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Triple-differential cross sections of the (7*,pp) reaction on lithium isotopes
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The (7*,pp) reactions on °Li and ’Li have been studied at T,=59.4 MeV with high resolution.
The first triple-differential cross sections for these reactions are presented. The data are fitted to a
T matrix and compared to the 7+d—pp reaction. A model in which the pion is absorbed on a 3|
(pn) pair in the lithium nucleus describes many features of the data very well. An extrapolation of
our data into unmeasured regions of phase space suggests that about 60% of the pion absorption
cross section on SLi at 59.4 MeV goes into the (7*,pp) channel. One surprising feature of the data is
that the Li(r*,pp)*He (2) transition at 22.1 MeV excitation is strongly populated, similar to what
is observed in the °Li(d,a)*He reaction. This transition involves removing one nucleon from the 1p

shell and one from the 1s shell.

I. INTRODUCTION

Pion absorption in nuclei must involve at least two nu-
cleons to conserve energy and momentum, thus the
m+d—pp reaction is the most elementary pion absorption
process. In heavy nuclei the pion absorption mechanism
is expected to be more complicated, often involving more
than two nucleons. To help understand the reaction
mechanism more completely, a “transition” nucleus,
where changes from the elementary 7*d—p + p process
to where more complicated absorption processes start to
manifest themselves, was studied. The lithium isotopes
have simple, well-understood nuclear structure in which
the 1p-shell nucleons are clustered into a quasideuteron or
quasitriton and are loosely bound to a (1s)* alphalike core.
The states in the residual helium isotopes are delineated
into well-defined excitation regions according to the remo-
val of (1p)? (1pls), or (1s)* nucleons from the lithium
target. A wide assortment of data on pion absorption in
lithium nuclei has been accumulated. This includa previ-
ous (7*,pp) studies,!™3 (7~ ,nn) studies,*® and inclusive
(wt,p) studies.® This paper presents the first triple-
differential cross sections from the ®Li(7+,2p)* He reac-
tion at T,=59.4 MeV. Features of the (7*,2p) data are
then compared with existing data in an attempt to under-
stand better how the absorption cross section is split be-
tween the various channels and to examine other specific
features of the (7*,pp) channels.

II. EXPERIMENTAL OVERVIEW

The experimental setup in the low-energy pion (LEP)
channel at LAMPF is shown in Fig. 1. Two charged par-
ticles in coincidence were detected using two solid-state
spectrometers”® constructed from stacks of eight and two
high purity germanium crystals, respectively. The spec-
trometer with only two Ge crystals had, in addition, two
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FIG. 1. A schematic diagram of the apparatus used in the

experiment.
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0.45 cm thick Si(Li) crystals. In front of each spectrome-
ter were two individual wire-readout proportional
chambers. Each chamber had an anode plane in the verti-
cal, horizontal, and 45° diagonal directions (with 1 mm
wire spacing), enabling the analysis of events with more
than one hit in each plane. Two ionization chambers
downstream of the target monitored the intensity of the
incident pion beam. A three-scintillator telescope placed
at a backward angle detected particles scattered from the
target and provided an additional beam monitor.

The targets had thicknesses of either 100 or 150
mg/cm? of SLi enriched to 95.6% and 150 mg/cm? of "Li
enriched to 99.9%. These targets were placed in a plastic
bag 3 mil thick to minimize oxidation. The target normal
was usually 65° relative to the pion beam direction. This
geometry was chosen so that the direction of the two spec-
trometers were always within 35° of the target normal,
thereby minimizing the target thickness traversed by the
detected particles.

Because of the steep target angle and the large horizon-
tal dimension of the beam, a spot approximately 10 cm
wide was illuminated on the target by the beam. The vert-
ical spot size was about 1.8 cm. The front faces of the
two spectrometers were usually 20 to 25 cm from the tar-
get with Ge-crystal radii of 1.7 and 1.6 cm for the eight-
and two-Ge-crystal spectrometers, respectively, resulting
in effective solid angles of about 11 msr. With this
geometry, each detector scanned a horizontal angular
range of about +12° and a vertical angular range of about
+4.5°.

The eight-Ge-crystal spectrometer was thick enough to
stop all protons from the reactions of interest. The two-
Ge-crystal spectrometer with two Si(Li) crystals in front,
could stop protons with kinetic energy less than 119 MeV.
Protons were identified using standard dE /dx vs E infor-
mation obtained when the particle traverses at least one
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FIG. 2. A particle identification spectrum from a "Li target
at 80.5°. These events stopped in the second silicon detector of
the four-crystal spectrometer and are in coincidence with an
event in the eight-crystal spectrometer.

crystal and stops in another crystal. This gives a low en-
ergy threshold of 26.5 and 24 MeV for identified protons
in the eight-crystal and four-crystal spectrometers, respec-
tively. Figure 2 shows a typical particle identification
spectrum with a good separation of protons from deute-
rons and tritons.

The energy signals from each crystal were transmitted
to a PDP-11/45 computer through CAMAC LRS 2259A
2048-channel analog-to-digital converters (ADC’s). Both
the energy calibration and the linearity were studied by
setting the amplifier gains so that y-ray sources of 3*Co,
80Co, and 2*®Th covered most of the 2048-channel range
of the ADC. The amplifier gains were reduced during the
actual experiment to detect the charged particles. The
change in amplifier gains between the y-ray setting and
the experimental setting was determined using a high-
precision pulser at both gain settings. These calibrations
were repeated throughout the experiment.

A fast timing signal from the first crystal of each spec-
trometer was used as the start and stop, respectively, of a
time-to-digital converter (TDC) and provided a coin-
cidence time resolution for (7*,pp) events of ~2 ns
(FWHM). Based on count rate estimates, about one per-
cent of the events in the 5 ns wide timing peak were ac-
cidentals.

The LEP channel at LAMPF was usually run with a
full-width at half maximum momentum resolution of 1
percent. During a period of low-intensity beam, wire
chambers placed in the beam established the horizontal
and vertical angular divergence of the beam as 6.3° and
4.3°, respectively (full width). During the experiment,
chambers were not used in the beam to label the incident
momentum, hence only the average pion momentum was
monitored. Thus, the beam divergence contributed to the
errors in the missing-momentum and missing-mass distri-
butions. These uncertainties were incorporated into a
Monte Carlo simulation of the experiment.

III. 7+d—pp MEASUREMENT

At various times in the experiment, data were collected
on the 7*d—pp process using a 194 mg/cm? CD, target.
The two-body final state was then kinematically over
determined by the detection system and thus allowed its
calibration. The energy calibration of each stack of detec-
tors was found to have an error of approximately 100 keV
for protons of 100 MeV. The opening angle between the
two detectors had an error of 0.15° resulting from
misalignment of the wire chambers. The measured angu-
lar resolution of the chambers in front of the eight-crystal
spectrometer was 0.5° and 0.65° in the horizontal and
vertical directions, while 1.0° and 1.2°, respectively, was
obtained for the four-crystal spectrometer. These resolu-
tions were folded quadratically with the calculated
Moliere scattering in the target to estimate the overall an-
gular uncertainty. The deuterium measurement also sup-
plied a check on such effects as energy straggling and
Moliere scattering which were included in the Monte Car-
lo simulation of the experiment.

