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Pion absorption in He was studied at T =62.5 and 82.8 MeV using nucleon-nucleon coin-

cidences, For ~+ absorption on proton-neutron pairs the differential cross section is the same as
that for n.++d~p+p except for an increase by a factor of about 1.5. For m absorption on the

proton-proton pair, the differential cross section is asymmetric about 90', indicating possible isospin

mixing. The total cross sections Op, (m+) are 10.2%0.9 mb and 13.5+1.3 mb at 62.5 and 82.8 MeV

and for opp(~ ) are 0 70%0 07 mb and 0 92+0 10 mb at 62 5 and 82 8 MeV The three body ab-

sorption cross sections for m+ and n are found to be comparable to each other and show no strong

energy dependence. The three-body absorption cross section 03(m+) is 6.7%2.5 mb and 5.7+2.3 mb

and for m, a3(m ) is 8.7+1.4 mb and 6.5+2.0 mb at 62.5 and 82.8 MeV, respectively.

I. INTRODUCTION

Pion true absorption is a major fraction of the pion nu-
cleus reaction cross section. '2 In the simplest description
of pion absorption at least two nucleons are needed.
Two-nucleon absorption in nuclei is frequently modeled
after pion absorption in the deuteron. This clearly limits
the nucleon pairs, for which a fundamental treatment of
pion absorption can be attempted, to those with the deute-
ron qiuuitum numbers ( T=O, S=1, L2N ——0). However,
nucleon pairs can couple to form other quantum numbers.
As can be seen from Table I, pion absorption on the
deuteron leads to states with isospin T= 1 which allows
formation of the 6 resonance as the intermediate state. In
fact, this reaction is dominated by the 'Di final state,
formed following an intermediate state with a 5 and nu-
cleon in relative I.=0. In order to study the complemen-
tary set of quantum numbers, pion aborption on a 'So
T= 1 nucleon pair should be studied (Table I). The pro-
ton pair in the ground state of He has, to a good approxi-
mation, these quantum numbers.

Recently, information on pion absorption on T=l,
$=0 nucleon pairs has become available. These stud-
ies have shown that the cross section for this reaction is a
factor of 10—20 smaller than for pion absorption on the
deuteron at bombarding energies from zero to 165 MeV.
In addition, at 65 MeV (Ref. 5) the differential cross sec-
tion for the process n + pp~p+ n is asymmetric about
90' in the pion-2 nucleon center of mass, in contrast to the

TABLE I. Quantum numbers involved in pion absorption on
nucleon pairs. The subscripts i, hN, and f refer to the initial
nucleon pair, the h,N intermediate system, and the final nucleon
pairs. The orbital angular momentum of the m-2N system is
denoted l {m-2N).
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symmetric angular distribution for sr+ absorption. This
asymmetry can be explained by considering the possible
interxriediate state quantum numbers in the absorption

proctors (Table I). Interference between odd and even par-
tial waves can generate this asymmetry. For pion absorp-
tion on T=1, S=O, LNN ——0 nucleon pairs, an intermedi-
ate state of a delta resonance and a nucleon with LaN 0—
cannot be formed thus suppressing absorption through 5
formation and generating sensitivity to non-5 absorption
mechanisms. Hence, it is of great interest to obtain the
differential cross section for this reaction as a function of
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pion bombarding energy. This will enable nondelta mech-
anisms of pion absorption to be studied.

The absorption on the T=O, S = 1 pair in iHe is also of
intere t, since it allows us to compare a well-known pro-
cess (from the deuteron) in a different environment.
What, for example, is the effect of the larger density in
He on the magnitude of the total two-nucleon absorption

and the angular distributions There is also an accumulat-
ing body of data which shows that pion absorption in nu-

clei may have significant multinucleon modes. In large
nuclei, the multinucleon absorption must be disentangled
from final state interactions involving nucleons produced
in the initial two-nucleon absorption event. Here, in He,
we have only one other nucleon and final state interac-
tions are then as small as it is experimentally feasible to
achieve. A detailed study of pion absorption on He may
allow investigation of genuine three-nucleon absorption
mechanisms.

II. EXPERIMENTAL METHOD

A. Apparatus

In the present work we report studies of the
He(m'+2p)p and He(s, pn)n reactions at 62.5 and 82.8

MeV. Two protons (for m+) and proton-neutron (for m )

were detected in coincidence. The protons were detected
by NaI(T1)-plastic scintillator telescopes and the coin-
cident protons/neutrons were detected by an array of plas-
tic scintillators.

A schematic drawing of our experimental setup is
shown in Fig. 1. This is very similar to the arrangement
used in Ref. 5 except for the He target. Counters S3, S5,
and S6 (Nuclear Enterprises NE110) were used as vetoes.
A beam event required a coincidence of Sl and S2 and no
S3. Counter Sl was 7.6 cm in diameter and S2 was
(2.5X3.8) cm . The pion beam was monitored by SiS2
and independently by the coincidence of @sue which regis-
tered pion decay in fiight. In the coincidence mode we re-
quire a coincidence between the beam counters, one of the

I.

