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Differential Cross Sections for p+ p ~ d+ ~+ from 1 to 3 Bev
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The diBerential and total cross sections for the reaction p+p ~ fg+7l-+ have been measured in a counter
experiment for incident proton kinetic energies of 1.0, 1.3, 1.5, 1.7, 2.0, 2.5, and 2.8 BeV. Values of the dif-
ferential cross section are given for barycentric deuteron angles 8 for 0& cos8& —0.97 in small intervals of
cos8. From 1.3 to 2.0 BeV, as cos8 varies from —0.5 to —1.0, the differential cross section rises, passes
through a pronounced maximum, and then decreases rapidly. This maximum propagates from cos8= —0.8
at 1.3 BeV to cos8= —0.94 at 2.0 BeV, and evolves into a sharp peak at cos8= —1.0 for energies above
2.0 BeV. The total cross section decreases rapidly and monotonically with energy from 450 pb at 1.0 BeV
to 30 p,b at 2.8 BeV.

I. INTRODUCTION

'HE primary interest in studying the reaction
p+p-+ d+Ir+ is to provide a test of dynamical

models for strong interactions. For example, this re-
action is a candidate for proceeding via a one-nucleon
exchange mechanism. ' Or, for another possibility, the
reaction might proceed by a one-pion exchange (OPE)
with a final-state interaction between the nucleons to
form the deuteron. "Moreover, a statistical model has
been proposed4 which predicts the energy dependence
of the differential cross section at 90' for such reactions.
Clearly it is desirable to have experimental information
on the differential cross sections of such relatively
simple two-body reactions in order to evaluate the con-
tribution to the reaction process made by these and
other mechanisms.

Another purpose of the experiment was to investigate
the behavior of the total cross section for this reaction
in this energy region. Previous measurements' ' of the
differential cross sections near 0 as a function of in-
cident energy had shown a maximum at a c.m. energy
of 3.0 BeV. It had been suggested' that this maximum
might be a manifestation of a diproton resonance. Total
cross-section measurements in this energy region were
needed to resolve this question.
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The reaction p+ p —& d+Ir+ and its inverse have been
extensively investigated below 1 BeV. These studies
found that the differential cross section for this reaction
rises to a broad maximum at cose= 1.0 over a consider-
able range of energies. The total cross section below
1-BeV incident energy is characterized by a narrow
Inaximum at E, ,„=2.16 BeV. This behavior has been
explained by the excitation of the Ã3~&, 3~.*pion-nucleon
resonance in an intermediate state of the reaction.

In recent years, several studies of this reaction have
been made above 1 BeV. Chapman e) al. ' give the
differential cross section at 0.99 BeV. Turkot et al. '
have measured the differential cross section at 0' for
incident proton energies of 1.55, 1.93, 2.11, and 2.50
BeV. Cocconi et a/. ' have measured the differential
cross section at 60 mrad (3.5') in the laboratory for six
incident proton energies between 1.35 and 8.0 BeV.
Dekkers et a/. ' have studied the inverse reaction
Ir++d —+ p+p for eight energies corresponding to a
range of incident proton energies of 1.35—4.0 BeV. This
study agrees with our measurements and extends them
to higher energy. Total cross sections for the reaction
have been reported by Sechi-Zorn" at 2 BeV, and by
Smith ef al."at 2.85 BeV. In addition to these measure-
ments, several isolated differential cross-section deter-
minations have been reported: at 10.7 BeV and 55.7',
at 14.1 BeV and 43.4', and at 22.0 BeV and 34.7' ";

For references to earlier work on this reaction see Dekkers
et al. , Ref. 9.
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TmLE I. Scintillation counter sizes.
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This region is shown in Fig. 2 for an incident energy of
2.0 BeV. Two deuteron channels were used to increase
the momentum resolution of the spectrometer. Unequal
counting rates in these two channels indicated that the
apparatus was not set at the proper kinematic angles
or that the beam energy was incorrect.

The deuteron telescope angle was varied by moving
the magnet, which was mounted on a motorized
carriage, along the arc of a circle on railroad tracks, a
portion of which is shown in Fig. 1. The D1 and D2
counters were attached to the magnet carriage, while
the D3 counter could be moved along a pair of parallel
I-beams. The magnet and positioning of D3 counters
were calibrated by using the standard wire-orbit
technique.

It was possible to reduce the size of the D3 counters
by approximately 20%%uz by taking advantage of kine-
matical focusing. If p and q are the laboratory momen-
tum and angle of the deuteron, respectively, then
dp/dy) 0 as p goes from 0' to its maximum, for deu-
terons backward in the c.m. system (see Fig. 2), and
then dp/d p(0. If n is the angle between the deuterons
leaving magnet H206 (see Fig. 1) and the beam, then

n= rpaLeB/p,

where I. is the length of the magnet, 8 is the magnetic
Geld, and e is the deuteron charge. The plus sign is for
counterclockwise bending (as seen from above) and the
minus sign is for clockwise bending. The deuterons
emerge from the magnet within some range of angles
he, where

An= hrp/1&LeBhp/p'6 pj.
Dn is obviously smaller for a counterclockwise bend
when dp/dp) 0 and for a clockwise bend when dp/dy

0 5 10 15 20 25
DEUTERON LABORATORY ANGLE

Fzo. 2. Kinematics curve for the reactio~ p+p —+ d+7r+ at an
incident proton energy of 2.0 BeV. The solid line represents the
region where the cross sections were measured in this experiInent,
and corresponds to deuterons going backward in the barycentric
system.

