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The angular distribution of nucleons from a kinematically complete measurement of pions absorbed in

H on nucleon pairs with isospin T =0 and T = 1 at incident pion energies of 119,206, and 300 MeV are
presented. The T =0 data are quite similar to pion absorption data in deuterium. The integrated ab-

sorption cross sections scale within errors with the number of isoscaler neutron-proton pairs. The T =1
cross sections, which correspond to absorption on dineutrons, are an order of magnitude smaller. The
angular distributions for isovector absorption show a significant asymmetry, indicating interference
effects between amplitudes with or without b isobars in the intermediate states. The existence of a
significant three-nucleon absorption component is established. The integrated absorption cross sections
for processes involving two and three nucleons were determined. The neutron and proton momentum

probability densities in H were determined from the spectator recoil resulting from quasifree two-

nucleon pion absorption.

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

I. INTRODUCTION

Recently, detailed experimental studies of pion absorp-
tion in He and He have furnished insight and a few
surprises on the behavior of pions in few-nucleon sys-
tems. Although the pion absorption reaction in deuteri-
um and its inverse reaction pion production

n+ H=pp

have been exhaustively studied during the past four de-
cades, kinematically complete studies of pions in three-
and four-nucleon [1,2] systems had to await the develop-
ment of meson factories and large detectors.

During the past few years, studies [3—7] of pion ab-
sorption in He have revealed that an appreciable amount
(30%) proceeds via a mechanism that imparts significant
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energy to all three nucleons and whose nature is currently
unknown. The fact that the energy sharing appears to
follow three-body phase space [8,7] strongly suggests in-

volvement of all three nucleons in the absorption process.
We shall refer to this type of absorption as three-nucleon
absorption (3NA). This is in contrast to the long-held
picture that pion absorption in nuclei appears to involve
primarily only two nucleons directly and that the residual
nucleus acts purely as a spectator. In such a picture the
spectator momentum distribution would not be modified

by the absorption of the pion and would be that (Fermi
momentum) distribution normally found in the undis-
turbed nucleus.

The second feature involves the dominant absorption
channel, where the pion appears to interact with only two
nucleons and ignores the presence of the remaining nu-

cleon. Such absorption is generally referred to as quasi-
free absorption or two-nucleon absorption (2NA). In the
case of He, for pion kinetic energies between 60 and 200
MeV (in the region of the b, resonance) the cross section
for m+ absorption on a neutron-proton pair [essentially
the isoscalar (T=O) channel] is an order of magnitude
larger than for ~ absorption on a proton-proton pair
[the isovector ( T= 1) channel] [1]. A more thorough
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compilation of the experimental and theoretical aspects
of pion absorption in nuclei can be found in the review
article by Weyer [9].

To shed additional light experimentally on the nature
of these absorption processes, we decided to study pion
absorption in the isospin-symmetric (to He) nucleus H.
Isoscalar 2NA is usually measured via m+ absorption on
a neutron-proton pair. In the case of He, isovector pion
absorption is studied via m. absorption on a proton pair.
In the case of H, one must use the isospin-symmetric re-
action ~+ absorption on a neutron pair. Prior to this
work pion absorption on the dineutron had never been
studied. In principle, a precise measurement of both re-
actions would be a test of isospin symmetry in pion ab-
sorption. So far, such a test has been performed only in
He by Steinacher et al. [2]. For pion elastic scattering,

isospin symmetry has been studied in H and He by
Nefkens et aL [10]and by Pillai et al. [11].

We have studied the following m.-absorption reactions
in H in different geometries for selected energies:

H(m+, pp )n,
H(m+, pn )'H,
H(m, nn)n .

(2)

(3)

(4)

Prior to this present work there were no published stud-
ies of the latter reaction. Hence a measurement of these
two reactions is potentially a test of isospin symmetry of
pion absorption in deuterium.

In all of the above measurements we determined the
energy and momentum of two of the outgoing particles.
Since the initial momentum of the incident pion is known
(within 1%), the kinematics of each reaction is overdeter-
mined.

In Sec. II of this paper, we describe the setup and
equipment used in this experiment. Section III contains a
summary of our data analysis. Our results and a discus-
sion thereof are found in Sec. IV. We present not only in-
tegrated absorption cross sections but also selected
differential cross sections as a function of the opening an-
gle between the two detected particles and the momen-

These processes have been studied in geometries favoring
2NA (collinear) and 3NA (noncollinear). In view of the
unknown reaction mechanism of 3NA, it is important to
study its differential dependence on the kinematical vari-
ables. Thus, 3NA cross sections have been measured as
function of the opening angle of the two detected parti-
cles and the momentum of the third, reconstructed parti-
cle.

As part of the 2NA study of the first reaction [Eq. (2)],
we also studied absorption resulting in a two-body final
state,

H(m. +,dp) .

As a check of our procedures, we used the same equip-
ment to study the following two reactions in H with 119
MeV pions:

H(m. +,pp ),
H(n, nn) .

turn of the spectator nucleon. The experimental
differential distributions are compared to Monte Carlo
simulations. Section V contains our conclusions.

With this paper we continue our systematic study of
pion absorption in few-nucleon systems.

II. EXPERIMENT

The experiment was performed at the ~El channel of
the Paul Scherrer Institute. Coincidences between two
charged or two uncharged particles or a charged and on
uncharged particle after pion absorption were measured.
The experiment was carried out during three running
periods in 1987 and 1988. In the first period we studied
pion absorption in deuterium to check the experimental
setup and to look for possible systematic errors by com-
parison with earlier work [12]. The second and third
periods were used to collect tritium data.

A. Experimental setup

The experimental equipment included the following:
(i) A liquid tritium target. (ii) A beam telescope of two
thin dE/dx counters ( T1 and T2). (iii) A total-absorbing
plastic scintillation counter (E counter) preceded by two
multiwire proportional chambers (MWPC) of three
planes each and a thin dE/dx counter. Since the trigger
required a coincidence between the dE/dx and E
counter, this detector was sensitive only to charged parti-
cles. (iv) Two large-area, position-sensitive time-of-flight
(TOF) counters consisting of two and three modules each
(TOF2 and TOF3 counters, respectively) were used for
the detection of uncharged and/or charged particles.
The following detector configurations were used.

1. Coincidences with at least one charged particle

Figure 1(a) shows a typical experimental setup used for
the measurement of at least one charged particle. For
this type of measurement a coincidence of the E counter
with one of the TOF counters was required. Two
MWPC's in front of the E counter enabled the deter-
mination of the reaction vertex. This counter arrange-
ment allowed the measurement of the following observ-
ables: the energy deposited in the scintillators of the
charged-particle detectors, the times of Bight from the
target to the detectors, the points of impact of the detect-
ed particles on each detector, and the target vertex. The
energy, the mass, and the direction cosines of each of the
detected particles enables one to compute their momenta.
The three-body final state has nine independent degrees
of freedom subject to the four constraints resulting from
energy and momentum conservation. This leaves five ki-
nematic degrees of freedom whereas we measured six (the
energy and the two angles of two outgoing nucleons) [4].
Therefore our experiment is kinematically overdeter-
mined. (Of the five kinematic variables only four are
physically interesting since no polarization variables were
measured. Hence the azimuthal angle of the triad of
final-state momentum vectors about the beam axis fur-
nishes no additional physical information. ) The analysis
of the data exploited the extra experimental information
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FIG. 1. The two counter configurations used in this experi-
ment are shown. For the coincidence measurement of two

charged or a. charged and an uncharged particle, configuration

(a) was used, whereas for the detection of two uncharged parti-
cles, configuration (b) was employed.

to reduce the background. The angular range studied
with the detectors is 30'—135' for the E counter and
32' —138' for the TOF counter.

2. Coincidences with two uncharged particles

The energies of the uncharged particles were measured
with the time-of-flight counters. The coincidence mea-
surement of two uncharged particles makes use of the
two large-area, position-sensitive TOF counters. The
reconstruction of the reaction vertex with MWPC's was
no longer possible. If the reaction vertex is assumed to be
located at the target center, the experiment remains
kinematically overdetermined. The number of deter-
mined kinematic variables is still six (two energies and
four angles}. Figure 1{b) shows a typical example of a
counter setup involving both TOF counters. The two
TOF counters can cover, on each side of the target, an
angular range of 32 to 128 .

The target cell

In order to achieve a good event rate (up to 5 events
per second), a liquid target was chosen. The special safe-
ty requirements of a liquid tritium target made the choice
of a massive copper target cell necessary. It was con-
structed by sawing a copper tube of 0.3 rnm thickness and
40 mm diameter at an angle of 45. A 0.3-mm-thick
copper plate was welded on each end. Figure 2 shows a
drawing of the target cell. The result is a stable structure
that can withstand an internal overpressure of more than
50 bars. The target cell was attached to the liquid target
dewar. The target cell was inflated to a pressure of 5
bars, before it was mounted in the tritium system. This
led to a slight expansion of the structure, whose form was
stable and enabled the front and back surfaces of the tar-
get cell to be well determined. The resulting volume was
29.7 cm . The profile was measured with a micrometer.
The mean target thickness was computed to be 24.4+1.5
mm, allowing for the effective Gaussian profile of 20 mm
FWHM horizontally and vertically of the pion beam.
This effective thickness depended very little on the beam
profile.

The tritium in the target cell was cooled down to a
temperature where the vapor pressure was in the range of
1025 to 1075 mbar. The corresponding liquid tritium
temperature was 25.2 K. The surface density of the triti-
um target was 0.625 g/cm . For the deuterium target
used in the test measurement the surface density was
0.393 g/cm .

The surface density of the target wall was with 0.54
g/cm of comparable thickness. Therefore, a consider-
able amount of background from the target cell could be
expected.

Tritium is a P-unstable element. Its decay scheme is
given by

H —+ He+e +v, .

The half-life is 12.26 years; the maximum p energy, about
18 keV. The resulting activity in the target cell was

about 75000 Ci. Thanks to the low energy, no P radia-
tion could escape the target.

2. The target Dewar

The liquid target dewar is schematically shown in Fig.
3. It consisted of a stainless steel cylinder with an ap-

B. The tritium target

A complete description of the tritium target system in-

cluding the tritium handling system, the liquid cooling
system, the tritium control, and leakage monitor system
appears elsewhere [13j. We summarize below the salient
features.

side view

0.3rnm

e = 40mm g
top view

FIG. 2. A schematic drawing of the target cell.
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FIG. 3. Schematic drawing of the liquid tritium target
dewar. (1) Hydrogen condenser, (2) heat exchanger, (3) liquid

nitrogen supply for the precooling of the heat exchanger, (4) tri-

tium supply pipe, (5) target cell, and (6) temperature sensor with

heating resistor.

proximate diameter of 44 cm and a height of 84 cm. It
contains the target cell, the hydrogen condenser and the
heat exchanger with their supply pipes. Large mylar
windows were mounted at the level of the target cell, al-
lowing an angular range of 30 to 135' horizontally and
+24' vertically. The hydrogen condenser, the heat ex-
changer, the target cell and the supply pipes were all
thermally insulated with one layer of superinsulation.
The insulation vacuum inside the vessel was about
5 X 10 millibars.

The target cell was oriented at a fixed angle of 45'+2'
relative to the beam axis (see Fig. 2).