CFA 40

NaI telescopes and the large array of plastic scintillators
(Nuclear Enterprises NE110). Typically, one of the NaI
telescopes was set at an angle (the conjugate angle) corre-
sponding to the kinematics of the proton pair from
m+ + d~p + p with respect to the scintillator array.
Thus, we also measured simultaneously for each conjugate
angle two nonconjugate angles in the remaining tele-

scopes.
The scintillator array, which was used both for pp and

pn coincidences, was formed from two layers, each layer
consisting of seven bars stacked horizontally. The bars
were (15X 15X 105) cmi, positioned at 2.2 m from the tar-
get and were viewed from each end by a photomultiplier
tube. The relative timing between the ends of a bar deter-
mined the horizontal location of a hit (to within 3 cm).
The time-of-flight between the beam counters and the
bars gave the energy of the particle. In this way we deter-
mined the vertical and horizontal spatial distribution and
the energy distribution of nucleons in coincidence with the
NaI telescopes. The neutron detection efficiency of the
bars was calculated for a threshold of 1 MeV set with a

Co source. The uncertainty in the neutron detection ef-
ficiency is 12'%f. In front of this array, three thin scintil-

lators %Pl, NP2, and NP3 distinguished neutrons from
protons. As well, the overlaps of NP1 with XP2 and of
NP3 with NP2 were used for position calibration and po-

sition resolution determination.
The NSI telescopes consisted of plastic scintillator (Nu-

clear Enterprises) && counters of dimension

(6.8 X 7.8 X0.64) cm~ followed by NaI counters
(10X 10X20) cm . This arrangement allowed us to identi-

fy the particle species incident on the telescopes. The tele-

scopes were separated from each other by 30' and sub-

tended a solid angle of 42.5 msr for the two backward
telescopes and 46.0 msr for the forward telescope.

A new He target was constructed for this measurement

(Fig. 2). Very httle extraneous mass was in the beam with

this target. Its 7.25 cm diameter cylindrical design en-

abled unimpeded observation by all three NaI telescopes
and the array simultaneously.

B. Absolute normalization

Malt Tl)

86~ IW g~SS

NP3

) SC~NTILLATOR
1 ARRAY

FIG. I. Experimental arrangement. The target is at T.

The beain composition at TRIUMF is readily measured
event by event utilizing the time-of-flight of beam parti-
cles through the channel. The m+ fraction of the beam
was 83% and 90% at 65 and 85 MeV, respectively, and
for n it was 64% and 74%. In some cases the n+rate.
was as high as 2.7X 106 per second. The bnun profile at
the target was measured. Our beam counters intercepted
77% of the beam from the Ml 1 channel.

The solid angles were known both from the geometry of
our setup and from measurement of the m+ + d~p + p
reaction. The cross sections we measured for this reaction
at 65 MeV agreed with the published values of Ref. 9 to
within 4% or better.

The density of the He target was determined in three
ways. First we made a range measurement of 41.68 MeV
p+ passing through the target compared to a dummy tar-
get made of the same material except without the He.
This gave a density of He nuclei of (1.49+0.08)
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FIG. 2. Cryogenic 'He target.

X 10 /cm . Second, we measured the elastic scattering of
65 MeV rr+ from the target at five angles between 60' and
120' and compared it to the elastic scattering data of Ref.
10. This gave us a density of (1.43+0.06)X10 /cm .
Third, we measured the coincidences from the reaction

+ He —en+ d at 35' for 65 MeV and at 35', 50', and
65' for 85 MeV bombarding energies and used the data
from the time reversed isospin symmetric reaction

p+ d~t+ ir+ from Ref. 11. The target density from
this p'rocedure was (1.15+0.18})&10 /cm . This third
technique was the one that was used in Ref. 5. There is
evidence, to be discussed in the next subsection, that the

p + d~t + m+ and n + d+~ + He reactions are not ex-
actly related by isospin Clebsch-Gordan coefficients. For
this reason we use the target thickness as determined from
the range measurement. This value and the one deter-
mined by elastic scattering agree with the value deduced
from the target temperature and geometry.

Background in the coincidence yields was minimized by
imposing three-body kinematics conditions on the coin-
cident nucleon's energies. In Fig. 3 we show a plot for the
full target of neutron energy in the scintillator array
(8„=42.6') versus the coincident proton energy (e~= 120')
in the NaI telescope. The dashed lines indicate the por-
tion of the plot accepted in the analysis. It is seen that the
three-body kinematic locus is enhanced compared to the
region between the energy axes and the inner dashed line.
This region is populated by reactions involving nuclei
more massive than He. The background for the rr runs
at the nonconjugate angles was typically 11% of the full
target yield and at the conjugate angle it was typically
5%%uo. For ~+ runs it was negligible.

Accidental coincidences were infrequent and could be
measured by counting the number of events where the
neutron energy was above the upper dashed line (i.e., in a
nonphysical region). The accidental rate was less than
4% of the true coincidence rate for the full target. Most

FIG, 3. Scatterplot of proton energy versus neutron energy
for g~ = 120', 8„=—42.6', and T =82.8 MeV. The dashed lines
are the cuts imposed when projecting the proton energy spec-
trum. This scatterplot is from m absorption.

of the accidental coincidences were due to the high count
rate suffered by the scintillator array when it was at the
most forward angles.

