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Proton spectra of "He(m—+,p) and Al(m —,p) have been measured at Op 20 for T =50, 100, 150,
200, and 250 MeV, and at Op=20' and 40 for T„=295 MeV. A small contributor to these spectra is
the exclusive pion absorption reaction for which the cross section of He(~+, p) He is reported. Ma-
jor contributions are identified to come from quasifree wN~vrp scattering and ~NN~Np absorp-
tion for which cross sections are also reported. The quasifree cross sections are compared with those
of the free reactions mN~vrp and m.d-~pp. We use these results to assess the contribution of quasi-
free reactions to the total reaction cross section. The comparison of the quasifree mNN~Np reac-
tion relative to vrd~pp is discussed in terms of differences in the attenuation and the dynamics of
the reactions. This information is of interest for the phenomenological interpretation of complex re-
actions such as the two-nucleon absorption model of He(~ —,n) H, He(~ —,n) H, and He(~+, p) He
in which md~pp is assumed to be an elementary process. This experiment also provides informa-
tion on the cross section of m pp~pn from which we determine the dependence of pion absorption
on the isospin of the initial NN state.

NUCLEAR REACTIONS ' He(~ —,p), 'Al(~ —,p) E =50—295 Mev; measured
a(E;E ); 0=20,40'.

I. INTRQDUCTION

The {~,p) reaction in nuclei offers a possibility of simul-
taneously studying two of the principal aspects of pion-
nucleus interactions, namely, pion-nucleon scattering and
pion absorption. The simplest of these processes are
pion-nucleon single scattering and two-nucleon pion ab-
sorption, which can take place as quasifree processes in
pion-nucleus collisions; i.e., quasifree ~N~~ scattering
(QFS) and quasifree vrNN-Np absorption (QFA) reac-
tions.

Information on the quasifree reactions can be used to
gain insight into the principal interaction modes of pion-
nucleus collisions. From the measured (~,p) spectra the
relative importance of AN —~ np pion scattering,
vT'NN~Np pion absorptioH, and othel &Tlole complicated
multinucleon processes can be determined. From (m, p),
one can also learn about the contribution of the quasifree
cross sections to the total pion nucleus cross sections. '

Information on the QFS and QFA reactions can also serve
to better understand complex nuclear reactions such as the
much studied exclusive pion absorption reaction
2 (m, p)A —jI. In this case one resorts io externally deter-
rnined input as much as possible because of the ambigui-
ties relating to the nuclear wave functions at the large

momentum transfer involved. Phenornenological
models ' have been applied for such (~,p) reactions in He
and He, which specifically invokes the basic two-nucleon
pion absorption mechanism using information on the
~NN~Np cross section and the attenuation in the target
nucleus. The combined use of QFS and QFA data offers a
possibility of distinguishing between attenuation effects
and dynamical initial state differences. Finally, the QFA
reaction has attracted great interest in its own right be-
cause of the opportunity to measure the nNN~Np cross
section for different initial NN states, i.e., as given by the
free deuteron and the quasifree NN states in He and
4H 5 —7e.

For (~-,p) reactions in light nuclei, particularly He
and "He, the signature of the two-body kinematics of the
quasifree reactions is particularly evident since the single
particle momentum distributions of He and He are fairly
narrow and the QFS and QFA reactions appear kinemati-
cally separated from each other in the (m.,p) spectra.
Furthermore, the number of spectator nucleons is small so
the spectator interference does not become an overwhelm-
ing feature of the quasifree reactions, which is important
in order not to compromise the means of distinguishing
the quasifree reactions from other nonspecific multinu-
cleon reactions. The (~,p) reactions in He and He
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present favorable conditions for identifying contributions
of ~N~~ and mNN~Np. Having to detect only one
exit particle makes it straightforward to extract cross sec-
tions for the QFS and QFA reactions for both m. and sr+
over an extended range of incident energies including the
(3,3) resonance region where the AN interaction depends
crucially on the isospin. In this paper we report on results
of cross section measurements for the He(m+, p) He and

' He(m. —+
,p) reactions for forward proton angles at six in-

cident energies between 50 and 300 MeV. The QFA part
of these measurements has been discussed earlier, and
here we present all data emphasizing the interrelationship
between information on quasifree scattering, quasifree ab-
sorption, and exclusive (m, p) pion absorption to discrete
nuclear bound states.

II. EXPERIMENTAL

lished cross sections for the m d~pp reaction) for
3 4He(n —+,p) and Al(m'+-, p).

The main objective of the present experiment was to
measure (m.,p) spectra in the kinematics region of two-
nucleon pion absorption which meant detecting protons
from the highest energies produced [corresponding to the
reaction A (m. ,p)A —1 with the residual A —1 system left
unexcited] down to approximately 50% of this value. The
proton momentum for He(sr+, p) He at T =295 and
0=20' is beyond the maximum momentum of the spec-
trometer (Pc=785 MeV/c) and subsequently we made
complementary measurements at 40 for this energy. In a
few cases, the (m—,p) measurements were extended all the
way to the low momentum cutoff at about 350 MeV/e
(where the range of protons becomes smaller than the
detector thickness), which thus included the kinematical
region of mN~~ scattering.

In this experiment, performed on the EPICS spectrome-
ter at the Clinton P. Anderson Meson Physics Facility
(LAMPF), we measured the doubly differential cross sec-
tion d o/dOdp for the nuclear (m

—+,p) reactions as a func-
tion of proton momentum (p~) at T„=50, 100, 150, 200,
and 250 MeV for 0~=20' and at T =295 MeV for
Op 20 and 40'. Special attention was paid to utilizing an
extended portion of the total spectrometer momentum
bite. The spectrometer acceptance depends mainly on the
deviation [5=(P —Po)/po] from the central momentum

po with a slight dependence on po as field saturation is ap-
proached. The acceptance function was thus measured
covering the practically useful 5 range from —8% to
+ 12%. To obtain extended (m, p) spectra, the spectrome-

ter field was changed in steps of 15%, which means that
no portion of a measured proton spectrum had to be
corrected by more than 50%. Composite (m, p) spectra
consisted of two to six partial ones each of which was
corrected for the measured acceptance function and nor-
malized to the same accumulated pion beam flux. The
beam was monitored by an ion chamber which gave the
relative flux of ~+ or ~ at each incident energy. In or-
der to relate the relative ~+ and ~ fluxes to each other,
we measur'ed m+ + p and ~ + p elastic scattering at each
energy using a CHz target. Differences in the amount of
extraneous particles in the ~+ and m beams could thus
be accounted for with the help of known m. +—

