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Angular distributions and total cross sections for the *He(n ", pp)?>H reaction have been measured
with small relative uncertainties at incident energies of T+ =64, 87, 114, 162, 217, 278, and 327
MeV. The results strongly support the quasideuteron absorption model for pion absorption on two
nucleons, which is found to contribute only = 50% to the total absorption cross section near the A
resonance. All essential reaction channels of pion absorption near the A resonance on heavier nuclei
seem to be present in *He, but not in *He. Any nuclear-density-related increase of pion absorption
in *He relative to 2H is <50% and no binding energy effect is found.

PACS number(s): 25.80.Ls, 27.10.+h, 21.45.+v, 24.10.—i

The only single reaction channel that has been found
to represent a major fraction of the pion absorption cross
section near the A resonance is the two nucleon absorp-
tion (2NA) process, in which the pion is absorbed on a
proton-neutron (pn) pair with the remainder of the tar-
get acting as a spectator. A large number of experiments
have identified this process in a variety of A > 3 nuclei,
e.g., 3H, 3He [1-4], *He [4-8], ®Li [9-11], 160 [12-15], and
58Ni [16]. However, with the exception of 7+ absorption
on the lightest two systems ?H [17] and 3He, no detailed
2NA cross section data as a function of the pion energy
have been published to date.

The similarity of the angular distributions and energy
dependence of the 2NA cross section data from 2H and
3He targets suggests that the absorption mechanism is
essentially the same for these targets. The 2NA yield
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is about 50% larger for 3He than for 2H, in accordance
with a simple counting of the number of 3S;, T = 0 pn
pairs available in the A = 3 system. In contrast, the
ratio of the 2NA cross section for 60 to that for 2H at
three pion energies [12-14] decreases with pion energy.
At the peak of the A resonance 2NA contributes about
80% to the total absorption cross section in 3He, while for
160 this fraction is only about 50%. These observations
suggest significant changes in the absorption mechanisms
between A = 3 and A = 16 targets.

Compared to 3He, even *He has many more reaction
channels open for pion absorption [4,5]. In addition, any
density or binding energy dependency of the 2NA process
may become visible in the “real nucleus” “He. Thus, this
A = 4 nucleus provides an important testing ground for
the transition from pion absorption in a few-nucleon sys-
tem to that in a multi-nucleon system. In this paper we
report the experimental results for the 2NA cross section
in “He at seven 7t energies (64, 87, 114, 162, 217, 278,
and 327 MeV), covering in a single experiment and with
common systematic uncertainties nearly the full extent
of the A-resonance energy region.

The experiment was performed using the 7M1 channel
positive pion beam of the Paul Scherrer Institut. The
liquid “He target was contained in a large solid angle
cryogenic target cell [18] surrounded by 16 plastic AE-
E scintillator telescopes (AE: 102 x 20 x 1 cm?, E:
100 x 18 x 18 cm?) arranged approximately as a vertical
cylinder. At AFE detector distances between 477 and 710
mm the setup covered scattering angles between 7° and
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157° in the laboratory system and subtended 55% of 4w
(with only 48% of 47 used here to minimize edge effects).

Detailed information about the experiment and analy-
sis can be found in Adimi et al. [6]. Deviating from Ref.
[6], the present analysis uses a conversion from energy
loss to total particle energy for those protons which are
not fully stopped in the detectors. The yield for such
protons becomes important at 7,,=162 MeV (reanalyzed
here for consistency) and higher pion energies. The reso-
lution for the summed energy, Equm = Ep1 + Ep; + Eay,
given in Table I, reflects the uncertainties of this energy
recovery procedure. To select only those events which
are dominated by pure 2NA, only data satisfying gates
on missing momentum, Kkmiss = | kr — kp1 — kp2 | <
250 MeV /¢, and on missing energy, Eiss = Fapget+Er —
Egum, have been used. Here E and k represent the total
energy and momentum, respectively, of “He, 2H, and the
two detected protons, pl and p2. The threshold on the
proton kinetic energy was set in software to be 18 MeV
at the center of the target.

The data have been modeled in a Monte Carlo (MC)
simulation (computer code GEANT [19]) which includes
all features of the experimental geometry and resolution
and the Fermi motion of the absorbing nucleon pair in
the target nucleus [6]. The code also incorporates the
2H(n*, pp) differential cross sections in a plane wave im-
pulse approximation treatment of the absorption process
[6,20] using a parametrization [17] of the energy and angle
dependence of the 2H(w ™, pp) cross section. The excel-
lent agreement between experiment and simulation can
be observed in [6].