C. Corrections

Corrections were made for reaction losses suffered by
deuterons, protons, and pions in the NaI detector. In the
case of monoenergetic deuteron and pion detection, the
correction was simply a multiplicative factor determjned
in an energy dependent fashion. For protons we
developed an unfolding procedure because protons of in-
terest are spread over many MeV. These corrections were
done using reaction loss measurements and amounted to
typically 10%' . In addition, for pions, decay in fiight
from the target to the detectors was included, and the de-
cay of the p+ (from the decay of the stopped p+ in the
NaI counter) was accounted for by excluding the high en-

ergy tail on the elastic rr+ peak. This latter correction de-

pends on the gate width used in integrating the NaI pulse,
in our case 300 ns, and was about 13%. The ir+ 65 MeV
elastic scattering data' were numerically averaged over
the finite detector and target sizes in determining the tar-
get density. The Ml1 channel was set for 65 and 85 MeV
which corresponds to energies in the center of our target
of 62.5 and 82.8 MeV.

III. RESULTS

A. Determination of the
nucleon-nucleon angular correlation

In the following discussion we will be referring to
"two-body" (2N} and "three-body" (3N) absorption pro-
cesses. In the former we look at events where the pion en-

ergy is shared between two nucleons only, the third nu-
cleon acting as a spectator and carrying only the momen-
tum it had as internal momentum in the He nucleus prior
to the absorption process. These events are concentrated
in a part of the energy spectrum when the two nucleons
are detected at the conjugate angles. The 3N absorption
contains events where all three nucleons acquired a sig-
ruficant amount of energy from the absorption process.
These events can be distributed all over phase space and
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therefore exist in both conjugate and nonconjugate
geometries.

Because of the finite momentum of the nucleon pair in
the He nucleus, the angular correlation of the proton-
proton or proton-neutron coincidence has a finite width.
The angular acceptance of the scintillators array is finite
and we must make an estimate of the fraction of two-
nucleon absorptions that does not get recorded because
one of the nucleons falls outside of the solid angle of the
scintillator array. In addition nucleon-nucleon coin-
cidences are not solely from two-body absorption (2N),
but will include some fraction of three-body absorption
events (3N). The three-body absorption at the conjugate
angles (where the 2N absorption peaks) can be estimated
by looking at the coincidences in the nonconjugate tele-
scopes. This is done by assuming that the matrix element
of the three-body absorption is independent of the energy
of the outgoing nucleons and their angles. The distribu-
tion of the 3N absorption is then determined by three-
nucleon phase space, normalized to the experimentally
determined magnitude obtained at the nonconjugate an-
gles. Our measurements show that the magnitude of the
3N absorption is not strictly given by the three-nucleon
phase space distribution. The shape of the proton energy
spectrum is consistent with that expected from the phase
space factor (Fig. 4) but there is a variation of the magni-
tude with angles of the coincident pair. In Table II we list
the values of the phase space factors for various pairs of
angles of the nucleon pairs. There is an rms variation of
about 30%%uo from the mean value for these factors.

In the analysis, the scintillator array is divided into a
matrix of 7)&7 cells, for each of which a spectrum like
that of Fig. 3 is obtained. We subtract a 3N absorption

100

OQ-

j
f'

0 --- =

50 COO

E (MeV)

FIG. 4. Proton energy distributions for off conjugate coin-
cidences. The solid angle of the scintillator array in {a) and (b)
was 0.189 sr and in (c) and (d) it was 0.220 sr. The spectra are
(a) 65 MeV m+ (80', —114'), (b) 85 MeV n+ (40', —59.2'), (c) 85
MeV m (70', —59.2'), (d) 65 MeV m (90', —45'), where the an-

gles (8~,8 „)refer to the angle of the NaI telescope for the pro-
tons and the angle of the array in which the coincident nucleon
was detected, respectively. The solid lines are the spectral
shapes expected from a purely phase space distribution.

TABLE II. Estimates of the 3N absorption cross sections. Phase space factors are determined from
the nonconjugate angle coincidences. The first column for each energy lists the angles of the NaI 8p,
and the scintillator array, eN. The second and third columns are the phase space factors f defined as,

d'a(3N) fPpP N pb
dQQQNdE~ 8ENEq sr MeV

where p~, pN, E~, and EN are the momenta and energies of the detected particles p,N and E3 is the en-

ergy of the remaining nucleon. All moments and energies are expressed in units of MeV/c and MeV.

(HP, HN)

(65,—133)

(80,—114)

(35,—97}
(95,—97)
(110,—114)
(110,—81)
{40,—62)

(60,—45)
(90,—45)

62.5 MeV

f(~+)

0.50+0.09

0.52+0.05

0.19+0.02
0.36+0.04
0.26+0.05

0.36+0.07

f(n )

0.15+0.03

0.14+0.03

0.15+0.03
0.19+0.04

{Hp,8N)

(65,—129.9)
(95,—129.9)
(80,—110.8)
{110,—110.8)
(35,—93.5)
(95,—93.5)
(50,—77.8)
(110,—77.8)
(40,—59.2)
(70,—59.2)
(60,—42.6)
{90,—42.6)

82.8 MeU

f (m+)

0.37+0.03
0.18+0.06
0.45+0.09
0.20+0.04
0.16+0.02

0.19+0.02

0.29+0.05

0.28+0.09

0.11+0.02
0.06+0.01
0.11+0.02

0.10+0.02
O.OS+0.01
0.10+0.02
0.08+0.02
0.09+0.02
0.08%0.02
0.1&+0.04

0.37+0.13 0.16+0.02 0.26+0.10 0.10+0.03
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contribution computed for each cell from the phase space
distribution and obtain the 2N distribution over the 49
cells. This 2N distribution is then integrated over the
measured nucleon energies and fitted by a double Gauss-
ian in horizontal and vertical angles. From the parame-
ters of the double Gaussian we can estimate the fraction
of the 2N coincidences that the scintillator array accepts.
The accepted fraction, which is angle dependent, varies
between (0.79+0.05) and (0.90+0.05).