p cross sec-
tions. For the final normalization of measured (m-+-, p)
yields in the target nuclei He, He, and Al, and for
determination of differential cross sections d o./dQ dp, we
relied on published cross sections of the reaction

d~pp.
The cryostat for the liquid helium targets contained two

cells (15.2&12.5&2.5 cm ) for He and He which were
kept at 1.5 K. The target thickness over the beam spot
size used (6.2&& 11.0 cm ) was determined from x-ray pho-
tographs; the effective He and He target densities were
311 and 574 mg/cm ((+3%). The target cells had 25
mg/cm thick aluminum windows. Spectra of Al(~—+,p)
were measured, with 200 and 1200 mg/cm thick targets,
mainly for the purpose of subtracting the usually small
admixture of Al(w, p) in the spectra taken with the cryo-
stat. A CD2 target (194 mg/cm thick) was used for mea-
surernent of ~d —+pp which allowed us to determine rela-
tive proton yields and cross sections (with the help of pub-

III. RESULTS

Our results on differential cross sections d o /dQ dp for
the (~+,p) and (m. ,p) reactions in He, He, and Al con-
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FIG. 1. The measured 'He(~+, p) spectra. The scales for the
x and y axes refer to the 295 MeV spectrum and each spectrum
of lower energies has been lifted one decade and translated 100
MeV/c to the right; for instance, the 50 MeV spectrum should
be multiplied by 10 to read the cross section and translated
—500 MeV/c to read the momentum. The arrows (solid and
broken) indicate the computed positions for the QFA aud QFS
peaks.
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FIG. 4. The measured He{m,p) spectra.

FIG. 2. The measured He{a+,p) spectra.
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FIG. 3. The measured Al{m+,p) spectra.

sist of spectra at 0„=20 for T =50, 100, 150, 200, and
250 MeV and at Op 20' and 40' for T =295 MeV (Figs.
1—6). As for explaining the gross spectral features, there
are two principal processes that can produce fast forward
going protons, namely, proton knockout due to pion back
.scattering and proton ejection due to pion absorption. The
maximum energy of pion scattering is determined by
~ (~,p)[(A —l)+nj with the pion at rest in the residual
2 —1 system. Therefore, pion absorption is a sole contri-
butor to the uppermost 200—2SO MeV/c of our (vr, p) spec-
tra.

The measured spectra show detailed features which sug-
gest that further identification can be based on two-body
kinematics. The momentum of the quasifree pion nucleon
scattering (QFS) vrN~pvr can be calculated from the
kinematics of the free scattering assuming that the nuclear
proton (pq ) of the quasifree ~~ ~p~ scattering is sta-
tionary in the target and has the fictitious mass of
Alp p1p 8 to correct for the nuclear binding. As a
value for B, we used the breakup energy for He and He,
i.e., 7.7 and 28.3 MeV; for aluminum the breakup energy
is not well defined and B =30 MeV was arbitrarily used to
mark the arrows in Figs. 3 and 6. The calculated QFS
momentum is found to locate the observed low-
momenturn peak quite well (Figs. 1—7). We can calculate
the momentum of the quasifree two-nucleon pion absorp-
tion (QFA) in the same manner. This locates the max-
imurn of the broad high rnornentum peak through the in-
cident energies studied. Thus, significant portions of the
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form of corresponding quasifree processes. Finally, the
only exclusive (~,p) reaction to a specific and bound nu-
clear state that we distinguish is "He(m. +,p) He. Although
it is discernible in the spectra of Fig. 2, a well separated
narrow peak is better observed in spectra of finer histo-
gram divisions (see Fig. g).
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FIG. 6. The measured A1(m, p) spectra.

A. Pion scattering

On the high momentum side of the QFS peak, the (Ir,p)
cross section is seen to decrease with a nearly exponential
slope. We interpret this slope as reflecting the nuclear
momentum (Pz) distribution of the knocked out nucleon
which decreases monotonically as Pz departs from the
maximum at Pz ——0. The slope extends approximately to
the kinematical limit for (vr, p) scattering (cf. Fig. 7). Un-
fortunately, our measurements do not cover the whole
QFS peak, but, from the high momentum slope measured,
we can estimate the width of the QFS peak and also the
cross section for mN~my. From Gaussian slope fits to
the data (assuming that the QFS peak is centered at the
expected position) we determine widths (FWHM) of
=90+15 and 135+20 MeV/c for He and He, respective-
ly. From widths of 120 and 200 MeV/c for the single par-
ticle momentum distributions in He and He (taken from
Refs. 10 and 11), we calculate the expected widths to be 88
and 146 MeV/c, respectively, for the QFS peaks. These
values refer to quasifree (~,p) scat tering at Op 20 with
insignificant variation over the incident energy range of
T„=150 to 295 MeV; at I9„=40' and T =295 MeV we
observe widths of 200 and 230 MeV/c compared to the ex-
pected values of 140 and 210 MeV/c. From these fits we
also determined (Ir+-,p) QFS cross sections with the results
shown in Table I. The errors shown represent the uncer-
tainty in fitting the peak in the spectra but do not account
for how valid the Gaussian peak shape assumption is.
There is an additional uncertainty of +15%%uo in the overall
normalization. The ratio of the sr+ to vr QFS cross sec-
tions at a given energy can be determined with somewhat
better accuracy (Table II).

