Z, T) of the residual A. —2 system. The ef-
fective number of deuterons N„ is obtained by a fit
of Eq. (3) to our experimental data.

Favier et a/. "have used an expression for the
cross section based on the pole model for the reac-
tion. This expression appears below and exhibits
explicitly a pole term, (PR'+a'), in the denomina-
tor

Ng B
I E(PR) I

(d p~ do pgpgdTgdAgdQs

~ P.(P~'+~')'P' « ~
I

1 —v, v, /v, 'I
'

The quantity n is related to the binding energy of
a deuteron in the target nucleus

82n'

where the reduced mass M is given by

1 1 1
+

M yg„M~

Favier et al."define the form factor I"(Ps), which
describes the motion of the virtual nj pair and is
related to the Fourier transform of the relative
motion wave function, by

given here. Pions were produced when the external
proton beam of the Lawrence Berkeley Laboratory
184-inch cyclotron struck a copper production tar-
get. Particles emitted at an angle of 30 were
swept by a bending magnet into the experimental
setup shown in Fig. 2. A second bending magnet
served as an analyzing magnet which was used to
determine the momentum of the beam particles.
The position of each particle was measured at the
entrance of the analyzing magnet by the 16&&4 ele-
ment hodoscope Cy and the spark chamber planes
S,-S,. Spark chambers used in this experiment
were of the magnetostrictive readout variety. The
high-particle fluxes at the entrance of the bending
magnet produced many multiple tracks in S,-S,
which were resolved by use of the hodoscope. The
position and angLe of the particle at the exit of the
magnet were measured using spark chamber planes
S,-S,. With this information transport matrices
which traced the particle backwards through the
magnet were used to determine its momentum.
The central energy of the pion beam was 70 MeV.
The beam intensity was 3X 10' particles/second,
of which 62+ 5% were pions as determined from
time-of-flight analyses.

When an event occurred in the target, the posi-
tion and angle of the outgoing protons were mea-
sured with spark chamber planes S,-S». Two sets
of 1.6-mm plastic scintillators mounted on each
arm, C, -C„provided dE/dX information. The
proton energy was measured with 130-mm-diam by
100-mm-thick NaI crystals selected for their uni-
formity in response across their volume. In order
to minimize gain shift effects, the crystals and
associated electronics were housed in temperature-
stabilized environments. The threshold for proton
detection (35 MeV) was determined by the material
in front of the Nal counters. The thickness of the
crystal was sufficient to stop protons of energy
183 MeV.

2

I &(p, ) I' = (p, '+ ')' —',
I y(p, )I'.

I'(P„) is normalized such that for s-wave motion
in a 5-function potential I'(P~) =1. This arbitrary
choice of normalization serves to make the PWIA
cross section form given by Eq. (3) equivalent to
the pole model form of Eq. (4)." All other quanti-
ties which appear in Eq. (4) have been defined pre-
viously in Eq. (3).

III. EXPERIMENTAL TECHNIQUE

The experimental arrangement used for these
measurements has been briefly described in a pre-
vious paper. ' A more detailed description will be
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FIG. 2. Experimental geometry.

NaJ2



(w", fiP) REAC TION ON SEVERAL LI GH T NUC LE I

The information concerning the pion and proton
directions allowed the determination of the reaction
vertex to within 3 mm. In order to obtain an ade-
quate event rate without undue degradation of ener-
gy resolution, we therefore used targets consisting
of three sections separated by a distance of 29 mm.
Events were assigned to a target section by the lo-
cation of the vertex, and the energy loss of the out-
going protons in the remaining target sections was
taken into account in calculating the proton ener=
gies.

Each event was processed by an XDS Sigma-2
computer which stored the event, and after the ac-
cumulation of several events, dumped them on
magnetic tape. An on-line analysis program, op-
erating in a background mode, calculated and dis-
played via histograms the kinematical and experi-
mental parameters for each event. The perfor-
mance of various experimental components was
monitored through the use of a computer-controlled
digital voltmeter.

The calibration of the NaI detectors, as well as
the determination of the resolution in excitation
energy, was obtained through measurement of m'

absorption on deuterium. The resolutions in exci-
tation energy and recoil momentum were 4.5 MeV
[full width at half maximum (FWHM)] and 12 MeV/c
(FWHM), respectively. A resolution of 1.6
(FWHM) was obtained in opening angle.

IV. DATA REDUCTION

8UL

AB

Ag

e
LL
AB

FIG. 3. Definition parameters used to described the
truncated integration ellipses in the 0~ versus 0B
plane.

defined as

ng' 11B

where n„—= (p, && p„) and ne —= (p, x p, );
(d) E„and Es, the energies of the two protons.