A coordinate system suitable for monitoring the align-
ment and calibration errors is given in Fig. 3. The % coor-
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FIG. 3. The coordinate system used to monitor the alignment
and measurement errors of our apparatus. The R direction is
vertically downward and all momentum vectors, P, and P, of
the two protons and P,, are projected onto the horizontal y-z
plane. The ¥ direction bisects the angle in the horizontal plane
between the two protons and its direction varies with each event.

dinate is in the upward vertical direction. The ¥ axis is
the horizontal line bisecting the opening angle between the
two proton momenta. The 2 direction is *®¥. Figure 4
shows the measured missing momentum spectrum from a
mtd—pp run along with its Monte Carlo simulation.
The missing momentum, P,-P;—P,, according to
momentum conservation should be zero for this two-body
final state. The finite widths of the distributions observed
are consistent with the expected experimental uncertain-
ties. In Fig. 4(a) the P, distribution is centered about
zero, indicating proper vertical alignment of the beam
spot and the wire chambers. The width of the distribution
is well reproduced with the Monte Carlo code using the
measurement errors quoted earlier. The missing momen-
tum along the ¥ direction is shown in Fig. 4(b). Since the
¥y direction is nearly perpendicular to each proton’s
momentum, the corresponding missing momentum distri-
bution, P,, monitors the horizontal alignment and mea-
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FIG. 4. The missing momentum distributions, P,—P;—P,,
calculated from the #*d—p + p data, and compared with the
Monte Carlo simulation (heavy line). (a) vertical direction; (b)
horizontal direction, bisecting the proton’s opening angle; (c)
R@§ direction; (d) total missing momentum.

surement errors of the wire chambers. The missing
momentum P,, which is nearly parallel or antiparallel to
each proton’s momentum, is shown in Fig. 4(c). If the en-
ergy calibration of one of the spectrometers was too high
or low the P, distribution would not be centered. The
major contribution to the width of the P, distribution is
the variation of the proton s energy losses with the depth
of the reaction vertex in the target. The rad1al distribu-
tion shown in Fig. 4(d) includes the factor P} from the
Jacobian and is therefore not peaked at zero. Other distri-
butions from the 7+d—pp data were also examined to
monitor further the apparatus and showed similar high-
quality results.

Another important purpose of the m*d—pp measure-
ment was to establish an absolute cross section scale. Be-
cause the positions of the spectrometers were occasionally
changed, many runs had different detector solid angles.
The front faces of the spectrometers had varying distances
of 20 to 38 cm from the target. The two ionization
chambers monitoring the beam flux remained consistent
with each other to within one percent and the cross sec-
tions obtained from these different 7+d—pp runs agreed
within a standard deviation of 2.5%.

IV. MONTE CARLO SIMULATION OF THE DATA

Never before in a A(7w*,pp)B reaction have well-
defined absolute triple-differential cross sections for 4 >3
been obtained. The extraction of these cross sections re-
quires a careful mapping of the detection efficiency over
the full phase-space acceptance of the detectors. This is
especially important in the current measurement where
the beam spot on the target is large and the faces of the
detectors are small. For this purpose, a Monte Carlo code
was developed which simulates every important feature of
the experiment, including energy straggling, Moliere
scattering, and measurement errors. The Monte Carlo
code uses the known 7+td—pp single-differential cross
section to obtain the 'Li(m*,pp) triple-differential cross
sections in a way that is described below.

A typical-differential cross section is expressed as:

d3o _ 1 E.E\Ekk;
dE\dQdQ,  (2m)° k,[1—(Br-B,) /B3]

where the kinematic factor includes energies, wave num-
bers, and velocities of the two protons (subscripts 1 and 2)
and the recoiling residual nucleus (subscript R). The tran-
sition matrix, 7T, is sensitive to the initial and final wave
function of Li and He, respectively, and the precise nature
of the reaction mechanism. Since there are three particles
in the final state, nine coordinates are needed to specify
the kinematics of each event, reduced to five by conserva-
tion of energy and momentum. The Monte Carlo code
uses the five variables: Pp, the momentum of the recoil-
ing nucleus, and 6;,¢,—the angles of one of the two pro-
tons. The angles, 6;,¢,, are defined as the angles between
one of the protons and the incident pion momentum
direction with ¢, as the azimuthal angle. These variables
are chosen for reasons which simplify the data analysis.
The angles 0, and ¢, are chosen because they are con-
strained to a small range of values during a single experi-

|T|?%, (1)
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mental run. The T matrix is expected to depend strongly
upon the recoil momentum, Px =P,—P;—P,. In the im-
pulse approximation and quasideuteron model, Py is also
the total momentum of the pair of nucleons on which the
pion is absorbed. The goal of the Monte Carlo code is to
find the ®'Li(zr*,pp)*>He T-matrix dependence on four
of the above five variables. The T matrix should be in-
dependent of ¢; due to cylindrical symmetry. The advan-
tage of using a procedure involving a T matrix is that it
succinctly summarizes the information contained in the
five-dimensional space, which would be hard to display
graphically.

It was found that a choice of | T(8,,Pg) |2 based on the
quasideuteron model successfully described the experi-
mental distributions of several transitions. In this model
the pion interacts with a (pn) pair which is taken to be an
internal state of 3S,, the quantum numbers of the deute-
ron. A general description of this form of the T matrix is
given in Ref. 11. This successful functional form is

| T|2=f(Pg)[1+a,P1(cos6)] , @

where Py is the momentum of the residual nucleus and 6}
is the proton polar angle in the center-of-mass frame of
the two protons; f(Pg) is expressed in the laboratory sys-
tem because the target is at rest in the laboratory system.
In the quasideuteron model f(Pg) is a form factor
describing the motion of the quasideuteron with respect to
the core which in plane wave Born approximation is the
absolute square of the momentum wave function for the
center of mass of a (pn) pair assumed to exist as a deute-
ron in the lithium nucleus. The second term in the T ma-
trix is identified as the angular dependence of the elemen-
tary 7% + (pn)—p + p process. For real deuterons the
m+td—pp reaction at 60 MeV has an angular distribution
given by [1 + 1.09 X £ 5(cos6})].

The Monte Carlo calculation begins by simulating pions
incident on the target. Values of the known spatial, angu-
lar divergence, and momentum distributions of the beam
are chosen randomly. The (7*pp) reaction is assumed to
take place and one proton, p;, is assumed to go toward
spectrometer 1. The direction of this proton is chosen
randomly within the solid angle, ;. All events, regard-
less of where they occur on the target, are chosen random-
ly within this solid angle of fixed size. However, the cen-
troid of the solid angle changes with the target impact
coordinates so that it always points to the center of the
detector. The proton then undergoes Moliere scattering in
the target. Before proceeding with the proton it is neces-
sary to know its energy, which can be calculated if Py is
known. Therefore, an early step in the Monte Carlo simu-
lation is to randomly choose points from the distribution
for the recoil momentum Py using the recoil momentum
distribution f(Pg). The cross section is assumed to be
isotropic in O and ¢r except for a known phase space
factor by which each event is weighted. After P for an
event is specified, the mass of the residual nucleus is
selected—either by a single state in the residual nucleus or
by randomly choosing values from a series of unresolved
states using spectra from the data analysis as an input dis-
tribution. At this point all remaining kinematic variables
are determined by conservation laws. Both proton trajec-

tories are then examined to decide whether they stop in
the detectors. Moliere scattering, range straggling, and
nuclear reactions in the detectors are included in the cal-
culation.

