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The ' O(m+, 2p)' N reaction has been studied at T =59.6 MeV. Good energy resolution of 1 to 2
MeV allows several states in ' N to be resolved. Triple-differential cross sections are presented for
the transitions to the ' N 1+ ground state and 1+ 4 MeV state. The quasideuteron model is used to
construct a T matrix for each transition. A fit to the data requires an additional term in the T ma-
trix giving a large anisotropy in the angular distribution of the ' N recoil momentum vector. The
ground state T matrix has an unexpected enhancement near zero recoil momentum of the ' N nu-
cleus. The "measured" T matrices are then used to extrapolate to unmeasured regions of phase
space giving double differential, single-differential, and total cross sections for each transition.

I. INTRODUCTION

Investigations of pion absorption in nuclei' play a cru-
cial role in the development of pion-nuclear physics
research. The understanding of the pion absorption
mechanism is important to a more fundamental under-
standing of important parts of nuclear structure and the
nucleon-nucleon interaction inside nuclei. This is related
to the question of how pion fields and the pion-nucleon
coupling are modified in the presence of many nearby nu-
cleons. Pion absorption is a major part of the pion-
nucleus total reaction cross section, but is much less well
understood than the other parts of the pion-nucleus in-
teraction. Because the various reaction channels compete
with, and thereby inAuence, each other, our poor
knowledge of the pion absorption mechanism has adverse-
ly affected our understanding of the pion elastic, inelastic,
and change exchange channels. Pion absorption involves
a large momentum transfer between nucleons, correspond-
ing to short interaction distances &0.5 F. This region of
nuclear physics is not understood and could be a place
where the quark degrees of freedom manifest them-
selves. '

Differential cross sections of pion absorption to discrete

channels in nuclei heavier than He have only been mea-
sured for two-body final states, for example the
A ( tr+, p) B reactions, ' which account for only a fraction
of a percent of the total absorption cross section. A much
larger fraction of the absorption cross section is contained
in the A (tr+,2p)B reaction for which triple-differential
cross sections have not previously been measured for indi-
vidual states. The simplest reliable pion absorption
models describe absorption on a nucleon pair. These
models can be most easily tested with the A (tr+,2p)B re-
action. The (tt+,2p) reaction has typically one-fifth as
large a momentum transfer to the residual nucleus as does
the extensively studied (tr+,p) reaction. Therefore, it is
thought that the nucleons in the final nucleus are less in-
volved in the (sr+,2p) reaction than in the (tr+,p) reac-
tion. ' The large momentum of the emitted protons in the
(tr+,2p) reaction can arise from the mNN interaction and
does not require the high momentum tails of the nuclear
wave functions to as great an extent as in the (tr+,p) reac-
tion. With the primary goal of learning about the pion
absorption process we have measured triple-differential
cross sections at T =59.6 MeV for the ' O(m+, 2p)' N re-
action to the 1+ g.s. and the 1+ 3.95 MeV second excited
state.
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II. EXPERIMENTAL TECHNIQUE
AND ANALYSIS PROCEDURE

The ' O(~+,2p) reaction was studied at the low-energy
proton (LEP) channel at the Los Alamos Meson Physics
Facility (LAMPF). A schematic of our detection system
is shown in Fig. 1. The coincident proton energies were
measured using two solid state spectrometers constructed
from stacks of high purity germanium crystals and lithi-
um drifted silicon detectors placed at beam height. Be-
cause of a large beam spot on target, each detector
scanned a horizontal angular range of about +12 deg and
a vertical angular range of about +4.5 deg. In front of
each spectrometer were individual-wire-readout propor-
tional chambers which measured the direction of each
proton's momentum to an accuracy varying from 0.5 to
2.0 deg. From the measured proton momenta the recoil
momentum is calculated using conservation of momen-
tum. The beam on target was monitored with two ioniza-
tion chambers placed after the target. A more complete
description of the apparatus and its performance is given
elsewhere.

Figure 2 shows missing mass spectra for the
' O(~+,2p)' N reaction. The energy resolution for our
spectra was 1.0—2.0 MeV FWHM, 3—4 times better than
previous (n, 2N) measurements. ' ' The four strongest
states at 0.0, 3.95, 7.03, and 11.05 MeV are the four
strongest states seen in the ' O(d, He)' N reaction. ' This
paper is restricted to the analysis of the 1+ ground state
and 3.95 MeV state. The target was liquid water, 90
mg/cm thick, contained within two stretched sheets of
25 pm Mylar. The target nonuniformity, +8%, was
monitored between data runs by measuring' the transmis-
sion of electrons from a Sr source through the target.
Five percent, by weight, of the target was 020. The
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FIG. 2. '"N spectra from the ' O(~+,2p)' N reaction at
T„=59.6 MeV. Only events with recoil momentum between
160 and 220 MeV/c are included. The three spectra were taken
with different detector angles 0~, I92... (60', 103'), (60', 80'),
(80', 100'), and (100', 100'). The spectra at each pair of angles
correspond to a different recoil momentum direction (see Table
I).
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FIG. 1. A schematic of our detection system. The coordinate
system used in the text is displayed in the upper left-hand
corner.

'60(rr+, 2p)' N and H(~+, 2p) reactions were measured
simultaneously, with the data separated by the different Q
values of the two reactions. The detection of both protons
from the H(~+,2p) reaction allowed us to check the ener-
gy calibration of our detectors to within 100 keV, and
check the opening angle between our two spectrometers to
within 0.15 .