The angular correlation is readily measured with
(r++ He-+pp+ p because the yield is large. The two-
nucleon absorption is also very much larger (see Table III)
than the part of the 3N absorption under the 2N peak so
that the subtraction of the 3N contribution from the coin-
cidence yield introduces little uncertainty (at the conjugate
angle) in the angular correlation. The full width at half
maximum of the angular correlation, after subtraction of
the finite geometrical effects (in quadrature), is angle
dependent and varies in the range 12.4'+1.0' for the
proton-proton coincidences.

In the case of n + He~pn+ p, the two-nucleon ab-
sorption is of comparable magnitude to the background
contribution from three-nucleon absorption. In principle
the 2N and 3N absorption amplitudes add coherently,
whereas in our subtraction technique we have assumed
they add incoherently. Experimentally there is no way to
separate events arising from the 2N absorption and 3N
absorption at the conjugate angles within the 2N peak.
The fact that the angular distribution of the phase space
factors (Table II) does not show correlation with the (2N)
angular distribution gives support to the incoherence as-
sumption. We found that the angular correlation of the
p-n pair from the 2N absorption of m is consistent with
that measured from the p-p angular correlation of 2N m+

absorption. We, therefore, used the accepted fractions de-
duced from the p-p angular correlation for that of the p-n
angular correlation.

TI +'He~ np+n

(35 1-f33 )

0
t y4ly g,~g~g-t

I f f 1 f
f I 1

50 100

t(SOt-81 )

0.5-
~H

b&
%J 5f0 f f f f f I I

50 1QO
E (MeV)

FIG. 5. Proton energy spectra for 62.5 MeV ~ absorption
on 'He at the conjugate angles (8~,8„) indicated in the figure.
The lines drawn in are the expected three-body contributions de-
duced from the off conjugate spectra (such as in Fig. 4, for ex-

ample). In addition, at {120',—45') the shape of the spectrum
from the n+-induced reaction for the same pair of angles is su-

perimposed.

8. Differential cross sections for
pion absorption on nucleon pairs

In Figs. 5—7 we show energy spectra taken at conjugate
geometries. After subtracting the 3N background and
correcting for the accepted fraction of the angular correla-
tion discussed in the previous subsection, a differential
cross section for the 2N absorption is obtained. In Fig. 8

we display the differential cross sections for 1r+-absorp-
tion on nucleon pairs ( T=O, S= 1 and T= 1, S=O) at
T =62.5 MeV. Included in Fig. 8 are the data from Ref.
5, renormalized by a factor of 0.83. This renormalization
is necessary because the method of determining the target
thickness in Ref. 5 relied upon monitoring the

+ He~d + n reaction and assuming that this monitor
reaction can be given exactly by the time reversed isospin
symmetric reaction p+ d~t+ m+ (see Sec. II 8). The
ratio of cross section for (~ + He~pn + n)/
(n + He~1+ n) in the present measurement remains
the same as in Ref. 5, but the differential cross section for
the m + He~d+n process has now been measured
rather than deduced from the p+ d~t+ ~+ reaction.
This measurement showed (see the next subsection) that
the cross section for m + He —ed+ n is different from

71-+'He~ P n+n

2. (351 130 )
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FIG. 6. This is the same as in Fig. 5 except for T =82.8
MeV.
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FIG. 7. Proton energy spectra from m+ absorption on 3He.
Two conjugate angles are displayed. Top, 82.8 MeV; bottom,
62.5 MeV.

that deduced from p+ d~t+ m+ data" that are avail-
able in our energy region.

The differential cross sections in Figs. 8 and 9 are
displayed in the n d center-of-mass system. This refer-
ence frame is suggested by the low momentum of the
recoiling spectator nucleon as can be deduced from the
narrowness of the peaks in Fig. 5 and 6 or equivalently
from the narrowness of the angular correlation. The
curves in Figs. 8 and 9 are l.egendre polynomial fits and
the coefficients were corrected for the finite size of the
target and detector solid angle. This correction was less
than one percent for the Aq coefficient and about one per-
cent for the Ao coefficient. For the case of m absorption
on the (T= 1, S=O) nucleon pair there is a significant
asymmetry about 90'. In the case of rr+ absorption on the
(T=S, S=l) nucleon pair the angular distribution is
symmetric. In Table III we list the laboratory differential
cross sections for n+- absorption on nucleon pairs at our
two bombarding energies.

In the case of n absorption on the ( T= 1, S=0) pairs,
we also observe a peak at the end of the proton energy
spectrum (Figs. 5 and 6). This final state interaction peak
corresponds to a proton recoiling against two neutrons
which have comparable vector momenta. The lines in the
figures are the expected 3N phase space contribution ex-
trapolated from the nonconjugate angles and, in the case
of Fig. 5 (120', —45'), the shape of the proton spectrum
from the ir++ He —+pp + p reaction at the same pair of
angles.

C. The two-body breakup: m + He —+n+ d

The measurement of the n + He~n+ d differential
cross section was done in two stages. In the first part, the
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FIG. 9. This is the same as Fig. 8 except T =82.8 MeV.