The cross sections, including all extrapolations into un-
measured regions of phase space, are obtained by normal-
izing the experimental data with the MC generated data
after both have been analyzed with identical procedures
[6]. Note that any arbitrary choice of gates necessarily
yields identical cross sections as long as the MC model is
a perfect representation of the experimental data [6]. It is
found that the extracted cross sections are actually rather
insensitive to variations in the MC simulation, which is
a consequence of the large solid angle coverage.

Figure 1 shows a selection of the angular distributions
for the “He experimental cross section data as well as the
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FIG. 1. Angular distributions of 2NA cross sections from
“He(n*, pp) at four pion kinetic energies in the center of mass
of the m-?H system. Circles represent experimental data. Po-
sition gates on the detectors have been used to obtain more
data points than the number of detectors. Curves are from
MC simulations, see text.

corresponding MC generated data. In general, very good
agreement between experiment and MC is visible. A de-
tailed inspection of Fig. 1, however, reveals some impor-
tant differences between the experimental and the MC
data. These differences are quantified in Fig. 2, where
the ratio of the coefficients a; and a¢ from Legendre
polynomial fits to the data [}, a;P;(cos ©); i = 0, 2,4, 6]
have been plotted. The ratios for the MC data decrease
smoothly with energy, only slightly changed from those of
the 2H(n*, pp) input data by the effects of Fermi motion
and experimental resolution. In contrast, although scat-
tered rather strongly, the experimental a;/ag ratios are
clearly larger than the MC predictions at high energies.
Fits up to order ¢ = 8 give equivalent results. Similar to
our *He data, a nearly constant ay/ao ratio is apparent
for *He(nt, pp) up to Tr+=206 MeV (Table 15 of Ref.
).

It is unlikely for this energy region that the discrepancy
between experimental and MC data reflects an imperfect
parametrization of the ?H 2NA angular distributions [17]

TABLE I. Results from the 2NA reaction *He(n ™, pp)2H between T, =64 and 327 MeV. o4y, are 2NA cross sections, extracted
using kmiss and Episs conditions as discussed in the text. Values with an asterisk are based on Emiss <30 MeV, see text. The
uncertainties shown contain the statistical errors and calibration uncertainties specific to the particular energy. In addition,
and not included, is the 6.5% systematic normalization uncertainty which is identical for all energies. RES(Fsum) represents

FSI

the variance of the 2NA absorption peak in the summed energy spectrum. o4y, are 2NA cross sections corrected for FSI effects
(£15% uncertainty for the FSI correction factor). Values for oay are from Ref. [17]. The last row gives oSt values used in

Fig. 4(b).
Pion kinetic energy (MeV)

64 87 114 162 217 278 327
ouze (mb); Emiss <30 MeV 17.7 22.7 26.7 21.5 11.9 6.1 3.8
ose (mb); Emiss<12 MeV 16.9 22.0 25.8 20.5 11.5 5.9% 3.7%
Uncertainty (%) +3.1 +6.5 +2.9 +4.1 +5.2 +5.9 +8.8
RES(Esum) (MeV) +7.5 +8.2 +9.0 +10.5 +14.4 +20.7 +31.8
Ohge (mb); Emiss<12 MeV 23.3 31.2 37.5 30.7 17.9 9.4% 6.0%
Otar /0355 Ermiss <12 MeV 3.35 3.37 3.21 2.90 3.35 3.58* 3.83*%
oim (mb) 32/45 49/71 64/84 59/76 41/41 33/33 31/31
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FIG. 2. Ratios of the coefficients az/ao of a sixth-order
Legendre polynomial fit to the data in Fig. 1. Circles are from
the experimental data, the solid line is from MC simulations.
The dotted line represents az/ao for >’H(nt, pp) from Ref. [17].

included in the MC simulations. The deviations could be
a reflection of distortion effects for the outgoing protons
due to the residual nucleus. In addition, the angular dis-
tribution could be modified by the presence of non-3S;
pn-pair absorption processes; e.g., absorptionona T =1
pn pair is expected to be relatively more important at
off-resonance energies. The details of the angular distri-
butions may be a sensitive indicator for such processes.
At T,=870 MeV [21] az/ao for “He(nt,pp) appears to
be much larger than for 2H(n ™, pp), consistent with the
trend of the current data. In contrast, at T,=500 MeV
the 2H(n*, pp) angular distribution, scaled by 3.0, gives
an excellent fit to the *He(n ™, pp) angular distribution
[7].

The cross sections extracted for 2NA of pions in “He
are given in Table I for data with E,;, of less than 12
and 30 MeV, respectively. For E;;;<12 MeV the data
are practically free of events from non-2NA absorption
processes [6]. To minimize the calibration uncertainties
originating from the worsened energy resolution at 278
and 327 MeV, cross sections for these data have been ex-
tracted for Ep,;5s<30 MeV only. An estimate of the pure
2NA cross section (Episs<12 MeV) is obtained by reduc-
ing the 30 MeV gate result by 4%, the average difference
between the results with the two E,;ss gates at the lower
beam energies.