The extraction of cross sections from the data requires
a careful mapping of the detection efficiency over the full
phase-space acceptance of the detectors. For this purpose
we have developed a Monte Carlo code which simulates
every important feature of the experiment, including ener-

gy straggling, deadlayers between crystals, Moliere
scattering, target nonuniformity, beam divergence, and
measurement errors. These measurement errors, in both
angle and energy, could be determined accurately by as-
suming all observed violations of energy and momentum
conservation in the H(rr+, 2p) reaction are due to mea-
surement errors. The centroids of the missing energy and
momentum measured in the H(m'+, 2p) coincident mea-
surement gave us very precise calibration points, whereas
the widths of these distributions (which should be delta
functions) gave us an excellent continuous monitor of all
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sources of measurement errors. For a more complete
description of this monitoring see Ref. 10.

Since there are three particles in the final state of the
'60(n.+,2p)'"N reaction, nine coordinates are needed to
specify the kinematics of each event, of which four are
constrained by energy and momentum conservation. The
remaining five variables are chosen to be, Pz, the momen-
tum of the recoiling nucleus, and (8&,P~), the angles of one
of the two protons. The angle 8& is defined as the angle
between the proton and the pion momentum direction,
with P~ as the corresponding azimuthal angle. The Monte
Carlo code is used to find the dependence of the T matrix
upon these five variables for the ' O(sr+, 2p)' N reaction
to each discrete state.

The procedure is iterative. A reasonable functional
form of [ T(8~,$~,PR )] is assumed in the calculation and
the distributions of simulated events, calculated by the
Monte Carlo code, are compared to the experimental dis-
tributions. %'e then adjust the parameters in the T matrix
to try to fit the data. The iteration is repeated until all
Monte Carlo simulated distributions agree with their cor-
responding experimentally measured distributions. The
iteration process involves trying several functional forms
for the T matrix. Because we can guess only a reasonable
approximation of its functional form, the T matrix is not
uniquely determined. This procedure allows us to extract
and present all of our measured triple-differential cross
sections in an efficient manner.

Once the Monte Carlo code simulates the ' O(m+, 2p)
experimental distributions, absolute cross sections can be
obtained using the known H(sr+, 2p) cross sections which
are represented by

do/dQ~ ——(6.85/2')[1+ 1.09P2(cos8&)] mb/sr

in the center of the mass. (For the most recent data on
this reaction see Ref. 15.) This is accomplished by com-
paring the measured yields for each ' O(~+,2p) transition
with the yield for the H(~+,2p) reaction and correcting
for the coincidence-detection efficiencies as calculated by
the Monte Carlo code. Data were taken at four sets of
central detector angles: (8„82)= (60', 80 ), (60', 103'),
(80', 100'), and (100', 100 ). The last pair of angles was too
far from the H(n. +,2p) two-body kinematics to detect
these monitor events.

After the T matrix is normalized, the absolute value of
the measured triple-differential cross sections is obtained.
The triple-differential cross sections are most easily
displayed as one-dimensional slices through the available
phase space of the data. There is no simple efficient way
to display the full multidimensional measured cross sec-
tions. Rather, we give all the information for the reader
to calculate the triple differential cross sections which we
measured. Any triple-differential cross section can be ob-
tained from formulas similar to the following:

y {y 1 E E]E2k]kp
i
T

i , (1)
d+ld+ld+2 (2~) ~w( 1 PR P2/P2)

where the kinematic factor is expressed in terms of labo-
ratory energies, wave numbers, and velocities of the pion
(m.), protons (1,2), and residual nucleus (R). T represents
the transition matrix, which we now describe.

III. THE CHOICE OF THE T MATRIX

The functional form of the T matrix was chosen pri-
marily on the basis of fitting the data. However, the
quasideuteron model, in which the pion interacts ex-
clusively with a proton-neutron pair in a S& relative state,
gave us a reasonable start for our T matrix; providing the
first two factors in the expression,

f (PR ) X [I+a2P2(cos8', )]Xg(8R, QR ) . (2)

Here all quantities are evaluated in the laboratory frame
except for 8~ which is evaluated in the center of momen-
tum of the two protons. The first factor f (PR) is referred
to as the form factor and is similar to form factors mea-
sured in other (m, 2N) experiments. ' In the quasideuteron
model, f(PR) is the absolute square of the momentum
wave function of the quasideuteron center of mass in the
target nucleus. The second factor is similar to the 8~
dependence of the elementary H(n. +,2p) cross section in
the center-of-mass frame of this reaction. The third fac-
tor gives the dependence of the T matrix upon 8R,QR.
The quasideuteron model would predict only a weak Oz
dependence (as explained in the following) and would not
predict any pR dependence.

It should be emphasized that everything in Eqs. (1) and
(2) is evaluated in the laboratory frame except the 8'& term.
The phase space factor in Eq. (1) correctly includes the
Jacobian which transforms the 0~ angular dependence to
the laboratory frame. In fact, this can be easily verified
by setting f ( PR) to the delta function 5(0), and integrating
Eq. (1) over dE~dQ2 to get do/dQ&, which gives the
H(sr+, 2p) angular distribution in the laboratory frame.

Before beginning the Monte Carlo analysis with a trial
T matrix, consider the data which, in contradiction to the
quasideuteron model, give very distinct evidence for a
strong (8R,QR) dependence in the T matrix. Shown in
Fig. 3 is the yield ratio of (sr+, 2p) events for populating
the two 1+ states (ground state/4 MeV state) plotted
against recoil angle, L9&, where

COSOR PR P

0~=0 ~180' for P& j&0
= 180'~360' for PR j & 0 .

Here, j is the unit vector shown in Fig. 1, such that a rota-
tion Oz ——0'~360' is counterclockwise in the figure. The
reason for taking the ratio of events for these two 1+
states is that any detection bias is factored out. The ob-
served ratio is not isotropic in 0&, indicating that either
one or both of these two transitions must have a (8R pR)
dependence in the T matrix. A pR dependence is also
necessary because the distribution in Fig. 3 is not sym-
metric about 180'. After proceeding with the Monte Car-
lo simulation of our experiment, we found that both tran-
sitions needed a strong (8R,QR) dependence in the T ma-
trix.