If both protons stop in a spectrometer, then measure-
ment errors are assigned to the kinematic variables. The
resulting distributions of the Monte Carlo detected events
are then compared to the distributions obtained from the
real data analysis. The data analysis must by necessity
use the central-ray beam momentum and energy to calcu-
late missing momentum and missing mass because the
pion four-momentum is not measured event by event.
The functional form of f(Pg), and the a, parameter in
the T matrix [Eq. (2)] are adjusted until all experimental
distributions of a particular transition are reproduced us-
ing the Monte Carlo simulation.

After the T matrix is adjusted to reproduce the data for
a particular transition, it can be normalized using the
known® 7+d—pp cross sections at 59.4 MeV,

do/dQ,=(6.85/2m)[141.092,(cos6])] mb/sr ,

measured in the center-of-mass frame. The T matrix nor-
malization procedure takes the experimentally measured
yield for the transition and divides it by the integrated
beam, target thickness, computer live time, the simulated
solid angle, Q;, and the corresponding average Monte
Carlo detection efficiency. The resulting quotient is pro-
portional to a single-differential cross section. Since the
m+td—pp reaction cross section is known, the constant of
proportionality is obtained from the 7*d—pp data and
its Monte Carlo simulation efficiency. This constant of
proportionality can then be used to get the single-
differential cross section of any Li(w*,pp) transition.
Once the absolute value of a partial-differential cross sec-
tion is known, then it is possible to normalize the T ma-
trix uniquely.

An advantage of using this T-matrix formalism to ex-
tract cross sections is that it is known how the single-
differential cross section, do/dQ,, is varying over the
solid angle, 1, of the Monte Carlo simulation and this
variation is accounted for in the normalization procedure.
This is important because the large beam position spread
on target results in a large spread (£12°) in 6,.

V. THE SLi(7*,pp)*He SPECTRA

All of the ®Li(w*,pp)*He data were collected with cen-
tral detector angles of 60° and 102.7°, which are proton
angles satisfying the 7*d— pp kinematics. Missing-mass
spectra for recoil momentum both less than and greater
than 100 MeV/c are shown in Fig. 5. The energy resolu-
tion, determined primarily by energy straggling in the tar-
get, is about 1.8 MeV FWHM. The *“He ground state
transition dominates the spectrum for recoil momentum
less than 100 MeV/c. For recoil momentum greater than
100 MeV/c more of the yield is in the excited state region
between 20 and 40 MeV. There are events in Fig. 5 be-
tween the §round state and 20 MeV excitation which are
due to the 'Li impurity in the °Li target. Part of the yield
at energies above 20 MeV excitation is due to four, five,
and six particle-final states in the SLi(w*,pp) reaction.
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FIG 5. The °Li(w*,pp)*He spectra at T,=59.4 MeV. The
data are separated into two spectra with recoil momentum less
than and greater than 100 MeV/c. The ground state peak only
for events having Pr <100 MeV/c is times -,%. The lower scale
refers to the spectra corresponding to Pg < 100 MeV/c. The ex-
citation energies corresponding to the centroids of the observed
peaks are indicated.

This is because *He is unbound to proton decay above
19.8 MeV excitation and can completely separate into two
neutrons and two protons above 28.3 MeV.

Superimposed on the continuum above 20 MeV is an
indication of three strongly populated states in “He at ex-
citation energies of 22.2+0.4, 25.0+0.4, and 29.0+0.4
MeV. The 25.0 MeV state dominates the spectrum of
events with recoil momentum less than 100 MeV/c,
whereas the other two states dominate the spectrum of
events with recoil momentum greater than 100 MeV/c.
Of these three states, the two strongest states at 22.2 and
25.0 MeV agree with the two strongest excited states seen
in the °Li(d,a)*He reaction at excitation energies of 21.9
and 25.5 MeV.!® There is weak evidence for two other ex-
cited states in the °Li(d,a)*He data at 28.5 and 31.8 MeV
excitation and have widths greater than 5.0 MeV. The
similarity between the (7%,pp) and (d,a) spectra is evident
in other nuclei. The four strongest states seen in the
160(d,a) "N reaction!! are also the four strongest states
seen in the '%O(r*,pp)'*N reaction.!? This similarity be-
tween the two reactions suggests that the (7¥,pp) reaction

f(PgR)

is primarily selecting a (pn) pair in a T =0, S, configura-
tion.

The level of 22.2+0.4 MeV is thought to be the known
2~ level at 22.1 MeV. This state has a s3p! configuration;
therefore, the transition to this state involves the removal
of a 1s and 1p nucleon from the ®Li target. This is con-
sistent with the state’s higher yield at large recoil momen-
tum.

This 27 level is not expected to be strongly populated
in the SLi(w*,pp) reaction because it must involve nu-
cleons from two different shells.'*!* While previous
(m,2N) data* indicate the suppression of absorption on nu-
cleons in different shells, recent measurements'*>!® com-
paring absorption cross sections from '*0 and !°O and a
theoretical calculation!” suggest otherwise. The measure-
ment from Ref. 14 indicates that the total 7+ absorption
cross section at T, =165 MeV on '®0 is 17% larger than
the total absorption cross section on '%0. The significant
population of the 2~ state provides more evidence that the
pion is also absorbed on nucleons in different shells.

The remaining two excited states in the *Li(w™*, pp)*He
spectra are believed to be positive parity states involving
the removal of two 1s nucleons. The state at 25.0 MeV is
identified with the state in the °Li(d,a)*He reaction at 25.5
MeV and is a known state of J"=0% or 1*.

VI. THE ‘Li(w+,pp)*He T MATRICES

The recoil momentum distribution f(Pg) in Eq. (2) for
the SLi(7*,pp)*He ground state transition is shown in Fig.
6. The measured half-width at half maximum (HWHM)
is 36+4 MeV/c. This compares favorably with the
HWHM measured to be 34+1.5 MeV/c in the ®Li(e,e’a)
reaction,!® 32+1 MeV/c in the Li(e,e’'d) reaction,'® and
43 MeV/c in the °Li(p,pd)*He reaction at T,=670
MeV.!"® The value obtained from the ®Li(7~,nn)*He ex-
periment* is ~45 MeV/c which is consistent with this
measurement within the errors of the two experiments.