B. Inclusive pion absorption

The (n+,p) spectra of ' He show a broad high momen-
tum peak which we ascribe to the QFA process (Figs. 1, 2,
4, and 5). The width of this peak is found to be about 54
and 100 MeV/c in the spectra of He(Ir+, p) and
He(sr+, p), respectively, at T =200 MeV. It is clear that

a Fermi motion of the NN pair (relative to the remaining
A —2 nucleus in the target nucleus) will contribute to the
QFA peak width. The full width of the observed peaks
for He and He corresponds to a Fermi momentum of
+60 and +120 MeV, respectively. The NN pair of the
m.+NN —+pN process is essentially a quasideuteron since
the pn T =0 pair dominates. These values for the nuclear
quasideuteron momentum are close to the values for the
mentioned single particle momentum in He and He. It
is thus reasonable to ascribe most of the width of the peak
to the nuclear two-nucleon motion and it is consistent
with interpreting the observed peak as due to the QFA re-
action. It is interesting to note, however, that more de-

tailed information on the He structure has become avail-
able from the (e,e'p) experiment of Jans et al. " They find
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curve shown is the fitted Gaussian shape to the QFS peak.
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that the He~pd momentum distribution is narrower
than that for 3He~p[pn]; the corresponding widths would
be approximately +45 and +63 MeV/c. Our QFA data
suggest that the T=0 NN (quasideuteron) motion in He
have a broader momentum distribution than that of
He~pd measured in the (e,e'p) experiment. Cross sec-

tions were determined by integrating the high momentum
portion of the (n. p+) spectra with the lower bound of in-
tegration set at the minimum about 120 MeV/c below the
center momentum. Although the weak He(~+, p) He
contribution is of no practical importance in this context
it was not included all the same. We thus obtain a (ir+,p)
cross section that can be associated with the QFA
~+NN —+Np reaction. The results are given in Table III
as the (~+,p) yield in He, He, and Al relative to H.
The uncertainty in these values is estimated to be +7%
for (m+,p) in ' He and +10% for (~,p); for (m+, p) and
(~,p) in Al, the errors are +15% and +20%. Cross
sections can be obtained by multiplying relative yields and
known ~+d~pp cross sections (also given in Table III).
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TABLE I. Results on the differential cross section (in units of mb/sr) of quasifree n+N~my and m p~~ p scattering at ~p=20,
and the ratio (R) of measured to calculated cross sections.

100
150
200
250
295
295'

~++'He
d o./d 0

9k 3
51+ 8

111+11

54+11
27k 5

0.11
0.26
0.73

1.43
1.28

~++4He

do/dQ

9+ 6
39+ 7
85+ 8

65+13
45+11

0.10
0.18
0.50

1.62
1.88

m +3He
do. /dfL

5.0+0.6
12.5+ 1.2
12.7+ 1.9
12.0+1.2
7.4+ 1.1

0.42
0.79
1.20
1.74
1.90

m--+4He
do. /d Q

3.0+0.7
7.9+0.8

11.4+2.2
10.2+ 1.0
10.9+2.2

0.25
0.50
1.08
1.48
2.80

Op: 40 while Op =20 for all other cases.

The (~,p) spectra have less distinct features than those
of (~+,p). Still, evidence of QFA contributions can be
found in the He(m. ,p) spectra showing a maximum at
the expected momentum for QFA. The clearest example
of a QFA peak in the (m. ,p) spectra is seen for 3He at
T =100 MeV (Fig. 9). The shapes of the (~,p) and
(~,p) spectra differ, however, in this region. First a re-
mark about the spectra at 50 MeV (Figs. 1 and 4). Here
we can notice that the (m, p) spectrum does not show the
same decrease for momenta above the QFA peak momen-
tum. This might indicate contributions from He(vr, p)[nn]
where the nn pair is subject to strong final state interac-
tions (FSI) at low relative energy. This cross section can
be estimated to be about 30%%u~ of the entire integrated yield
of the QFA region or 0.3 mb/sr. A comparison can be
made with the (~+,p) reaction in He where a bound nu-
clear state can be reached. At T„=50 MeV, the cross sec-
tion of He(~+, p) He amounts to 0.26 mb/sr or 1.5% of
the QFA yield. We thus find that the 3He(ir, p)[nn] and
He(m+, p)3He cross sections are of the same magnitude.

The cross section of ~He(m+, p) He decreases relative to
that of the QFA n.NN~Np process with increasing pion
energy (because of increasing momentum transfer) and-the
same should be expected also for the He(m. ,p)[nn] reac-
tion. Therefore, FSI effects should not interfere signifi-
cantly with QFA cross sections evaluated for energies of
T ) 100 MeV. In general, however, the spectral differ-
ences between (7r+,p) and (~,p) must arise due to other
causes. One possibility is that there are dynamical differ-
ences between the nuclear NN pairs contributing to the

and m. + absorption reactions. The shape differences
could also signal that the (m. ,p) spectrum in the QFA re-
gion is composed of contributions from several reactions,
i.e., the QFA process plus what we can call background
reactions. The background reactions are of concern in ex-
tracting the QFA cross section. It was determined in the

same way for (vr, p) and (ir+,p) (the results for both reac-
tions are given in Table III), but since (m, p) is a weaker
channel, background reactions could be relatively more
important than for (sr+,p) Ther.efore it is important to
make estimates of the background effects.

The background reactions must involve three or more
nucleons and they are thus (partially) distinguishable from
the mNN~Np absorption on the basis of kinematics.
Since these reactions are likely to be kinematically shifted
to the low momentum side of the QFA peak (as discussed
below), minimum background interference would occur
around the maximum of the QFA peak. A comparison of
(~+,p) and (vr, p) spectra for He and He at the QFA
maximum shows (ir,p) to (sr+,p) ratios that are 20% to
40% smaller than the ratios determined by the integrated
cross sections. These values give some indication of the
level of background contributions we have to reckon with.
It is of interest, however, to obtain direct estimates of the
magnitude of the (vr, p) pion absorption due to non-QFA
processes and to determine how much the strongest back-
ground reactions might contribute to the cross section in
the QFA region.

We first consider the case of a true multinucleon pion
absorption in which the proton momentum distribution
can be represented by the corresponding phase space. The
three-body phase space for vrNNN~NNp was calculated
and normalized to the cross section measured in the inter-
mediate momentum region (Fig. 9). In this way we can
determine the maximum contribution of three-body pion
absorption to our (m. ,p) spectra. For the case T„=100
MeV, we find that this (maximum) background subtrac-
tion would reduce the QFA cross section by 20% and
50% for He and He, respectively. In the case of He,
one should in principle consider both three-body and
four-body absorption and the effective phase space distri-

' bution would depend on knowing the relative contribu-

TABLE II. Results on the cross section ratio of m. + to m. quasifree scattering compared with com-
puted ratios.

T
(MeV)

150
200
250
295
295'

'Op ——40 .