Figure 3 gives us a clue about the form of g(8R, QR) to
use in the T matrix. For most of these data the two pro-
ton detectors were centered at 0= 100 and 300. Figure 3,
which includes the data for recoil momenta larger than
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FIG. 3. The ratio of the experimental yields of the two 1+
states (ground state/4 MeV state), plotted against recoil angle.
The angle is defined in the text. The data are from all detector
angles used in the experiment; but are restricted to events with
recoil momentum greater than 140 MeV/c.

do]ab =0.07 mb/MeV .
dT~ lab

(6)

To explain how this energy dependence results in a O~
dependence, we describe the following situation. If the
A = 14 residual nucleus recoils with momentum P~
parallel to P (8z ——0), then according to the quasideu-
teron model the quasideuteron (pn) pair in the ' 0 target
nucleus has the opposite momentum, —P~, antiparallel to
the pion momentum. This situation results in a higher
center-of-mass energy of the mNN subsystem resulting in
a larger pion absorption cross section. Similarly, if the
recoil momentum Pz is antiparallel to P, the situation
results in a lower center-of-mass energy of the mrNN sub-
system and a smaller pion absorption cross section. Using
the energy dependence of Eq. (6), we can calculate the'8~
dependence predicted by the quasideuteron model,

comes from the energy dependence of the H(m+, 2p) reac-
tion. The sum of the two proton energies in their c.m.
frame in the O(n+, 2p) N reaction depends upon the
kinematic variables P~ and Oz in the approximate form
[1+C(P~ )cos8~]. The known energy dependence' of
the H(sr+, 2p) reaction near T =60 MeV is approximat-
ed by

C(Pg) =7.710 XPg, (7)

140 Mev/c, shows a reduction in the (g.s./4 Mev) ratio at
the detector angles, suggesting that the recoil anisotropy is
correlated with the proton direction. Because the protons
are identical particles we constrained our T matrix to be
symmetric in the exchange of the two protons. [Note that
the second term in Eq. (2) also satisfies this symmetry
condition since cos8& ——cos82.] Furthermore, if the T ma-
trix is a smoothly varying function of the kinematic vari-
ables, the anisotropy must go to zero as the recoil momen-
tum goes to zero thereby giving a (P~) dependence. All of
this led to the functional form

g (8g,pg ) =N(Pg ) X [1+8(Pg )(Pg.P))(Pg P2)]

X [I+C(Px)cos8x], (3)

f g(8+,P~ )dQz ——constant (independent of P~ ) . (4)

This condition is necessary since we wish to constrain
g(8+, Pz) so that the form factor f(P&) gives the angle-
averaged dependence of

~

T
~

upon P~. In actuality, to
keep things simple, we do not exactly satisfy Eq. (4). In-
stead we set N(Pz) as

N(Pg )=1/[1 8(Pg )/3] . — (5)

This is the value of N(P~) satisfying Eq. (4) if the open-
ing angle between the two protons is 180', P~.P2 ———1.

The last term in Eq. (3), using the quasideuteron model,

where the last factor (discussed in the following) comes
from the quasideuteron model and the three parameters
N, 8, and C depend upon the magnitude of P~. 8 and C
are chosen to fit the data and N(Pz) is included to re-
move the Pz dependence from the integral of g(8+,Pz)
over 8~,Pg,

where P~ is in units of MeV/c. In the present analysis
we let C(Pz) vary to fit the data and observe how close it
comes to the predicted value. Our fits give values of
C(P~) which are consistent with the quasideuteron pre-
diction but the errors on the C(P~) parameter are com-
parable to its magnitude. Because of the poor precision
we choose to remove C(Pz) as a free parameter and fix it
to the quasideuteron value [Eq. (7)j.

In summary, the functional form of the T matrix is
chosen based upon the quasideuteron model and the ex-
amination of our data. This gives a reasonable description
of the data. Our complete data set covers the following
phase space: 26.5 & TI & 160 MeV; 24 & T2 & 118 MeV;
265.5'&P& ~274.5', 85.5'&/&~94. 5; and four sets of
(8&,82) angles whose centroids were given earlier and
which have an angular spread of 24 for each detector an-
gle. However, because much of this 24 angle spread in
both O~ and O2 was due to the large beam size on target,
the angles O& and O2 are correlated and are constrained
over a much smaller angular range relative to each other.
This constraint is best described by the following state-
ment: 8~ evaluated in the center of momentum of the two
protons could vary by only +4.5' about its central value
for each of the four sets of angles. The polar angles are
all defined using the coordinate system in Fig. 1. The
phase space of our data is now completely defined and fits
to our measured triple-differential cross sections within
this phase space region can be calculated using the T ma-
trix. Any uncertainty in the T matrix only enters when
we extrapolate to unmeasured regions of phase space.

IV. THE EXTRACTION OF THE T MATRIX

The form factors do not have any prescribed functional
form except that they be relatively smooth. Their shape is
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FIG. 4. The ' O(m+, 2p)'"N ground state form factor. The
solid line is the T matrix used in the Monte Carlo code. - The
data points are the raw data with the remaining part of the T
matrix and the detector phase space acceptance factored out.
The error bars are statistical.