C. The beam telescope

The pions were counted with two telescope scintillators
Tl and T2 (see Fig. l). Both counters were made of
NE102A scintillating plastic. The large counter T1 was
placed near the last beam-line quadrupole magnet 80 cm
upstream of the target. Its size was 120X100X4 mm .
The dimensions of this counter were chosen so that the
whole beam was intercepted, even that portion which did
not hit the target. The small telescope counter T2
defined an effective beam size smaller than the target cell
dimensions. The target as viewed from the beam axis was

circular with a diameter of 40 mm. The circular T2
counter with a diameter of 30 mm and a thickness of 1

mm was placed 75 mm in front of the target. Since the
active T2 surface was only half as large as the target sur-
face and the distance between them was small, all of the
beam traversing T2 hit the target. The T1 counter was
equipped with an XP2230 photomultiplier, whereas an
XP2020 type was used for T2. A base with a built-in
gain-of-ten preamplifier was connected to both photomul-
tipliers.

A good overlap of the beam with the target is crucial
for the absolute normalization. In the present
configuration each pion detected by the telescope logic
must have passed through the target. This was investi-
gated with the following method. With the information
of the two MWPC's one can reconstruct the reaction ver-
tex. This allows one to reject events not originating in
the target. Figure 4 shows an example of distributions of
the reaction vertex in the horizontal and vertical direc-
tions.

The two distributions of Fig. 4 represent an effective
beam profile, defined by T2, which was determined from
the reconstructed vertex distribution of measured events.
The shapes of the distributions for full and empty target
prove the beam to have been well centered without
touching the side walls of the target.

Figure 5 shows an example of a contour plot of the dis-
tribution of reaction vertices lying in a vertical plane
along the beam axis. The dashed lines indicate the cut
applied to the reaction vertex to eliminate events coming
from outside the target such as from the telescope
counter T2.

The ~El beam consists not only of pions but also of
muons and electrons. The pions were separated from the
other particles via the differences in their times-of-flight
using the cyclotron frequency as a time reference. The
positive beam also had an appreciable proton contamina-
tion. The latter is easily filtered out by carbon absorbers
(2—4 mm thick, depending on the beam momentum) in
front of the second bending magnet.

Pion-lepton separation by time-of-flight works very
well in the momentum range 180—420 MeV/c using the
cyclotron radio frequency of 50 MHz (20 ns between
beam pulses). Because our signature for a pion incident
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on the target had a resolving time of 4 ns, it was neces-
sary to correct the observed pion rate at certain momenta
for the residual contamination not separated out by the
time-of-flight. The correction factor is denoted by fb„

A second correction factor fd„,„ is related to pions de-

caying into muons after the first bending magnet. Some
of these can hit the telescope at the same time as the
pions and simulate a traversing pion. The probability of
this happening was calculated using a Monte Carlo pro-
gram. The corrected pion rate is then given by the folea

lowing relation:

corr signf beamf decay (9)

with II„g„being the sealer reading of the integrated pion
rate. Table I lists the pion rate correction factors as a
function of pion energy.

D. The charged-particle detector

The charged particle detector (see Fig. 1) consisted of
three components: (i) a thin dE/dx counter (S counter),
(ii) two multiwire proportional chambers (MWPC) (CH1
and CH2), and (iii) a total absorption plastic scintillation
counter (E counter). This detector has been described in

detail in the work of Weber [4].
A coincidence between the thin S counter and the E

counter served as a trigger for charged particles travers-
ing two MWPC's. The flight paths of the particles
detected in the E counter were determined by the use of
MWPC*s. They allow one to compute the reaction vertex
in the target plane, as well as the point of impact on the

-40 -20 0 20 40
vertical reaction vertex [mm]

FIG. 5. The cut on the reaction vertex. The events emerging
from the target were well separated from the events corning
from the T2 counter. (Number of levels: 5, level 1; 2.98, level 2;
8.89, level 3; 26.5, level 4; 79.0, level 5; 235).

surface of the E counter. The resulting angular resolu-
tion was =1'

~

If it was not possible to reconstruct the particle trajec-
tory from the target to the E counter due to incomplete
chamber information, the event was rejected. The cross
sections were corrected for such MWPC inefficiency. A
typical value of the correction factor k,h for the present
experiment with six working planes was 1.02. With only
five working planes it was about 1.15.

The particles, having passed through the S counter and
both chambers, entered a total absorption plastic scintil-
lator (type NE102A) detector, the E counter. It consisted
of 4 X 3 plastic blocks and had an active surface of 68 X 51
cm, located at a distance of 131 cm from the target.
This detector subtended a solid angle of 0.25 sr, 29.2'
horizontally and 22. 6' vertically. The entire counter ar-
rangement could subtend polar angles ranging from 40'
to 111'with respect to the beam axis.

The kinetic energy was computed from the light output
using the parametrization of Kurz [14]. For a full
description see Ljungfelt [15]. The following method was
used for the energy calibration of the E counter. During
the experiment, LED's, which were mounted on the light
guides, were triggered periodically with pulses of different
amplitude. This enabled us to determine the offset and
the relative gain of the amplitude-to-digital converters
(ADC's). For absolute energy calibration we used physi-
cal events such as the monoenergetic protons from the
H(rr+, dp ) reaction or the maximum energy deposited by

protons in one E-counter block. The first method works
only for counter setups where the relative angle of the E
and the TOF counter is 180' in the deuteron-proton
center-of-mass system.

The energy resolution (in MeV) of a single block is
given by

EE=0.53&E (FWHM) . (10)
with a typical value of 5% at 100 MeV.

The gain of the time-of-Aight time-to-digital converters
(TDC) was calibrated with prompt and delayed LED sig-
nals. A monoenergetic proton signal was used to deter-
mine the absolute time-zero calibration.

The particle energies measured in the E counter were
corrected for the energy loss between the target and the
counters. For a particle of given energy originating in
the target, we calculated the energy loss by integrating
the differential energy loss dE/dx from the target to the
detector. In the data analysis, software thresholds were
applied. These thresholds for each type of particle, tak-
ing into aeeount the respective energy losses, are listed in
Table II.

TABLE II. Energy thresholds of the counters.

TABLE I. Correction factors for the pion rate.
Counter Energy threshold (MeV)

Protons Deuterons Neutrons
Pion energy

(MeV)

119
206
300

fbeam

1.00
1.02
1.07

fdecay

1.08
1.09
1.07

fbeam fdecay

1.08
1.11
1.14

E counter
TOF counter
(3 m)
TOF counter
(3 m)

35
45

45
57 20

20
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E. The time-of-flight (TOF) counters

Two time-of-flight detectors were used to detect either
charged or uncharged particles. The particles were dis-
tinguished via a thin veto counter mounted in front of
each module of the TOF counter. Each detector enabled
the determination of the impact point on the counter and
the kinetic energy of the particle from its time-of-flight.
A full description of the TOF counter can be found in the
works of Cierjacks et al. [16]and Petkovic et al. [17].

TOF2 consisted of two modules; TOF3, three modules.
Each of these modules is a 3X2 (depth Xheight) matrix
of six optically decoupled NE102A scintillator bars. The
dimension of each bar is 200X 10X5 cm . Table III gives
a list of the main geometrical data for both counters.

The position resolution of the TOF counters was 5 cm
(FWHM), both horizontally (from left-right time
difference) and vertically (from bar number). The time
resolution was 0.5 to 0.7 ns. The thresholds corrected for
the energy losses between the target and the TOF counter
are given in Table II.

The detection efficiency for neutrons was computed
with a Monte Carlo program adapted from Cecil et al.
[18] and has been discussed elsewhere [16]. Each event
was weighted by the neutron detection efficiency comput-
ed as a function of neutron kinetic energy. The software
threshold of the TOF counter was 10 MeVee (MeV elec-
tron equivalent). The correction factor k,s was typically
60 for neutron-neutron coincidence experiments. For
neutron-proton coincidence experiments it was about 8.

F. The trigger

The three different triggers used in this experiment are
given in Table IV. The difference between trigger 1 and 2
is that the latter explicitly requires uncharged particles in
the TOF counters. Trigger 1 allowed for either charged
or uncharged particles in the TOF counters. In principle,
it is possible to measure (n+,pp) an. d (n+,pn) coin-
cidences simultaneously, but the first channel dominates
the second by a factor of 200 to 300 (isospin ratio times
neutron efficiency). Therefore trigger 2 was used for the
measurement of the 3He(n. +,pn)'H absorption channel.
Trigger 3 was used exclusively for neutron-neutron coin-
cidences as in the case for the H(m, nn )n measurement.
Whenever there was a valid trigger, the PDP11 on-line

computer read out the CAMAC electronics and wrote
the information on magnetic tape. A full description of
the electronics can be found elsewhere [15].

TABLE III. Geometrical data related to both TOF counters.
For the present experiment distances of 3 and 4 m were used,
depending on the expected particle energies.

active counter
area (cm )

~~TOF (deg)

~kroF «eg)
QTQF (sr)

TOF2

200x40

3 m distance from target
+18.4
k4. 6
0.09

TOF3

200X60

+18.4
k7. 2
0.13

~~TOF (deg)

~NTOF (deg)

0TQF (sr)

4 m distance from target
+14.0
+3.4
0.05

+14.0
+5.4
0.08

pion absorption. The normalization of the data and the
correction factors are summarized. The section ends
with a description of the Monte Carlo simulation of 2Nd
and 3NA and the fits to the data.

A. Particle identification with the E-counter

The pulse-height information in the E counter was
used to determine the kinetic energies of the detected
charged particles. The time-of-flight to pulse-height rela-
tionship of the particles was used for their mass separa-
tion. Details concerning the techniques used for calibrat-
ing the time-of-flight and pulse-height information ob-
tained with the E counter can be found in Salvisberg [19].

Figure 6 shows a spectrum of the time-of-flight versus
the energy of protons in the E counter for the reaction
H(~+,pp)n The even. ts to the left of the proton hyper-

bola correspond to protons which did not convert their
entire energy into light within a single E-counter block.
Such events, which failed to pass the threshold cut, were
rejected in the analysis. These losses were computed with
a Monte-Carlo code. Correction factors were deduced
and applied to the experimental data. The corrections
depend strongly on particle type and energy. Typical
energy-averaged correction (kEC) values were 0.95 for
deuterons and 0.8 —0.9 for protons.

Scattered beam pions and deuterons from the
3H(m +,dp ) reaction were clearly separated from the pro-
tons.

III. DATA ANALYSIS B. Particle identification with the TOF counter

This section gives a brief description of the separation
of the data from background and processes other than

The particle identification and the determination of the
kinetic energy of the detected particles use pulse height

TABLE IV. Triggers used in the present experiment.

Trigger E counter

Charged
Charged

Logic

AND

AND

TOF2 counter

(charged
(uncharged
(uncharged
(uncharged

Logic

OR

OR

AND

TOF3 counter

charged)
uncharged)
uncharged)
uncharged)
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FIG. 7. An example of a time-of-flight versus pulse height
spectrum of uncharged particles measured by the TOF counter.
The trigger was set to charged-neutral coincidences. The
geometrical setup favored 2NA kinematics.

FIG. 6. An example of a time-of-flight versus energy spec-
trum of the E counter. The trigger was set to charged-charged
coincidences. The data were taken from setup XVa in Table
XIII.

and time-of-flight information. In addition, a veto
counter was used to distinguish between charged (d,p, n )
and uncharged (n, y ) particles. In order to obtain a pulse
height, which is essentially independent of the longitudi-
nal coordinate at which the energy was deposited, we
used the geometrical mean of the pulse heights from the
photomultipliers at either end of the rods. This pro-
cedure guarantees that the particle detection efficiency is
position independent [16]. The calibration of the pulse-
height of the TOF counter is similar to that used for the
E counter [19].

Figure 7 shows an example of a calibrated time-of-
flight versus kinetic energy spectrum of a TOF counter
for uncharged particles. Good identification of neutrons
is clearly visible.