Measured

9.8+1.0
8.4+0.5
4.3+1.3
5.6+0.9
3.9+0.5

'He
Calculated

16.5
9.6
6.5
5.4
5.5

Measured

12.5+2.5
10.9+1.1

7.7+ 1.2
4.8+ 1.0

4He

Calculated

18.5
10.6
7.1

5.9
6.1
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TABLE III. Results on yields of quasifree nNN~Np absorption at 0„=20' expressed relative to the
reaction ~+d~pp. The bottom line shows the expected yields. The last column gives the cross section
(in the laboratory frame} for (~+,p) in deuterium for detecting either of the two exit protons (taken from
Ref. 9).

50
100
150
200
250
295
295'

He

1.9
2.2
2.0
2, 1

2.2
2.8
2, 5

~+
4He

3.9
3.5
3.8
44
5.0
5.1

5.4

Al

25
12
9

13
15

19

He

11
12
16
16
18
19
19

~— (X 10-')
4He

19
18
20
22
25
27
30

Al

330
120
90
80

150
140

~+d~pp
dr/d A
(mb/sr)

2.43
4.53
4.85
2.95
1.49
0.87
0.50

Theory

'9,=40.
1.63 3.38 13 13
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tions; the 50% reduction would then represent an upper
limit for multibody pion absorption in He. For the
He(~, p) spectra, we performed the background subtrac-

tion at other energies as well and found that the smallest
reduction of the QFA cross section occurs at 100 MeV
(20%) and the highest at 200 MeV (45%). The ratio of
the m+ to m multibody absorption cross sections is be-
tween five and ten as judged from the measured cross sec-

tion in the minimum region of both the He and He spec-
tra. For the ' He(~+, p) spectra, however, the contribu-
tions of three-body phase space to the QFA cross section
is quite small; i.e., the upper limit is estimated to be 10/o.
We note in this context that although the three-body phase
space correction tends to make the shape of the (~+,p)
and (m, p) spectra more similar in the region of the QFA
peak, the (m, p) peak generally remains broader than that
of (~+,p).

There is no obvious reason why the multinucleon ab-
sorption mechanism should be stronger than the two-
nucleon absorption mechanism accompanied by interac-
tions with spectator nucleons. Of particular interest are
interactions that can enhance the (n, p) absorption cross
section. As an example we consider the (~,p) reaction
consisting of a m pn~nn two-nucleon absorption fol-
lowed by np~pn single charge exchange scattering
(QFA-SCE) in the exit channel. Here we shall attempt an
estimate of this contribution to pion absorption in the
QFA region using the data on QFS.

The probability for final state SCE scattering can be as-
sumed to be proportional to the number of target protons
available for SCE (allowing only one interaction) and some
general proportionality factor (C). The ~ pn~nn reac-
tion is analogous to m+pn~pp, which is essentially the
same as the measured QFA (~+,p) cross section. The
combined contribution to the (m. ,p) QFA cross section,
i.e., QFA + QFA-SCE, would then be

o (~,p) =o (m pp~pn) +Co (~+,p)

which means that

io i
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400 500
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FIG. 9. The spectra at T = 100 MeV and L9 =20 of
He(~+, p) and 'He(m, p) compared with the phase space curves

for the reaction m.++ He~ppp and ~ + He —+nnp.

cr(vr pp~pn) =o(vr, p)
1 —Co.(~+,p)

cr(m. , p)

Since the

cr(sr+, p)
cr{m,p)

ratios are large, of the order of 10 or 20 for He or He
(see Table III), SCE effects can be important for the
(~,p) absorption even for rather small values of C. In or-
der to estimate C, we observe that SCE effects might also
show up for QFS. In the quasifree scattering, SCE rescat-
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T
{MeV)

50
100
150
200
250

Present
experiment

0.26+0.04
0.29+0.04
0.29+0.04
0.34+0.05
0.18+0.03

Ref. 13

0.08+0.03
0.17+0.03
0.28+0.06
0.28+0.05
0.17+0.03

tering can enhance the (m, p) scattering cross section
through m n —+n~ elastic scattering followed by np~pn
SCE scattering, i.e.,

o(~,p}=cr.(rr p~prr )+Co(~+p~.p~+)

for He. We can thus determine C from

C=[cr(m, p) o. (~ p—~per )]/o(7r+p~p~+)

(3)

(4)

for He; for He it would be half this value (since two pro-
tons are available for SCE scattering in the exit channel).
As we shall discuss later, the measured QFS cross section
of (m, p) relative to (m+,p) is within 10% of the expected
value as estimated on the basis of the free cross sections'
o(~ p~pvr ), o(m+p~pv. r )+, and o(m+n~p~ ). . Since
(m. +,p) scattering is about ten times stronger than (m, p)
scattering, we obtain C &0.01. If this value is applied to
pion absorption [Eq. (3)], we estimate that the QFA-SCE
contributions are at the most 20% or 30% of the
He(vr, p) or He(~, p) cross sections in the QFA region.

C. He(m+, p) He reaction

Cross sections of He(m+, p) He were extracted from
our spectra at 0=20' and at T =50, 100, 150, 200, and
250 MeV. The results are shown in Table IV compared
with previous ones'; the uncertainty in the cross section
scale is estimated to be + 10 /o relative to the cross sections
of md~pp which were used for normalizing
He(sr+, p) He.

IV. DISCUSSION

A. Quasifree scattering

The (m.+,p) reaction is obtained through elastic n++p
scattering as well as through single charge exchange (SCE)
~+n~pm scattering while (m, p) is fed only through
elastic scattering. The elementary cross sections of free
~+N scattering' at the kinematics of the measured (m, p}
reaction and the number of target nucleons provide an im-
pulse approximation (IA) framework for discussing the
cross sections of quasifree (m.,p) scattering. Results on the
ratio (R) between measured to calculated IA cross sections
are given in Table I.