(8)

A. Efficiency corrections and integration region definition

Experimental results presented in the following
sections have been corrected for geometrical ef-
ficiencies and are thus in an unbiased form. Be-
cause of the geometrical complexity of the experi-
mental apparatus, Monte Carlo methods were used
to compute the acceptance. A uniform parent dis-
tribution was simulated in the apparatus„and the
calculated distribution of detected events allowed
the determination of the geometrical efficiency.
To prevent large errors in the corrected data re-
sulting from statistical errors in the computed ac-
ceptance, events occurring in regions for which the
acceptance was less than 10 to 15/g of the maximum
were eliminated.

The cross sections obtained for the (m', PP) pro-
ces s depend on six kine mati eal quantiti es. In this
experiment the set can be reduced to five since the
range covered in pion energy is essentially con-
stant. These quantities were chosen to be:
(a) G„e, the angle between the two emitted protons;
(b) 8~, the angle of one proton with respect to the
pion direction; and
(c) pe, the azimuthal angle of the same proton,

Arm
settings

A 0B B 0AB
C C

(deg) (deg) (deg) (deg) a b
0AB 0AB ~B

(deg) (deg) (deg)

38 98 98
53 98 98
63 98 98
78 98 98
80 80 78
42 123 121

'Li

136 3.9 26.5
151 3.9 26.5
161 39 265
176 4.9 26.5
156 4.1 24.7
160 3.8 26.1

"0

11Q 158 +10
130 170 +10
140 180 +10
158 180 +10
143 176 +10
143 176 ~10

25 113
37.5 113
5Q 113
65 113
8Q 113

100 61

113 138
113 151
111 160
106 165
106 175
59.5 158

3.9 26.1
3.9 26.5
3.9 23.9
3.9 17.1
4.1 10.2
4.2 23.9

118
130
140
154
164
138

156 ~12
168 +12
176 ~12
180 ~12
180 +12
178 +12

57 105 105 162 4.2 24.4 140 178 +10

TABLE I. Integration region parameters for the 6Li,
' 0 ' Ndata.
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The experimental data will be presented as a
function of a single variable after integration over
a specified region in the remaining ones. To de-
fine the integration region over the quantities 0»
and 8~, truncated ellipses in the (6„~, &~) plane
have been used. The construction of the ellipses,
as defined in Fig. 3, was such that regions of poor
geometrical efficiency were eliminated. The range
of the azimuthal angle Q~ covered in this experi-
ment was essentially constant. The apparatus set-
tings in O„and 0~ for the I.i, ' N, and ' 0 targets,
the pertinent parameters used to define each inte-
gration ellipse, and the range of Q~ are given in
Table I. The use of 0» and 0~ leads to some am-
biguity in 0„, the angle of the first proton with re-
spect to the pion direction. For a given 0~, a cone
defined by 0» is generated about 0~, allowing two
possible values for 0~. We can define the angle
which is the projection of 0„on the m-0~ plane. We
have only used data for which the sum of this pro-
jected angle and 0& is less than or equal to 180',
since only a small number of events did not satisfy
this criterion.

The range for integration over the region of pro-
ton energies E~ and E~ covered in this experiment
extends from the threshold for proton detection of
35 MeV up to 180 MeV.

8. Sources of error

V. EXFERIMENTAL RESULTS

The influence of the absorption mechanism of
Fig. 1 leads to characteristics in the experimental
distributions which make this process readily
identifiable. The most important characteristics

TABLE II. Free-deuteron cross section results.

8„8~
(deg) (deg)

Measured value
( pb)

Calculated value
{pb)

To obtain cross sections, the data were corrected
for spark chamber efficiencies, for the efficiency
in reconstructing the event vertex, for the fraction
of pions in the beam, and for the fraction of pro-
tons lost due to interactions in NaI crystals. ""
The errors, quoted for total cross sections ob-
tained by integrating the data over the regions de-
fined in Table I, are a combination of (l) statisti-
cal errors, (2) the errors associated with these
correction factors, and (3) errors in the calculated
acceptance function.

are the following:
(a) Small values in recoil momentum are favored.
Hence, events cluster around opening angles cor-
responding to the kinematics of the m —d reaction.
(b) The cross section should exhibit the same depen-
dence upon c.m. angle as the cross section for the
free process (1).
(c) The cross section as a function of Treiman-
Yang angle'~ will be isotropic if certain conditions
for isotropy are defined. The Treiman-Yang angle
is the angle between the plane defined by p(A, Z)
and p~ (in the system for which p, =0) and the
plane defined by p„and p~. As formulated by
Shapiro, "isotropy in Treiman-Yang angle occurs
when S„~, the spin of the transferred deuteron,
is zero; when the quasideuteron and the residual
nucleus are in an s state of relative motion (true
for 'Li); or when the channel spin S„,+S~ is zero.
Note that Eqs. (3) and (4) assume isotropy as a
result of the factorization of the quantity
p(pR)'(da/dQ), .

The experimental results will be presented so
as to illustrate these effects and to point out devia-
tions from them.