FIG. 8. Angular distribution for two-nucleon absorption of
n.+-on 'He at 62.5 MeV. The coefficients A~ are the Legendre
polynomial coefficients expressed in p,b/sr. The angular distri-
butions are plotted in the n-d center-of-mass system. The
dashed line is from Ref. 23.
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shape of the angular distribution was measured with the
target described in Ref. 5. In the second part, the mea-
surement of the differential cross section was limited to
deuteron angles forward of 65' in the laboratory with the
thicker target (Fig. 2). In Fig. 10 we compare our results
with those from the p+ d~t+ m+. There appears to be
a difference in the shape of the two angular distributions
with the He+ m ~n+ d reaction having a smaller
cross section for 8& 110' (up to 17%) and a bigger cross
section for 8„&110' than the p+ d~t+ ir+ reaction.
The ratio o(n + d~m + He)/cr(n + d~n. + t) (Ref. 13)
also deviates from unity. In our case the differences be-
tween He+m ~n+d and p+d~t+m+ may be due
to absolute normalization errors in these two separate ex-
periments. The error bars on our He+ m data are rela-
tive only. There is an overall normalization error of 15%
from the target thickness uncertainty and the neutron
detection efficiency calculation.

We observe that the differential cross sections at 62.5
and 82.8 MeV pion bombarding energy are equal within
experimental error. This behavior is in accord with that
seen in p+ d~t+ n+. "'3 However, the cross sections
at 50 and 100 MeV (Ref. 14) are systematically smaller
than our results by a factor of about 2. Such a marked os-
cillatory behavior in the magnitude of do/dQ over this
energy interval would be surprising. Calculations' show
a monotonic behavior of the differential cross section with
energy. Another piece of the reaction cross section related
to this two-body breakup is the "final-state-interaction"
peak. Rather than the n-d final state, we now have the

n + He+n+d

-40

&max d 3

R2 P —P3,Mp, MN, (3)

where the two-body phase space R2 is

R2(
I Q I Mi M2)

(Q4 2Q2(M2 +M2 ) + (M2 M2 )2]1/2

2 2

p-(2n) final state. Being barely separable from the (2N)
peak, it is hard to derive precise results on this reaction.
It is possible to determine that it is forward peaked in the
c.m. systems and has a magnitude of about 50 p,b (at 65
MeV bombarding energy).

D. The total taro- and three-nucleon
absorption cross sections

%'e describe the three-nucleon absorption cross section
(see Table II) by the factor f in the expression

dio fPpPN

dQQQNdEp 8ENE3
'

where p,N are the detected particles and particle 3 is un-
detected. We can cast our expression into that normally
associated with an element of three-body differential
phase space' as follows:

5(M Ep E—N
—E3) d Pp—d PNdo=f

2E3 2Ep 2EN

Finally, letting P be the total four-momentum, the in-
tegral over three-body phase space can be evaluated as

R3(
I
P I,Mp, MN, M3)

200

&50

bp
100

50

~00 ~~0 ~40
~n, p C.m.

In these expressions P, P3, and Q are four-momenta and

p~, PN, and p3 are the three-momenta. The energies E;
are given by E~ P; +M;. Thu——s, R2 and R3 are the in-
variant phase space. In the case of m+ absorption on He,
there are three protons in the final state, any of which
could be labeled by p, N, or 3. There are, therefore, 3!
ways of detecting a three-body absorption event with n+.
For m absorption we have two neutrons and one proton
and thus 2! ways of detecting a three-body absorption
with m . The total three-body absorption cross sections
are then

+ + + 3o 3Nm. + = R 3 (m+ + He —+p+ p+ p),
3I

$20

2f
R3(n + He~p+n+n) . (5b)

FIG. 10. Differential cross section of the m + He~n+ d
reaction measured in this experiment compared to the
m.++ t~p+ d measurements. The symbols are 0, 62.5 MeV,
~, 82.8 this experiment; G, T {equivalent)=66. 1 MeV; G,
T (equivalent)=82. 7 MeV from p+ d~t+ m+ {Ref. 11); Q,
T {equivalent) =67.5 MeV from p + d~m'+'He {Ref. 16).

The results are shown in Table IV.
In addition to the nucleon-nucleon coincidence mea-

surements at the nonconjugate angles we can extract the
m.+ three-nucleon absorption cross section o3N from sin-
gles measurements once the two-nucleon absorption cross
section o2N is known. This is possible at 62.5 MeV be-
cause no knockout protons are expected to be detected.
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TABLE IV. Total absorption cross sections for two- and three-nucleon events.

(MeV)

62.5
82.8

10.2+0.4
13.4+0.4

4 3N

6.7+2.4
5.7%2.2

3.6+0.4

2N

0.70+0.04
0.92+0.06

O3N

8.7%1.1
6.5%1.9

'o2N in mb from coincidence data —errors are relative. There is an overall normalization error of 9%
for m+ and 15% for m

03N in mb from coincidence nonconjugate data.

(T3N in mb from singles. For phase space normalized to data between 50' and 120' 0 3N
——3.1+0.5 mb.

At each angle the differential cross section can be ex-

pressed as,

doiN(8) do«, (8) deiN(8)

dQ dQ dQ
(6)

Here dtT«, (8)/dQ is the total singles differential cross
section measured within certain proton energy limits. The
factor R accounts for the portion of the proton energy
spectrum (assumed to be given by the phase space) which
is not within the integration limits.