The ratio R for He and He is found to increase sys-
tematically with incident energy. It is difficult to explain
this behavior unless one assumes a combination of two
causes. The very low R value (R =0.1—0.4) for the
lowest energies suggests attenuation of the (m.,p) reaction,

TABLE IV. The differential cross section of He(~+, p) He at
Op: 20 in the laboratory frame.

d(7
(mb/sr}

dQ

possibly due to pN final state interactions in the exit chan-
nel. The pN scattering cross section is known' to in-
crease rapidly with decreasing momentum in the region
p &400 MeV/e so that the {~,p) reaction for T &200
MeV would be exposed to an increased probability for be-
ing removed from the QFS channel due to pN final state
interactions. For the highest energy (T =295 MeV), the
measured cross sections of ' He(m, p) exceed the IA limit
by up to a factor of 2. Such an enhancement might arise
if the local (off-shell) m. +N energy is lower than the labo-
ratory energy. The cross section difference for free mN
scattering at T = 180 and 295 MeV is about a factor of 4,
which would be an upper limit for this kind of enhance-
ment. The on-resonance ~N interaction (corresponding to
m.N~ b, ) can take place given a nuclear (off-shell) momen-
tum of about 120 MeV/c which is the recoil momentum
Pz &

of the reaction m. +A~ 6+2 —1 at T =295 MeV
and 0&——I9&

——20. The single particle momentum distribu-
tions of He and He peak at P=O MeV/c and decrease by
a half at P=120 MeV/c. The net enhancement is thus a
tradeoff between the form factor q dependence and the en-
ergy dependence of the ~N scattering.

Another remark of interest in this context is the phase
space difference between the quasifree ~N~ pm scattering
and the quasifree reaction ~N~ 6 where the 6 subse-
quently decays, i.e., ~N~ h~ p~. This difference should
depend on detecting the forward going heavy particle in~~ pm rather than the back scattered pion. A compar-
ison between QFS cross sections measured in (~,p) and
(~,m') at the conjugate angles would reflect kinematical
effects of the type mentioned (manifesting intermediate 6
production) besides possible differences between m N and
pN final state interactions.

At T =200 MeV we find that the QFS cross sections
are smaller than the IA estimates for both He and He;
i.e., the ratios are R =0.76 and 0.50. The off-shell scatter-
ing effects should be small at this energy so R values less
than unity are attributable to attenuation effects. The R
values are found to be the same for (~+,p) and (~,p) in
He while there is a small difference for He, R =0.73 and

0.79, respectively. The attenuation can arise from specta-
tor nucleon interactions which can remove reactions from
the quasifree channel in different ways; for instance,
through nucleon-nucleon final state interaction, shadow-
ing in the incident channel, and pion interaction with two
or more nucleons simultaneously. The systematics of
these data seem to tell us that increasing the number of
strong (6-resonance) vr+N scatterings decreases the QFS
cross section. This is the situation we encounter for
3He(~, p) compared to 3He(m+, p), where (m,p) is less at-
tenuated (due to m +n scattering) than (m+,p), where
strong w++p rescattering can occur twice. The fact that
R is 1.6 times smaller for He than for He could reflect
greater specta. or interference for He, due to difference in
size and binding energy.

It is interesting to compare our QFS (m.,p) data with re-
sults on QFS (vr, vr') backscattering. An experiment on
He(vr, vP) scattering' at T =200 MeV gave an R value

of about 0.5 with an estimated uncertainty of +20%.
Other measurements' ' have been done on ' He(m. ,m'),
the most recent one by Whitney et al. ' gives R values of
0.61 and 0.42 (with an uncertainty of about +10%) for
He and He at T =200 MeV. The pion angle was
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0 =120' which corresponds to 6~=22. The ratios for
(Ir, lr') are thus 20—30% lower than for (m.,p). The uncer-
tainty in our R values at T =200 MeV is about +15% so
that the observed difference is just outside one standard
deviation of each measurement. Lower R values for (~,m )

than for (Ir, p) could be ascribed to attenuation effects sug-
gesting that the exit pion is more likely to suffer interac-
tion with the spectator nucleon than the exit proton of the
(Ir, p) reaction. It can also be noted that the R value for
(m, lr') in. creases between T =200 and 295 MeV but not as
much as we observe for (Ir, p). We have already suggested
that this difference could in part be of kinematical origin.
Thus there seem to be differences between (m, m ) and (~,p)
quasifree scattering which should be compared with cas-
cade model calculations in order to quantitively estimate
the importance of nucleon-nucleon and pion-nucleon final
state interactions.

B. Quasifree (Ir,p) absorption

The m+d —+pp reaction is well known experimentally
and to some extent also theoretically. It can serve as a
reference to discuss the nuclear pion absorption reactions,
in particular, the two-nucleon absorption part
~+NN~ Np of the nuclear (m+, p) absorption, which pre-
ferentially takes place on the quasideuteron pn state.
(Below we shall come back to the question of the relative
importance of different ~NN states including both ~+
and m absorption. ) For the lightest elements H, He,
and He, we find that the QFA (Ir+,p) cross section seems
to scale approximately as the number of target pn pairs;
i.e., 1:2:4, respectively, for H, He, and He. The (~+,p)
absorption in Al, however, is only some eight times
stronger than in H and hence far weaker than the total
number of pn pairs in Al. A difference between the
lightest elements and Al is that much fewer pn pairs in
I7AI are in the 3S, T =0 state (quasideutrons) and not all
nucleons are neighboring each other to form effective
pairs for pion absorption. Both a dependence on the state
of the pn pair and a limited reaction volume for
m.NN~ Np absorption would be factors determining the
effective number of target pairs for ~TNN~ Np absorp-
tion. For nuclei in the mass region 3 ~12, it is known
that the total nuclear pion absorption cross section (of
which the ~NN~ Np reaction is part) increases as 3
It thus seems that the smling to the total number of nu-
cleon pairs observed for the (~+,p) cross section for the
few-body systems does not persist for nuclei of increasing

The change in the 3 dependence of the absorption cross
section can be localized as taking place between He and
LI. The (Ir,p) closs section fol' LI, wlllcll ls Illostly due

to ~+np~ pp, has been found' to be only slightly (about
20% at Op ——20) larger than in He(m, p) while the number
of pn pairs is 2.25 times larger. Obvious differences be-
tween the He and Li nuclei are the larger size of Li and
the presence of pn pairs in other than L =0 states. This
suggests to us that the effective reaction volume of
m.NN~ Np is smaller than the size of Li and/or that the
L&0 pn states are not as effective in absorbing pions as is
the L=0 pn state of which He and He mostly consist.
It therefore seems that further comparisons between

' He(m, p) and Li(~,p), which require more complete data
for Li, could help identify the crucial nuclear conditions

affecting the m.NN~ Np reaction.
For a detailed analysis of (m+,p) and in order to include

(lr,p) it is necessary to consider the isospin state of the
initial NN pair in ~NN~ Np. This can be explicitly car-
ried out for He and He for which it is reasonable to as-
sume that the ground state configurations are 1s and 1s .
The number of T =1 pp pairs is one for both He and He
with one nn pair in He. There are two, respectively, four
pn pairs in He and He which are divided into T=0 and
T= 1 states in the ratio 3:1. Vfe further consider only res-
onance energies so that the 5 dominates the m.N interac-
tion assuming the reaction mechanism to be
m NN~ AN~ Np. %'e can thus calculate the
m+pn~pp yields for T=O and T=1 states and the
m pp~ pn yield shown in Table III. Note that the (m, p)
yields are expressed relative to that of m+d~ pp and refer
to detecting either of the two protons of (Ir+,p) in direct
correspondence to the experimental situation; for (~,p)
the relative cross section of ~ pp~ np is twice the value
quoted for the relative yield. These theoretical relative
yields can now be compared with the measured average
QFA yields (see Table III) in the energy range
T = 150—250 MeV.