The TOF counter was used for uncharged-particle
detection (neutrons and y rays) during the study of the
H(n. ,pn )'H reaction. The y rays in Fig. 7 are products

of m decay after m+ charge exchange. The small band of
events marked ~ in the figure with a time-of-flight of less
than 22 ns is probably due to m 's scattered from the
beam. The presence of such events indicates the limits of
the veto efficiency of the anticounter for particles with
low dE/dx. However, such events are easily removed by
requiring events to have larger times of flight.

C. Normalization and correction

This section treats the normalization and correction
factors needed in the data analysis for extracting the
physical results.

1. Acceptance corrections

A given setup enables one to measure directly double
differential cross sections as a function of the angles of
the two detected particles. In order to determine a one-
fold differential cross section as a function of the emission
angle in one detector (counter I), one has to integrate
over the angle of the second particle detected in counter
II. In case the angular distribution for a particular pro-
cess is known, this integral can be computed from the
data of a single counter configuration.

The acceptance of events striking counter I was com-
puted with a Monte Carlo simulation of a selected pro-
cess neglecting the boundaries of counter II. Then the
boundaries of counter II and a11 cuts imposed on the data
(such as energy threshold, cut on the recoil moinentum)
were taken into consideration. The ratio of the
differential distributions obtained with and without boun-
daries and cuts gives the relative acceptance-correction
factor.

Relative acceptance factors were explicitly calculated
for both ~+- and m absorption in H with three-body
final states. We treated the two cases: (1) the momenta
of the three outgoing nucleons varied like three-body
phase space (3NA) and (2) the momenta varied as if the
pion had undergone 2NA on a nucleon pair, with the
third nucleon acting as a spectator.

The 2NA acceptance correction factor depends on the
momentum probability density of the spectator nucleon
in tritium. The rms Fermi momentum of the nucleons in
He is around 60 MeV/c [20], whereas the momentum of

a high energy nucleon resulting from quasifree 2NA of
220 MeV/c pions in He is typically 500 MeV/c.

Our pion absorption measurements in He [1] have
shown that the momentum probability density of the
spectator proton agrees well with the momentum distri-
bution of the proton deduced from the statistically more
precise measurements of the He(e, e'p)np reaction
(three-body breakup) [21,22]. By isospin symmetry one
expects the neutron momentum distribution in H to be
identical [23].

On the other hand, theoretical calculations by Schiavil-
la, Pandharipande, and Wiringa [24] predict that the neu-
tron momentum probability density in He (and hence by
isospin symmetry the proton momentum probability den-
sity in H) is significantly different from the proton
momentum distribution in this nucleus. This has yet to
be confirmed experimentally.

We have used the electron scattering data (three-body
breakup of He) from Saclay [21,22] for the 2NA accep-
tance corrections. As we shall see in Sec. IV this assump-
tion is excellent for the neutron momentum probability
density in H but does not agree well with our measured
proton momentum probability density. Typical accep-
tance correction factors are within the range of 2 to 3.
The large value for this correction shows that the ap-
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paratus usually subtended less than 50% of the full 2NA
distribution.

We studied the sensitivity of our calculated 2NA ac-
ceptance to the assumed momentum probability density
of the spectator nucleon. Specifically, we tested the sensi-
tivity of the acceptance calculation to a difference in pro-
ton and neutron momentum probability densities. For
that, we modified the input distribution for the simula-
tion according to the difference for proton and neutron
probabilities as obtained from the calculation of Schiavil-
la et al. Such a momentum distribution is meant to simu-
late the neutron momentum probability density in He or
the proton momentum probability density in H. The re-
sulting change in the acceptance was about S%%uo. The sys-
tematic uncertainty in the calculation of the acceptance
for absorption in A =3 nuclei, which is in part due to
this choice of the recoil-momentum distribution, was

I

conservatively taken to be about 10 lo.
In general, the reactions with two-body final states re-

quired no acceptance corrections because the E counter
subtended a large enough solid angle to detect every
correlated nucleon in coincidence with the second in the
TOP counter. However, for the reaction H(m, .nn ), the
TOF2 detector replaced the E counter. In this case, an
appreciable number of coincidences (30%) were missed
because of the smaller solid angle of TOF2.

2. Absolute error of the absorption cross sections

The estimated relative errors of the absolute normali-
zation depend slightly on the geometrical setup of the
counters and on the beam momentum. The following er-
rors have been taken into account:

inh '

E'p'.

eff'

error of the integrated pion rate
error of the dead-time correction
error of the solid angle
error of the target thickness
error of the densities of H and H
error of the neutron detection efFiciency
error of the process-dependent acceptance
correction for H(n, nn ), H(n+, pp)n,
H(m. +,pn )'H, and H(n. , nn )n

(=0.05)
(=0.05)
(=0.02)
(=0.06)
(=0.02)
(see Table V)
(see Table U)

The values for e,ff and e„,vary for the different reaction
channels and are given in Table V. The total normaliza-
tion error b f was computed by adding all the contribu-
tions in quadrature.

D. Extraction of the physical results

This section describes the different kind of cuts applied
to the data to enable the separation of good events from
background. Some of them are common to all reaction
channels; others are reaction specific.

Figure 8 shows an example of such a cut for the
H(n+, dp ) process.

The smearing out of the two-particle kinematics is due
to the resolution of the detectors as well as to multiple
scattering effects of the particles in the final state. The
signal-to-background ratio after particle identification in
the E and the TOF counter and the cut on the reaction
vertex is very good. Most of the deuteron-proton events
originating from the copper target cell were rejected with
just the two linear cuts shown in Fig. 8. The same holds
for the H(n+, pp) and H(m, nn) reactions

I. Angular correlation cut

For two-particle final states any event which did not
fulfill the expected angular correlation was rejected. This
selection was applied using linear cuts to the following
processes:

H(~+,pp), H(rr, nn), and H(m. +,dp) .

TABLE V. Normalization errors.

140-

o 120

110-
Process Relative normalization error hflf

eff ~ace tsf ~f 100—

'H(~+, pp)
H(~, nn )
'H(-,'pp)
H( +,p )'H
H(m. , nn )n
H(m+, dp )

0.20

0.10
0.20

0.05
0.10
0.10
0.10

0.10
0.23
0.14
0.17
0.24
0.10

I I I I I I I

20 25 30 35 40 45 50 55 60
8&~o«. ( g]

FIG. 8. An example of a cut on the angular correlation of a
two-particle 6nal state.



P. SALVISBERG et al.

2. Cut on the reconstructed target mass

p3 =p.—(pi+ p» (12)

In our kinematically complete measurement we measured
E„E2, p„and p2. Using the known mass of the third
nucleon and p3, one can compute the particle energy E3
and thus can reconstruct the mass of the target nucleus,

m, =E, +E2 E„+Qp—3+m, (13)

whose values can then be compared with the expected
value.

The mass m, of a three-nucleon target nucleus (neglect-
ing the nuclear binding energy) in the laboratory systetn
is related to the total energies of the participating parti-
cles by the following relationship:

m, = g E, E—
i =1,3

with E; being the total energy of the ith nucleon and E
that of the pion. In general, background reactions can be
suppressed by requiring the reconstructed value of m, for
each event to be within a certain range around the
theoretical value. The same can be defined for a two-
particle final state. However, the signal-to-background
ratio for the two-body states was so good that no cut on
the reconstructed target mass was necessary.

From momentum conservation it follows that for the
undetected particle (denoted here as particle 3)

Figure 9 shows six examples of cuts on the reconstruct-
ed target mass as indicated by the dashed lines. Exam-
ples (a)—(c) show that the empty-target contribution is
relatively small for counter setups where the 2NA pro-
cess is dominant. This changes for counter setups where
processes involving all three nucleons become consider-
ably larger as shown in (d) —(f). In (f) the contribution
from the copper target cell is about 70%%uo of the events
within the limits of the cut imposed on the reconstructed
target mass.

3. Empty-target subtraction

As can be seen from Fig. 9, the contribution from the
copper target cell can be large, especially for kinematics
where all three nucleons are involved in the absorption
process. Therefore, the empty-target contribution had to
be subtracted from all differential full-target distribu-
tions. The relative normalization between the full- and
empty-target measurements was made with the number
of incoming pions. This normalization was checked with
the reconstructed target-mass distribution. The normal-
ized full-target distribution was divided by the normal-
ized empty-target distribution. For properly normalized
full- and empty-target data, the ratio for values of m, far
from the tritium mass should approach 1. And indeed it
does, as seen in Fig. 10.
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FIG. 9. Six examples of cuts on the reconstructed target mass. The histograms show the full-target measurement; the solid lines

indicate the smoothed empty-target contribution. The irregularity of these smoothed lines reflects the statistical uncertainty of' the

empty-target data. The dashed lines show the cut on the reconstructed target mass; the dotted lines, the mass of the tritium nucleus.

The distributions correspond to the three different absorption channels: (a) and (d), H(~+,pp)n; (b) and (e), H(~+,pn )'H; and (c)

and (f), H(~, nn )n. The counter setups of examples (a) to (c) favor the 2NA process, whereas (d) to (f) show the distributions for

counter set-ups where the contribution from absorption channels involving all three nucleons becomes dominant.
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FIG. 10. The ratio of the full- to the empty-target distribu-

tion of m, for the 'H(n. +,pp }n channel in 2NA kinematics.

correction factor for the M%PC eSciency. k,z, correc-
tion for the TOF counter neutron detection ef6ciency.
This correction depends on the energy of the detected
neutron. kEc, correction due to edge losses and nuclear
absorption effects in the E counter. This correction was
applied in its differential form: bN„(x)kEc(x }.

The differential cross sections do. /d0 measured in the
laboratory system were transformed via a Lorentz trans-
formation factor T(x) to the center-of-mass system of the
interacting particles. For the H(m, pp )n, the
H(m+, pn )'H, and the H(m, nn )n 2NA reactions on an

averaged center-of-mass system was de6ned with the
momentum of third nucleon approximated by
pq= —(p&+pq)=0. Here the n-2N system defines the
center of mass. Our differential cross sections do/dQ
have the form

E. Calculation of the cross sections

' c.m.
AN„(8„b)

The total cross section for pion absorption can be writ-
ten as

N,
N N,

(14)

where X„ is the total number of events, X the number of
incident pions, and N, the number of nuclei per unit area.

The differential form of the above relationship is

Here EN„(e}is the number of events detected in the solid
angle element AQ.

For the analysis of the absorption modes involving all
three nucleons the following unnormalized (arbitrary
units) form of the differential cross section was used:

b,¹"~(x)
dx N„N, Ax

do
dx

EN„(x)
N N, hx

where x is any kinematic variable.
N, can be expressed as

NA pd target
C

(15)
Here dn stands for the number of events (normalized to
the number of pions} between x to x + b,x. The
differential form was integrated over both counter solid
angles. These distributions were not corrected for accep-
tance losses. They were compared to Monte Carlo simu-
lations of the 2NA and 3NA processes.

with N„being Avogadro's number, p the density of the
target, d„,„ the target thickness, and 2 the atomic
number. Table VI lists these values for the deuterium
and tritium targets. EN„was computed from the number
of detected events AN„'"", which was corrected for losses
and ineSciencies as described in Sec. III C:

b,N„=6¹"~g k, ,

TABLE VI. Number of nuclei per unit area for deuterium
and tritium.

1arget

Deuterium
Tritium

P
(g/cm'}

0.161
0.256

dtarget

(crn}

2.44
2.44

N,
(nuclei/cm }

1.183X 10"
1.254 X 10

where k; are the correction factors associated with the
following effects: k„„acceptance correction. This fac-
tor corrects for the geometrical limitations of the
counters and for cuts imposed on the data. It is applied
in the differential form b.N„(x )k„,(x ). k,b, global

F. Simulation of the absorption processes

We have considered the following reactions: 2NA
quasifree absorption of a pion on a nucleon pair, 3NA ab-

sorption on three nucleons, ISI (initial-state interaction)
of the pion and a nucleon before a "genuine" absorption
process like 2NA or 3NA, and FSI (final-state interac-
tion) of two nucleons after "genuine" absorption.