In Fig. 11 we present dcriN(8)/dQ as described above.
The curve in Fig. 11 is the expected differential cross sec-
tion (normalized to the points between 50' and 120') if the
only dependence were on phase space. It is seen that the
angular dependence is similar to that expected from phase
space except that there is too large a change between 50'
and 35'. This forward peaking is reminiscent of the
iHe + n ~n + d reaction, but there is no evidence in the
singles spectra of a final state interaction peak which is
the analog of the n + d final state.

As in the case of the coincidence spectra we can define
phase space factors f, for the singles spectra by

do iN(8) =f Ri(8) .

We see that the two techniques for obtaining cr&N (coin-
cidence phase space and singles) yield answers which just
agree w~th~n the experimental uncertainties. One might
suppose that we overestimated the values of f from the
coincidence data. This could happen if the tail of the
two-body process were contributing to the nonconjugate
data. However, we examined the energy spectra of the
nonconjugate coincidences and used only those spectra
which exhibited no two-body peak [Figs. 4(a) and (b), for
example]. Despite this precaution it appears that there is
a peaking of the nonconjugate coincidence in the reaction
plane defined by the incident pion and proton detected in
the NaI telescope for a certain combination of angles.
Vertical correlations at nonconjugate angles are shown in
Figs. 12(a)—(c) (62.5 MeV m+) and (d) (82.8 MeV/ n+),
together with the corresponding phase space calculations.

The two-body absorption cross section is simply deter-
mined from the Ao coefficient. For n+He-+'pn+ n,
c72N(m )=4mAO and for tr++ He~pp+p, t72N(tr+)
=21TH p (integrate over 2'tr because of the indistinguisha-
bility of the coincident protons). The results are listed in
Table IV. The errors do not include a total normalization
uncertainty of 9' and 15%%uo for the tr+ and n results,
respectively.

R 3 ( 8 ) is calculated in the laboratory frame from Eqs. (3)

and (4). Note that in this case we neglect the angular in-
tegration in Eq. (3). The factor f, is taken from the
50'(8&120' range since the 35' point deviates signifi-
cantly from phase space.

f, =(8.5+1.5) X 10 p,b/sr .
Then the total cross section o3& is

oiN —— f dQR3(8) .f.
3

20OQ

P(c

62.5 MeV

3N singles
dQ

We divide by three because there are three ways of detect-
ing the 3N absorption event (i.e., three protons).

As an alternative way of integrating do iN/dQ, the data
(including the 35' point) were fitted with Legendre po-
lynominals (1=0,1,2). This cross section is 3.6+0.4 pb
and agrees with the one obtained using phase space in-
tegration. In Table IV we list the total cross sections for
three-nucleon and two-nucleon absorption as determined
from the above equations and the f factors from Table
III.

40 80 120

lab

FIG. 11. Laboratory differential cross section for the three-
body absorption reaction as defined in Eq. (6). The curve is the
angular variation of the phase space normalized to the points
between 50 and 120.
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60- Aq/Ao ——1.10+0.07 at 82.8 MeV (1 lb)

K
40-

IX
Li

lhI-
X

V 20-

~ ~

II

BAR NUMBER

(c)

100-

K
co 80-
K
CL
LLI

g 60-
X

FIG. 12. Vertical angular correlation for nonconjugate or
doubly nonconjugate coincidence for m++3He —+pp + p. The
energy spectra showed no evidence for a two-body peak. Each
point corresponds to the horizontal sum over an entire bar in the
scintillator array. The angle pairs for the telescope and array
are (8r, 8~ ); (a) 62.5 MeV (65,—133); (b) 62.5 MeV (80,—114);
(c) 62.5 MeV (40,—62); (d) 82.8 MeV (65,—129.9). The lines are
the shapes expected from a phase space distribution normalized
at the center of the angular correlation.

and should be compared to the average
ratio (Az/Ao) =1.10+0.01 for n+ + d~p+ p for
T =65—95 MeV.

The enhancement of the quasideuteron absorption in
He by a factor of about 1.5 is expected in the simplest

models which finds 1.S p-n pairs in iHe coupled to the
deuteron quantum numbers. In view of the larger density
of He compared to the deuteron, it is surprising that an
argument based only on Clebsch-Gordan coefficients gives
the correct ratio. However, it was pointed out ' that the
shape of the short range correlation of the S pair in He
and the deuteron were similar. For the large momentum
transfer characteristic of pion absorption, this part of the
wave function is the most important and this may explain
the observed similarity.

Ohta, Thiess, and Lee' have calculated pion absorption
cross sections at T =150 MeV for absorption on the
quasideuteron in He compared to absorption on the
deuteron. They find that absorption in iHe is enhanced
by 15% compared to the deuteron. The increase is small
compared to the density difference between the deuteron
and He. They attribute this result to the long range na-
ture of their two-body absorption operator.

The mr++ He~pp+ p angular correlation is interest-
ing in that it, too, carries information about the reaction
process. As noted in the previous section the full-width-
at-half-maximum value of the proton-proton angular
correlation is about 12'. We modeled the angular correla-
tion by assuming that the m+ was absorbed on a proton-
neutron pair of total momentum k, whose angular distri-
bution for pion absorption was the same as that for the
deuteron. In this model the quasideuteron differential
cross section is

p (k) (s)d' k

J p(k)d'k
(12)

IV. DISCUSSION

A. Two-nucleon absorption process

From the values of a2N in Table IV and the
~+ d~p+ p cross sections we deduce the following
values for the ratio R~D cr(n++ He~——pp + p)/
n(n+ + d~pp):

R&D(62.S MeV) =1.36+0.14 (10a)

R&D(82.8 MeV) =1.52+0.1S, (10b)

A2/Ao ——1.14+0.11 at 62.5 MeV (1 la)

where the errors include the absolute uncertainties in both
measurements. Moreover, the shapes of the angular dis-
tributions are indistinguishable from those of the
~+ + d~p+ p reaction. For example, the ratios of the
Legendre polynominal coefficients are

Here s is the total center-of-mass energy for a particular
choice of k; p(k) is the probability for finding a nucleon
pair with total momentum k.