A. Deuterium results

A target of heavy water in a jellied form was used
to investigate 7t' absorption on deuterium. Since
our measurement of reaction (l) wa, s overcon-
strained, we obtained a check on the performance
of our experimental apparatus and an energy cali-
bration for the NaI detectors. A Monte Carlo in-
tegration of the empirical differential cross section
was made over our apparatus and was compared
with the measured data. The cross section angular
dependence was taken from Ref. 26, and has the
form

(
do o „,&+ cos'0,
dQ 2w 2+3

where o„,=7.3+0.7 mb and 4=0.23+0.04 for 70-
MeV incident pions.

The comparison of the Monte Carlo results and
the experimental data appears in Table II. The er-
rors shown for the experimental and calculated
cross sections are statistical. The agreement is
satisfactory even for central arm angles not cor-
responding to free deuteron kinematics, for which
the distribution of events across the targets is
asymmetric.

B. Li results
50 113

100 61
65 113
37.5 113

2.94 ~ 0.37
1.98+0.28
1.09 + 0.19
1.95 + 0.3

2.83 + 0.2
2.0 + 0.15
0.9 +0.1
1.8 + 0.13

The 'Li(v', PP) He reaction leads to the excitation
energy spectra shown in Fig. 4 for opening angles
0» both on and off the kinematics for the free
process. The structure evident in these spectra
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240-

160—

150' s 8A8 s 180'

Lt(~,pp) He

80—

160— 155'& 8 s 165
AB

has been observed previously in (w', PP) experi-
ments, " " in (w, nn) measurements, "'"and in
the quasielastic (P, Pd), (P, Pn), and (n, 2n) knock-
out reactions. "" The dominant features are two
peaks, the first of which results from capture lead-
ing to the ground state of 'He. In a shell model
description, capture on two weakly bound P,~, nu-
cleons accounts for the existence of this peak. The
second peak is then interpreted in terms of either
capture on a (Is, 1P) pair or on a (ls, Is) pair.

A cluster model explanation for this excitation
energy spectrum has been advanced in a calculation
performed by Golovanova and Zelenskaya. " In
their interpretation, capture on a quasideuteron
produces the events in the ground state peak; cap-
ture on a quasialpha or two nucleons in a quasial-
pha leads to excitation in the range greater than
25 MeV, and events in the region of 20 MeV result
from capture on a pair of nucleons, one of which
exists in the quasideuteron and the other in the
qua sialpha.

In the full range of opening angles from 130' to
180' our ratio of ground state (-5 to 8 MeV exci-
tation energy) to excited state events (20 to 40 MeV)
is 0.67. This value agrees almost exactly with the
value of 0.66 obtained by Golovanova and Zelenska-
ya" for the ratio of ground state to excited state
events. For opening angles around that for the
free process (155'& 8~&165') we obtain a ratio of
ground to excited state events of 1.22, whereas
for off-deuteron angles (130' & g„~ & 155' and 165'
& 8„~ & 180') we obtain ratios of 0.26 and 0.41, re-
spectively.

1. Ground state results and interpretation

Events for the kinematics of the free process are
characterized by low recoil momentum values, and
as shown in Fig. 5, are located mostly in the
ground state peak, with relatively little contribu-
tion from higher excitation energy events. To in-
terpret the results for events in the ground state
peak, we have followed the method of analysis
used in Ref. 17, that is, we assume a cluster mod-
el representation for 'I,i and describe it in terms
of an a particle and a deuteron in an s state of
relative motion. The cross section for the pro-
cess was given in Eq. (4) with the assumptions
described in Sec. II. The empirical energy and
angular dependence of the cross section (do/dQ)~,
for the free process of pion absorption on a deute-
ron, was based on the results of Rose" and of
Richard-Serre et al."

Several wave functions were used to represent
the relative motion of the clusters, the first of
which was the Hulthen wave function,

EP

80

O 0~ I

E
z 40—

165 + H~e s l80

g(~) ~ (e " —e ")/& .

240

I60—

1

Li (~,pp)" He

l30 8 180

p„., IQQ MeV/c

(10)

20— 80—

20-

130's 8A& s 155'

LLl 0 ~ I

O

80—
R

100&P . &400 MeV~c
Recoil

0 I

-IQ 0 10 20 30
Excitotion Energy, E {MeV)

I

40

40—

- IQ IO 20 30
Excitation Energy, E {MeV)

4Q

FIG. 4. Excitation energy spectra for Li(7r+, pp) He
events. Distributions are shown for regions of opening
angles both on and off the kinematics (&~ 162') for the
free process, x++ d p+p.

FIG. 5. Excitation energy distributions for
SLi(&,pp)4He events for regions of high and low recoil
momentum.
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P=x 0) (12)

where x is a so-called separation parameter which
can be adjusted. The 'Li wave function obtained
when harmonic oscillator wave functions repre-
sent the o. and deuteron clusters, along with the
relative motion wave function of Eq. (11), reduces
when equal oscillator parameters are used, into

I I I i I I I
i

I I I
i

I I

Here n = 0.37 fm ' from Eq. (5), while the quantity
X is a parameter which can be adjusted to best fit
the experimental data.