If fine detail exists in the form factors, it will be par-
tially washed out by the poor recoil momentum resolution
of our system. Figure 4 gives a good indication of the
recoil momentum resolution at small values of Pg. The
resolution improves significantly as Py increases. Since
the only model dependence in the extraction of f(Pg) is
the unfolding of the errors from the experimental distri-
butions, it is valuable to examine these errors in more de-
tail. In Fig. 7 we plot (solid line) a theoretical
6Li-*He + d form factor calculated by Lehman.® The
so-called “experimental points” in both Figs. 6 and 7 are
defined as

(3)

“experimental points”=data events(Pg)

The input form factor, f(Pg), is divided by the output
distribution from the Monte Carlo code in the above ex-
pression.

If there were no measurement uncertainties in our ex-
periment, the factor multiplying the data events would
simply be the correction for the phase space acceptance of

Monte Carlo(Pg)

r
our detector. However because of the model dependence
of the error simulation in the Monte Carlo code the data
points in Figs. 6 and 7 for the *He ground state transition
are slightly different. In Fig. 6 the form factor which best
fits the data was used as input to the Monte Carlo code
whereas in Fig. 7 the Lehman form factor was used. This
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FIG. 6. The recoil momentum distribution, f(Pg), for the
transition to the *He ground state, obtained from the
SLi(#*,pp)*He data and from earlier *Li(w~,nn)*He data (Ref.
3). The inset is an enlargement of the high momentum region.
Error bars give the statistical errors.
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theoretical form factor from Lehman has a narrow
minimum at 140 MeV/c. The Monte Carlo code simu-
lates the experimental errors and smears this minimum
over a large range of Py values. If the minimum at 140
MeV/c in the Monte Carlo output is severely washed out
by errors, then the experimental points as defined by Eq.
(3) will follow rapid changes in the input form factor giv-
ing a model dependent data reduction. Fortunately this is
not the case. The experimental points remain high near
140 MeV/c and are in disagreement with the theoretical
form factor. This test gives us confidence that the ex-
tracted form factor is not strongly dependent upon the in-
itial form factor used in the Monte Carlo simulation.
Total experimental yields in the excitation regions
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FIG. 7. Another version of the form factor for the

SLi(w*,pp)*He ground state transition. See the text for an ex-
planation. The solid line is Lehman’s theoretical form factor

from Ref. 20.

20—-23 MeV, 23—-28 MeV, and 29—35 MeV were studied
to obtain an average recoil momentum distribution for
each region. These are shown in Fig. 8. All three excita-
tion regions share a common continuum which is popu-
lated primarily by the pion absorbing on two 1s nucleons.
This may be responsible for the similar shapes of the dis-
tributions.

The enhancement at low recoil momentum of the “He
ground state transition indicates an angular momentum
transfer, L =0. Similarly the 25 MeV transition appears
to be dominated by an L =0 component. The recoil
momentum distributions for the 22.2 and 29.0 MeV tran-
sitions are more pronounced at large recoil momentum,
indicating an important nonzero angular momentum com-
ponent. The distribution for the 22.2 MeV transition has
a sizable yield in the 100 to 200 MeV/c region indicating
an L =1 transition consistent with the removal of a 1s
and 1p nucleon as stated before.
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FIG. 8. The recoil momentum distribution, f(Pg), for the
sum of all of the ®Li(z*,pp)*He transitions into the (a) 20—23
MeV excitation region, (b) 23—28 MeV excitation region, (c)
28—35 MeV excitation region. The errors are statistical.
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The 29.0 MeV transition is better seen in the missing
mass spectra for recoil momentum greater than 100
MeV/c. Although no recoil momentum distribution was
extracted for this transition, the data appear to be more
consistent with an L =1 or L =2 transition than with an
L =0 transition.

The T matrices for all of the transitions could be
described using only two variables, P and 8;,. A typical
example of the recoil isotropy is shown for the “He
ground state transition in Fig. 9. The recoil angle, 6, is
defined as cosOp =P R -f’,,. The errors are statistical. The
Monte Carlo simulation reproduces the 6y distribution
successfully without any Oy or ¢ dependence in the T
matrix. The absence of any sizable Oy or ¢z dependence
in the T matrix is in sharp contrast to the strong 6g,dz
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FIG. 9. Plots of the recoil angle, 6, distribution of the
Li(w*,pp)*He ground state data divided by the Monte Carlo
simulation in which the functional form of the T matrix is Eq.
(2). The plots are shown for different values of recoil momen-
tum. The errors are statistical.

dependence seen in the °O(r*,pp)*N reaction.!?

The dependence of the T matrix upon the remaining
kinematic variable, 6/, is assumed to be the same as the 6]
dependence in the elementary 7 + d—p + p reaction.
Based on this assumption, @, in Eq. (2) was chosen to be
1.09. This assumption could not be fully tested because of
the limited range of 6 values.

To summarize, the most accurate distributions are for
the “He ground state transition, for which the T matrix is
consistent with the predicted T matrix of the quasifree
model where the (pn) pair have the quantum numbers of a
deuteron. The T matrices for the excited state region,
averaged over excitation energy, also show an isotropy in
the 6z and ¢y distributions. The same functional form as
the ground state transition was used for these excited
states, including a value of 1.09 for a,.

VIL. THE °Li(7*,pp)*He CROSS SECTIONS

Once the functional form and the magnitude of the T
matrix for a particular (7*,pp) transition is known, it can
be used to calculate any single-, double-, or triple-
differential cross section. A computer program, TRIDIF,
was written for this purpose. Any triple-differential cross
section calculated by TRIDIF within the phase space ac-
ceptance of the detectors is model independent to the ex-
tent that the T matrix used in TRIDIF was freely adjusted
until it reproduced the data. Calculating any single- or
double-differential cross section using TRIDIF, or a total-
integrated cross section involves the extrapolation of the
T matrix into unmeasured regions of phase space.

Triple-differential cross sections calculated by TRIDIF

T T T T T T T T

6Li(Tr“,pp)“He 6,=60° 92=|02.7°

ground state 20< E, < 23 MeV
800 1 12r E
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o
[e]
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i
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50 100 150
Proton Engrgy (MeV)
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FIG. 10. The triple-differential cross sections of the transi-
tions to the (a) ground state, (b) 20—23 MeV excitation region,
(c) 23—28 MeV excitation region, (d) 28—35 MeV excitation re-
gion. In all cases, 6,=60°, ¢,=270°, 6,=102.7°, $,=90°. The
data points are described in the text. The solid line is the TRI-
DIF calculation including recoil momenta up to 300 MeV/c.
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FIG. 11. A calculated double-differential cross section for
the SLi(z*,pp)*He ground state transition plotted against 6,.
The calculation is an extrapolation of the real data. The fixed
angles are 6, =60, ¢, =270°, and 6,=90".

are shown for the central value of the detector angles:
(6,,6,)=(60°,102.7°) in Fig. 10. The ‘“experimental”
points in this figure show the statistical errors from the
data and the Monte Carlo simulation. These “data”
points are

data events(E;) 43o(TRIDIF)
Monte Carlo(E,) dQ,dQ.dE, ’

“data points” = 4)

where the same T matrix was used in both the TRIDIF and
the Monte Carlo code. The degree to which the TRIDIF
calculation goes through the data points indicates how
well the Monte Carlo code is replacing the data. The pro-
ton energy distributions are well reproduced by the Monte
Carlo simulation. Only the statistical errors are shown in
Fig. 10.