The probability p (k) was determined from the
He(e, e'p)d results of Ref. 20. We investigated the sensi-

tivity of the angular correlation to the form of the 2N ab-
sorption cross section used in Eq. (12). An isotropic,
energy-independent, differential cross section gave nearly
identical results to that of the n + d~p+ p differential
cross section. Hence, the angular correlation is basically
sensitive to the spectator nucleon momentum. The calcu-
lated and measured angular correlations are compared in
Fig. 13.

The measured probability p (k) from Ref. 20 reproduces
the observed angular-correlation full-width-at-half-
maximum of 12'. This result is in accord with the specta-
tor model of the absorption process, in which the specta-
tor nucleon emerges with the same momentum after the
absorption that it had in the original He nucleus. The
width of the energy peak in the proton singles spectrum is
also related to the internal momentum in He. In an ear-
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FIG. 13. Angular correlation taken at 165 MeV with one
proton detected at 120'. The line is calculated by a spectator
model with momentum distribution taken from (e,e'p) data.

the I zN
——0, 1 waves are the most likely contributions to

the angular distribution. In the case of I 2N ——1,~ ab-
sorption on the T=1, S=O p-p pair proceeds through an
intermediate state with isospin =0.

We made the assumption that at these energies only
I =0,1 partial waves are contributing to the reaction.
This assumption is marginally justified if we consider the
kr values, using the deuteron radius. We note, however,
that measurements of pion absorption on the deuteron at
these energies do not detect any contribution from higher
partial waves and that the present results do not show that
higher order Legendre polynomials are needed to fit the
angular distributions. With this assumption, we can cal-
culate the coefficients of the Legendre polynomials by us-
ing the method of Blatt and Biedenharn. The coeffi-
cients are given by

Ai, ——g Z(li J)liJi,SL)Z(l iJ'i12Ji, S L)f, (13)
lier measurement ' of the singles spectrutn from the
m++ He~pp + p reaction it was concluded that internal
momenta greater than about 60 MeV/c were not signifi-
cantly contributing to the absorption.

In the case of the m 2N absorption, the angular distri-
butions at both energies (Figs. 8 and 9) are asymmetric
about 90'. This may be due to interference between the
2N amplitude and 3N amplitude. On the other hand, the
asymmetry may be a signature of a mixture of even and
odd partial waves in the 2N amplitude. Previous discus-
sions3 5 have shown that at low pion bombarding energies,

I

where the unprimed quantum numbers are for the en-
trance channel and the primed ones are for the exit chan-
nel. Although these coefficients were originally defined to
yield absolute values of cross sections, in the ensuing dis-
cussion we normalize the coefficients Ai and Ai to Ao,
that is, to the cross section for the absorption process.
The coefficients f contain the amplitudes and phases for
each transition; they depend on the quantum numbers but
not on L. The coefficients Z are calculated by angular
momentum algebra,

Z(li JiliJ2, SL)=i~ 'I '2(2li+1)' (21p+1)' (2Jp+1)' W(li JiliJp,'SL)(lil200
~

LO) . (14)

We describe the transitions as follows: If 5 is the ampli-
tude for the reaction with I 2N ——0 (J' =0 ), then
(1—5 )'~ is for 1~2N ——1 (J =1+) and there is a phase
between the two. For the exit channel we denote by a the
decay via 12N

——0 and (1—a )' is for decay via l2N ——2,
both allowed in the case of J = 1+, (Table I) and there is
a phase between the two. Only one value, L2N ——1, is al-
lowed for the case J =0 . We then compare the calcu-
lated coefficients with the measured and solve for the
values of a2 and 5 . Since we have four unknowns and
two equations, we obtain an area in the a vs 5 plane
with allowed solutions. The results are illustrated in Fig.
14.

The conclusion from these calculations is that at these
bombarding energies the absorption on the proton pair is
dominated by the I 2N

——1 transition (-70% from Fig.
14). The errors in the measured coefficient do not alter
this result qualitatively.

This transition has a total J value of 1+, total isospin
T=O, and therefore does not allow the formation of the
delta resonance as an intermediate state. We note that if a
delta resonance is formed (e.g., through I 2N

——0), it can-
not form together with the second nucleon a system with
a relative angular momentum I.~N

——0, which is the dom-
inant transition in pion absorption on the deuteron. It
was noted by Silbar and Piasetzky that a Pi~ isobar, if
formed in the process of pion absorption on a 'So T=1
nucleon pair, could form with the second nucleon a sys-

0.8

Ai lAO = -0.8
A2 /Ap = 1.6

0.6

0 4

p.2

0.2 OA a6 OB

FIG. 14. Region of allowed solutions for a and 5 for the
m + 2p~p+ n reaction. 5 is the normalized amplitude for
pion absorption proceeding from the I 2N ——0 initial channel and
a is the normalized amplitude for /2N

——0 in the exit channel.

tern with a relative angular momentum L=0. Their cal-
culation of the angular distribution is shown by the
dashed line in Fig. 8. The dominance of the I zN

——1 tran-
sition discussed above may indicate that the P» isobar
plays a role in this absorption process, similar to that
played by the delta for pion absorption on the deuteron.
The results of the calculations do not determine well the
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relative amount of /zz ——0 and IzN ——2 transitions but tend

to suggest a significant lzN=2 contribution (needed to
generate the large anisotropy}. This is reminiscent of the
dominance of the 'Dz final state in pion absorption on the
deuteron; here this role may be played by a D& state.