Two other wave functions were used to describe
the relative motion of the clusters. The first was
the cluster model wave function formulated by
Tang, Wildermuth, and Pearlstein, ~ and used by
several authors in the calculation of the 'Li(v, nn)-
He process, "'"

~(&)~ ~j 2/s}8r2- (11)

The parameter P which appears in this expression
is related to the oscillator width parameter, P,
=0.44 fm ' for an n particle by

the shell model function which describes the lowest
configuration (1s)~(1P)2 in an oscillator potential
well.

The remaining wave function was based on a phe-
nomenological n-deuteron cluster model wave func-
tion for the 'Li ground state used by Noble, "

g(r) (1 —e "P)'e ""/r. (13)

Here a has been defined previously in Eq. (5) and

p is again an adjustable parameter. This wave
function describes correctly the relative motion of
the clusters at both large and small separation
distances.

The values for the adjustable parameters of Eqs.
(10), (11), and (13) were obtained in the following
manner. From Eq. (3) it is seen that the ratio of
(Ao/phase space) is proportional to

~
$(Ps)i'. The

parameters were adjusted until a best fit was ob-
tained between the theoretical curves for i Q(pR)i'
and the experimental data taken with kinematics
near that of the free process. Figure 6 shows an
example of such a fit for the case in which 4(r)
was given by Eq. (11). In Eq. (10) X was determined
to be 0.9 +0.3 fm ', the value of the separation
parameter x in Eq. (11) was 0.27 +0.05, and in Eq.
(13) the value for p was 0.8+0.2 fm.

$ —4I

~~

Xh

CI

OP

2
CL

Q)
lg

U

CL

6 4
Li ( ~+, pp) He (g.s.)

l55 &8A~~ l65
3.6—

I

0.90—

0.45—

Li(m, pp) He(g. s.)
l55'& 8 s l65'

AB

I

AB
I65 &8 &I80

090—
I50 &eA&&I55

0.45—

0 20 40 60 80
Recoil Momentum ( MeV/c)

I

IOO

FIG. 6. An example of the fit of if(Pz)i 2 ba.eed on
Eq. (11) to the (40'/phase space) distribution for 7r+

capture on I,i which l.ead to the ground state of 4He.

00 50 IOO I50 200
Recoil Momentum (MeV/c)

250

FIG. 7. Experimental distributions in recoil momen-
tum obtained for Li(7|'+, pp) He(g. s.) events as a function
of opening angle region. The curves result from calcu-
lations which used the pole model expression of Eq. (4)
along with a relative motion wave function of the Hulthen
form.
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10.8 I I I

Li(~,pp} He(g. s}
i 55'«8 s l65' j

C3

5.6—
0)

0 J I

t65'&8 &l80'

)h

The separation parameter x =0.27+0.05 obtained
from our data is consistent with values of 0.3 to
0.4 which provide reasonable fits to the elastic
charge form factors measured in electron scatter-
ing, and to the relative motion form factors mea-
sured in the 'Li(m, nn)'He reaction. "

However, the value for p which we obtained is
not consistent with the value of 1.4 fm needed to fit
the squared charge form factor distribution from
electron scattering on 'Li. 37

It is of interest to compare other predictions of
this model with the experimental data in order to
test for regions where a breakdown in the applica-
bility of the PWIA may occur. Thus theoretical
distributions in interesting kinematical variables
have been generated based on the cross section of
Eq. (4). Only the distributions in which a Hulthen
wave function was used for the cluster relative
motion are shown with the data since the distribu-
tions obtained with Eqs. (11) and (13) are similar
in shape and need not be repeated. Both experi-
mental and theoretical distributions are presented
in an unbiased form and have been integrated over
the regions defined in Sec. IV. Unless noted other-
wise, the comparison is made for data taken with
6}~ = 98'. Data and theoretical curves are presented

Li (~+,pp) He(g. s)
~ I I I J l 2 5

i55 &e„,&}65' l65 &8 also
1.0

f50 &8 & I55'—
AB

2.00—
CLla
~ l.50- ~"

b 0.50-

00
0 72 144

I.OO— 0.8—

0.75 '-"

o.so-g

0.6—

0.4-

0.25— 0.2

00 ~ ' ' 00 ——
0 72 1 44 0 72 l44

Treiman-Yang Angle (deg)

FIG. 9. Treiman- Yang angle distributions for I.i
events leading to the 48e ground state along with curves
caI.culated through the use of Eq. (4).

for distributions in the following kinematical vari-
ables:
(a) recoil momentum, p„=p, —p„—p~,
(b) relative momentum, p„,=p„—p~ (Ref. 39),
(c) Treiman-Yang angle, PT~, and

(d) opening angle, 8~„.
The results of the theoretical calculations and

the experimental data for PR, P„„and QT~ appear
in Figs. 7-9. The data are presented for three
ranges in opening angle, one corresponding to
free-deuteron kinematics (155'& 8„3&165') and the
other two for off-deuteron angle values. The theo-
retical curves were normalized to the data for
events occurring on the free-deuteron opening
angle. The pole model is expected to produce the
best agreement with t:he data in this region. This
normalization was then used for the other two re-
gions of opening angle (130'& 8„s&155' and 165'
& 8„~ &180'), which are off the kinematics for the
free process. This type of comparison serves to
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FIG. 8. Distributions in relative momentum for I,i
ground state events with theoretical curves given by
the pole model.