Most of these reactions are restricted to certain kine-
matic regions and are easy to identify. However in some
regions two or more reactions can contribute appreciably.
Generally, our approach was to make measurements
holding one detector fixed and to vary the position of the
second detector in order to cover larger parts of the
phase space. We used this technique successfully in our
study of pion absorption in He in order to separate the
contributions of 2NA and 3NA. We made use of Monte
Carlo simulations of the different processes in order to
compare the predicted and measured kinematic observ-
ables. In the following subsections we discuss our
method of simulating the various processes.

The three-body final state has five independent kine-
matic variables. The fivefold differential cross section
was integrated over the solid angles of the two counters.
The resulting differential cross section is expressed as a
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function of an experimentally measured variable x:

=p „,(x)IM(x)l (20)

Here p~h, (x ) denotes the phase-space factor which de-

pends only on the kinematic variable x; M (x) is the tran-
sition matrix element. The phase-space factor p h, (x) was

computed with a Monte Carlo program using the CERN
library routine GENBDD [25]. The Monte Carlo simula-

tion was made with the same solid-angle limitations and
cuts as the analysis of the physical data. The Monte Car-
lo simulated events were weighted with the process-
dependent transition matrix element M(x), whose abso-
lute magnitude is usually not known. However, in our in-

vestigations only the dependence on the shape was impor-
tant. The following describes brieAy how the weighting
for each process was done.

I Quasi. free absorption on a nucleon pair (2NA)

=+2N&(T„) g AiP&(cos8) Ip(p3)l, (22)

where P&(cos()) is a Legendre polynomial of order l and
AI are the relative contributions of the polynomials.

For the Monte Carlo simulation of the quasifree ab-
sorption on two nucleons the values for the AI were tak-
en from the experiment. The one-fold differential cross
section of the Monte Carlo simulated 2NA process is
then given by

«2NA
CT 2NAGX

=p~h, (x)I P AIPI(cosg) ld(p3)l'd()dp3 .
I

(23)

2. Absorption on three nucleons (3NA)

This simulation was very simple. The transition matrix
element M3&A is assumed to be constant as supported by
previous works [3,5,7]. The one-fold differential cross
section for the 3NA process can then be written as

d~3NA
Pph (x)~3NA '

dx
(24)

Within the plane wave impulse approximation (PWIA)
the recoil nucleon is assumed to behave like a spectator
[26]. Therefore the transition matrix element contains a

purely nuclear structure element $(p3). This function

P(p3) has been determined in He directly by pion ab-
sorption experiments [1] and with other probes
[21,22,27,28]. The transition matrix element can be
decomposed into

IM»~ I

—IM»A I I &(p3 ) I

If we neglect off-shell effects, MzNA depends only on the
nucleon emission angle and on the initial pion energy.
The final decomposition of M2NA is then given by

TABLE VII. Nucleon-nucleon effective ranges and scattering
lengths for the FSI simulation.

Type of
FSI

Proton-neutron
Neutron-neutron
Proton-proton

Effective
range
(fm)

2.6
2.6
2.66

Scattering
length

(fm)

—23.7
—16.4
—7.7

Reference

[30]
[31]
[32]

IM,...g

I'= IM,...,;..I'f

Fsx(lpga

—
pal ) . (25)

Table VII lists the parameter values for the nucleon-
nucleon effective ranges and scattering lengths used for
the FSI simulation.

4. Initial state in-teraction (ISI)

At the present time there is no clear evidence for
initial-state interactions between pions of less than 300
MeV and three-nucleon systems. Salcedo et al. [33]
point out that a signature of an initial-state interaction as
part of a two-step process would be a peak in the mass
spectrum of the exchanged particle. We have searched
for this signature in both He at 119 MeV [8] and in the
present H data and have found no indication for it. At
higher energy Smith et al. [6] report an angular depen-
dence of the 3NA matrix element, which may be "sugges-
tive of initial-state interactions. " We have ignored
initial-state interactions in our fits.

5. Fit of the absorption processes

To determine the contribution of each Monte Carlo
simulated process, the amplitudes of certain differential
distributions were fitted to the experimental data. The fit

was made with the CERN library program M?NUIT. The
amplitudes of the Monte Carlo simulated processes were

added incoherently. To increase the stability of the fit as

many as three differential distributions were fitted sirnul-

taneously. This guaranteed that a process had to fit

several kinematic variables if g were to be minimized.

Only the amplitudes of the 2NA and 3NA processes were

allowed to vary freely. However, we investigated the
effects on our fits of allowing the presence of simulated

FSI. This will be discussed in the next section.

3. Final state -interaction (FSI)

The final-state interaction can be understood as the
nucleon-nucleon scattering within the limit of zero rela-
tive momentum. It has been shown that FSI can be re-
garded as an enhancement factor of a basic reaction
mechanism. Sometimes this type of treatment is referred
to as "soft" FSI [29]. In the review article by Weyer [9]
there is a summary of how this mechanism can be treated
mathematically.
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IV. RESULTS AND DISCUSSION

In this section we present our experimental results in
H and H and compare then with our findings in He

[1,7]. The results from the quasifree absorption on a nu-
cleon pair (2NA) are presented in the form of differential
(do /d0) as well as integrated cross sections. For the m.+—

3NA results we include selected differential distributions
in addition to the integrated cross sections. The experi-
mental differential distributions are compared with corre-
sponding Monte Carlo simulations.

A. Pion absorption in deuterium

The differential and integrated cross sections of the
H(m+, pp ) and H(n, nn. ) reactions were investigated at

a pion kinetic energy of 119 MeV as a means of checking
the systematic errors of our experiment, particularly the
normalization uncertainty, and of testing the target for
subsequent use with tritium. The m+ results are directly
compared with other experiments found in the literature
[34].

I. The H(m. +,pp ) reaction

The difFerential cross section do/dQ was measured
with three different counter setups covering an angular
range of 25'-85'. It was determined by integrating over
the surface of the E counter, which subtended the entire
distribution of protons coincident with a second proton
in the TOF counter. No acceptance correction had to be
made. Table VIII lists the counter geometries used and
the related pion normalization factor.

The following cuts were applied to the data: (i) particle
separation in the E and TOF counters, (ii) cut on the an-
gular correlation, and (iii) cut on the reaction vertex.

In Fig. 11 the differential cross section in the two-
nucleon center-of-mass system is shown. The open dia-
monds represent data from this experiment. The plotted
errors correspond to the statistical uncertainty only. Our

TABLE VIII. Setups and normalization factor for the

H(vr, pp) reaction at T =119 MeV. The column marked

empty/full target is the ratio of events passing all cuts for
target-empty data relative to target-full data normalized to the
number of incident pions. It is a measure of the signal-to-noise
ratio.

Setup ~EC

(deg)

40.0
55.0
68.4

~TOF

(deg)

120.0
95.0
87.0

0.641
0.521
0.507

Empty/full
target

0.02
0.01
0.01

A2/Ao 1.22+0.02 .
The first error includes only statistical uncertainty; the
second error also includes the systematic normalization
uncertainty (discussed in Sec. III). Figure 11 shows that
our H(m. +,pp) data agree very well with those of Hof-
tiezer et al. [35] for the time-reversed reaction at
T =529 MeV, corresponding to T„=121MeV. The fit
to our data, however, overestimates the differential cross
section for small proton emission angles. The ratio
A 2/A o is somewhat larger than those previously mea-
sured. At 125 MeV Ritchie et al. [36] found a ratio of
1.08(3). At 100 MeV Boswell et al. [37] found a value of
1.07(2).

The total absorption cross section is determined by in-
tegrating dtT/dQ over 4m. (o=2n Ao). T.he integrated
cross section for a+-absorption in deuterium is

o2, +,=12.08+0.06 1.20 mb .H(77+, pp )

In Fig. 12 this cross section is compared with values from

data were fitted with even Legendre polynomials of order
0 and 2. The results of the fit for the amplitudes of the
polynomials are

Ao = 1.92+0.01+0.19 mb,

A2 =2.35+0.02+0.24 mb,

119 MeY e zH (tr.+, pp)
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FIG. 11. The differential cross section of the H(m. +,pp ) reac-
tion at T =119 MeV. The open diamonds refer to our data
whereas the solid circles show the T =121 MeV (T~=529
MeV) data of Hoftiezer et al. [35] for the reaction 'H(p, tt+d).
The solid line is the fit to our data.

FIG. 12. The integrated H(~+,pp) and H(n. , nn) cross
sections as a function of pion energy. The solid circles refer to
our m. + cross section at 119 MeV; the solid square, to our ~
data. Other experimental values (open diamonds) are taken
from the data collection of Laptev and Strakovsky [34]. The
solid curve is a parametrization of these data by Bystricky et al.
[38].
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TABLE IX. Correction and normalization factors for the H(n. , nn) counter setups for T =119
MeV. The entry NA means that no empty-target data are available.

Setup OTQF2

(deg)

40.0
77.5
55.0

~TQF3

(deg)

120.0
77.5
95.0

10 'N

2.282
3.996
1.970

59.9
62.1

61.7

Empty/full
target

0.02
0.03
NA

other experiments for the same and for the inverse reac-
tion. The agreement with other data is quite good.

2. The H(~, nn ) reaction

Prior to this work there had been no published experi-
mental study of this pion absorption channel in Aight in
deuterium. Although this present work was not intended
to be a precision test of isospin symmetry, it does allow a
first direct comparison with the H(~+,pp) channel. We
studied ~ absorption in deuterium with 119-MeV pions.
The dift'erential cross section (do /d Q) was determined
within an angular range 35'—90 . For each counter setup
the empty-target contribution was subtracted from the
full-target data. The differential cross section do. /dQ
was transformed to the two-nucleon center-of-mass sys-
tem.

Table IX lists the three counter setups used to deter-
mine the differential cross section do. /d 0 and the related
correction and normalization factors. The acceptance
corrections are within the range 1.4—1.8.

The following cuts were applied to the data: (i) particle
separation in both TOF counters, (ii) cut on the threshold
in both TOF counters, (iii) cut on the angular correlation,
and (iv) cut on the expected energies in both counters. In
Fig. 13 the angular distribution in the two-nucleon
center-of-mass system is shown. The error bars indicate
only the statistical uncertainty. The data were fitted with
Legendre polynomials of order 0 and 2. The result of the
fit is

Ao = 1 ~ 60+0.01+0 37 mb

A q
= 1.75+0.05+0.40 rnb

A 2 / A 0
= 1 ~ 09+0.03

The total absorption cross section for the H(m. , nn ) re-
action is

a( 2H )
=10.05+0.06+2.31 mb .

For comparison the data (open circles) of Hoftiezer et al.
[35] for the reaction 'H(p, n+d } a.t Tz =529 MeV, which
correspond to T =121 MeV, are shown. There is good
agreement between the experiments over the similar
range of angles.

In Fig. 12 our value for cr2, ,
is compared to the

data collection of Laptev and Strakovsky [34] for the
pp

—m+ H reaction. There is no significant difference
between our integrated m and m+ cross sections. This is
what one expects from the isospin invariance of the
strong interaction. The experimental ratio for A 2/A o of
1.09+0.03 is in good agreement with the measured
values of Ritchie et ttl. [36] and Boswell et al. [37] for the
H(n+, pp) reaction. The agreement with our value for
A2/Ao for the isospin symmetric reaction H(m+, pp } re-
ported above is less good.