FICr. 5. The '60(tr+, 2p)'"N 3.95 MeV form factor, f(P+).
The solid line is the T matrix used in the Monte Carlo code.
The data points are defined as in Fig. 2.

determined by the recoil momentum distribution of the
data. The extracted form factors of the T matrices for
the ' N 1+ ground state and 1+ 3.95 MeV state are shown
in Figs. 4 and 5. Both transitions show an enhancement
at zero recoil momentum. This is characteristic of an
L =0 angular momentum transfer. The data points are
experimental yields at each momentum corrected for the
detection efficiency and with the remaining T matrix and
three-body phase space factored out of the yield. The er-
ror bars are only statistical. The surprising feature of Fig.
4 is that the ' N ground state transition appears to have a
large L =0 component. Other reactions which remove a
(pn) pair from ' 0, for example, the (p, He) and (d, He)
reactions, ' ' show no noticeable L =0 component, but
rather a dominant L =2 component. These stripping re-
actions predominantly select a (pn) pair in a relative s
state, l =0, and the experimental results from these (pn)
pickup reactions agree with the predictions of Cohen and
Kurath. ' Neither I nor L are good quantum numbers in
the ' 0 wave function but are strongly coupled to each
other. If the (tr+,2p) reaction involves pion absorption on
an excited virtual (pn) cluster' with 1&0, then the L dis-
tribution, as shown in the form factor, will be quite dif-
ferent from the I distribution in a (p, He) or (d, He) reac-
tion. This is a likely explanation of the large L =0 com-
ponent in the ground state form factor. The 3.95 MeV
transition has a dominant L =0 distribution in agreement
with other reactions. The half-width at half-maximum of
this form factor is about 80 MeV/c, which is in approxi-
mate agreement with theoretical calculations. '

The L =2 component of the form factors is predicted
to peak at about 225 MeV/c. A rise is observed in the

ground state form factor at about 180 MeV/c and a hint
of an enhancement in the 4 MeV form factor near 240
MeV/c. We suspect that these structures in the form fac-
tors are associated with the L =2 component, but we do
not know why they are shifted away from 225 MeV/c.
To contrast these form factors with what could be expect-
ed from the quasideuteron model, consult the calculations
of Ref. 17.

The additional (8~,$~) dependence in the T matrix, not
predicted by the quasideuteron model, is given by the
B(PIt ) parameter shown in Fig. 6. To understand how we

0
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I I

IOO 200
I

300
Recoil Momentum (MeV/c)

FIG». 6. A plot of 1 —8(PR) against recoil momentum. The
solid line (4 MeV state) and dashed line (ground state) give the
values used in the T matrix. The squares and dots are the
values obtained from least squares fits to the recoil angular dis-
tributions of the 4 MeV and ground state, respectively. The er-
ror bars are defined in the text.
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TABLE I. Regions of enhanced detection efficiency.

(pg. p])(pg p2) cosL9g Region of beam.

60,103
60,80'
80,100

100', 100'

63 —72'
74'—83'
75 —83'
87 —93

—0.95
& ( —0.25)
&(—0.25)
& ( —0.25)

+0.5
—1.0
+ 1.0
+ 1.0

Center
Left edge
Right edge
Right edge

I )4 I I

N {g.s.)

l40 MeV/c & PR & 300 MeV/c

obtained the values of this parameter, it is important to
know the kinematic regions of enhanced detection effi-
ciency listed for each of the four pairs of detector angles
in Table I. The second, third, and fourth columns in the
table list the values of three of the kinematic expressions
appearing in the T matrix where the detection efficiency
is greatly enhanced. The (60', 103') data are dominated by

A A A A
events with (Pz, PI)(P+, Pz) near the value of —0.95,
whereas the data at the other three pairs of angles are
dominated by events with (PIt, PI)(P~, Pq) closer to zero.

A A A A
8(P+) multiplies (P+,PI)(P~, Pz) in the T matrix, and it
is found that a nonzero value of B(Pz) is needed to bring
the (60', 103 ) data set into agreement with the other three
data sets. In particular the (60', 103') yield to the ' N
ground state is abnormally low above recoil momentum of
200 MeV/c and the (60, 103') yield to the 4 MeV state is
abnormally high near a recoil momentum of 150 MeV/c.
The Monte Carlo code could simulate these results using
the B(P )Itvalues plotted by the lines in Fig. 6. With
these values of 8(P~) the data sets at each of the four

pairs of detector angles gave the identical form factors
shown in Figs. 4 and S.

Figure 6 is a plot of (1—8). The requirement that
~

T
~

be positive-definite places an upper bound on 8 of
1. Values of (1 8—) greater than 1 imply an enhanced
collinearity in which the recoiling nucleus preferentially
moves parallel to one of the proton momenta. Values of
(1—8) less than 1 imply a depressed collinearity in which
the recoiling nucleus preferentially moves perpendicular
to the proton momenta. The ground state and 4 MeV
transitions show very different recoil angular distribu-
tions. The ground state has a depressed collinearity at
large recoil momenta, whereas the 4 MeV transition has
an enhanced collinearity yield between Pz equal to 100
and 200 MeV/c.

Another method of obtaining the 8 (Pit) parameter is to
add up the data sets at all four pairs of detector angles,
separate the data into several regions of P~, plot each
yield vs 0~, and apply a least squares fit to the data. Ex-
amples of the angular distributions vs Oz are shown in
Fig. 7 for the ground state transition with recoil momen-
tum between 140 and 300 MeV/c and in Fig. 8 for the 4
MeV transition with recoil momentum between 100 and
200 MeV/c. The solid lines in Figs. 7 and 8 are not the
least-squares fits but rather the predictions of the Monte
Carlo simulation using the 8 (Pz) obtained by making the
(60, 103') data set agree with the other data sets. The
values of 8 (PR) corresponding to the best chi-squared fits
to the angular distributions are shown as the points with
error bars in Fig. 6. The chi-squared per degree of free-
dom, x /v, is typically between 1.0 and 1.5 for each of
the best fits with v=11. The error bar associated with
each point in Fig. 6 is the range of values of 8(PR) for
which the x /v stays within 0.5 of its minimum value.
This definition of the error was based upon the shape of

0.4—
0.8 I I I I

N {3.e5)
lOO MeV/c & PR & 200 MeV/c

0.6—

0.2—0

0.4—

O

I 20 240
Recoil Angle (deg )

360 0.2—

FIG. 7. The recoil angular distribution of the ground state
for recoil momenta between 140 and 300 MeV/c. The data
points are sums of the data collected at all four pairs of detector
angles and divided by the equivalent Monte Carlo yield calculat-
ed with a T matrix isotropic in (os, II)~). The solid line gives the
Monte Carlo calculation with the (Os, p~) dependence put into
the T matrix divided by the same Monte Carlo calculation with
the (0~,$~) dependence removed. :The errors are statistical.