Approximately 95% of the integral of the triple-
differential cross section over dE, is contained within the
phase space acceptance of the detectors. The result of this
integral gives the “He ground state’s double-differential
cross section shown in Fig. 11. No data points are shown
because it is not an actual measurement but rather, an ex-
trapolation based on the present data.

The double-differential cross sections are integrated
over dQ, to get the single-differential cross sections,
do/dQy, shown in Table I. The integral over d(), in-

volves a major extrapolation of the T matrix. About 25%
of the ground state single-differential cross section and
10% of the excited state single-differential cross section is
contained within the solid angle, Q,, of the second spec-
trometer. Much of the extrapolation into the unmeasured
region involves a knowledge of f(Pg) at large values of
recoil momentum. In Table I the single-differential cross
sections are given for different cutoff values of recoil
momentum. Above these cutoff momenta, the recoil
momentum (Figs. 6 and 8) is set equal to zero. Table I
shows that 96% of the cross section to the “He ground
state is in the region of recoil momentum below 150
MeV/c. In contrast, the excited state region between 28
and 35 MeV excitation has 28% of the cross section com-
ing from events with missing momentum greater than 200
MeV/c. The statistical error on these cross sections are a
few percent in all cases.

The single-differential cross sections are given for dif-
ferent cutoff values of recoil momentum for several
reasons. The angular dependence of f(Pg) is not known
as accurately at large recoil momentum. The data is re-
stricted to a very narrow range of 6z and ¢ values at
large recoil momentum making it difficult to accurately
verify the assumption that the 7 matrix is isotropic in
these variables. If there are n particles in the final state
the recoil momentum is the sum of the momenta of the
(n —2) undetected particles. According to phase space
distributions, most of the yield for final states with n >4
will be in the region of missing momentum greater than
200 MeV/c. The different cutoff momenta values can
help to interpret the contamination due to four-, five-, and
six-body final states, and to select out the ®Li(7*,pp)*He
three-body component from the data. The definition of
three-body components used includes transitions to un-
bound states of “He which later decay into two or more
particles. The n >4 component is assumed not to involve
an intermediate *He state.

Dividing the single differential cross section for the ‘He
ground state transition by the w*d—pp cross section,
which was also measured with this apparatus, gives
0.98+0.02. This result, which indicates that the ground
state cross section is almost identical to the elementary
m+d—pp cross section, gives more evidence supporting
the quasideuteron model. It is not surprising that the
quasideuteron mechanism describes this transition well
because the quasideuteron cluster (p-shell nucleons) which
is removed from SLi is only bound by 1.47 MeV.

The near equality of the °Li(z*,pp)*He ground state

TABLE 1. do/dQ, (ub/sr) for °Li(m*,pp)°*He (at T,=59.4 MeV, 6;=60"). Values show statistical
errors and are based upon an extrapolation of a 25% (or 10%) measurement of the total yield.

Upper cutoff in recoil momentum (MeV/¢)

Excitation
energy
(MeV) 150 250 300
0.0 775+18 805+19 805+19 805+19
20—23 11815 243+1 346+15 38117
23528 388+11 552+16 664+19 692+21
28—35 367+10 745120 937427 1102+36
0—-35 1650+24 2350+33 2750141 2980+49
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cross section and the #+d—pp single differential cross
section has also been observed in the work of Favier
et al.' As part of the same experimental program?' the
ratio of the yields of the °Li(7*,pp)*He ground state and
the mwtd—pp reaction were found to be constant at a
value of 0.91+.1 for incident pion energies varying be-
tween 50 and 275 MeV. The same ratio for the excitation
region between 20 and 50 MeV remained constant at
about 1.6. The corresponding number for this experiment
is ~2. The numbers 0.91 and 1.6 should be considered as
lower limits because their data only covers a finite region
of the available phase space, however their detectors each
covered a large solid angle, of about 0.25 steradians. This
is a significant result, indicating that both the magnitude
and the strong energy dependence for the ground state, as
well as the energy dependence for the excited state region,
are similar for pion absorption on both deuterons and °Li.

The agreement of the cross sections of Favier’s experi-
ment and the single-differential cross sections obtained by
extrapolation in this experiment is an indication that the
T matrices for the ground state transition and excited
state transitions are a reasonable representation of the re-
action. The ®Li(w*,pp)*He ground state and 7w+d—pp
cross sections appear to have nearly the same magnitude
and the same dependence upon pion energy and proton
angle. The quasideuteron model appears to work well.

If the quasideuteron model prediction for the a, pa-
rameter is correct, then the integration of the single-
differential cross sections over d{}; should give reliable
total integrated cross sections. The resulting integrated
cross sections, obtained by extrapolating the T matrices
over the full phase space, are

o[®Li(7*,pp)*He(g.s.)]=6.7 mb ,
o[®Li(7t,pp)*He(20—35 MeV)]=13.7 mb .

The sum of these cross sections (~20 mb) should be com-
pared to the total absorption cross section of 60 MeV 7+
on ®Li. When the pion absorption data at 50 (Ref. 22) and
85 MeV,? are interpolated to 60 MeV, a total absorption
cross section of 36+ 10 mb is obtained. This interpolation
of the data indicates that the *Li(r*,pp)*He reaction takes
about 60 percent of the total 7+ absorption cross section
at T,=60 MeV.

The 7+ total absorption cross section for °Li increases
much faster with pion energy than the elementary
7t +d—p+p or °Li(r*,pp) reactions. At T,=60
MeV the ratio of the 7+ absorption cross sections on SLi
to that of 2H is about 5.5 whereas at 160 MeV it is about
11101523 1f the SLi(z*+,pp)*He cross section?! has the
same energy dependence and angular dependence as the
m+d—pp cross section, the percentage of the total absorp-
tion cross section feeding the °Li(w*,pp)*He channels is
falling from approximately 60% to 30% as the pion ener-
gy increases from 60 up to 160 MeV.

VIII. A COMPARISON WITH THE SLi(7+,p)
INCLUSIVE CROSS SECTIONS

A T-matrix formula based on a modified quasifree ab-
sorption model has been used to parametrize our data. To

test the predictive powers of the model, the T matrices
that describe the SLi(r*,pp)*He data are extrapolated in
both angle and incident pion energy to calculate the
SLi(m*,p) inclusive cross sections using the computer code
TRIDIF. These results are compared with the inclusive
pion absorption data on °Li of McKeown et al.$

These Li(7*,p) inclusive cross sections have been mea-
sured at T,=160 and 220 MeV for which the yield at
large proton energy (greater than T,) is primarily from
pion absorption processes in order to obtain the necessary
kinetic energy. The lighter nuclei (!*C, SLi, and “He) mea-
sured at these pion energies all show a peak centered at
the proton energy expected from the elementary absorp-
tion reaction 7+2N—2N. This suggests that the
SLi(w*,p)p*He reaction may be the dominant part of the
inclusive cross section at these proton energies.