Nefkens et ttl. [39] have also studied the reaction
H(~, nn ). Their preliminary results indicate no

significant difference between the integrated cross sec-
tions for H(~+,pp) and H(n, nn ). They find that the
cross sections for pion energies between 142 and 254
MeV are equal to within 10% in all cases.

5 B. Pion absorption in tritium

119 MeV ~ 2H(m, nn)

o 'H(p, a+d)

E
Q 2

CJ

$ o

y$o

0
0 40 80 120 160

FIG. 13. The differentia cross section d o./d 0 of the

H(m, nn ) reaction (solid circles). The open circles correspond

to the data of Hoftiezer et ttl. [35] for the reaction 'H(p, rr+d ).

The H(~+, dJP ) reaction channel

The H(m+, dp ) reaction was measured in parallel with
the H(~+,pp)n channel for three pion kinetic energies:
119, 206, and 300 MeV. The geometrical setup of the
counters and the pion normalization factors are listed in
Table X. For the 300 MeV measurement we used TOF2
placed at 4 m instead of the E counter. The TOF counter
was TOF3.

The analysis of this absorption channel is similar to
that of the H(rr+, pp) reaction channel. In addition to
the cuts used in the analysis of the H(rr+, pp) reaction
channel, the following cuts were imposed: (i) cut on the
expected energy in both spectrometers, and (ii) cut on the
threshold in the TOF counter. The deuteron or the pro-
ton emission angle was determined with the TOF
counter. No empty target contributions were subtracted
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TABLE X. Setups and normalization factors for the 'H(~+, dp ) reaction.

Setup

I
II
III

EC
(deg)

40.0
64.3

111.0

~TOF

(deg)

118.0
87.0
50.0

dTOF
(m)

T =119 MeV
3
3
4

0.403
0.465
0.835

Empty/full
target

& 0.01
& 0.01
& 0.01

XV
XVI

111.0
64.3

45.0
86.0

T =206 MeV
4
3

0.298
0.903

&0.01
& 0.01

XXII
XXV

45.0
65.0

105.0
80.0

T =300 MeV
4
4

1.610
2.870

& 0.01
&0.01

10

~ 3H(~+,dp)
~ 119 MeV

10

3H(~+,dp)
~206 Mev

10
s H(sr+, dp)
300 MeV

10

io-
ii
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0 80 160
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FIG. 14. The differential cross section du jdQ of the reac-
tion H(m. +,dp). The solid circles correspond to our measure-
ment. The open squares at 119 and 206 MeV refer to the mea-
surements of the inverse reaction H(p, m.+) H, which are refer-
enced in the text. At 300 MeV the open squares indicate the
data of Kallne et al. [43] for the isospin symmetric reaction
He(m, dn ).

because they were below the l%%uo level. The angular dis-
tributions were transformed to the deuteron-proton
center-of-mass system.

The differential cross sections d tr /d 0 were determined
at three energies and are shown in Fig. 14. At T =119
MeV our data (solid circles) are compared to those of
Lolos et al. [40] (open squares) and Aslanides et al. [41]
(open triangles) (T =129 and 137 MeV, respectively) for
the inverse reaction. No disagreement can be found. At
T =206 MeV our results are compared with the results
of Silverman et al. [42] (open squares) for the inverse re-
action, which were measured at T = 196 MeV. For large
angles there seems to be a discrepancy, whereas the
agreement at smaller nucleon emission angles is good.
Figure 14 also shows a comparison of our data at 300
MeV with those of Kallne et al. [43] (open squares) for
the isospin symmetric reaction He(n, dn). .These were
measured at T =295 MeV.

Generally, the agreement between our pion absorption
and the pion production data is good. The shape of the
differential cross section der/dQ is very similar for all
three pion kinetic energies.

2. Quasifree absorption on a nucleon pair (2NA)

Isoscalar absorption was investigated via the
H(n. , nn)n and H(n. +,pp)n reactions. Isovector ab-

sorption was studied using the H(n. +,pn )'H reaction.
The 2NA process dominates the region of phase space

where the opening angle between the two nucleons in
their center-of-mass system (CMS) is essentially 180'.
The smearing out of the 180' correlation is caused by the
Fermi motion of the spectator nucleon.

In general, events were rejected with a spectator recoil
momentum in the laboratory of larger than 150 MeV/c
and the results were correspondingly corrected. The
reason for this cut was to suppress large amounts of 3NA
contributions because the latter becomes dominant over
the 2NA contribution for recoil momenta above 200
Me V/c.

Differential as well as integrated cross sections are
presented. Where possible, a comparison with the data of
other authors is made.

3. m isoscalar 2NA: ~H(~, nn )n

This reaction was studied at 119MeV with the two set-
ups (Table XI) covering an angular range 30'—100'. The
angular distributions were corrected for empty-target and
for 3NA contributions. The latter were determined using
a Monte Carlo simulation normalized to the m. 3NA
cross section measured with a 3NA configuration (dis-
cussed in Sec. III F).

The measured momentum distribution of the spectator
neutron appears in Fig. 15 together with the simulated
3NA contribution (solid line). It is clear that the correc-
tion for 3NA to the ~ absorption on the isoscalar
(I=0) pair is not critical. The observed enhancement in
the momentum distribution at about 330 MeV/c has been
identified as due to a neutron-neutron final-state interac-
tion, as indicated by a Monte Carlo simulation including
a FSI.

Figure 16 shows the Dalitz plot and its projections for
a typical 2NA sensitive counter setup (XVII, in Table
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TABLE XI. Normalization factors for the 2NA 'H(n. , nn )n counter setups.

Setup

XVII
XX

~TOF2

(deg)

45.0
89.0

9TOF3

(deg)

115.0
65.0

d TOF2

(m)

T =119 MeV
4
3

dTOF3

(m)

3.417
5 ~ 196

Empty/fu11
target

0.08
0.09

(26)

assuming that the spectator nucleon is in a relative s-state
to the absorbing nucleon pair. Our resulting five-fold
differential cross section is then given by

d CT

dQdQ1d O,d Qzdp3
(27)

with p~h, being the phase-space factor, P(8) a function
that depends on the neutron emission angle, and P(p3)
the nucleon momentum probability density. Integration
of the five-fold differential cross section over dQ& and
d Qz over the surfaces of the two detectors and division

XI). All events are located inside a band characterized
by the acceptance of the counter setup.

Clearly visible is the concentration of events in the
2NA peak. It is located in the region where the energy of
the third (undetected) nucleon is small. Neutron-neutron
final-state interaction peaks are also visible and are
marked with FSI„„ in the Dalitz plot. The part of the
Dalitz plot where all three nucleons share a comparable
amount of energy (3NA) is not subtended by this counter
setup.

That the observed absorption process is actually quasi-
free, leaving the third nucleon unaffected, is shown by the
experimentally measured momentum distribution of the
spectator. In the plane-wave impulse approximation, the
transition matrix element for the 2NA process can be fac-
tored out:

by the phase-space factor lead to a differential cross sec-
tion which depends only on IP(p3)l, the (Fermi) momen-
tum probability density of the spectator nucleon.

Figure 17 shows the (Fermi) momentum probability
density of the spectator neutron in tritium measured with
the H(n. , nn)n 2NA reaction with and without correc-
tion for the 3NA contribution. The error bars reflect
only the statistical uncertainty.

At the present time no experimentally measured neu-
tron (or proton) momentum probability density in H is
reported in literature. Therefore our data are compared
with the proton momentum probability densities in He
deduced from the electron breakup experiments of Jans
et al. [21,22]. Fits to the two-body and three-body
breakup data are shown in the figure by the dashed and
solid lines, respectively. Our data are in better agreement
with the three-body breakup data than with the two-body
breakup data, although the shape of our measured distri-
bution differs slightly at around 80 MeV/c.

The differential cross section do. /d0 at T =119MeV
is shown in Fig. 18. The error bars contain only the sta-
tistical error. The data were fitted with Legendre polyno-
mials of order 0 and 2. The results of the fit are

A p
=2. 19+0.09+0.50 mb

A~ =2. 13+0.12+0.SO mb,

A z/Ao =0.97+0.07
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FIG. 15. The recoil momentum distribution of the neutron
spectator in the H(~, nn )n reaction. The crosses represent
our data. The solid line indicates the Monte Carlo simulated
3NA phase-spacelike contribution. The vertical dotted line at
150 MeV/c indicates the momentum cut used in determining
the 2NA cross section.
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FIG. 16. Dalitz plot with its projections for the 'H(~, nn )n

quasifree absorption process of a m. on two nucleons. 2NA,
quasifree absorption on two nucleons; FSI, final-state interac-
tion of two neutrons after absorption.
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The Az/Ao ratio is in reasonable agreetnent with the
value of 1.08 from the free channel H(tr+, pp) measured
by Ritchie et al. [36]. The integrated absorption cross
section for the 2NA process was found to be

0 3H(
—

)
= 13.8+0.6+3.6 mb

The H nucleus has 3pn pair—s in an isoscalar (I=0) state.
Therefore, we naively expect an absorption cross section
to be about —,

' times the cross section for the reaction
H(tr, nn ). The ratio of our measured cross sections for

these reactions is

) =1.37+0.18 .
02H(m, nn)

(28)

The error includes the uncertainty of the measured pion
flux, the density of the target and the error of the accep-
tance corrections. In Fig. 18 our differential cross section
for the reaction H(m. , nn ) multiplied by a factor of 1.5
is compared with the 2NA difFerential cross section for
the reaction 3H(rr, nn )n The ag.reement is remarkably
good. There seems to be a disagreement only for small
neutron-emission angles. This is probably due to large
acceptance corrections at extreme angles.

FIG. 17. The experimental momentum probability density of
the recoil neutron from H(m. , nn)n 2NA with (solid circles)
and without (open diamonds) correction for the 3NA contribu-
tion. The solid and dashed lines are fits by the eye to the three-
and two-body electron scattering data of Jans et al. [21,22].

FIG. 18. The di6'erential cross section do/dQ for the
'H(~, nn)n 2NA data. The solid circles correspond to our
measurement at T =119 MeV. The solid line is the fit to the
data (solid circles). The open circles are our H(m. , nn ) data
scaled by a factor of 1.5.

If pion absorption displays isospin symmetry and if
Coulomb corrections are neglected, then one expects that
the ratio of the cross sections for the reaction
H(m, nn )n. to that for He(m. +,pp)'H should equal uni-

ty. In Table XII we compare these isospin symmetric re-
actions and list the ratio. This turns out to be not
significantly different from one.

4. ~+ isoscalar ZNA: ~H(m+, pp)n

The quasifree absorption of a n.+ on an isoscalar
(I=O) pn pair in H was investigated at T„=119,206,
and 300 MeV. The setups used are summarized in Table
XIII. Normally the detector labeled EC in the table was
the E counter. However, for the 300 MeV measurements
we used the TOF2 counter located at 4 m instead of the E
counter because the latter was not thick enough to stop
the high-energy protons. The other counter used (labeled
as TOF in the table) was TOF3.

Only the four blocks from the middle row of the E
counter were used for this analysis. The angular distribu-
tions were corrected for the empty-target and the 3NA
contributions. The momentum distribution of the specta-
tor neutron is shown in Fig 19(a). T.he solid curve shows
the Monte Carlo simulated 3NA contribution, which was

TABLE XII. Measured cross sections and ratios for isoscalar 2NA in H (this measurement) and
'He [1].