Factors needed to correct the measured data for final
state interaction (FSI) effects have been obtained from
distorted wave impulse approximation calculations done
with and without the imaginary part of the outgoing pro-
ton optical potential present [6,13,20]. The difference in
these calculations represents the yield removed from the
elastic channel for the outgoing protons by the imaginary
potential or, equivalently, by all nonelastic FSIs. These
factors, increasing with pion energy from 1.38 to 1.63 over
the range of the data and with estimated uncertainties of
+0.2 [7,13,14,22], have been applied to the 12 MeV gate
data to obtain the FSI corrected cross sections given in
Table I.

Figure 3 presents the 2NA cross sections, 02N2, on He
as a function of incident pion energy with (squares) and
without (circles) FSI corrections. Also shown as curves
are the H(nt, pp) cross sections [17] scaled by the fac-
tors indicated. The 2NA excitation functions for “He and
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FIG. 3. Excitation function for 2NA of pions in *He. Di-
rectly measured data (circles) and measured data corrected
for FSI losses (squares) are compared with dashed and solid
curves which represent ?H(w™, pp) scaled by the factors indi-
cated [17]. The dotted line represents the scaled total cross
sections for all pion interactions [27,28].

2H are nearly identical in shape. This applies both to the
directly measured and the FSI corrected data since the
FSI factors vary slowly with pion energy. It should be
emphasized that the shape of the excitation functions of
“He and %H are so similar in spite of the fact that pn
pairs are bound in “He by 23 MeV. The peak would oc-
cur about 20 MeV higher for “He than for 2H if the pn
pair was removed from the *He before the absorption (the
“final energy prescription” in an impulse approximation
treatment of the reaction [14,20]). Instead, the data sug-
gest that the peak is slightly lower in energy, more in
agreement with the “initial energy prescription” [14].

Taking the 2H curve in Fig. 3 as a reference, the data
point at 162 MeV and, to a lesser degree, at 114 MeV
have reduced cross sections. Pion-induced reactions, in-
cluding 2NA, are dominated at these energies by the en-
trance channel doorway state of A formation. This is,
for example, evident from the shape of the total reac-
tion cross section [27,28] (dotted line in Fig. 3). The
suppressed o?NA could be due to a modification of the
partial decay width of the A into 2NA near the peak of
the resonance. This explanation is, however, not sup-
ported by the energy dependence of the cross section ra-
tio of 2NA to total absorption discussed below. It is
more likely that at the energies with the highest cross
sections even a small nucleus like *He is no longer fully
transparent so that shadowing prevents some nucleons
from participating fully in the formation of the initial A
and thus also reduces the 2NA yield. The dotted line in
Fig. 3 shows that the total cross section peaks near the
162 MeV point, consistent with a maximum amount of
shadowing at this energy. It is interesting to note that
this behavior of reduced 2NA strength at energies of 115
MeV and beyond seems to be much more pronounced in
160 [14].

The ratio of 02N4 for “He (FSI corrected) to 2H ranges
from 2.9 to 3.8 (Table I). This is, on the average, some-
what larger than the 3.0 quasideuteron pairs expected
for a naive model of *He and consistently higher than
the ratio of 2.4 estimated from structure calculations
by Schiavilla et al. [23]. Two effects have to be taken
into account for a quantitative interpretation of these



ratios: (a) the 2NA cross sections have to be reduced
by the absorption on 'Sy (T = 1) pn pairs (and possi-
bly by higher ! components) to obtain the 3S; (T' = 0)
component, and (b) the cross sections have to be cor-
rected (increased) for any nuclear shadowing effects. A
ratio of o*NA(T = 1)/0?MA(T = 0) = 0.05 has been
measured by Steinacher et al. [5] at 120 MeV. Assum-
ing an energy-independent 02N4(T = 1) background of
0.0502NA(114 MeV) = 1.9 mb yields an average ratio of
3.1 for the lowest three energies and smaller values at
the higher energies. Neglecting any possible shadowing
effects (which should be minimized at the lowest ener-
gies, Fig. 3) and using the 2.4 quasideuterons in *He of
Ref. [23] as a basis, one finds that the 3S; absorption
cross section is enhanced by 30% relative to the elemen-
tary 2H(n*,pp) reaction. Taking all uncertainties into
account, the present data would be consistent with a 0
to 50% increase in the 3S; pn-pair absorption strength in
‘He relative to 2H.