Double-differential cross sections d%0/dE,dQ, at 30",
T,=160 MeV and T,=220 MeV were calculated from
the measured T matrices for the °Li(7+,pp)*He reaction
(Sec. VI) using the computer code, TRIDIF. The magni-
tudes of the resulting cross sections were renormalized
based on a quasideuteron model.

Bressani et al.?! have measured the ®Li(z*,pp)*He dif-
ferential cross section at a single angle (90° in the pp
center of mass) and over a wide range of incident pion en-
ergies. The cross sections were found to have a depen-
dence on the incident pion energy similar to that of the
m+td—pp reaction from 50 to 275 MeV. Assuming that
the (7 ,pp) reaction has the same energy and angle depen-
dence as that of the w*d—pp reaction, the single-
differential cross sections in the laboratory frame at 30°,
160 MeV and 30°, 220 MeV are, respectively, 4.6 and 2.4
times the single-differential cross section at 60°, 59.4
MeV.

The sum of the TRIDIF double-differential cross sec-
tions extrapolated from the measured SLi(z*,pp)*He reac-
tion for the ground state and excited states up to 35 MeV
excitation are compared with the measured inclusive
®Li(7*,p) double-differential cross sections at each energy
in Fig. 12. The TRIDIF calculations use recoil momentum
distributions taken out to 200 and 300 MeV/c. Contam-
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FIG. 12. The double-differential cross sections of the in-
clusive °Li(z*,p) reaction (Ref. 6) compared to the extrapolation
of the measured ®Li(7*,pp)*He data using the computer code,
TRIDIF. The solid and dashed lines are the TRIDIF calculations
using recoil momenta up to 300 and 200 MeV/c, respectively.
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FIG. 13. The double-differential cross sections of the in-
clusive “He(7r*,p) reaction (Ref. 6) compared to the TRIDIF ex-
trapolation of the SLi(7*,pp)*He data between 20 and 35 MeV
excitation. The solid and dashed lines are the cutoffs in the
recoil momentum of 300 and 200 MeV/c, respectively.

ination from four-, five-, and six-body events in the data
at 59.4 MeV is minimized by cutting off these distribu-
tions at 200 MeV/c; those calculations are shown in Fig.
12 as the dashed lines.

The inclusive ®Li(7*,p) cross section data at 30° and
T,=160 and 220 MeV shown in Fig. 12 indicate a peak
at a proton energy of 200 and 240 MeV, respectively. The
TRIDIF calculation predicts a narrow peak at 200 MeV,
however it overshoots the data by roughly 50% at
T,=160 MeV and approximately agrees with the data at
220 MeV (Fig. 12). Note that the TRIDIF calculation
should only be compared to the data near the peak, since
at lower proton energies other processes are expected to
contribute substantially to the SLi(w*,p) yield. At higher
proton energies (235 MeV for the T, =160 MeV data and
280 MeV for the T, =220 MeV data), the °Li(r*,p)d*He
channel may be significant.* The final states of “He be-
tween 20 and 35 MeV excitation from the °Li(r*,pp)*He
reaction, except for the 2~ state at 22.1 MeV (see Sec. V),
should correspond to pion absorption on a (pn) pair from
the s-shell nucleons of SLi. These s-shell nucleons can
often be described as an alpha cluster, therefore, the sum
of SLi(m*,pp)*He cross sections between 20 and 35 MeV
should be similar to the *He(7*,pp)*H cross section. It is
interesting to compare the measured inclusive “He(w*,p)
double-differential cross sections from Ref. 5 with the in-
tegrated SLi(m*,p)p*He double differential cross sections
for these final states. The TRIDIF calculation for this ex-
cited state region is compared to the inclusive “He(r*,p)
cross sections in Fig. 13. Here the calculation based on
the integrated °Li(w*,p)p*He double-differential cross sec-
tion is in qualitative agreement (+20%) with the inclusive
“He(m*,p) cross section data at both proton energies.

In the four (7*,p) inclusive spectra discussed there is
qualitative agreement with the peak observed near 200
MeV, however the peak shape in the T,=160 MeV SLi
case is poorly reproduced. Because the results are mixed,
conclusions as to the success of the extrapolation are
premature. However, with a more complete data set this
type of comparison might be useful. To our knowledge,
the (7*,pp) and (7*,p) inclusive data have never before
been compared in this way.
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FIG. 14. A 'Li(z*,pp)°*He spectrum at T, =59.4 MeV.

IX. THE 'Li(w*,pp)*He SPECTRA

The "Li(w*,pp)°He data were collected at two pairs of
detector angles (60°,102.7°) and (80.5°,80.5°) which each
satisfy the 7+d—pp kinematics. Figure 14 is a typical
spectrum showing the *He %h ground state with a broad
(F'=4 MeV) overlapping 5 excited state at 4 MeV and a
broad peak between 16 and 35 MeV excitation. In this 16
to 35 MeV excitation region one strong peak is seen at
about 21 MeV with a width of about 4 MeV. This overall
spectrum is very typical of >He spectra observed in other
reactions; only a few states in "He have previously been
identified.

The dominant peaks observed in the 'Li(d,a)’He reac-
tion apart from the SHe ground state region are two states
at 20.2 and 23.8 MeV with widths of 2 and 1 MeV, respec-
tively. This is consistent with a 4 MeV wide peak ob-
served here at 21 MeV in the 'Li(7*,pp)*He spectra with
an experimental resolution of 2 MeV. The ’Li(d,a)’He
spectra?® also show a weak state at 16.7 MeV excitation
which is identified as the known 16.76 MeV %+ state in
SHe. It is unclear if the "Li(z*,pp)*He spectra show this
16.8 MeV state because there are contaminant peaks from
the 'O(7*,pp)"*N and “C(r+,pp)'°B reactions that
would occur at about 15 MeV excitation in the
"Li(w*,pp)°*He spectra. The "Li(m*,pp)°He spectra appear
similar to the "Li(d,a)’He spectra, a trend also seen for the
SLi target.

X. THE "Li(n*,pp)*He T MATRICES

The *He 5 ground state and the 4 MeV 1~ excited
state, with its natural width of about 4 MeV, overlap each
other in the ’Li(z*,pp)°He spectra and it is difficult to
obtain separate recoil momentum distributions, f(Pg), for
each transition. Average distributions for the excitation
regions: —3 <E, <1 MeV and 1 <E, <10 MeV were ob-
tained instead. About 90% of the yield in the first region
is from the He 3  ground state transition and the
remaining 10% is made up from half of the total yield
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from the = 4 MeV transition. The other 50% of the 4
MeV state makes up the second region. The recoil
momentum distribution for the ground state region and
also for the 4 MeV excitation region are shown in Fig. 15.
Both distributions peak at zero recoil momentum and the
HWHM in the ground state region is 61+5 MeV/c and in
th 4 MeV region is 83+6 MeV/c. This is similar to
analysis of the 'Li(w~,nn)°He reaction* for which half-
widths of about 65 and 83 MeV/c for the two regions are
obtained, respectively. This is also similar to the HWHM
of 63+8 MeV/c obtained for the sum of these two regions
in the "Li(p,pd)*He reaction.?®

The quasideuteron model suggests that the form factor
for the 4 MeV transition should be broader than the
ground state transition by only a few MeV/c due to the
larger binding energy in disagreement with the data.