These results are intimately related to studies of inelas-
ticities in N-N interactions. The inelasticities are
parametrized by crz z where T; Tf are the isospin values

i f
of the 2N systems in the incoming and outgoing channels,
respectively. The much studied pp~dm+ reaction, for
example, is characterized by trio(d). The value of oo, is
the most difficult to study. It is obtained by combining
the pn~ppm and pp~ppir reactions; the first mea-
sures 0.5(oo&+cr») and the second cr», and then subtract-
ing. The subtraction procedure is very uncertain due to
the mass difference between n and m.o. The most recent
results for the energy region of the present work are

upper limits of 200 pb. From the present results, we can
deduce Ooi('So), the analog of oio(d). The cross sections
listed in Table IV must be converted by detailed balance
to the inverse reaction taking into account that in the
present work the final 2N state is always a triplet. The re-

sults are 21.1 and 35.7 pb for 62.5 and 82.8 MeV, respec-
tively. From Fig. 14 we can deduce that 0.7+0.2 of that
is in the T=O channel and we can therefore deduce
croi('So) values of 19+4 and 31+6 pb for 62.5 and 82.8
MeV (401 and 442 MeV for the inverse reaction}, respec-
tively. The great advantage of ooi(d) over cr&o is that it
refers to well-defined quantum numbers in all states and
as a consequence has been referred to in theoretical calcu-
lation much more than any other inelasticity. It is expect-
ed that the values of Ooi('So), which also refer to well-

defined quantum numbers, will have a similar impact.

B. Three-body absorption

The total three-body cross sections at both energies and
for both rr+ and n are equal within experimental errors
and are about half of the two-body ( T=O, J= 1) absorp-
tion cross sections. It is not likely that a large portion of
the two-body absorption process was misidentified, be-
cause of final state interactions, as the three-body process.
%e saw in the previous discussion that the angular corre-
lation for the (m+,pp) reaction was only 12' wide F'WHM,
in agreement with spectator model calculations. Any in-
teraction of the outgoing nucleon with the spectator nu-
cleon would simply add to the width of the angular corre-
lation. Hence, any proton-proton coincidences lost be-
cause of the scattering of an outgoing nucleon would have
been compensated for in the correction for the array ac-
ceptance. Moreover, the simple prediction referred to ear-
lier that o3„(m+ + pn~p+ p) =1.5o(m+ + d~p + p) is

verified.
Recently, calculations of the relative importance of

two- and three-nucleon absorption have been reported. In
Fig. 15 we compare our results of the percentage
ozNI(crzN+cr. N) for n+ absorption on the T=O pair to
these calculations. The agreement is not good. Experi-
mentally the percentage of the two-body absorption is
about 70% at our energies, whereas the predictions are
that the two-body absorption is about 95% of the two-

1 0--
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FIG. 15. Top—percentage of crzN/(o2++03N) for m+ absorp-
tion on the p-n pair in He (t&, this experiment) using nonconju-
gate angle data to determine o3N. The line is a calculation by
Ref. 25. Bottom —processes considered by Ref. 25.

plus three-body absorption. This disagreement is surpris-
ing in light of the success these calculations have in fitting
the energy dependence of pion absorption on ' C and fit-
ting the A dependence of the absorption cross section at
T =165 MeV.

In the past, multinucleon modes of pion absorption
have been deduced, sometimes indirectly, through a com-
parison of the cross section for quasideuteron absorption
and the total absorption cross section. 7 Such a procedure
relies on calculating the final state corrections and choos-
ing the appropriate distortions for the pion and nucleon
wave functions. In fact, it has recently been argued 6 that
the background of the angular correlation seen in
' C(m.+,2p) at 165 MeV can be accounted for by a mixture
of pion absorption on a quasideuteron in I.=0 and 2 =2
states relative to the ' B core. In the case of He we have
the advantage that the two-body angular correlation is
narrow enough that off conjugate coincidences, relatively
free from two-body coincidences, can be obtained. Hence
we conclude that at our energies the three-body absorption
is between 30% to 40% of the total true pion absorption
on He.

In conclusion, we present in this work measurements of
two-body and three-body m absorption in He at 62.5 and
82.8 MeV. For m+, the two-body absorption cross sec-
tions have the same shape as for absorption on the deute-
ron with a magnitude which is about 50% larger. This
indicates insensitivity of the absorption process to the ra-
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dial wave function of the absorbing pair. For rr, the
two-body absorption cross sections have angular distribu-
tions which indicate that the promms is dominated by
l~2N ——1 transitions which do not allow formation of the
delta resonance as intermediate state. The P~~ isobar any
be playing an important role in this process. The three-
body absorption, for both a+a. nd ir, appears to have a
nearly constant matrix element, for a given bombarding
energy, and thus the outgoing nucleons are distributed ac-
cording to phase space. The magnitude of the three-body

absorption is 42% and 60% of the two-body absorption at
82.8 and 62.5 MeV, respectively.
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