The (n+, p) absorption. For Ir+ absorption in '"He we
find that the experimental values are some 30/o higher
than the theoretical ones. This is essentially a difference
between quasideuterons and the free deuteron since ab-
sorption on the np T=O initial state dominates {m+,p).
The results suggest that the pion absorption is sensitive to
the initial state NN wave function and that there are
dynamical differences between the m.NN interaction in

' He and H. The dynamical enhancement of the
~NN —+ Np cross section for "He compared to H is like-
ly to be larger than the observed difference in yields be-
cause of attenuation of the ~NN~ Np reaction in ' He.
For the purpose of illustration we can use the same factors
(0.84 and 0.55) by which the QFS (Ir,p) cross sections in
He and "He were found to be reduced relative to the esti-

mates based on free ~N scattering. The {~+,p) reactions
in He and He would then be dynamically enhanced by
factors of 1.5 and 2.3, respectively, relative to ~+d~ pp;
we assume that there is no attenuation for reactions in H.
These factors would then be indicative of dynamical mNN
differences between the free deuteron and the quasi-
deuteron states in He and He. The dynamical difference
between H and He has been calculated' and predicted to
enhance the absorption rate by a factor of 2 for low ~NN
energies where S wave scattering dominates.

The (n,p) absorption. The {m p) absorption is a Inuch
weaker reaction channel than (Ir+,p) with the theoretical
relative yield of 0.13 in ' He. Experimentally, we deter-
mine (integrated) QFA yields of about 0.16 and 0.21 for
He and He in the energy range T = 150—250 MeV.

These yields are larger than the theoretica1 one and the
difference could be attributed to background contribu-
tions. As before, we can use phase space to estimate the
upper limit estimates for the background, which leads to
lower limits for (Ir,p) QFA yields of 0.09 and 0.10 for
He and He in the energy range T = 150—250 MeV. The
He(~, p) spectrum at T =100 MeV deserves special at-

tention since it has a shape most suggestive of a dominant
QFA contribution and because it is the (lr, p) spectrum
most similar to (~+,p). For this case, which we judge to
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be the one least affected by background contributions, we
determine the relative QFA yield to lie in a narrow range
of 0.10—0.12. We thus find that, after applying correc-
tions for maximum estimated background contributions,
we obtain (m. ,p) QFA yields at the level of 70% of the
calculated m pp~ pn yield. The ratios of the QFA yields
for (sr+, p) to (vr, p) in the energy range T =150—250
MeV are found to be 14 and 20 for He and He, or 23 and
40 with maximum correction for background interference.
The theoretical ratios are 13 and 26.

Comparisons can be made with results from a recent
measurement of the coincidence rates of (sr+, pp) and
(vr, pn) in ' He at angle settings of 0&z or 8&„correspond-
ing to the kinematics for quasifree two-nucleon absorp-
tion. Some angle settings were also chosen in order to
study nonquasifree background contributions. The cross
section ratio of

o.(m+pn~ pp)
cr(m pp~ pn)

was determined to be about 100:1 for He at T =165
MeV and Op ——5S . The fractional background levels were
found to be similar for m+ and m . Since this ratio is
corrected for the presence of two protons in the exit chan-
nel for ~+ it corresponds to a proton yield ratio of 200:1.
This measurement gives a m pp~pn yield in He at
0=55 and T =167 MeV which is about ten times small-
er than our (vr, p) yield at 0=20 in the energy range
T =100—200 MeV. This difference seems surprisingly
large to be attributable to angular dependence and we shall
therefore assess some alternative causes.

We first test the hypothetical explanation of dominant
background contributions in the QFA region of (7r,p)
single spectra. From the coincidence experiment the
(~+,pp) and (vr, pn) cross sections outside the quasifree
kinematics region are found to be in the approximate ratio
of 1:8 relative to the cross section at the quasifree
kinematics setting. This background measurement could
be compared to our background estimate based on the
three-body phase space, which was determined to be at the
5% to 10% level of the QFA cross section for He(sr+, p)
in the energy range T=100—200 MeV. If we were to
identify this background with the one measured in the
coincidence experiment, and using the result of the coin-
cidence experiment that the fractional background levels
are the same for (n+,p) and (vr, p), we would expect the
background interference to be comparable for the (~+,p)
and (~,p) spectra in our case, too. However, a 5% to
10%%uo background contribution to our QFA (n,p) cross
sections is an insignificant correction in view of the ob-
served difference of a factor of 10.

Next we therefore discuss a background reaction which
kinematically resembles the QFA process. The QFA-SCE
reaction would be kinematically similar to QFA because
the np —+ pn cross section is forward peaked as we have
discussed in Sec. IIIB. This contribution would be pro-
portional to the np~ pn cross section over the angular ac-
ceptance of the measurement. By accounting for differ-
ences in acceptance we can compare our data with those of
the coincidence experiment. In the coincidence experi-
ment the angular acceptance is set by the second counter
and is estimated to be 60-10'. We, however, discrim-
inate on the basis of recoil momentum loss in the reaction,

so that reactions outside, say, 6@=30 MeV/c, would be
kinematically separable from our QFA cross sections.
This would correspond to an angular acceptance of
b,8&20'. We thus estimate that the QFA-SCE back-
ground reaction would appear some five times stronger in
our spectra than in the coincidence measurement within
the kinematics of the QFA reaction. This difference in
backgrounds, however, cannot explain the factor of 10
difference in the QFA cross sections even if the coin-
cidence cross section consisted of nothing but background.