Another interesting feature is that f(Pg) for the ground
state between 160 and 240 MeV/c changes with the pro-
ton angle, 6, (see Fig. 15). Although the statistics are lim-
ited, at 6;=60° the recoil momentum distribution in this
momentum region is systematically larger than the corre-
sponding distribution at 6,=280.5°. This behavior is not
seen in the f(Pg) distribution for the 1 < E, < 10 MeV re-
gion.
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FIG. 15. The recoil momentum distributions extracted from
the "Li(m+,pp)°He data for the excitation energy regions of —3
to 1 MeV (top) and 1 to 10 MeV (bottom). These regions corre-
spond to the %— ground state and —;— " 4 MeV state.

The recoil momentum distributions for the transitions
to the higher excited state region of the 'Li(w*,pp)°He re-
action are shown in Fig. 16. The distribution for the 16 to
19 MeV excitation region shows a similar dependence
upon proton angle, 8, as the ground state transition. Be-
tween recoil momenta of 150 and 230 MeV/c, f(Pg) is a
factor of 2 larger at ;=60 than at 6,=280.5°. This exci-
tation region, 16 to 19 MeV, is the region most severely
contaminated by '*O(z*,pp) and ?C(7+,pp) events due to
the oxidation of the lithium target and the carbon in the
plastic bag surrounding the target. However, the impurity
reactions are estimated to be less than 10% of the total
events and should not have any 68, dependence in f(Pg),
so that it is unlikely that the angular dependence in the
recoil momentum distribution is due to contaminants.

The distributions for transitions to the 19 to 28 MeV
excitation region and the 28 to 35 MeV excitation region
(Fig. 16) show no variation with proton angle 6,. The
HWHM of these f(Pg) distributions is about 155 MeV/c,
which is considerably larger than the HWHM of 110
MeV/c measured in the ®Li(w*,pp)*He reaction to states
of similar excitation energy (see Sec. V). Values of the
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FIG. 16. The recoil momentum distributions extracted from
the "Li(7*,pp)*He data in the high excitation energy regions.
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TABLE II. The a, parameter in the "Li(z*,pp)*He T matrices.

Upper cutoff in recoil momentum (MeV/c)

Excitation
energy
(MeV) 150 250 300
—-3-1 1.13+0.14 1.29+0.12 1.39+0.12 1.44+0.11
1—10 1.16+0.13 1.06+0.14 1.04+0.14 0.99+0.14
—3->10 1.14+0.12 1.18+0.11 1.24+0.11 1.19+0.11
16—19 1.37+0.18 1.55+0.17 1.57+0.17 1.55+0.24
1928 1.57+0.11 1.61+0.11 1.61+0.12 1.70+0.13
28—35 1.53+0.12 1.56+0.12 1.56+0.15 1.59+0.17

HWHM which are similar to this measurement have pre-
viously been observed in the corresponding distributions
extrafted from the ®Li(z—,nn)*He and 'Li(z~,nn)’He
data.

The "Li(z*,pp)°He data is similar to the °Li(=*,pp)*He
data discussed in Sec. V in that it can be described using
T matrices which depend upon only two variables, Py
and 6). There appears to be no noticeable dependence of
the T matrix upon the recoil momentum direction,
(Or,dr), over the phase space acceptance of our detector
system.

Data were collected at two sets of angles which corre-
spond to the center-of-mass angles 67=68" and 89°,
respectively. The extracted values of the a, parameter for
different transitions and angle sets are given in Table II
As discussed previously, the functional form given by Eq.
(2) cannot completely describe the ground state transition
or the transitions to the 16 to 19 MeV excitation region.
For both regions the yield at recoil momentum above 150
MeV/c has a different 6] dependence than the yield at
smaller recoil momentum. This variation is reflected in
the change in the value of @, as the upper cutoff in the
recoil momentum distribution is increased from 150 to
300 MeV/c (Table II). The a, parameter calculated for
the ground state increases from 1.13 up to 1.44. The a,
parameter for the first excited state is consistent with the
value 1.09. The numbers presented in Table II should be
compared with the value 1.09, the a, parameter of the ele-
mentary 7+ + d—p + p reaction.’ The data for the sum
of the ground state and 4 MeV state transitions,
—3 <E, <10 MeV, averages the properties of the two dif-
ferent states and gives a value of a, consistent with 1.09
for all values of the cutoff recoil momentum (Table II,
line 3). Thus with a high resolution measurement we are
able to show that these two states require different values
for the a, parameter thereby showing a deviation from
the quasideuteron model that did not appear in earlier
measurements.

The higher excited states show a different angular dis-
tribution, giving an a, parameter of about 1.6. Using the
0) =68° data alone, which extend over an angular range of
6} from 64° to 72°, gives a,=—0.110.6 indicating that
the angular distribution is approximately flat over that
range of angles. This result suggests that the functional
form for the T matrices of the highly excited state transi-
tions has an incorrect 8] dependence and no serious at-
tempt should be made to extrapolate into an unmeasured
region of 6].

XI. THE "Li(z*,pp)*He CROSS SECTIONS

Using the same procedure described in Sec. VI for the
6Li(ﬂ"",pp)"He reaction, the T matrix was normalized and
triple-differential cross sections at 6,=80.5°, 6,=80.5°,
¢,=270°, $;=90° were calculated and are shown in Fig.
17. The data for the ground state (—3 < E, <1 MeV) and
4 MeV state region (1 < E, < 10 MeV) are well reproduced
by the Monte Carlo simulation as is shown in Fig. 17.
The Monte Carlo code is not as successful simulating the
28 to 35 MeV excitation region.

Using the functional form adopted here for the depen-
dence of the T matrix upon Pg, O, and ¢ (here isotropy
is assumed in O and @), the triple-differential cross sec-
tions can be integrated over dE, and d{), to get single-
differential cross sections. These are given in Table III
for cutoff recoil momentum of 200 and 300 MeV/c. The
errors are statistical. A few percent of the cross section in
the 16 to 19 MeV excitation region is likely to come from
impurities (Sec. X). Only about 20% of the ground state
single-differential cross section and 8% of the excited
state single-differential cross section is contained within
the phase space acce?tance of the detectors.

The 'Li(w*,pp)He and SLi(z*,pp)*He single-
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FIG. 17. The "Li(r*,pp)*He triple-differential cross sections
at ,=80.5°, ¢, =270, §,=80.5°, ¢,=90", for the excitation en-
ergy regions shown.
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TABLE IIL. do/dQ, (ub/sr) for "Li(r*,pp)°He (at T=59.4 MeV). Values show statistical errors
and are based upon an extrapolation of a 20% (or 8%) measurement of the total yield.

Upper cutoff in recoil momentum (MeV/¢)

Excitation
energy 200 300
(MeV) 0,=60° 6,=80.5° 6,=60° 6,=80.5°
—3-1 407113 23945 583131 297+ 8
1—-10 463114 3117 576121 399+11
16—19 248+11 12214 360+24 184+ 7
1928 811124 366+8 1330151 529+12
28—35 333112 19245 600120 371+ 9

differential cross sections at 60 deg have been compared
with each other. The sum of the cross sections to the 3
gs. and 5 first excited state in *He are 1.44+0.6 times
the cross section to the “He ground state. In the
quasideuteron model, where the pion is absorbed on a (pn)
pair in a spin triplet 3§, state, the cross sections should be
in the ratio of 1.5 to 1. The agreement here with this
model is excellent.