~ (mb)

'H(~+, pp)n

14.8(21)

H(m, nn )n

13.8(36)

'He(~+, pp )p

17.3(20)

1.07(31) 0.80(21)

0.86(16)

206 o. (mb) 10.4(14) 13.0(17)

0.80(15)
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FIG. 19. The recoil momentum distribution of the nucleon
spectator for the (a) H(m. +,pp)n and the (b) H(~+,pn )'H reac-
tions. The two figures show data from identical kinematic set-

ups (IIIa and IIIb, Table XIII). The crosses indicate our data.
The solid lines mark the 3NA contribution. Also shown in this
figure is the cut on the recoil momentum at 150 MeV/c, which
was used in determining the 2NA cross sections.

normalized with the 3NA cross sections given in Table
XVIII as measured with a 3NA configuration. It is clear
that the correction for the 3NA contribution to m+ ab-
sorption on an isoscalar (I=0) pair is negligible. The ex-
cess of events between our data and the simulated 3NA
contribution at about 300 MeV/c is undoubtedly due to
the proton-neutron final-state interaction, which can be
reproduced within a Watson-Migdal formalism [29]. A
Monte Carlo simulation including FSI „predicts
enhancements at p3 =225 and 325 MeV/c. Our momen-
tum cut at 150 MeV/c used in determining the 2NA
cross sections eliminates these contributions from FSI as
well as those from 3NA.

Figure 20 shows a Dalitz plot and its projections, mea-
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FIG. 20. A Dalitz plot with its projections for the
'H(m. +,pp)n 2NA process using setup IIIa, Table XIII. The ki-
netic energy of each detected proton is plotted.

sured at a pion kinetic energy of 119 MeV in setup IIIa of
Table XIII. As in Fig. 16 all events are located within a
band characterized by the acceptance of the counter set-
up. Clearly visible is the concentration of events in the
region of the 2NA reaction.

The Dahtz plot is totally dominated by the 2NA peak
and there is no clear signal for a proton-neutron final-
state interaction (FSI~„). Such a proton-neutron final-

state interaction was reported for the He(n, pn )n .mea-
surement [44,45]. There this FSI is easily seen because it
competes with the weak isovector (I= I ) 2NA absorption
of the ~ on a proton pair. In the present case the

TABLE XIII. Setups and normalization factors for the H(m+, pp)n and the H(m, pn )'H 2NA re-
actions.

Setup ~EC

(deg)
TOF

(deg)

d TOF

(m)

10 'N Empty/full
target

Ia
IIa
IIIa

40.0
64.3

111.0

H(n+, pp )n, T = 119 MeV
118.0 3
87.0 3
50.0 4

0.403
0.465
0.835

0.03
0.04
0.06

Xva
XVIa

111.0
64.3

H(m+, pp)n, T =206 MeV
45.0 4
86.0 3

0.298
0.903

0.05
0.02

XXII
XXV

45.0
65.0

3H(m+, pp)n; T„=300 MeV
105.0 4
80.0 4

1.610
2.870

0.02
0.04

Ib
IIb
IIIb

40.0
64.3

111.0

'H( m. +,pn ) 'H; T„=119 MeV
118.0 3
87.0 3
50.0 4

5.690
5.315
5.144

0.05
0.06
0.05

Xvb
XVIb

111.0
64.3

H(m. +,pn)'H, T„=206 MeV
45.0 4
86.0 3

5.609
11.345

0.13
0.11
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FIG. 21. The experimental momentum probability density of
the recoil neutron from H(m+, pp)n 2NA. The solid and the

open circles denote respectively the distribution with and

without corrections for 3NA contributions. The solid and

dashed lines are fits by the eye to the three- and two-body elec-

tron scattering data of Jans et al. [21,22].

FIG. 22. The differential cross sections do. /dQ for the
H(~+,pp)n 2NA data at three pion kinetic energies. The solid

circles correspond to our data. The solid line is the Legendre
polynomial fit to order 2.

proton-neutron FSI process is weak compared to the
strong isoscalar (I=0) absorption peak.

Figure 21 shows the measured momentum probability
density of the spectator neutron using the same data
shown in Fig. 19(a). There is good agreement over two
orders of magnitude between our data corrected for the
3NA contribution and the proton-momentum distribu-
tion in He from the three-body breakup electron scatter-
ing data. This result confirms our findings for the neu-
tron momentum probability density deduced from our
H(n, nn )n 2NA data.

In He the proton momentum probability density de-
duced in the measurement of 2NA in the reaction
He(m+, pp)'H is also well described by the three-body

breakup electron scattering data [1]. We may therefore
conclude that the momentum probability densities for
neutrons in H and protons in He are essentially the
same, as expected from isospin symmetry. Our data are
most sensitive in the momentum range 20-200 MeV/c.
For momenta higher than 200 MeVlc, contributions
from processes other than 2NA become dominant.

In Fig. 22 the differential cross sections der/dQ of the
H(n. +,pp)n 2NA process are shown for three different

pion energies. The data points contain only the statistical
error. The data are corrected for 3NA contributions.
The 3NA cross sections used for this correction are listed

in Table XVIII. I.egendre polynomials of order 0 and 2
were fitted. The results of the fits are summarized in
Table XIV.

The present reaction cannot be compared directly with
the isospin symmetric He reaction because the absorp-
tion reaction He( n, nn )'.H has never been measured in
flight. However, a comparison with the 2NA process
He(n+, pp)'H and H(m, nn)n is interesting since in

both reactions quasifree absorption on a proton-neutron
pair is measured. Although it is not isospin symmetric in
terms of all particles, it is isospin symmetric in terms of
the particles participating in the 2NA. The only
difference is that in one case the spectator is a proton; in
the other case it is a neutron. One expects that the quasi-
free absorption cross sections should be identical since H
and He contain the same number of quasideuterons
(N= —', ). Table XII lists the experimentally measured ra-
tios for these two reactions. In no case is the ratio
significantly different from 1.

The energy dependence of the cross sections for iso-
scalar 2NA in H is shown in Fig. 23, including also data
from He. Our 2NA H(n+, pp)n and. H(n. , nn )n cross
sections are in reasonable agreement with the
He(n. +,pp)'H 2NA cross sections. For comparison we

include the parametrization (solid line) of the free
H(m+ pp ) reaction of Bystricky et al. [38] scaled by 1.S

TABLE XIV. Results of the fits for the 'H(m+, pp)n 2NA reaction. The first number in parentheses

indicates the number of the fit; the second number in parentheses includes all systematic uncertainty
(13-14%as listed in Table V).

T.
(MeV)

119
206
300

Ao
(mb)

2.35( 1)(21)
1.65( 1 )(22)
0.44(5)(5)

A2
(mb)

2.70(4)(38 )

1.88( 1 )( 16)
0.43(6)(6)

A2/Ao

1 ~ 15(2)
1.14(1)
0.99(10)

~2NA

(mb)

14.8( 1)(21)
10.4( 1 )( 14)
2.8(3)(3)
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mined at three pion kinetic energies. It is found that the
cross section is (93+5)% of the H(vr, nn )n cross sec-
tion at 119 MeV and (83+15)% of the He(m'+, pp)'H
cross section between 119 and 206 MeV. The energy
dependence of the H(m. +,pp)n 2NA absorption process
is well described by the free (vr+d=pp) energy depen-
dence if the cross sections are scaled by the factor
1.36+0.13.

5. ~+ isouector 2NA: H(m+, pn) H

I I

100 200
I I

300 400

T& [MeV]

I
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FIG. 23. The energy dependence of isoscalar absorption for
A =3 nuclei. The solid circles indicate our 'H(m+, pp)n cross
sections; the solid square corresponds to our H(~, nn )n data.
The open circles denote our isospin symmetric 'He(m+, pp}'H
data published in Weber et al. [1]. The open squares are the
TRIUMF 'He{a.+,pp)'H data of Aniol et al. [5]. The open tri-

angles indicate 'He(n. +,pp)'H data taken from other authors:
T =37 MeV [50] (TRIUMF); 165 MeV [51] (LAMPF); 350 and

500 MeV [6] (LAMPF). The solid line is a parametrization [38]
of the excitation function for the reaction H(m. +,pp) multiplied

by a factor of 1.5. The dashed line is the same curve but shifted

by 10 MeV.

(the number of quasideuterons in the A =3 nuclei) as a
function of energy. In general, all data for A =3 nuclei
in Fig. 23 are compatible with a ratio of 1.5+0.2. If one
considers only the tritium data, then the average mea-
sured ratio is 1.36+0.13. For our He(tr+, pp )'H data [1]
the ratios to deuterium are (systematically) slightly
higher, showing an average ratio of 1.56+0. 13.

The observed scaling of the 2NA cross section with the
number of quasideuterons is surprising if one bears in
mind that the wave functions of the absorbing pairs in
the free deuteron and the A =3 nuclei are quite different.
On the other hand, it is the short-range part of the nu-

clear wave function which is tested by the absorption re-
action and this part is quite similar for the deuteron and
the A =3 nuclei [46].

There is a calculation by Ohta, Thies, and Lee [47],
which uses the phenomenological Hamiltonian of Betz
and Lee [48], to describe the basic absorption process.
The many-body effects on the two-body absorption mech-
anism were determined using Faddeev wave functions.
They find that absorption on a quasideuteron in He is
enhanced by 15' only, as compared to the physical
deuteron.

Gugelot [49] has proposed to take into account a
binding-energy correction in the description of quasifree
reactions. It can be estimated that the binding of the two
absorbing nucleons results in a lowering of the effective
pion energy of the order of 10 MeV. At the top of the
resonance this effect is negligible but at higher energies it
results in an improved 2NA description of the data (see
Fig. 23).

To summarize, the integrated H(sr+, pp)n cross sec-
tion for the 2NA absorption reaction has been deter-
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FIG. 24. The Dalitz plot of the 'H(m+, pn )'H 2NA process.
The three-nucleon center-of-mass kinetic energy of the proton is

plotted versus that of the neutron. The peak indicating a
proton-neutron FSI is indicated by FSIp„. The label FSIpp indi-

cates where the effects of a proton-proton FSI should appear.

The quasifree (2NA) absorption of a pion on an isovec-
tor (I=1) neutron pair was studied at two pion kinetic
energies: T„=119and 206 MeV. The differential as well

as the integrated cross sections were measured with the
same counter setups (Table XIII), which were used in the
study of the H(m+, pp )n 2NA reaction.

In Fig. 24 the Dalitz plot and its projections are shown
for counter setup Ib, where the proton is detected in the
forward direction (25' —55') and the neutron in the back-
ward direction (100'—136').

In addition to the 2NA peak a clear signature for a
proton-neutron final-state interaction FSI „was found.
No clear signature for a proton-proton final-state interac-
tion FSI is visible. A simulation of the proton-proton
final-state interaction, as described elsewhere [19], leads
to an enhancement factor that peaks at 50 MeV with a
FTHM of =25 MeV. Around 50 MeV a slight sugges-
tion of a peak in the projection on the T' axis is visible.
The fact that the experimental indication for proton-
proton soft final-state interactions is much weaker than
for the proton-neutron case is readily explained by
Coulomb repulsion. A quantitative determination of the
strengths of the two types of FSI has not been made.

Figure 25 shows the momentum probability density of
the spectator proton. This distribution was deduced us-
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FIG. 25. The experimental momentum distribution of the

recoil protons from 'H(~+, pn )'H 2NA. The solid and open cir-

cles denote, respectively, the distributions with and without

corrections for 3NA contributions. The solid and dashed lines,

respectively, are the theoretical neutron n( He) and proton
p('He) momentum probability densities in He calculated by

Schiavilla et al. [24]. The dotted line corresponds to a fit of the

three-body electron breakup data of Jans et al. [21,22] in 'He,

which should approximate the proton probability density in

He.

ing counter setup IIIb, where the proton was detected in

the backward direction, and the neutron, in the forward
direction. The rather sizeable correction for 3NA can be
seen in Fig. 19(b), showing the same data. There, the in-

tegrated 3NA cross section is comparable to the 2NA
cross section for absorption on an isovector nucleon pair.
The advantage of this position is that the strong proton-
neutron FSI peak is kinematically well separated from
the 2NA signal. The excess of measured events relative
to the simulated 3NA contribution above 300 MeV/c in

Fig. 19(b) is attributed to the proton-neutron FSI. The
corresponding enhancement for a proton-proton FSI is
expected at a spectator momentum of 220 MeV/c with a
FWHM of 70 MeV/c. There is no indication of an
enhancement there. On the other hand the proton-
neutron FSI shows up very clearly.

