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The reaction He(sr+, pp)pn was measured at T =500 Mev. The angular distribution of quasifree
two-body absorption which was obtained agrees in detail with the free ad ~ pp reaction and scales
according to the number of T = 0 pn pairs in He. Possible evidence for pd 6nal-state interactions
is discussed. The extrapolated total cross section for four-body absorption is 2.5+0.6 mb, which is
substantially less than predicted from a model based on AA excitation.

PACS number(s): 25.80.Ls, 25.10.+s

In this Rapid Communication we report results &om a
measurement of the He(sr+, pp)pn reaction at T = 500
MeV. Previous experiments that measured the energy
dependence of pion absorption in He [1—3] found larger
two-body yields above the peak of the 6(1232) resonance
than expected &om simple scaling arguments based on
the quasideuteron absorption (QDA) model. The present
measurement was intended to explore further the density
dependence and validity of the QDA model at high ener-
gies.

Most studies of QDA have focused on energies near
the A resonance, where the elementary hard ~ pp reac-
tion mechanism is fairly well understood. In this region,
the large momentum transfer required is accomplished
through formation of an intermediate LN state with zero
relative angular momentum. Selection rules then auto-
matically lead to the dominance of absorption by p-wave
pions on Sq isoscalar pn pairs in all nuclei, in agreement
with experiments [4).

An unresolved question concerns the absolute strength
of the quasideuteron component of pion absorption. Cal-
culations which incorporate the dynamics of the AN in-
teraction within the nucleus predict a substantial den-
sity dependence for the QDA mechanism, resulting from

a sensitivity to the "size" of the absorbing pair [5,6]. Ex-
perimental attempts to verify this density dependence
have focused on the helium isotopes [7], where kinemat-
ically complete experiments are possible and distortions
are minimized. In these studies, angular distributions of
quasi&ee two-body absorption are compared directly to
those for the &ee m+d -+ pp reaction, using the relative
normalization to count the effective number of deuterons
N~. Enhancement or distortion of QDA is indicated by a
departure of Ng &om the known number of isoscalar pn
pairs, which is 1.5 in He and 3.0 in He.

Quasifree angular distributions obtained from experi-
ments so far appear identical in shape to those for the
corresponding vrd + pp reaction. For energies at and be-
low the A, all measurements on sHe [1,2,8) and H [9]
are consistent with Ng ——1.5. Above the 4 resonance
a systematic increase of 15—30%%uo in the value of Ng is
seen in He [1,3]. For He, Steinacher et al. [10] find
Np ——3.0 at 120 MeV, although their systematic error is
25 jo. Adimi et al. [11]measure a 30—40% suppression of
Ng at 114 and 162 MeV, which they attribute to pd Anal
state interactions (FSI).

The apparent absence of any enhancement of QDA
in He is puzzling, since the average pn pair separation
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in this nucleus is half that of the deuteron. One possi-
ble explanation is that three- and four-body absorption,
recently identified in He, may interfere with the two-
body channel. Another possibility is that pion distor-
tions could lead to shadowing effects. At present, the
dynamical origin and especially the relationship of these
mechanisms to QDA is still unknown. Ohta et al. [5] used
the L-hole model to estimate the magnitude of pion ini-
tial state interactions (ISI) in He, and found they are
sufI»ciently strong near the L to roughly cancel the 2—3-
fold QDA enhancement expected from absorption on a
smaller deuteron. However, no direct experimental ev-
idence of such substantial ISI has been reported. At
higher energies, shadowing eKects due to ISI may dimin-
ish as the nucleus becomes more transparent to the pion.
This might explain the Ng ) 1.5 trend seen in He, al-
though other mechanisms may also be responsible, such
as a binding correction to the pion energy, or absorption
on So isovector pn pairs. At the same time, the relative
contribution of multinucleon absorption is expected to in-
crease above the L. This expectation is based on models
which generalize the two-body mechanism to include the
excitation of multiple A's [12,13]. Substantial contribu-
tions to the total absorption cross section are predicted
in He above 300 MeV, where the creation of multiple
L's becomes energetically favorable. Clearly, measure-
ments on He above the L are crucial to making further
progress on understanding pion absorption.