0 l20 240
Recoil Angle ( deg )

360

FIG. 8. The same type of recoil angular distribution as in
Fig. 7, except for the 4 MeV state with recoil momentum be-
tween 100 and 200 MeV/c.
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the x /v vs B(Pz) distribution ind was chosen to give a
good measure of the uncertainty in the B parameter.

The best fit to the recoil angular distributions generally
becomes worse as the anisotropy becomes larger. The
worst chi-squared is about 2.5, occurring for the 4 MeV
transition at recoil momenta between 100 and 200 MeV/c.
The observation that the minimum chi-squared increases
as the anisotropy increases is an indication that the func-
tional form for the T matrix is not perfect. The examina-
tion of Figs. 7 and 8 reveals some of the differences. The
oscillatory pattern in the data appears to be shifted slight-
ly relative to the Monte Carlo simulation.

Up to this point, all the errors presented in the paper
have been statistical. There are also a few systematic er-
rors. The potentially most severe systematic error in the
extraction of the B(Pz) parameter is due to uncertainties
in the beam distribution on the target. The horizontal
width of the beam is 2.7 cm FTHM and with the target
normal at 70 deg relative to the beam, the beam had a
spread of 8 cm across the target. Because of the phase
space acceptance of the proton detectors, there was a
strong correlation between the recoil angle, 0~, of a
detected (m+, 2p) event and the position of the event on the
target. This correlation is presented in the last three
columns of Table I. If the wrong beam distribution is in-
serted into the Monte Carlo code, errors will appear in the
extracted recoil angular distributions. Fortunately the
beam distribution was monitored very carefully during the
experiment by periodically placing multiwire proportional
chambers in- the beam to measure both its spread and
sometimes its angular divergence. Single protons were
also detected continuously during each run and their pro-
jection back to the target gave a reasonable monitor of the
beam distribution. The beam distribution remained con-
stant with time. Very important was the procedure of
normalizing the ' O(m+, 2p) data with the H(n+, 2p) data.
The H(m+, 2p) data were also sensitive to the beam distri-
bution. Therefore, the procedure of normalizing to the
H(m+, 2p) data removed first-order errors due to incorrect

beam widths and centroids. In conclusion, we believe that
systematic errors were kept to a minimum and are smaller
than the statistical errors.

The remaining parameter in the T matrix is a2, which
multiplies Pz(cos8&). The first column in Table I shows
the range of values of 0& covered in our data. The
(100', 100 ) data set, which covers the largest values of 8'&,

is not so useful for studying the az parameter because
there are no H(sr+, 2p) events in this data set to fix pre-
cisely the normalization and remove systematic errors.
Therefore, we are primarily limited to the range of angles
63 to 83'. The main problem with our data is that the
detector angles were not chosen to differentiate easily be-

A A A A
tween the Pz(cosg'~) dependence and the (P&,P&)(P~, Pz)
dependence in the T matrix. As shown in Table I the
data set covering the angular range 0& ——63 ~72 has

A A A A
events with (Pz, P&)(P+,Pz) near —0.95, whereas the data
sets corresponding to 0& ——75'~83 have events with
A A A A
(Pz, P&)(P&,Pz) predominantly larger than —0.25. This
results in a strong correlation between the values of the
B(Pz) and az parameters extracted from the data. This
correlation does not present any ambiguity in a2 and

B(P~) at I'~ ——0 because of the necessary requirement
that B(P& ——0)=0. To avoid serious ambiguities in these
parameters at nonzero values of Pz, we choose a2 to be
independent of P~. This is a valid assumption according
to the quasideuteron model. If incorrect, the assumption
will lead to sizable errors when extrapolating to the un-
measured regions of phase space. By fitting the data we
obtain the following a2 values:

a2 ——0.88+0.3 for ground state,

az ——1.17+0.1 for 4 MeV state .

These values are consistent with the value az ——1.09 for
the H(~+,2p) reaction. Therefore, we set the az value
equal to 1.09 for each transition and used this value of a2
in the extraction of B(I'z) given earlier.

In summary, the parameters C(Pz) and az were initial-
ly varied to examine the consistency of our data with the
quasideuteron model prediction of these parameters. The
data were found to be consistent with the model predic-
tion of these two parameters. To reduce the number of
variables, these two parameters were held fixed at the
values predicted by the model. In the final fit to the data
only the form factor and the B(Pz) parameter, both with
an arbitrary functional form, were allowed to vary.

V. CROSS SECTIONS

In order to calculate triple-differential cross sections us-
ing the functional form of the T matrix given in Sec. IV,
an overall normalization is required. A comparison of the
experimental yields and Monte Carlo detection efficiencies
for both the H(m+, 2p) and ' O(~+,2p) reactions allows us
to extract cross sections for each ' O(~+,Zp)' N transi-
tion. The procedure is as follows.