FIG. 10. The opening angle distribution for gound
state events with the calculated curve described in Sec.
VB l.
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point out regions where the applicability of the pole
model may begin to break down.

These figures illustrate that the experimental
and theoretical results agree quite well even for
events which occur off the free-deuteron opening
angle. Further evidence for this agreement ap-
pears in Fig. 10, which presents the opening angle
distribution for ground state events. The normali-
zation between theory and experiment is the same
as that described above. Although our geometrical
acceptance allowed us to detect, with good efficien-
cy, events in the range of opening angles from 110
to 180, most events occur in the region centered
at the free-deuteron angle of 161' with a FWHM of
12'.

If the quasideuteron absorption model of Fig. 1
is the dominant reaction mechanism, then the cross
section for ground state events should exhibit the
same dependence on the c.m. angle as does the
free-deuteron cross section. Experimental results
are shown in Fig. 11 for various regions of high
and low recoil momentum. The dependence of the
relative cross section upon the c.m. angle can be
fitted well by the function A. (0.23+cos'8, ), which
is exactly the dependence observed for the free
cross section. "

From the ratio of the experimental to the theoret-
ical cross section one can obtain the effective num-

TABLE III. Experimental and pole model cross sec-
tions 'Li data.

Exp.
cross section Pole model
{—5to 8 MeV) cross section

( pb) (pb)

63 98
53 98
38 98
78 98
42 123
80 80

143 + 18
135 + 19
10.3 + 3.1
67 + 13.4

309.7 + 43
102.3 + 16.3

118 ~ 5
114.8 + 6

86 + 11
59.5 + 4.2

221.75 + 13.3
72.7 + 4.4

1.21 + Q.15
1.18 + 0.17
1.193 + 0.36
1.13 + Q.23
14 ~02
1.39 + 0.22

ber of deuterons in 'Li. The results for events in-
tegrated over the regions defined in Sec. IV appear
in Table III. Our weighted average value for N„ is
1.25+ 0.12 which is consistent with the value of
1.55+0.3 obtained by Favier et a/. " The magnitude
of N„ for off-deuteron angle setting varies little
from the value obtained for on-deuteron kinemat-
ics, which again illustrates the applicability of the
pole approximation to events which occur off the
opening angle for the free process (l). The value
of N, obtained for the 'Li(m', PP) He(g. s.) reaction
is greater than the value of 0.3 obtained from low
energy (P, Pd) reactions on 'Li. o" However, a
N„of 0.8 resulted from a measurement of the
'Li(P, Pd)'He(g. s.) reaction at 590 MeV." The val-
ue of N„obtained in this experiment of 1.25 is
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FIG. 11. The c.m. angl. e dependence for Li(~+, PP)-
4He(g. s.) events compared to the A(0.23+cos20, )
dependence of the free 7t d cross section.

FIG. 12. Recoil momentum distributions as a function
of opening angle for 8Li events leading to He excited
states.
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close to the theoretical value of 1 to 1.1 which re-
sults from simple shell or cluster model calcula-
tions. " This indicates that pion absorption reac-
tions are more sensitive to all two-nucleon corre-
lated systems, while knockout reactions select
only deuterons.

To summarize our results for He ground state
events, it has been shown that the theoretical ex-
pression for the cross section based on the graph
of Fig. 1 describes the general characteristics of
the experimental data even for events in opening
angle regions off the kinematics of the free pro-
cess. These distributions, as well as previous
measurements of the dependence of the cross sec-
tion on pion energy, ' illustrate the importance of
the quasideuteron absorption mechanism in the ex-
planation of this process.

2. He excited states results4

The higher excitation energy portion of the spec-
tra shown in Fig. 5 peak for the most part around
30 MeV indicating a possible contribution from
proposed T =1 states of 'He. 4' A smaller contribu-
tion to the spectra occurs in the region of 20 MeV,
indicating that the T =0 states are not as strongly
excited in this process.