The above discussion suggests that background contri-
butions cannot provide a reasonable explanation for the
difference between the (n.,p) and (w, Np) experiments with
regard to ~ and m. + absorption. The observed difference
must therefore be considered a genuine effect and might
be ascribed to different angular dependences of the
m+pn~ pp and m. pp~ np reactions. Qne should also
further investigate final state interactions in the nuclear
m. +pn~ pp and m pp —+ np reactions and their probability
for removing intensity from the quasifree channel of two-
nucleon pion absorption.

C. He(m. +,p) He reaction,

Information on the cross section of He(sr+, p) He, or
the related He(n, n) H and He(p, m+) He reactions, ex-
ist from previous experiments' ' ' ' at incident pion ener-
gies (or equivalent proton energies) in the range
T„=-12—575 MeV; detailed balance was used to make the
transformation from (p, ~) to (~,p). We have used these
data to determine the energy dependence at 0~=20'. Our
experiment overlaps in energy with the measurements of
Ref. 13 and good agreement is found at T = 150, 200, and
250 MeV while there is a clear difference of two standard
deviations at 50 MeV. Using the present value at 50 MeV
and averages at other energies of overlapping data in Fig.
10, we find that the cross section at Op ——20' varies very lit-
tle with energy between 10 and 200 MeV but falls off
quite sharply above 200 MeV. The energy dependence of
the He(m. +,p) He cross section at fixed angle can be com-
pared with that of ~d~pp. To be noted is that the
md~ pp cross section has a maximum at about 260 MeV
and a minimum at about 10 MeV. These two. features
have been taken as rndIcat~ons of p-wave and s-wave pron-
scattering in pion absorption. The minimum in md —+ pp
and that indicated in He(~, p) He, at a somewhat higher
ener'gy of T & 30 MeV, might be of the same origin and
hence provide an indication of the relative strength of s
and p wave scattering of (~,p) in H and He.

An important contribution to the energy variation of
the He(m. ,p) He cross section at fixed angle is the nuclear
form factor dependence I'(q). The form factor decreases
as the momentum transfer q increases, i.e., as T increases.
An empirical fit' to I'(q) is I'(q) =e'~ ~'~, where A, =48
MeV/c, q=

~

—;p —p„~ in the center-of-mass system, and
Q=400 MeV/c. Over the energy range 10—575 MeV, q
changes from 400 to 620 MeV/c for He(~+, p) He at
0=20. This means that F (q) varies two orders of magni-
tude and this variation should be considered before corn-
parison to the cross section of ~d~ pp which has no cor-
responding nuclear form factor dependence. As an at-
ternpt at correcting for some of the form factor depen-
dence in He(m, p) He, we have divided der/dQ {8=20)
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by F[q(8=20 )]. The thus obtained reduced cross section
for He(~, p) He can now be compared with the cross sec-
tion of trd~ pp (see Fig. 10) as a means of detecting the
differences in energy dependence between ~He(n. , p) He
and md~ pp.

Inasmuch as the ~d~ pp reaction is a viable subprocess
for interpreting the He(n. , p) He reaction (for instance
within the framework of the Ruderman model ' ), direct
comparison can be made with the cross section of the
QFA reaction. From the data on QFA yields (Table III)
we have determined that the effective number of quasi-
deuterons is 1.2 to 1.7 times the theoretical number for
He and 1.0 to 1.5 times that for He. This number in-

cludes both the dynamical difference between pion absorp-
tion on a free and a quasifree deuteron and the difference
in attenuation for (~,p) reactions in H and He or He.
These data provide information for the normalization of
calculations in the framework of the Ruderrnan model
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Flax. 11. The yields of in+, p} and (n, p) in the QFA region
for 3He and He expressed relative to ~+d~pp. The QFA yield
ratios (m+,p)/(m, p) are also shown. The data at T =350 and
425 MeV are from Ref. 25.

where the incorporation of attenuation cannot be done
rigorously. A direct comparison can be made with the
calculations of Fearing ' for He(7T, n) H and
He(sr+, p) He. He estimates the attenuation factor at
T =200 MeV to be about 0.2 compared to the factor of
0.7 we find on the basis of the QFS data. The effective
number of quasifree deuterons determined from the QFA
yields would allow a direct normalization of the theoreti-
cal cross sections, and comparison with calculations could
also help distinguish between dynamical and attenuation
effects. Another observation to be made is that the cross
section ratio of "He(vr, p) to n.+d~ pp shows a relatively
small variation over the energy range 50 to 300 MeV (Fig.
11). This is in marked contrast to the large difference in
energy dependence between the reduced cross section of
He(~+, p) He and the cross section of m+d~pp (Fig.
10). Given this particular reaction model, it is thus obvi-

ous from this comparison that the quasideuteron absorp-
tion is altered relative to m.d~ pp due to, for instance, fi-
nal state interactions in He(vr, p) He, or due to contribu-
tions from configurations of the He ground state other
than the T =0 quasideuteron.

FIG. 10. (a) The differential cross section of He(m, p) He at
8=20 (lab) at energies between T =12 and 575 MeV as mea-
sured in the present experiment compared with other results.
(Refs. 13 and 21). Also shown is the cross section of m+d —+pp
taken from Ref. 9. (b) The reduced cross section (obtained as
described in the text) for "He(m+, p) He.

D. Total reaction cross section

The total (angular integrated) n.+ He cross section has
been measured in other experiments as well as the
separate components' "' due to pion elastic and inelastic
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scattering and pion absorption. Although our measure-.
rnents refer only to one angle, it may still be coinparcd
with total cross sections since the ' He(sr+, p) spectra are
principally caused by quasifree reactions. The quasifree
reactions can be assumed to have an angular dependence
similar to the corresponding free reaction, and the dif-
ferential cross sections of the free ~+N scattering and
mN~ np absorption reactions are known. Therefore, it is
possible to obtain estimates for total cross sections from
our (~,p) spectra. A comparison of these with measured
values should indicate the validity of the angular depen-
dence assumption and the overall importance of quasifree
reactions in the global picture of the total reaction cross
section.