The dotted line in Fig. 25 shows the neutron momen-
tum probability density expected in tritium (assuming
that it is the same as the proton probability distribution
in He), taken from a fit to the three-body breakup of He
by electrons [21,22]. The solid line shows the theoretical

FIG. 26. The differential cross section d cr /d Q of the

H(m+, pn )'H 2NA reaction at two pion kinetic energies as a

function of proton angle. The solid circles correspond to our
measurement. The errors are purely statistical. The solid lines

represent the fits to our data.

proton (neutron) momentum probability density in H
( He) calculated by Schiavilla et al. [24]. There is poor
agreement between our deduced proton momentum prob-
ability density in H and either of these two curves. Our
deduced distribution drops off less rapidly with increas-
ing spectator momentum. The precision of our high mo-
menta data does not allow a more definite conclusion.

The differential cross section do/dQ of the 2NA
H(mr+, pn }'H reaction is shown in Fig. 26. The data

were corrected for 3NA contributions using the 3NA
cross sections listed in Table XVIII. The error bars
reAect the statistical error only. The differential distribu-
tion was fitted with Legendre polynomials of order 0, 1,
and 2. The resu1t of the fits for this experiment as we11 as
those from the isospin-symmetric reaction in He [1] are
shown in Table XV. At T =119MeV three counter set-

ups were used. At 206 MeV only two counter setups
were used, covering a smaller angular range. At 300
MeV our statistical accuracy is inadequate to determine
the differential cross section and the integrated cross sec-
tion is given only.

In Fig. 27 we show the energy dependence of the am-
plitudes of the Legendre polynomials for the isospin sym-
metric reactions, H(m+, pn )'H and He(n. ,pn )n Ao is.
directly related to the cross section (o =4' Ao). Just for

TABLE XV. Legendre-polynomial fit of the diff'erential cross section for the H(rr+, pn)'H and He(tr, pn)n [1] 2NA reaction.

The first value in parentheses denotes the statistical error of the fit. The second value in parentheses accounts for the total systematic

error.

Reaction

H(~+,pn )

He(m, pn )

H(m+, pn )

H(m, pn )

T
(MeV)

119
119

206
206

121(5)(18)
86(3)(13)

65(1)(10)
73(3)(14)

(pb)

47(8)(8)
—66(13)(13)

28(3)(4)
—14(5)(5)

201( 12)(34)
144(9)(22)

107(2)(17)
119(7)(23)

a, /A,

1.66(12)
1.68(12)

1.64(4)
1.64(12)

~2NA

(mb)

1.52( 6)(26)
1.08(4)( 16)

0.81( 1 )( 13 )

0.92(4)( 18)
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comparison its energy dependence is shown with that of
the cross section for the reaction H(m. +,pp) arbitrarily
scaled by a factor of 0.10. The isovector absorption
coeScients show only a slight tendency to follow the en-
ergy dependence of the deuterium absorption cross sec-
tion. This suggests that the 5 resonance plays no dom-
inant role in isovector absorption in either He or H.

The behavior of the even amplitudes A2 and Ao is
similar for both reactions. Both amplitudes exhibit a
slight tendency to peak around 140 MeV. The behavior
of the odd amplitude A, is different in that its sign
changes for the isospin symmetric reaction. The He
data indicate that the magnitude of A, has the same en-

ergy behavior as the even amplitudes. The H data, mea-
sured at only two energies, show the same trend.

The change in sign of the A& amplitude under charge
conjugation is a reflection of the fact that the outgoing
neutron and proton are interchanged. Hence the angle of
the proton relative to the beam becomes the supplemen-
tary angle under charge conjugation. All odd I.egendre
polynomials describing the proton angular distributions
must change sign.

One of the most important results of Table XV is the
fact that the ratio A2/Ao is independent of energy and
target, a feature seen also in isoscalar (I=0) absorption.

In general, the situation is quite similar to that in He,
where for isovector absorption the dominant 5N partial

P i i i i » 1PP 0 I I I I I j

0 120 240 0 120 240 0 120 240
T~ [MeV]

FIG. 27. The energy dependence of isovector absorption fit
amplitudes for A =3 nuclei. The solid circles correspond to our
'H(m. +,pn)'H 2NA data. The open symbols correspond to
He(m, pn )n 2NA data taken at PSI (circles) [1], at TRIUMF

(squares) [5], and at LAMPF (triangle) [51]. The solid line is the
energy dependence of the free reaction H(m+, pp) arbitrarily
scaled by a factor of 0.10.

wave S2 is forbidden, by quantum numbers, and weaker
higher-order hN and N'N partial waves become visible

[9].
To summarize, the differential as well as the integrated

cross section for the quasifree absorption of a m+ on a
neutron-neutron pair for two different pion kinetic ener-
gies have been determined. The energy dependence of
the cross section is similar to the isospin-symmetric ab-
sorption of a m on a proton-proton pair observed in
He. The ratios of A p / A p for both isospin symmetric re-

actions are equal within the error bars. The change in
sign of A

&
can be attributed to the isospin conjugation

operation. A clear indication is found for a proton-
neutron final-state interaction, whereas no signal for a
proton-proton final-state interaction is found.

6. The 3NA reaction

In tritium, the following reactions are possible:

(1) n H~nnn
and

(2) ~+ H~ppn .
Reaction (1) has been measured at T =119 MeV,
whereas reaction (2) was investigated at T =119, 206,
and 300 MeV.

We have determined the 3NA cross section using two
methods: (a) sampling and (b) wide angular range
differential fit (wide-range fit).

The sampling technique involved using configurations
of detectors, where the opening angle was at least 200',
which is at least 50' larger than the 2NA opening angle.
Each detector subtended approximately 1% of the total
solid angle. The cross sections determined in such posi-
tions were extrapolated throughout the complete phase
space to obtain the 3NA absorption cross section. This
method had been applied successfully in our He studies
[3,4,7].

As a check we also made a series of measurements
holding one detector fixed and varying the position of the
other detector over a wide angular range. At least one
configuration favored 2NA and at least one, 3NA. The
resulting differential distributions were fitted to deter-
mine the relative contributions of 2NA and 3NA and
compared with Monte Carlo simulations of different reac-
tion mechanisms. The results of both methods were corn-
pared with one another and with the isospin symmetric
He reactions.

7. The m H~nnn 3NA cross section

This cross section was measured using the counter set-
ups given in Table XVI. By practical reasons, the mea-

TABLE XVI. Normalization factors for the 3NA H(m, nn )n counter setups.

Setup

XVII
XVIII
XIX

6 TOF2

(deg)

45.0
77.0

110.0

TOF3

(deg)

115.0
115.0
115.0

d TGF2

(m) (m)

10-"N.

3.417
14.248
8.300

Empty/full
target

0.08
0.31
0.67
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120—
H(tt. , nn)n

119 MeV

80—
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I= 40
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~neutron [MeV]
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FIG. 28. The neutron energy distribution measured by TOF2
in position XIX. The solid line shows the Monte Carlo simulat-
ed energy distribution for pure 3NA. The errors indicate sta-
tistical uncertainty only.

surements were favoring planar kinematics. Integrated
cross sections were obtained using the assumption of an
angle-independent 3NA transition matrix.

For the determination of the 3NA cross section by the
sampling method, a counter setup was selected where
both spectrometers were located in the backward direc-
tion (position XIX). In Fig. 28 the distribution of the ki-
netic energy of the neutrons detected in TOF2 is shown.
The indicated errors are the statistical errors of the full-
target data corrected for the empty-target contribution.
Because of low statistics, due to the measurement of coin-
cident neutrons, the errors are very large. The descrip-
tion of the data by a 3NA Monte Carlo simulation is
reasonably good. The sampling method for determining
the 3NA cross section from the total number of events
for this counter position leads to a value for o.

3NA of

&3N+('H( tr, «)~ )=2.0+0.3+0.4 mb

The first error accounts for the statistical error; the
second includes systematic uncertainty.

In addition, the wide-range method was used to deter-
mine the differential cross sections. The position of the
TOF3 counter was not changed and subtended for each
setup an angular range of 97 to 133 . On the other side
of the target the TOF2 counter covered an angular range
of 30 to 128'. Setup XVII involved using conjugate an-

gles, which favored 2NA.
The experimental spectra were fitted with a linear com-

bination of the Monte Carlo simulated distributions cor-
responding to 2NA, 3NA, and FSI processes mentioned
in Sec. III F. Only the amplitudes of the 2NA and 3NA
contributions were allowed to vary and were added in-
coherently.

Three differential distributions were fitted simultane-
ously. Figure 29 shows the result of the incoherent am-
plitude fit of the 2NA with the 3NA process. The
differential distributions of the laboratory momentum
and the laboratory angle of the undetected neutron as
well as the opening angle of the two detected nucleons
are plotted. The solid line marks the result of the fit.
The small variation of the fit lines rejects the statistical
error of the Monte Carlo simulation. An attempt was
made to fit these data by adding the difFerent processes
coherently by allowing the relative phase of the 2NA and
3NA amplitudes to vary also. There was no significant
change in the fit results suggesting that there are no ap-
preciable interference effects between the 2NA and the
3NA process for vr absorption at this energy in tritium.
The 3NA cross section (2.4+0.4 mb) found with this
wide-range-fit technique agrees very well with the one de-
duced by the sampling method.

8. The m+ H~ppn 3' cross section

The three-nucleon absorption of a m. + was measured at
T =119,206, and 300 MeV. Table XVII lists the setups
and pion normalization factor used. At 300 MeV we

dx = 10 MeV/c

Ip2 = sH(~, nn}n
19 MeV

1 0 3

dx =4'
10

sH(7r, nn)n
119 MeV

10

10' =

10-3

dx=4

H(~, n

119 Me

c 10-4 =3NA
X0

10
[-
r

10 6
I I

0 200 400 600
ps [MeV/c]

10

3NA';

0 60 120 180
Os [deg]

10

10

10

10 7

0
I I I I I I I

60 120 180
8, 2 [deg]

FIG. 29. Differential cross sections dn/dx for the reaction H(m. ,nn)n at T =119 MeV. The variable dx corresponds to the
momentum p3 of the spectator neutron, to the laboratory polar angle 03 of the spectator relative to the beam axis and to the opening
angle 0& 2 between the measured nucleons in the center-of-mass system. The solid line is the 6t to the data of the sum of a Monte
Carlo simulated 2NA and 3NA including FSI. The dashed line indicates the contribution of 3NA alone.
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TABLE XVII. 3NA setups and normalization factors for the H(m. +,pp)n and the 'H{~+,pn)'H
3NA measurements.