Figure 12 presents unbiased distributions for re-

27.00

Li (v+ pp)" He"
Isa b, E &40 MeV

13.50—
03

6.75— J'L—

0 I --I

130 140
I I

150 160

Opening Angle {deg )

I

170 180

FIG. 14. Opening angle distribution for 6Li(x+, pP)4He*
events.

coil momentum shown for three groups of opening
angle after integration over the regions described
in Sec. IV. The dependence of the cross section
on c.m. angle for selected regions of recoil mo-
mentum is illustrated in Fig. 13. The events fol-
low, for the most part, the A(0.23+ cos'8, )
behavior of the free-deuteron cross section. The
opening angle distribution is shown in Fig. 14.
Noticeable is the peaking at values of 161-162',
which correspond to the kinematics of reaction (I).
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section.
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FIG. 15. Excitation energy spectra for 60(7I+, pp) N
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low recoil. momentum.
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FIG. 16. Excitation energy spectra obtained for (&+,pp) events on 60 and N compared to the fractional parentage
cal.culations of Cohen and Kurath for pickup A = 16(0, 0) and A = 14(1,0). The upper portion of the figure shows individ-
ual curves calculated for the transfer of a singlet or tripl. et deuteron in an S or D state of orbital angular momentum.
The lower part of the figure shows composite curves obtained from these calculations.

The distribution is wider than that obtained for
events leading to the ground state of 4He. This may
be due in part to events in which absorption takes
place on the deuteron cluster and the outgoing pro-
tons excite the recoiling n-particle core.

C. Excitation energy spectra from N and 0
The (tr', PP) reaction on "N and "0 leads to the

excitation energy spectra for the residual "C and
"N nuclei shown in Fig. 15. Events have been
grouped into regions of high and low recoil momen-
tum. The oxygen target data exhibit considerable
excitation to states of the residual "N nuclei in the
range 4 to 6 MeV. Little excitation of the "N
ground state is noted. Likewise, the spectra for
absorption on the nitrogen target show almost a
complete absence of excitation of the ground and
first excited states of "C. In these data two peaks
are prominent, the first centered at 12 MeV and
the second around 30 MeV. A shell model descrip-
tion of the spectra would attribute the first peak
to absorption upon two P-shell nucleons. The sec-
ond peak may then result from capture on a (ls, 1P)
pair.

The excitation energy spectra can be compared
with the fractional parentage calculations of Cohen
and Kurath44 in which the wave function for N P-
shell nucleons is related to that for (N 2) P-shell-

nucleons. The two transferred nucleons are cou-
pled to total angular momentum 4 and isospin T,
and may have an orbital angular momentum l =0
or l = 2 with respect to the N- 2 system.

Their results for pickup on & = 16 (Z = 0, T = 0)
and & =14 (J = 1, T =0) nuclei folded with our res-
olution function are compared with the experimen-
tal data in Fig. 16. In portions 16(a) and 16(b)
separate curves representing contributions from
the transfer of S and D state singlet and triplet
deuterons are shown, while in 16(c) and 16(d) the
summed contribution from these curves appear.
The excitation energy spectrum of the residual
nucleus is best fitted by the fractional parentage
curve for the transfer of a triplet deuteron with
L=0. The state populated most by this type of
transfer is the 2, T = (1, 0) state at 3.95 MeV.
Since our precision in excitation energy is approx-
imately 0.5 MeV, these results are consistent
with our data, which indicates peaking in the exci-
tation energy range from 4 to 6 MeV. These pre-
dictions also agree with the results of measure-
ments of the nuclear deexcitation y rays observed
in the reaction "O(tr, nn)"N. ss

The experimental "C excitation energy spectrum
is in poor agreement with the fractional parentage
results. The dominant contribution to the calcu-
ated spectrum arises from states in the range from
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14 to 18 MeV, compared to the experimental peak
between 10 and 16 MeV. Also, the prediction of
a strong transition to the 4.43-MeV state of "C
from the transfer of a triplet deuteron with l =0
fails to agree with the data since we see little
evidence of such a transition.

In Fig. 17 the spectra are compared with the the-
oretical predictions of Kopaleishvili et &/. 46 for ex-
citation of T =0 and T =1 states of the residual '4N

and ~C nuclei. The calculations are for 100-MeV
pions and assume capture on two P-shell nucleons.
A fractional parentage decomposition based on in-
termediate coupling of the P-shell nucleons was
used, and final state interactions between the out-
going protons were included.

According to this calculation, the ground and
3.95-MeV state of "N would be most strongly ex-
cited. Our results are consistent with strong ex-
citation of the "N first excited state. For the
'eN(tr', PP)~C reaction, the calculation indicates
moderate excitation of the 4.4-MeV state with

strong excitation predicted for states in the range
from 14 to 16 MeV. Our data show peaking around
13 MeV with little excita. tion below 6 MeV. We
have used the PWIA to generate theoretical distri-
butions to compare with the experimental data in
regions of low-lying excitations. To describe the
quasideuteron on which capture occurs, the shell
model and fractional parentage decomposition of
Balashov, Boyarkina, and Rotter 4~ was used to
calculate the fragmentation of a nucleus A into a
state (E,J, T) of the residual nucleus and a quasi-

I e(PR) I' = ~.l e(PR) I'+ ~. l e.(PR) I' (14)

The quantities a, and u, are the probabilities for
I =0 and I =2 transfer. The terms Qa(PR) and

IP, (PR) are given by

I y.(P.)l' =,—,~,—.[I--:(P./P. )']'
0

x exp[- (PR/P. )'], (15)

1 16 1
I As(PR)li' =4—,15~p s (PR/Pa)'

0

x exp[-(PR/pa) )

TABLE IV. Values obtained for the adjustable param-
eters appearing in Eq. (14) after fits to the (Da/phase
space) distributions for 0 and N events.