We choose the spectrum of He(m+p) at 9=20 and
T =200 MeV as an illustration. The total cross section
at m+ He at T„=200 MeV has been determined' to be
310 rnb and the three components of elastic, inelastic, and
absorption cross sections have individually been deter-
mined to be 100, 200, and 40 mb. From our "He(n, p)
spectrum we find that the QFS is reduced by a factor of
0.54 relative to the free ~+p~ p~+ and ~+n —+ pm reac-
tions. Assuming the same reduction for all angles one ob-
tains an inelastic ~+ He cross section of
0.54&2& —, =1.34 times the sum of the free m+p~ p~+
and m+n~ pm, i.e., 250 mb; the factor of —", is included to
correct for the ~+n elastic scattering that is not detected
in (m.+,p). This estimate refers to single m+N scattering.
It should be noted that for small angles (say 0 &45'), QFS
may not be the dominant part of ~+N single scattering
because of Pauli blocking of the recoiling nucleon, which
sets in for low momentum transfers. On the other hand,
when inelastic scattering is thus Mocked, the single ~+n
scattering can still proceed through the ~+ He elastic
scattering. The single scattering cross section can there-
fore be compared (cf. Ref. 15) to the sum of the measured
inelastic and elastic cross sections, which is 300 mb. An
estimate for the pion double scattering in m. + He can be
obtained by multiplying the cross section of the double
charge exchange reaction He(m. +,m. ), which has been
measured to be 400+60 pb, by a factor of 31; the factor
of 31 acounts for the difference in sequential, elementary
mN elastic and charge exchange scattering cross sections
in the 3,3 channel contributing to ~+Nap pe.+ QFS and
(m+, m. ) double charge exchange scattering. We thus ob-
tain the estimate of 13 mb for the (~+,p) double scattering
cross section; i.e., double pion scattering occurs at the 5%%ug

level of single scattering. The two-nucleon pion absorp-
tion cross sections can be estimated to be 33 mb using the
relative yield in Table III and the known total md —+ pp
cross section of 7.55 mb. In comparison, the exclusive
pion absorption reaction, He{~,p) He, carries' a very
small cross section (0.54 mb).

The single scattering and pion absorption cross sections
(our estimated sum is 284 mb) are part of the total sr+ He
cross section (measured' to be 310 mb). The difference
between our summed cross section and the total cross sec-
tion would be due to reactions that escape detection in our
(m., p) spectra. Excluded from our summed cross section
are processes that are removed from the quasifree chan-
nels because of proton-nucleon scattering in the exit chan-
nel. Furthermore, true m+2N scatterings (to be dis-
tinguished from sequential single scatterings) or true

three- or four-nucleon pion absorption would also not be
part of our summed cross section. Our estimate for this
difference suggests that the latter cross sections are small.
More extended measurements are needed to obtain quanti-
tative results and a comparison of both (~,p) and (~,w')

cross sections with total cross sections could be particular-
ly fruitful in illuminating the role of pion and proton nu-
clear interactions.

V. CONCLUSIONS

We have reported on measurements of the (m
—+

,p) reac-
tions in ' He and Al and presented cross sections on
sr+ N quasifree scattering (QFS), quasifree two-nucleon
pion absorption (QFA), and the reaction He(vr, p) He. We
find that the (m+, p) spectra are dominated by QFS and
QFA and we estimate that a large part ()90%) of the to-
tal ~+ He cross section is attributable to m. + N single
scattering plus two-nucleon pion absorption. The nuclear
~+ N scattering is found to be attenuated relative to free
m + N scattering and more so for He than for He. At
the highest energy, T =295 MeV, we observe an enhance-
ment of the QFS cross section which is ascribed to scatter-
ing at a mN energy closest to the resonance energy as is
possible by using nonstationary target nucleons (requiring
single particle momenta in the range p & 120 MeV/c).

A comparison between our (~,p) results for QFS and the
(~,~) results of other experiments shows differences which
can be related to the nuclear attenuation in the exit chan-
nel and differences between proton and pion rescattering
effects in the exit channel. The QFA (~+,p) reactions in
He and "He are found to be stronger relative to ~d —+pp

scaling by the number of quasideuterons available in the
target. This enhancement is further accentuated if the at-
tenuation as measured by QFS is taken into account. We
find that m+pn~pp in He and He is dynamically
enhanced over md~pp by factors of about 1.5 and 2.0,
which would be attributable to the NN state dynamics
rather than to the mNN interaction since the relationship
between (n+,p) in He, He, and He is found to be insens-
itive to pion energy. This view is also consistent with cal-
culations for low energy pions which predict the
m+np~pp yield in He to be lower than that for He be-
cause of wave function differences. Our (vr, p) spectra in-
dicate that the ~ pp~np reaction in He or He is factors
of 12 to 35 or 20 to 60 weaker than the (m+, p) yields of
m.+pn~pp as compared to yield ratios of 13:1or 26:1 ex-
pected from isospin consideration. Our m+ and m ab-
sorption ratios are smaller than those of a recent coin-
cidence measurement at I9& ——55' which might indicate an
angular dependence in this ratio rather than a general,
strong suppression of two-nucleon pion absorption on
T= 1 NN pairs at pion-nucleon resonance energies as sug-
gested by the coincidence data. The new results on
He(n. +,p) He indicate larger cross sections at r =50

MeV than previous He(m. ,p) He data suggesting a rather
weak variation with energy in the range T„=10—200
MeV in contrast to the rapid decrease towards higher en-
ergies. The effect of the AN resonance on the He(n, p) He
reaction can still be seen in the form of a maximum if the
nuclear form factor dependence is accounted for.

We demonstrate the application of' experimental infor-
mation on the basic pion-nucleon interactions (scattering
and absorption) to interpret poorly known complex nu-
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clear pion reactions. The (~,p) attenuation factor deduced
from the QFS data and the dynamical enhancement factor
obtained from the QFA data provide information for the
normalization of calculations based on phenomenological
two-nucleon models for He(m+, p) He [or He(m, n)3He]
and He(~, n) H. The rather constant ratio of QFA to
~d~pp observed over the wide energy range 50 to 500
MeV suggests that ~d~pp should be adequate for use in

two-nucleon reaction models so long as the main contribu-
tions can be assumed to come from T=O NN pairs. The
combined use of information on the basic nuclear reac-
tions QFS and QFA along with complex reactions can
provide insight into specific nuclear reactions such as
A(n. ,p)A —l, as well as into the balance between scattering
and absorption in the global picture of pion-nucleon in-
teractions.
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