The ratio of 2NA to the total absorption cross section,
ogNA /g2bs can reveal the significance of non-2NA chan-
nels, which are possible in A >3 nuclei. Figure 4(b) shows
the present 2NA data divided by the total absorption
cross section, a.‘,‘ﬁ’: [24]. The error bars are dominated by
the rather large o32° uncertainties, making detailed and
definite statements about the energy dependence diffi-
cult. The results in Fig. 4(b) are consistent with a con-
tinuous decrease with energy of the 2NA fraction from
about 70% to 20% over the energy range covered here.
However, the uncertainty in ai‘}';: also allows for the pos-
sibility of a constant 40% to 50% 2NA component up to
T, = 220 MeV. What is evident is that non-2NA pro-
cesses play a very significant role at all energies in w+
absorption on “He and may dominate absorption at en-
ergies well above the A resonance.

Figure 4 also shows 02N /5P ratios for ®Li and 1€0.
All three A >4 targets have values of about 50% near the
peak of the A resonance (when corrected for FSIs) and
the energy dependence may be about the same. The
calculations by Oset [25], performed for 2C (lines in
Fig. 4), are consistent with all data for A >4 shown
in Fig. 4. In contrast, for 3He below E,+=250 MeV,
o2NA /53bs is about 80% and nearly independent of en-
ergy [Fig. 4(a)]. Thus, for 3He, three-nucleon absorption
processes increase o°® by about 30% over o2N4, Our He
data, combined with published o2P® values, indicate that
the additional reaction channels available when adding
a fourth nucleon even increase o2® by about 100% rela-
tive to o2NA. However, adding further nucleons and even
more possible reaction channels does not change the non-
2NA contribution further.

In summary, this experiment provides angular distri-
butions and the excitation function of the cross sec-
tion for 2NA over a wide range of pion energies in the
‘He(n*,pp) reaction with small relative uncertainties.
Due to the large solid angle coverage of the detectors, the
results have little sensitivity to model assumptions and
to extrapolations of the data. The angular distributions
and the excitation function of the 2NA cross section are
described very well by model MC simulations which in-
clude the energy and angle dependence of the 2H(n*, pp)
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FIG. 4. Ratio of the FSI corrected 2NA cross section to
the total absorption cross section, 0?N4 /o*P* as a function of
pion kinetic energy, Tx. For 3He, 0°" is taken as o2N* 4+ o3N4
from Ref. [2,3]. For *He, 0®** is extracted from Fig. 19 of
Ref. [24] from two smooth curves through the two data sets
(values are given in Table I), resulting in the ratios given by
squares and diamonds, respectively (offset for clarity by +2
MeV each). The errors on o52° are taken from the closest
o data points. Points without error bars use extrapola-
tions from the data of Ref. [24]. 02N* /08> are from Refs.
(9,10, and 075 /oths are from Ref. [14]. All curves are the
prediction for a '?C target by Oset et al. [25].

process, indicating the importance and supporting the
validity of the quasideuteron absorption (QDA) model.
Considering the four times higher density (based on the
rms charge radius [23]) and correspondingly smaller av-
erage separation of protons and neutrons in *He as com-
pared to 2H, one might expect a strong modification of
the 2NA process in “He. If any such density dependence
exists, it enhances the 2NA cross section by less than
about 50%. No evidence is found that the 23 MeV sep-
aration energy for a pn pair in *He has any impact on
the 2NA process. Small deviations from the QDA model
predictions are seen in the cross section near the peak
of the A resonance, possibly due to nuclear shadowing.
Differences between experiment and MC observed in the
angular distributions may originate from non-3S; pn-pair
absorption processes. The data imply that more com-
plex absorption processes than 2NA must play an im-
portant role practically at all energies investigated. This
feature sets *He apart from the A = 3 systems where
2NA strongly dominates, and puts it into the same class
as complex nuclei like ®Li and 0. For *He the amount of
non-2NA indicated by the present experiment appears to
be larger than expected from a previous experiment [5],
which obtained cross sections at T,=120 MeV for many
reaction channels, but which required large extrapola-
tions into unmeasured regions of phase space.
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It has been observed previously that o2P*(A) at
T,=165 MeV increases strongly with target mass be-
tween A = 2 and A = 4 or 6 followed by a more moderate
increase ~ A%7 [2,26]. Based on our data, these obser-
vations are consistent with the following interpretation.
For 2< A <4 essentially all target nucleons participate
in absorption with non-2NA increasing from 0% to about
50%. To a small degree for *He, and very strongly for
heavier nuclei, shadowing effects limit 02 to be pro-
portional to the geometric cross section, reducing both
2NA and non-2NA by similar amounts from values ex-
pected purely on the basis of nucleons or nucleon multi-
plets available. While the fraction of non-2NA increases
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strongly between A = 3 and A = 4, the data suggest
that all significant absorption modes are already present
in the A = 4 nucleus, based on a constant fraction of
about 50% 2NA for A = 4, 6, and 16.
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