Po (Me V/c)

iep

14N

0 66+0.07

0.65+0'og

O 34-o oe

0 35+00 0011

180+„20

18P+20

deuteron. The quasideuteron is assumed to be com-
posed of two P-shell nucleons and can be in a S or
D state in orbital angular momentum with respect
to the A —2 system. The Fourier transform
squared includes both /=0 and E= 2 contributions
and has the form



E. D. AH THUR et al.

9.0—

60—

I 1

0(~,pp) N

-2sDE & IO MeV

l58 &gAB S I68

I.OB—

o ro.

l4N( + )l2

0&DE& 20
I57'&8 & l67'

AB

.= 3.00
O

K
CL

I.50
b

IIOsg„si58 167 8AB —l78

35—

0 I ) l~
0.70— l40 8AB I 57

0.75— 0.35—

IOO 200 300 400 0 IOO

Recoil Momentum (MeV/c)
200 300 400

FIG. 18. (a) Recoil momentum distributions as a function of opening angle for x+ absorption on '60 which lead to low-
lying states of the residual 4N nucleus. The curves were calculated using the PWIA expression of Eq. (3) as described
in Sec. VC. (b) Recoil momentum distributions for the nitrogen target data.

and are normalized such that

I kr(PB)I'd'P=1 (1=o,2).

The quantity Po is related to the harmonic oscilla-
tor frequency

p (@ ~~)1/2 (18)

where JLt. is the reduced mass of the deuteron.
The values for n„a„and P, were obtained in a

manner similar to that used to fit the adjustable
parameters in the 'Li data. That is, the expres-
sion for

~ Q(P„) ~a given by Eq. (14) was fitted to the
(&v/phase space) distribution for the oxygen and
nitrogen events of interest.

The values for n„a„and P, were found to be
almost identical for the two nuclei and appear in
Table IV. The harmonic oscillator length parame-
ter r0 can be determined from the relationship
P,r Ko, and for P, =180 MeV/c a value of &o

=1.1','," fm is obtained. The value of &0 that we
measure is the harmonic oscillator parameter for
the c.m. motion of a pair of nucleons which must
be multiplied by W2 in order to compare it with the
single-particle parameter as measured, e.g. , in
electron scattering. Electron scattering data give
values of &o for "0 of 1.76 fm and 1.6 fm for "N"
which should be compared with v 2&& 1.1 fm =1.55
fm from our data. The agreement for these nuclei
is surprisingly good considering the limitations of
the PWrA.

D. Results-oxygen events leading to
N excitation near 5 MeV
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FIG. 19. Treiman-Yang angle distributions for {a) ~60

and {b) N target events with PWIA predictions for on-
deuteron kinematics.

In Fig. 18(a) appear distributions in recoil mo-
mentum for oxygen target events occurring in
three opening angle ranges; one corresponding to
deuteron kinematics (158 «8» «168') and the oth-
ers to values on either side. These results are
for events occurring in the excitation energy range
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from -2 to 10 MeV. Integration has been per-
formed over the regions described in Sec. IV for
apparatus settings in which 61~ =113 . Theoretical
curves normalized to the data in the opening angle
range 158 & 8» &168 and calculated using Eqs.
(14)-(16) with the parameters appearing in Table
IV are also shown. In Fig. 19(a) the Treiman-
Yang angle distribution for oxygen target events
for on-deuteron kinematics appears. Agreement
between the experimental results and the PWIA
theoretical distributions is good since the general

characteristics of the data are reproduced by the
curves even for opening angles off the kinematics
for reaction (1). A distribution in opening angle
is shown in Fig. 20(a). The distribution has a
FWHM of 22, and although wider than that charac-
terizing the 'Li ground state events, is fitted well
by the PWIA calculations. Figure 21 shows that
the dependence of the cross section of these events
generally follows the A(0.23+ cos'8, ) dependence
of the free-deuteron cross section although some
disagreement occurs for events which have high
values of recoil momentum.

The effective number of deuterons in "0 obtained
as a function of opening angle appear in Table V.
The listed cross sections have been integrated over
the regions described in Sec. IVA. Balashov
et al."calculated a value of 7.0 for the effective
number of deuterons for excitation of the 3.95
and 5.1 MeV levels of "N and a value of 11.6 if a
level at 11.5 MeV is included. These values in-
clude both l =0 and l =2 transfer. These results
are consistent with the weighted average value for
N„of 10+ 1.1 obtained in this experiment. Favier
et al."obtained an estimate of the effective number
of deuterons in "0 from the ratio of the ' N cross
section from 0 to 20 MeV excitation to the free-
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FIG. 20. (a) The opening angle distribution for
60(x+, pp) events leading to low values of excitation of
4N. Also shown is the curve obtained from the PWIA.