The experiment was performed at the Los Alamos Me-
son Physics Facility using apparatus similar to that de-
scribed in [3]. A positive 500 MeV pion beam with a
momentum spread of 1.5'%%uo and a divergence of j2 was
incident on a cylindrical 10 cm diameter liquid He target
at 4.1 K with 0.0127 cm Ni walls. An identical empty tar-
get cell was used for background subtraction. Reaction
protons were detected at laboratory angles 0» ranging
from 14' to 94 using a 1 GeV/c magnetic spectrometer
with a 1.8% FWHM momentum resolution. The useable
acceptance covered Ap/p from —25'% to +50% with an
average solid angle of 1.82 msr. Scintillators provided a
fast trigger and measured time of fiight for mass identi-
fication.

Charged and neutral particles were detected in coin-
cidence with protons in the spectrometer by a movable
wall of 16 scintillator bars arranged in two layers. Each
bar was 10 cm wide, 10 cm thick, and 1.6 m tall, cen-
tered vertically on the scattering plane. Each end of a
bar was viewed by a 5 cm photomultiplier tube (PMT).
The array was 2.8 m &om the target and subtended a
solid angle of 0.32 sr, providing a horizontal and vertical
angular coverage of +16 . Timing information from each
PMT pair determined time of Hight (TOF) and vertical
position with resolutions of 0.6 ns and 6.0 cm (FWHM),
respectively. Horizontal resolution was 10 cm. The en-
ergy threshold for protons was 40 MeV inside the tar-
get. Sixteen overlapping 0.16 cm thick scintillator pad-
dies in &ont of the array discriminated between charged
and neutral particles and provided E-LE information for
particle identif»cation. The TOF arm was nominally set
to the angle 02 conjugate to 0» according to hard ~ pp
kinematics.
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FIG. 1. (a) Missing mass spectrum for the He(sr+, pp)X
reaction at laboratory angle 0&

——34'. Other plots show
invariant energy distributions (see text) of pion absorp-
tion events cut on M~ & 140 MeV. Data are not cor-
rected for TOP arm acceptance. Curves show 6tted calcu-
lations —dashed line: 2N PWIA; dotted line: 3N PWIA;
dot-dashed: 4N phase space; solid: sum of all three.

An ionization chamber upstream of the target contin-
uously monitored beam current. Periodically, the pion
fiux was determined absolutely to an accuracy of about
5%%uo using ~ C activation and a sampling scintillator to
measure beam composition. This Hux was checked with
harp

-+ 7rp and hard —+ pp measurements made indepen-
dently using solid targets. The overall agreement with
the known cross sections [14] was 3—5%. The latter re-
actions were also used to perform energy and position
calibration in the detectors. A f»xed angle telescope for
detecting backward scattered pions monitored the helium
target thickness, which varied by less than 2'%%uo. The over-
all normalization error was 6%.

Reaction identification was carried out using cuts on
the missing mass Mx of the He(vr+, pp)X reaction,
shown in Fig. 1(a) for a typical case at Oq ——34'. We de-
fine Mx. = (E —P ) ~ —Mg, where Mg is the deuteron
mass and E and P are the missing energy and miss-
ing momentum derived from the measured four-momenta
(Ez, Pq) and (E2, P2) of the protons detected in the spec-
trometer and TOF arm, respectively. Missing mass res-
olution was around 20 MeV (FWHM) for most settings.
Below the pion threshold (Mx. & 140 MeV), the spec-
trum represents the excitation energy of the final state
deuteron. The sharp increase in the reaction yield above
the pion threshold is most likely due to breakup channels
in which the pion was not absorbed. This unwanted con-
tribution was eliminated &om all other kinematic distri-
butions by excluding events with M~ ) m . The promi-
nent peak around Mx = 0 is due largely to QDA, which
leaves the spectator deuteron in its ground state. Other
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data shown in Fig. 1 are the invariant energy distribu-
tions Ti2 ——[(Ei+E2) —(Pi +P2) ] ~ —Mi —M2 and
T;D = [(E,+ & ) —(P; + P ) ] —M; —Mx, where i
= 1,2. These variables are used in our fitting procedure
described below.