A solid angle somewhat larger than one of the proton
detectors is defined and all events within this solid angle
are -simulated. The percentage of these events in which
both protons are detected gives the detection efficiency.
The size of this solid angle is not critical (i.e., will not
change the final result) as long as it is large enough to in-
clude all possible coincident events. The experimentally
measured yield is divided by the integrated beam, target
thickness, computer live time, and also by the solid angle
of the simulation and the corresponding detection effi-
ciency. The resulting quotient is proportional to a single-
differential cross section. Since the single-differential
cross section of the H(m+, 2p) reaction is known, the con-
stant of proportionality is obtained from the H(m+, 2p)
data. This constant of proportionality can be used to get
the single-differential cross section for any ' O(m+, 2p)' N
transition if the T matrix is known. Even more important
is that this constant of proportionality can be used to nor-
malize uniquely the T matrix for each transition. An ad-
vantage of using this T-matrix formalism to extract cross
sections is that we know how the single-differential cross
section, do/dQ&, is varying over the solid angle, A~, of
simulation in the Monte Carlo code and we can account
for this variation in our normalization procedure. This is
important because the large beam spread on target results
in a large spread in 0I of +12'. The solid angle used in
the simulation must include this fuH angular spread.
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FICz. 9. The triple-differential cross sections of the transition
to the 4 MeV state for the four pairs of central detector angles
used in the experiment. In all cases, Pt ——270'and $2 ——90'. The
data points are defined in the text. The solid line is the TRIDIF
calculation using the full T matrix described in the text. The
dashed line is the TRIDIF calculation with the 8(P&) parameter
set to zero, and is arbitrarily normalized.

Normally, if the solid angle is small enough, the pro-
cedure is to assume that the single-differential cross sec-
tion is constant over the full solid angle. We cannot make
this assumption without introducing a sizable error in the
normalization.

Once the T matrix is normalized, all the ingredients ex-
ist to present the experimentally measured triple-
differential cross sections. As long as we restrict our-
selves to the phase space covered by the detectors, the
model dependence in the T matrix will have a negligible
effect on the triple-differential cross sections. These cross
sections can be considered to be model-independent mea-
surements. The model dependence only enters when the T
matrix is extrapolated to an unmeasured region of phase
space. We have written a code TRIDJF, which takes the T
matrix for a particular transition and calculates any
triple-differential cross section, or double- or single-
differential cross section.

Some of our measured triple-differential cross sections
are shown in Figs. 9 and 10. The data points in each fig-
ure are

Data yield at Et d3-(TRIDIF)
X 7Monte Carlo yield at E& dQ~dQ2dT~

where both the Monte Carlo and TRIDIF computer codes

0
~0

i

070 I I 0 I 50 3Q
I I I t I

70 I IQ I 50

Proton Energy (MeV )

FIG. 10. Triple-differential cross sections of the transition to
the ground state. The format is identical to Fig. 9.

use the same T matrix. The normalized T matrix deter-
mines the cross section (solid line) and the data points
with statistical errors reveal how well the Monte Carlo
code with this T matrix reproduces the energy distribu-
tion of the data. We also show the shape of the cross sec-
tion (dashed line) which one would obtain if the B(P~)
parameter in the T matrix is set equal to zero. The T ma-
trix with the 8(P~) term removed is not properly normal-
ized so that the magnitude of the dashed lines in the fig-
ures is meaningless. Only the shape of the dashed lines is
of interest.

Figure 9 shows the triple-differential cross sections of
the 4 MeV 1+ state at each pair of detector angles used in
the experiment. As the figure reveals, the T matrix is
successful in reproducing the data. If the 8(P&) parame-
ter is turned off, the T matrix gives a significantly dif-
ferent dependence of the triple-differential cross section
upon proton energy. For example, the 8(Pz) term in the
T matrix gives a double hump near 100 MeV in the
(60', 103) triple-differential cross section. This double
hump agrees well with the data. In general, the 8(P~)
dependence of the 4 MeV state broadens out the triple-
differential cross sections over a wider energy range.
However, the shape of the triple-differential cross section
is primarily determined by the form factor.- If the only
piece of evidence which we examine in our data is the pro-
ton energy distributions shown in Fig. 9, then the elimina-
tion of the 8(PR) parameter could be partially compen-
sated with a widening of the form factor. This correlation
between 8(Pz) and the form factor was found to be very
weak when the data %as studied in its full detail. It is res-
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trictive to project out of the data a few select triple-
differential cross sections as shown in Fig. 9 and reveal
only a small part of our multidim. ensional data. There is
no simple way to display all of our data in their full com-
plexity and, therefore, we have defined a T matrix which
contains all of the details.

The full T matrix is given by the C(Pz) [Eq. (7)j; the
a2( = 1.09) parameters predicted by the quasideuteron
model, f (Pz); and the B(P~) functions plotted in Figs.
4—6. The normalization of the T matrix can be obtained
using any of the cross sections quoted in the following.

Figure 10 shows the triple-differential cross sections of
the ground state at each pair of detector angles used in the
experiment. The display format is identical to the format
used in Fig. 9. The Monte Carlo code (with the ground
state T matrix) reproduces the energy distributions of the
data reasonably well. The reproduction of these energy
distributions is destroyed if the B(P„)parameter is set
equal to zero (dashed lines). Since the B(P~) parameter
has the opposite sign for the ground state as for the 4
MeV state, it has the opposite effect on the energy distri-
butions. The B (Pz) parameter used in the ground state T
matrix narrows the energy distribution of the triple-
differential cross section. The B(Pz) parameter has a
very dramatic effect on the (60', 103 ) triple-differential
cross section. The structure of the ground state form fac-
tor (Fig. 4) results in enhancements of the (60', 103')
triple-differential cross sections at proton energies of 60
and 135 MeV. However, the very strong B(P~) parame-
ter in the T matrix significantly changes the shape of the
triple-differential cross section. The enhancements near
60 and 135 MeV become depressions when the B(Pz) pa-
rameter is turned on, and these depressions are in agree-
ment with the data.

Triple-differential cross sections select very precise re-
gions of phase space. Our detectors covered a large con-
tinuous region of phase space. It is, therefore, reasonable
to integrate one of the differentials in the triple-
differential cross sections to obtain double-di fferential
cross sections. These double-differential cross sections
will involve an extrapolation into unmeasured regions of
phase space as well as covering a larger portion of the
detector phase space. If we choose our double-differential
cross sections wisely, we can reduce the contribution from
the extrapolation into unmeasured regions to a negligible
amount.