XII. SUMMARY

The ®"Li(w*,pp)*>He reactions were analyzed by fit-
ting a T matrix to reproduce the data for each transition.
From this analysis comes the first measured triple-
differential cross sections for these reactions. These
triple-differential cross sections are one-dimensional pro-
jections of our data out of a three-body final state in
which there are five independent kinematic variables. A
choice of functional form of the T matrices which de-
pends upon only two kinematic variables could reproduce
all of our data over the full phase space acceptance of our
detectors.

The °Li(w*,pp)*He ground state transition can be
described in a model where the “He residual nucleus is a
spectator; the measured properties of this transition ap-
pear to be identical to the elementary 7+ 4+ d—p + p re-
action. The T matrix for this transition has a dependence
upon the recoil momentum, Py, of the “He nucleus which
is characteristic of an L =0 distribution, the momentum
space wave function describing the relative motion of the
“He and “deuteron” cluster in °Li. This implies that the
residual nucleus is left almost undisturbed by the reaction.
The ®Li(w+,pp)*He ground state transition has nearly the
same cross section as the elementary 7+ +d—p+p
cross section. The magnitude, the dependence upon pion
energy, and the dependence upon the directional angles of
the outgoing protons is also nearly the same for both reac-
tions. The similarity in the energy and angle dependence
was inferred by comparing our data at T,=60 MeV,
0,=60° with data at other energies and angles. The T-
matrix analysis makes possible a simple method of com-
paring our data with the data at other energies and angles,
including a comparison with (7*,p) inclusive data.

The position of the Li isotopes, as transition nuclei for
the (7r*,pp) reaction between the deuteron and heavier
systems, is evident from our results. The T matrices for
all transitions in lithium appeared to be simpler than for

pion absorption transitions in heavier nuclei,'? i..,
160(r+,pp)*N. They were similar to the predictions of a
quasideuteron model in which the pion is absorbed on a
38, (pn) cluster inside the lithium nucleus.

The most noticeable difference between the quasideute-
ron model and the data was in the "Li(7*,pp)°He reaction
to transitions removing a (pn) pair from the (1s5)* alpha
cluster in 'Li. The missing momentum, P,—P,—P,,
measured for these transitions has a broader distribution
than would be predicted by the quasideuteron model, also,
these transitions have a different proton-angular distribu-
tion than the elementary m* + d—p + p reaction (Sec.
X). The "Li(w*,pp)*He ground state transition also has a
different proton angular distribution than the elementary
7+ + d—p + p reaction when the *He recoil momentum
is greater than 150 MeV/c. For recoil momentum less
than 150 MeV/c the two reactions have identical proton-
angular distributions within experimental error. In gen-
eral, the agreement of the data with the quasideuteron
model is good.

Because the quasideuteron model works well, especially
for the SLi(w*,pp)*He transitions, we have used it to ex-
trapolate our measured cross sections over the full three-
body phase space and obtain integrated cross sections.
The total °Li(w*,pp)*He cross section at T=60 MeV is
about 60 percent of the total pion absorption cross section
on °Li at this energy. At first glance it appears presump-
tuous to extrapolate the SLi(m*,pp) measurements based
upon a fraction of a percent measurement of the total
yield. However it must be emphasized that the
quasideuteron model succeeds in describing many detailed
features of the ®Li(r*,pp) reaction without having a single
noteworthy failure.

It is reasonable to conclude with some confidence that
the quasideuteron model is the correct description of our
SLi(w*,pp) data. If this is true, there are only two types
of situations which can result in the extrapolation being in
error. The first type would be that some mechanism is
suppressing the quasideuteron yield over a phase space re-
gion not covered by our detectors without affecting it over
the measured phase space region. No such mechanism, to
our knowledge, has ever been seriously contemplated and
it is difficult to imagine this possibility. Such a suppres-
sion over a selected phase space is more difficult for a
three-body final state than for a two-body final state. A
two-body final state usually has a correlation between
scattering angle, impact parameter, and momentum
transfer, but the (w+,pp) reactions should have no similar
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correlations. We know that there is no noticeable suppres-
sion taking place over the measured phase space of our ex-
periment nor over the measured phase space region of
other experiments®’ because the magnitude of the
Li(w*,pp)*He g.s. transition is exactly what it is predict-
ed to be according to the quasideuteron model. Its cross
section at all measured angles and energies over the range
from T=50 to 275 MeV is found to be slightly smaller
than or equal to the elementary 2H(m* pp) cross section, as
expected.

The second type of situation which can cause an error
in the extrapolation is that other reaction mechanisms are
supplying a significant yield in the unmeasured phase
space without contributing significantly to the yield sam-
pled by our detectors. This is a definite possibility. How-
ever, our extrapolation is already accounting for about 60
percent of the total pion absorption cross section at 59.4
MeV, and it is extremely unlikely that other (m*,pp)
mechanisms are accounting for a major fraction of the
remaining 40 percent.

A recent experiment?’ has detected particles in coin-
cidence following stopped 7~ on °Li. Among particle
pairs consisting of all combinations of n, p, d, and t with
relative angles between 150 and 180 deg in this experi-
ment, 72.5% went into the (7~,nn) channel. It is also
known®® that 83% of the 7~ absorption at rest on *He
(excluding pion charge exchange) goes into nn, np, and nd
channels. Using this percentage as the fraction of pion
absorption producing particle pairs in °Li and multiplying
by 72.5% results in an estimation that 60% of the 7=~ ab-
sorption at rest goes into the (7~,nn) channel. The
(m~,nn) channel is equivalent to the (7*+,pp) channel by

charge symmetry. This simple exercise shows that the ex-
trapolation of our °Li*(7*,pp) data using the quasideute-
ron model is consistent with other existing low energy
pion absorption data on °Li.

Using the quasideuteron model, we have also extrapo-
lated our cross section to pion energies of 7= 160 and 220
MeV to compare with the inclusive SLi(7*,p) data.® This
extrapolation agrees reasonably well with the inclusive
(m*,p) data except for a 50% overestimation of the (7*,p)
cross section at 160 MeV. Even with an overestimation of
the cross section, the quasideuteron model predicts that
only 30% of the m* absorption cross section goes into the
quasideuteron channel at 160 MeV. This hapg)ens because
the pion total absorption cross section on °Li increases
faster with pion energy than in the deuteron case.?>?

All of the existing data, taken collectively, gives evi-
dence that the fraction of pion absorption cross section at-
tributable to the quasideuteron mechanism is decreasing
significantly as the pion energy increases from 0 to 160
MeV. It appears to be about 60% at low energy, decreas-
ing to less than 30% at 160 MeV. It will be interesting to
see how well comprehensive models of pion absorption in
nuclei can predict these systematics.
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