The curves represent calculations which have been
folded into a Monte Carlo program that incorporates
the experimental acceptance, instrumental resolution,
and kinematics cuts. These calculations are used to
parametrize the data and extract strength estimates for
two-, three-, and four-body absorption channels. A plane
wave impulse approximation (PWIA) model of QDA sim-
ilar to that described in [3] is used to simulate the two-
body channel. This requires folding the &ee vrd ~ pp
cross section into a He~ d + d momentum distribu-
tion weighted with ppd three-body phase space. For sim-
plicity, excitation of the spectator deuteron is neglected.
Three-body absorption in He is assumed to proceed
through quasi&ee absorption on He and H clusters, ev-
idence for which has been given by Steinacher [10] and
Weber [15]. To simulate this, a 4Hem t + p momen-
tum distribution is weighted with pppn four-body phase
space. The d+ d momentum distribution of Morita et al.
[16] was used, while the t + p momentum distribution
was taken from Schiavilla et al. [17]. Finally, four-body
absorption is assumed to follow phase space. Details will
be given in a forthcoming paper.

The sum of these calculations is simultaneously fitted
to distributions of Mx T]2& T]D) and T2D using a least-
squares procedure which adjusts the individual normal-
ization of each absorption channel. This global fitting
procedure greatly improves the uniqueness of the fit and
minimizes systematic bias arising &om the instrumental
resolution of any one variable. A typical fit is shown in
Fig. 1. The fitted normalization constants obtained at
each angle 0& are used by the Monte Carlo program to
estimate the yield missed by the finite acceptance of the

detectors and to extract cross sections for each of the
absorption channels. This introduces some model depen-
dence discussed shortly.

The angular distribution of the acceptance-corrected
two-body difFerential cross section is shown in Fig. 2(a).
The solid curve was obtained from fitting vrd ~ pp reac-
tion data at 500 MeV, measured in this experiment with
the same detector configuration used to obtain the He
data. This curve has been scaled up to fit the data, giv-
ing Ng ——2.96 + .03. The excellent agreement between
the shapes of the two distributions is strong evidence for
the continued validity of the QDA model at this energy.
Evidently, the increased nuclear density has little efFect
on the partial wave composition of the md ~ pp reaction.

The model dependence of this result was estimated
by repeating the global fit using the d + d momentum
distribution of Schiavilla et al. [16]. This gave Nd
3.34 + 0.04, with a marginal decrease in the global fit y .
For each momentum distribution we also tried various
kinematic prescriptions for evaluating the QDA PWIA
matrix element. The final state prescription (FSP),
which uses the invariant energy Ti2 [see Fig. 1(b)] of the
detected protons, gave the lowest overall global y2, and
the largest value for Ng. Other prescriptions produced
a significant increase in the global y2, and a 10% de-
crease in Np, similar to the uncertainty introduced by
the choice of momentum distribution. For all cases no
significant change in the shape of any of the extracted
angular distributions occurred. A conservative estimate
of Np obtained by averaging all cases is Np ——3.0 + 0.3,
or 02~ ——1.14 + 0.11 mb.

Although the value of Ng determined in this exper-
iment appears "correct, " the choice of PWIA prescrip-
tions has an important bearing on the interpretation of
this result. To see this we compare the data in Fig. 2(a) to
the PWIA-predicted QDA angular distributions obtained
by fixing the d+d momentum distribution normalization
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FIG. 2. Distributions in s'd —+ pp center-of-mass system of quasifree two-body absorption in (a) He (present measurement)
and (b) He [3) at T =500 MeV. PWIA calculations show the result of using final state prescription (FSP) and initial state
prescription (ISP). Data were extracted from the fitting procedure described in text, using FSP and the He-+ d+0 momentum
distribution of Morita. Only statistical errors are shown.
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at 3.0 deuterons. In the case of the FSP, the resulting
curve is much higher than the data, suggesting the ex-
pected deuteron number Np is actually much larger than
3.0. This effect is expected in the FSP because the Q
value of the reaction lowers the efFective (hard), energy
where, in this case, the hard ~ pp cross section is larger.
On the other hand, the initial state prescription (ISP),
which ignores the binding of the quasideuteron, produces
an angular distribution consistent with Ng ——3.0. There-
fore, depending on the prescription used, the He data
is seen to be either substantially suppressed relative to
PWIA or in agreement with PWIA.