In part (b) a similar distribution is shown for ~4N(m'+, pp)
events leading to 2C excitation from 0 to 20 MeV. Also
shown is the PWIA curve for these events. The opening
angle distribution for nitrogen target events leading to
~2C excitations from 20 to 40 MeV appears in part (c).
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TABLE V. Experimental and PWIA cross sections for
~80 and N data.

Exp. PWIA
cross section cross section

(pb} (p,b}

60 I'7I+, pp } N {—2 «QE «10 Me V}

50 113
100 61
25 113
65 113
37.5 113

279 ~42
231.2 + 46
158.9 + 52
148 + 49
32.3+ 7.8

30.3 +1.5
21.88 + 1.1
14,2 + 1.2
17.38 + 1.5
2.96 + 0.2

9.2 + 1.6
10.5+ 2

11.2 + 3.6
8.7 + 2.8

10.9 + 2.6

"N(~+, PP}"C (0«~«20 MeV}

80 131 + 20 23.4 + 1.5

deuteron cross section; their value, N„=2, is in
disagreement with the results of this experiment.

E. Nitrogen resu1ts

Theoretical and experimental distributions in re-
coil momentum and Treiman- Yang angle for nitro-
gen target events leading to ' C excitations from
0 to 20 MeV appear in Figs. 18(b) and 19(b). Even
though the experimental uncertainties are large,
there is general agreement between the experimen-
tal results and the theoretical calculations. The
opening angle distribution, shown in Fig. 20(b),
is centered at the value (160 ) for the kinematics
of process (1) and has a width comparable to the
oxygen data of Sec. V E.

In Table V the cross section is given for absorp-
tion on "N leading to "C excitations from 0 to 20
MeV integrated over the region defined in Table I.
Also presented are the calculated PODIA cross
section results and the value for the effective num-
ber of deuterons in "N. This value, N~=5.6+1,
is in contrast to the result of 0.8 obtained by Bala-
shov et &t. ' from the sum over contributions from
T =0 levels which lie below 20 MeV. One cause of
the difference may result from the fact that in the
calculation of Balashov only / =0 transfers were
included. In our experiment, however, we had to
include some l =2 contribution in the theoretical
curves to obtain agreement with the experimental
data. Again, our value of N„disagrees with that
from the experiment of Favier et al."who obtained
a value of 0.7 through the method described in the
previous section.

For events leading to "Cexcitation energies from
20- to 40-MeV distributions in recoil momentum,
Treiman-Yang angle, etc. , were found to have
generally the same shape as those described for
"C excitations in the range from 0 to 20 MeV. The
unbiased distribution in opening angle obtained for
events in peak 2 of the nitrogen target data after

integration over the region defined in Table I ap-
pears in Fig. 20(c). Again the peak of the opening
angle distribution occurs at the angle for absorption
on a free deuteron.

VI. SUMMARY AND GENERAL CONCLUSIONS

Our examination of the (m', Pp) process on the
nuclei 'Li, "N, and "0has shown general agree-
ment between data occurring in the low-lying states
of the residual nucleus and the predictions of the
PWIA. With the value of the parameters given in
Sec. V 81, good agreement was found between the
data from the 'Li(v', PP)'He(g. s.) reaction and the
theoretical predictions. The agreement was con-
sistent for all experimental. distributions, both on
the free-deuteron kinematics and off. These events
were shown to follow the A(0.23+ cos'8, „)depen-
dence of the free-deuteron cross section, an ob-
servation which requires the angular coverage of
the present experiment. Values of the effective
number of deuterons were consistent with previous
results. It was possible to describe completely
our data in terms of only two parameters, one re-
lated to the wave function used to describe the rel-
ative motion of the clusters and the other being the
value for the effective number of deuterons N„.

The analysis of (w', PP) events occurring on "N
and "O illustrate that; the structure of these nuclei
has a marked influence on the levels of the residual
nucleus which will be excited. A general feature of
the spectra was the absence of excitations leading
to the ground state, in contrast to the fractional
parentage results,

After suitable adjustment of the harmonic oscil-
lator length parameters, general agreement was
obtained between the theoretical curves of the
PWIA and the experimental distributions restricted
to low values of excitation in the residual nucleus.
The harmonic oscillator length parameter for '4N

agreed well with that obtained from electron scat-
tering data. Oxygen target events leading to states
in "N around 4 to 6 MeV exhibited the same gener-
al dependence upon c.m. angle as the free-deuteron
cross section. For the oxygen and nitrogen target
data, events leading to low-lying states of the re-
sidual nucleus had opening angle distributions
which peaked around the kinematics for absorption
on a free deuteron.

These results illustrate the significance of the
two-nucleon absorption mechanism given by the
pole model or PWIA in describing the data present-
ed here. However, in order to obtain information
concerning short-range correlations from the study
of this reaction, more complete theoretical de-
scriptions, which include short-range correlations
and distortions in an explicit manner, are needed.
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