Setup EC
(deg)

~TOF

(deg)

d TOF

(m)

10-"W. Empty/fu11
target

IIIa
VIIa
VIIIa

111.0
111.0
111.0

'H(m. +,pp)n, T„=119MeV
50.0 4
78.0 3

110.0 3

0.835
2.131
6.529

0.06
0.30
0.79

XVa
XIIIa
XXIa

111.0
111.0
111.0

H{m+,pp)n, T =206 MeV
45.0 4

100.0 3
77.0 3

0.298
5.877
4.673

0.10
0.67
0.71

XXIII
XXIV

77.0
110.0

'H{~+,pp)n, T.=300 MeV
105.0 4
105.0 4

8.88
19.10

0.31
0.25

IIIb
VIIb
VIIIb

111.0
111.0
111.0

H(m+, pn )'H, T = 119 MeV
50.0 4
78.0 3

110.0 3

5.144
8.387

10.611

0.05
0.20
0.50

XIIIb
Xvb

111.0
111.0

'H(~+, pn)'H, T„=206 MeV
100.0 3
45.0 4

5.877
5.609

0.57
0.30

XXIV 110.0
'H(m+, pn)'H, T =300 MeV
105.0 4 19.10 0.19

50
H(m+, pp}n

119 MeV
4o - TOF-Counter

lO

C
30

h

o 20

10

50

40

30

20

10

'H( 'pn) p
119 MeV
E-Counter

used TOF2 located at 4 m instead of the E counter. The
other detector used was TOF3. To determine the 3NA
cross section for this process both proton-proton and the
proton-neutron coincidences were investigated. The
3NA cross section was deduced by the sampling method
and checked at 119 MeV with the wide-range-fit method
as mentioned previously.

Only counter arrangements where the opening angle of
both detectors is larger than 200' were used to get the
3NA cross section by the sampling method. The counter
setups VIII, XIII, and XXIV listed in Table XVII have
been used for this analysis.

In Fig. 30 we show the experimental proton energy dis-
tribution together with a curve corresponding to our
simulation assuming that the process is distributed as
three-body phase space would predict for the (m+,pp)
(left) and the (m+, pn ) (right) reactions. Within the sta-
tistical uncertainties there are no discrepancies between
the experimental data and the curves. This is further evi-
dence that the assumption of a constant matrix element
for the 3NA absorption process is justified.

Table XVIII shows the extracted 3NA cross sections
using the sampling method for three energies with the as-
sociated relative acceptance factors. The cross sections
obtained from the proton-proton and proton-neutron
coincidences agree very we11, as expected.

0 s s s s

0 75
I

150
0

0

Tproton [Mev]

I I I I I I

75 150 XVIII. m. + 'H 3NA cross sections deduced with the sampling
method.

FIG. 30. The proton energy distributions at T =119 MeV
from proton-proton and proton-neutron coincidences for a 3NA
measurement. The indicated errors contain only the statistical
error. The two curves correspond to Monte Carlo simulations
using three-body phase space, normalized to a 3NA cross sec-
tion of 4.5 mb.

T
{MeV)

119
206
300

10 Xacceptance

0.112
0.158
0.31

~3NA(~+ PP )

(mb)

4.5(6)
3.5(4)
2.3(3)

~»A{~+ pn)
(mb)

4.5(6)
3.3(4)
2.3(4)
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The ~+-induced 3NA cross section at 119 MeV was
checked by fitting the amplitudes of known processes to
two differential distributions. The sum of the Monte Car-
lo simulated processes consists of the following reaction
channels: (i) a contribution from the strong isoscalar
(I=0) 2NA absorption channel including a FSI, with the
neutron being the spectator nucleon, (ii) a contribution
from the weak isovector (I= 1 ) 2NA absorption channel
with the proton being the spectator, and (iii) a 3NA con-
tribution with a constant matrix element.

The processes were added incoherently. No simulation
of an initial-state interaction was included. The counter
setups involved in this analysis are listed in Table XVII.
The E counter subtended a range 66EC from 96' to 126';
the TOF counter subtended a range 66T&F from 35' to
128'.

The experimental distributions and the corresponding
fit curves are shown in Fig. 31 for the H(n+, pp)n mea-
surement at T =119 MeV. The left plot shows the
momentum of the undetected nucleon, and the right one
shows the opening angle of the two detected nucleons in
the three-nucleon center-of-mass system. The solid lines
are the result of the amplitude fit of the Monte Carlo
simulated 2NA and 3NA processes, added incoherently.
This holds also for Fig. 32, which shows the same distri-
butions at the same energy for the reaction
H(n+, pn )'H.

Again, the description of the data in Fig. 31 by the
Monte Carlo simulation is good. No improvement in the
quality of the fit occurred when we made an attempt to
add the different processes coherently by allowing the rel-
ative phase of the 2NA and 3NA amplitudes to vary as a
fourth free parameter. This is in agreement with the re-
sults from the reaction H(n, nn)n, where no indication
has been found for interference effects. With the wide-
range-fit method we found the 3NA cross section
(4.8+0.6 mb) in good agreement with the sampling
method.

In Fig. 32 the T =119 MeV H(m. +,pn)'H data are
shown, together with Monte Carlo simulations, indicated
by the solid and dashed lines. The 2NA peak at 100
MeV/c is poorly reproduced by the simulation which
peaks at somewhat lower spectator momentum. In this
figure we used the proton momentum probability density
from He [21,22] for the Monte Carlo 2NA simulation.
What one actually should use is the proton momentum
probability density in H. We constructed such a distri-
bution by modifying the experimental proton momentum
probability density of Jans et al. by the predicted
difference between the proton and neutron densities of
Schiavilla et al. to obtain an effective neutron momentum
probability density in He, which by isospin symmetry
should be the same as the proton momentum probability
density in H. There was a slight improvement in the
quality of the fit but there was no significant change in
the 3NA cross section. The bump around 300 MeV/c is
again due to soft FSI as discussed in Sec. IIIF3. A
coherent addition of processes produced no significant
improvement in the fit. With the wide-range-fit method
we found the 3NA cross section (5.9+0.8 mb) in fair (less
than two standard deviations) agreement with that ob-
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FIG. 31. The differential cross sections dn/dx for the reac-
tion 'H(m+, pp)n at T =119 MeU. The variable dx corre-
sponds to the momentum p3 of the spectator neutron and to the

opening angle B&.2 between the two measured protons in the
center-of-mass system. The solid lines mark the amplitude fit of
the Monte Carlo simulated processes added incoherently. The
dashed line shows the 3NA contribution.

dx = 20 MeV/c

sH(~+, pn)p

dx =4'
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0
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FIG. 32. The differential cross sections dn/dx for the reac-
tion H(~+,pn)'H at T =119 MeU. The variable dx corre-
sponds to the momentum p3 of the spectator proton and to the

opening angle B& 2 between the two measured nucleons in the
center-of-mass system. The solid lines mark the amplitude fit of
the Monte Carlo simulated processes added incoherently. The
dashed line shows the 3NA contribution.

tained with the sampling method.
The m+ H 3NA integrated cross sections as deter-

mined by the sampling method are listed in Table XIX
and compared with the isospin symmetric m He coun-
terparts [7]. The indicated errors include systematic un-
certainty. There seems to be no significant difference in
isospin symmetric 3NA processes except for the last com-
parison, where the two cross sections at T =119 MeV
differ by four standard deviations.

Figure 33 shows the energy dependence of all measured
three-nucleon cross sections in H and He. Just for com-
parison the curve shows the fit to 2NA cross sections of
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TABLE XIX. Isospin symmetric 'H and 'He 3NA cross sec-
tions.

T.
(MeV)

~»A(~+ 'H)
(rnb)

0 3N+( 7T He)
(mb)

119
206

4.5(6)
3.4(5)

4.0(6)
4.0(7)

0 3NA( 7T H)

2.0(6)

~3Ng(~

4.4(6)

pions in H by Ritchie [12]multiplied by an arbitrary fac-
tor of 0.5.

There are no a priori reasons to expect that the 3NA
cross sections should be pion-charge independent in the
same nucleus, since one pion charge leads to a pure I=

—,
'

final state and the other to a mixture of I=
—,
' and I=

—,'.
In fact we see in H that they differ by a factor of 2 at 119
MeV. It is interesting that a similar effect has been ob-
served in quasifree three-nucleon absorption in He [2].
This is in contrast to He where the cross sections are
essentially equal at this energy. For a better understand-
ing of these observations, however, more data are needed.

V. SUMMARY AND CONCLUSIONS

This work presents for the first time pion absorption
results on tritium. In a kinematically complete experi-
ment, two-fold coincidences of all possible combinations
of neutrons, protons, and deuterons emitted after m

—+ ab-
sorption were measured. The experiment complements

12
)) $

s He(~', pp) p

He(7t, np)n

H(~+, pp)n

4

I

100 200
T [Me V]

300 400

FIG. 33. The energy dependence of three-nucleon absorption
cross sections in H and He. The diamonds and downward-
pointing triangle indicate absorption data in 'H from the
present work. The squares indicate the absorption data in H of
Weber et al. [I]. The LAMPF data are represented by
upward-pointing triangles [51,6]. The TRIUMF data [5] are in-
dicated by circles. The curve shows an arbitrarily (0.5) scaled
deuterium absorption cross section just to allow comparison
with 2NA.

similar measurements performed on He and provides
cross section data for hitherto unknown isospin com-
ponents for the ~NN and ~NNÃ subsystems.

The results show that absorption of m+ and ~ in triti-
um is dominated by quasifree absorption on isoscalar pn
pairs. A comparison of the (~+,pp) and (tr, nn) reac-
tions in H with the (m.+,pp) reaction in He and the re-
action on the free deuteron strongly supports the picture
of a quasifree mechanism on a quantitative level. A num-
ber of 1.37+0.18 of quasideuterons in tritium is obtained
which is fully compatible with 1.5, the number of isoscal-
ar pn pairs.

Using isoscalar (I=O) absorption, we determined the
Fermi momentum distribution of a neutron in H. A
comparison with the proton momentum distribution
measured by pion-absorption in He [1] as well as by
three-body breakup of He by electrons [21,22] shows
nice agreement. This is expected from charge symmetry
and the quasifree nature of pair absorption. The 2NA
cross sections for the reactions H(m+, pp)n and
He(tr+, pp )'H are in good agreement, which is what one

would expect if both processes are truly quasifree.
Isovector (I=1) absorption is strongly suppressed in

H as compared to isoscalar absorption. For the first
time pion absorption on a dineutron has been studied in a
kinematically complete experiment. A comparison with
the charge symmetric absorption on a diproton in He
shows no significant discrepancies. The energy depen-
dence of the ratios A2/Ao as well as the integrated cross
sections agree reasonably well with each other. There-
fore, there is no indication of unexpected isospin effects
(e.g., strong Coulomb effect on the short NN distance
scale).

The three-nucleon absorption process was found and
studied with both m+ and ~ . In the energy range of this
experiment (between 119 and 300 MeV) this 3NA process
can be described with a transition matrix element de-
pending only on T . This has been shown by comparing
experimentally measured differential distributions with
those from Monte Carlo simulations. The m+ 3NA cross
section in H shows nearly the same behavior as its
isospin-symmetric counterpart ~ He. The m H 3NA
cross section has been measured at T = 119 MeV and is
found to be less than 50% of the ~+-induced 3NA in H.
No indication has been found for interference effects be-
tween the isoscalar 2NA and the 3NA amplitudes.

The reaction H(n+, dp) with a two-body final state
has been investigated at three pion kinetic energies. The
energy dependence of the differential cross section for the
proton emitted in the forward hemisphere shows a
resonance-like behavior. For large proton emission an-

g1es, however, the situation is less clear.
Proton-neutron and neutron-neutron final-state in-

teractions (FSI) have been observed. The proton-proton
FSI seems to be negligible.

Mainly as a test of the apparatus, m and m absorp-
tion on the free deuteron has been measured. In-flight
differentia1 and integrated cross sections have been mea-
sured for the reaction ~H(~, nn). An integrated cross
section of 10.0+2.3 mb and a ratio A2/Ao of 1.09+0.03
have been determined at 119 MeV. These values are in
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good agreement with the corresponding values of the
isospin-symmetric reaction H(m+, pp) taken from litera-
ture.
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