A possible clue as to which prescription is more ap-
propriate may be found in an earlier experiment on He
at 500 MeV. We show in Fig. 2(b) similar PWIA calcu-
lations compared to sHe data previously published [3].
In this case a 30% enhancement in Ng was found, which
is largely accounted for by the FSP calculation. On the
other hand, if the ISP is assumed, some other process
must account for the He enhancement, such as a gen-
uine density effect or possibly absorption on isovector pn
pairs. However, those mechanisms should also enhance
Np in He by at least as much, so that in either case
a substantial suppression of cross section is indicated in
4He.

At much lower energies, a similar suppression seen by
Adimi et al. [11]was attributed to FSI between the recoil-
ing spectator deuteron and one of the detected protons.
A distorted wave calculation indicated that up to 30$p of
the QDA events in 4He may be lost this way. As noted by
those authors, these lost events may show up as enhance-
ments in other parts of phase space normally associated
with non-QDA processes. In our experiment, it appears
that at least some of the missing QDA strength is picked
up by the three-body quasifree absorption (3N QFA)
parametrization. The angular dependence of the fitted
normalization constants [Fig. 3(a)] departs substantially
&om phase space at forward angles, and more closely
resembles the laboratory frame angular dependence of
QDA. From Fig. 1(a), the 3N QFA fit is seen to be most
strongly constrained by the region of deuteron excitation
M~ ——40 —60 MeV. Although this is too large an excita-
tion to be due purely to QDA, it is plausible that QDA
+ pd FSI may lead to excitations of this magnitude. In
particular, nearly all of the excess counts (with respect
to QDA) occur at small relative energies T2D between
p2 and the unobserved deuteron [Fig. 1(d)], where FSI
are potentially strongest. More analysis is planned to
estimate the strength of these distortions and their re-
lationship to the two-body channel. However, it seems
likely that our value for Np is a lower limit.

Finally, it is seen that the Oi dependence of the fit-
ted 4N cross sections does not depart significantly from
phase space [Fig. 3(b)], making plausible an extrapo-
lation into unmeasured portions of phase space to ob-
tain the total four-body cross section. This quantity has
long been of interest since Brown et al. [18] proposed the
double-L mechanism for four-body absorption. Using an
SU(4) quark model derivation of the 7rAA coupling con-
stant, Schwesinger et al. [12] predicted a4~ = 12 —30

He(rr, pp)pn T„=500 MeV
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FIG. 3. Distributions in laboratory angle 8& of three-body
quasifree absorption (31V QFA) and four-body phase space
obtained from Gts to energy distributions similar to those
shown in Fig. 1. Solid curves are un6tted calculations ar-
bitrarily normalized to data. Data not corrected for TOF
arm acceptance.

mb at the energy of this experiment. Our result is
o4~ ——2.5 + 0.6 mb, where the large error is dominated
by statistics. This result can be considered an upper
limit, since Fig. 1(a) shows that the maximum normal-
ization of four-body phase space is strongly constrained
by the region of excitation energy E~ ——100 —140 MeV,
where two- and three-body phase space is negligible.
Since the extrapolation factor is large (= 10), any de-
parture from phase space outside of our kinematic cuts
could produce a significantly different result. For exam-
ple, if we follow the procedure of Steinacher et ol. [10] to
estimate the pn soft-FSI contribution to o4~ using the
Watson-Migdal enhancement factor described in [7], we
find 4N/(4N + FSI) 0.5. This reduces our estimate
of o.4~ to an order-of-magnitude less than expected from
the LL model, and roughly in agreement with values ob-
tained at much lower energies [10,15]. Clearly, in light of
this result, more exclusive measurements are called for
in addition to more detailed calculations which predict
specific kinematic signatures.
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