The most conservative integration of the triple-
differential cross sections is over the proton energy, T&,
since the detectors cover the energy region containing
more than 95%%uo of the yield. Performing this integration
over proton energy we obtain the double-differential cross
section shown in Fig. 11. These double-differential cross
sections have both of the proton momentum vectors and
the pion momentum vector in a common plane. Using
the coordinate axis in Fig. 1, the angles are 6& ——60',
P& ——270, and Pz ——90'. The double-differential cross sec-
tions are plotted vs 02. This can also be thought of as a
yield variation with the opening angle between the two
proton momenta. In this case the opening angle is
60+ 02. No data points are shown because these cross sec-
tions involve an extrapolation. It should be emphasized

4000
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FIG. 11. Double-differential cross sections at 0» ——60,
0~ ——270', and $2 ——90' calculated using TRIDIF with the full T
matrix (solid lines) and with C(P&) set equal to zero (dashed
lines).

that the T matrices for each transition give cross sections
at all pairs of angles which are consistent with the data.
Strictly speaking, our data only cover the range of 02 from
75' to 108' for the case 0~ ——60'. However, the double-
differential cross section may be primarily a function of
the opening angle between the two protons and our data
cover nearly the full range of opening angles shown in
Fig. 11.

The double-differential cross section plotted for the 4
MeV state in Fig. 11 has a full-width at half-maximum of
about 22' which is approximately the same width as mea-
sured for the

' 0(m+, 2p) ' N( —2 (E„(10 MeV)

reaction at T =70 MeV. The ground state's double-
differential cross section is more diffusely spread over the
opening angle with an effective width about three times
the FWHM which is seen for the 4 MeV state. The cross
sections of the 4 MeV state and ground state transitions at
the central angle of 103' (corresponding to zero recoil
momentum) are in the ratio of 12 to 1. The C(P~) pa-
rameter in the T matrix affects the centroid of the
double-differential cross section. This C(Pz) parameter,
which is constrained to equal the value predicted by the
quasideuteron model (see Sec. III), shifts the centroid
about 2 deg from 102.7 to 104.9, as shown for the 4
MeV transition in Fig. 11. Our data were not sensitive
enough to verify this shift. We also show the double-
differential cross sections with C(PR) set equal to zero
(dashed lines in Fig. 11). The C(PR) parameter has a
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larger affect upon the ground state's double-differential
cross section with its more diffuse distribution.

The enhancement in the ground state's double-
differential cross section at Oz ——75 and 130' in Fig. 11
comes from the enhancement in the ground state's form
factor near 180 MeV/c (Fig. 4). The B(PIt) parameter
also affects the shape of the Oq dependence of the double-
differential cross section. A negative value of B(Ptt} for
the 4 MeV state makes its double-differential cross section
narrower and a positive value of B(PIt) for the ground
state' s' T matrix leads to a broader distribution.

If the triple-differential cross sections are integrated
over dQ2, another type of double-differential cross sec-
tion, d o/d0&dT„ is obtained. These are shown for the
4 MeV and ground state transitions in Fig. 12, plotted
against T&. These cross sections involve a considerable
extrapolation of the T matrix because the solid angles of
our proton detectors cover regions containing less than
half of the yield of these double-differential cross sections.
The major extrapolation is in the P direction. Our detec-
tors each covered a range of about 9 deg in the P direction
which by cylindrical symmetry arguments covers a full 18
deg of the angular correlation in the P direction. This an-
gular range was considerably smaller than the angular
range covered in the 8 direction. The shape of
d o/dQ&dT& is very similar for both the 4 MeV and
ground state transitions. The ground state transition is
slightly broader. The ratio of these double-differential
cross sections near the maximum, Tj

——9S MeV, are in the
ratio of 2.S to 1 which is a much smaller ratio than for
the double-differential cross sections in Fig. 11.

The triple-differential cross sections can be integrated
over both dAI and dr& to obtain the single-differential
cross section, do/df1&. This single-differential cross sec-
tion involves the sum of the extrapolations needed to ob-
tain the two types of double-differential cross sections in
Figs. 11 and 12. The single-differential cross sections
which we obtain at 0& ——60 in the laboratory reference
frame are

0.36 mb/sr (ground state),
0.845 mb/sr (4 MeV state) .

The ground state cross section is about 42 percent of
the elementary H(rr+, 2p) laboratory cross section at 60
deg. The 4 MeV cross section is about 98 percent of the
elementary cross section. It should be remembered that
all of the cross sections are normalized to the known ele-
mentary H(tr+, 2p) cross section. In addition to the errors
associated with the extrapolation of the T matrix into an
unmeasured region, there is also approximately +10 per-
cent overall normalization error.

The ratio of the ground state to the 4 MeV state cross
section is 0.43 which is approximately equal (within ex-
perimental error) to the ratio of cross sections to these
states measured in the ' O(p, pd)' N reaction. ' This could
be construed as evidence for the quasideuteron model in
which the pion is selecting a (pn) pair in a S~ configura-
tion.

The angular distributions of the single-differential cross
sections of the ground state and 4 MeV state are approxi-
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FIG. 12. Double-differential cross sections at 0~ ——60 calcu-
lated using TRIDIF with the full T matrix.

mately the same as the angular distribution of the
H(tr+, 2p) reaction. This similarity occurs because the 0I

dependence, given by the aq parameter, was found to be
nearly identical for the three cases (see Sec. IV). It is not
unreasonable to assume the angular distributions are also
identical, over the unmeasured phase space, and integrate
over dO, &. When integrating over the 4m solid angle, the
resulting total cross section must be divided by two be-
cause of the two identical protons in the final state. The
total integrated cross sections which we obtain for each
transition are

cr(ground state) =2.9 mb,

cr(4 MeV state) =6.7 mb .

VI. SUMMARY

The data given in this paper represent the first mea-
sured absolute triple-differential cross sections to discrete
states in. the (tr+,2p) reaction on a target with atomic mass
greater than three. Although the form of the T matrix
predicted from a quasideuteron absorption process can
describe many features of the data, there are two major
modifications of the T matrix which are necessary to ex-
plain the data. Firstly, the '"N 1+ ground state form fac-

It is interesting to compare these cross sections to the
. total absorption cross section of tr+ on ' 0 at 60 MeV.

Total absorption cross sections have been measured on ' C
and other nuclei at T =50 MeV (Ref. 19) and at T =85
MeV (Ref. 20). Interpolating both the energy and mass
dependence of the total absorption cross section from
these two references, we estimate that the total absorption
cross section of'm+ on ' 0 at 60 MeV is 130 mb. This to-
tal absorption cross section divided into the total cross
sections for each 1+ transition gives 2.2%%ug for the ground
state transition and S.2% for the 4 MeV state transition.
The percentage of the absorption rate going to the 4 MeV
state has been measured with stopped m to be
(2.5+0;7) %, 1.8%, or (4.8+0.9) % (see Ref. 12). Our
value of 5.2% for the 4 MeV state is slightly larger than
the stopped ~ measurements.
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tor shows a large I. =0 component. This is in dramatic
contrast with the well-known nuclear structure in which a
proton-neutron pair in a Si quasideuteron state is cou-
pled by I. =2 relative angular momentum with the ' N
ground state to form the ' 0 ground state. Secondly, the
T matrix for transitions to both of the ' N 1+ states
shows a strong dependence upon recoil angle. The ' N(4
MeV) 1+ nucleus with momentum near 150 MeV/c has
an enhanced probability of recoiling parallel to one of the
two proton momenta, whereas the ' N(g. s.) 1+ nucleus at
large recoil momentum has a momentum distribution
enhanced in the direction perpendicular to the proton mo-
menta. The differences in these two 1+ transitions must
be due to nuclear structure effects. It is well known that
the 4 MeV 1 state is primarily (PJ/2P3/2)& and the
ground state is primarily (P&iz)&. This data should thus
make feasible a detailed theoretical study of the (sr+,2p)
reaction mechanism. An initial attempt ' using an
isobar-doorway model has been. made to study the
' O(m+, 2p) reaction, but this model has not been fully
developed.

The ' O(m+, 2p)' N data extend over a large enough re-
gion of phase space that it was possible to study and
specify many detailed features of the T matrix for the two
1+ transitions. Although the functional form of the T
matrix cannot be uniquely determined and there is ambi-
guity because of cross correlations in some of the parame-
ters, we feel that the T matrices which we extracted are
realistic and can, with some reliability, be extrapolated
into unmeasured regions of phase space. Extrapolating
over the full phase space, we find that 7.3%%uo of the pion
absorption cross section is contained in the ground state
plus the 4 MeV state transitions. The most severe extra-
polation in obtaining the total integrated cross section is
the integration over dA&, the solid angle of one of the
protons, after the solid angle of the other proton has al-
ready been integrated over. This extrapolation is essen-
tially an integration of the single-differential cross section,
der/dpi This i. s a severe extrapolation because our data
do not extend forward of 63' in the center-of-mass frame
of the two protons. However, we feel that this extrapola-
tion, assuming the same 0& angular dependence as the
H(n+, 2p) reaction, is likely to be accurate. Firstly, the

data from the two 1+ states indicate angular distributions
nearly identical to the elementary H(m+, 2p) angular dis-
tributions for angles larger than 63' in the center-of-mass
frame. Secondly, other studies of the (m+, 2p) reaction on
neighboring targets and at a variety of pion energies in-
variably show angular distributions consistent with the
elementary H(sr+, 2p) reaction. For example, the
' C(m. +,2p) reaction at T =165 and 245 MeV shows an-

gular distributions consistent with the elementary
H(n+, 2p) angular distribution to the most forward mea-

sured angle, 30', in the center of mass of the two pro-
tons.

The only other major extrapolation in the extraction of
the total cross section for each 1+ transition is the extra-
polation in the azimuthal angle, P. This extrapolation
corresponds to holding the azimuthal angle of one proton,
Pi, fixed and integrating over the azimuthal angle of the
other proton, P2. Our data cover an effective range in P
of 18' which, we estimate, contains almost half of the
yield. We do not know how good the P extrapolation is.
We obtain the value of 5.2%%uo for the fraction of the ab-
sorption cross section populating the ' N(4 MeV) state,
whereas the stopped m data get a smaller fraction with
measurements varying from 1.8%%uo up to 4.8%.'

Looking at our ' O(m+, 2p)' N spectra in Fig. 2, it be-
comes apparent that the ground state and 4 MeV state
carry only a minor fraction of the total (m+, 2p) yield. If
the extrapolation of the T matrix is correct in giving
7.3% of the absorption cross section to the ground state
and 4 MeV state, then a sizable fraction of the total pion
absorption cross section must be feeding into other
(sr+, 2p) channels. Altman et al. claim that their
' C(m+, 2p) data at T = 165 MeV indicate that only about
10% of the total absorption cross section can be attributed
to a one-step quasideuteron (a+,2p) process. If this state-
ment also applies to the ' O(~+,2p) ' N reaction at
T„=60MeV, then only a minor fraction of the (m+, 2p)
cross section can be associated with a one-step quasideute-
ron process. However, it should be pointed out that a dif-
ferent analysis of the ' C(~+,2p) data at T~=165 MeV
indicates that a larger fraction of the absorption cross sec-
tion can be attributed to a one-step quasideuteron process.

Finally, we point out that considerable theoretical effort
has been expended in studying the (m+, p) or (p,sr+) reac-
tion channels and very little theoretical work has gone to
the study of the (n.+,2p) channels. Because the (m+, 2p) re-
action is a much more dominant channel than is the
(m.+,p) reaction, we hope that this very detailed data
presented here will stimulate many theoretical investiga-
tions.
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