(0, since LeB/p' is always greater than zero. In this
experiment, the direction of bend was always chosen
to minimize hn.

The sizes of the deuteron counters were determined
by a computer program which, using ray-tracing tech-
niques, considered the e8ects of beam size and angular
divergence, m1 size and distance from the target, the
length of the target, multiple Coulomb scattering, and
kinematical focusing. The amount of overlap between
pairs of deuteron counters was determined primarily by
considering the Coulomb scattering of the deuterons.

The kinematics of the reaction are such that it was
possible to measure all barycentric deuteron angles 0 for
0)cosg& —0.96 or —0.97 (depending on beam energy)
by varying the x telescope from 5' to 58' and the deu-
teron telescope from 6.7' to 23'. At small laboratory
deuteron angles, the beam struck the yoke of the H206
magnet and it was necessary to reduce the beam in-
tensity, so that the singles counting rates in the D1
counters would not be too large.

After traversing the open experimental area, the
beam entered an iron and concrete beam stop. In order
to accommodate small-angle clockwise bends of the
deuterons, the beam dump was cocked at an angle with
the beam line and magnet C207 steered the beam into
the beam dump. At the beginning of the experiment, the
beam was contained in a vacuum pipe or helium bag
after passing through the hydrogen target, but when it
was shown that this precaution did not aBect the back-
ground accidentals rate, they were dispensed with.

C. Monitor Counters

The beam was monitored by two sets of scintillation-
counter telescopes, each comprised of three counters.
The M monitor telescope, used to normalize the mea-
sured cross sections, was pointed toward the target at a
laboratory angle of 11.3', while the S telescope was
aligned so that it looked at counter C (see Fig. 1). C
was an in-beam counter used to monitor the beam struc-
ture and beam drift off the beam line. It also served as a
source of particles for S which essentially depended only
on the incident beam intensity and not upon whether
the target was full or empty, since less than 2+o of the
beam interacted in the liquid hydrogen.

D. Ãorma1ization

The monitor counters M were calibrated by measur-
ing the C" activity induced by the beam in 0.004-in. -

thick polyethylene foil by means of the reaction
C"(p,pm) C".The foil was mounted on the downstream
end of the target assembly and irradiated for 1 min by a
beam with an approximate intensity of 2-5&(10'
particles/pulse. The C" activity was then measured in
a calibrated NaI well-counter by detecting the p rays
resulting from the annihilation of the positrons emitted
by the C" atoms. The cross sections for this reaction
in this energy region have been given by Poskanzer
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et al. '~ and by Cumming et al. , and the correction
necessary to include the effect of recoiling C" atoms
breaking chemical bonds and diffusing out of the foil
gas been given by Cumming et al."

This allowed the determination of F/3II at each
energy, where 3f is the number of coincidences in the
monitor counters when the foil was irradiated by E
protons. The error in the normalization calibration was
&S%%uq due to combination of the uncertainty in cross
section for forming C", the calibration of the well
counter, and counting statistics in determining the
activity of the C" in the foil. For most energies, two
foils were irradiated and the resulting P/M values
always agreed to within 3%.

E. Electronics

Standard fast-electronic circuitry was used. Counters
m1 and z2 formed m coincidence with an anticoincidence
counter in front of the light pipe of ~1.D1, D2, and D3
formed D coincidence and D1', D2', and D3' formed D'
coincidence. An event was a zD coincidence between
the z. telescope and either (or both) of the deuteron
telescopes. Singles rates and all coincident rates were
also monitored.

Before the experiment all of the scintillation counters
were plateaued and the characteristic time delay be-
tween the incidence of a particle and the output pulse
from the photomultiplier tubes was determined with a
light pulser. During the experiment these delays were
checked by running time-of-Right delay curves on pro-
tons from elastic scattering. With this information, it
was possible to calculate the proper delay cables to
insert between the counters and coincidence circuits for
the x+0 Anal state. Both D3 counters had a phototube
on each end to decrease the timing jitter and increase
the signal-to-noise ratio from these counters.

F. Exyerimental Checks

Numerous checks were made to verify that the events
detected indeed corresponded to the x+0 final state.
Deuteron time-of-Right delay curves, obtained by vary-
ing the delay between the ~ and D coincidence circuits,
resulted in yield-versus-delay curves which typically
had a Qat top of width 7 nsec, a full width at half-
maximum of 10 nsec, and a full width for a 10% yield
of 16 nsec. These curves were centered about the delay
corresponding to the m-+d Anal state. Curves of yield
versus the current in magnet 8206 similarly had a
maximum at the current corresponding to the mo-
mentum of the deuteron from the ~+0 6nal state.
Angular-correlation measurements, obtained by 6xing
the deuteron (pion) angle and finding the yield as a

"A. M. Poskanzer, L. P. Remsberg, S. Katcoff, and J. B.
Cumming, Phys. Rev. 133, B1507 (1964); J. B. Cumming, G.
Friedlander, and C. E. Swartz, sbsd 111, 1386 (1958).."$.B. Cumming A. M. Poskanzer, and J. Hudis, Phys. Rev.
Letters 6, 484 (1961I;J.3. Cumming, J.Hudis, A. M. Poskanzer,
and S. Kaufman, Phys. Rev. 128, 2392 (1962).

function of pion (deuteron) angle also identified the z.+d
Gnal state. A curve of yield versus pulse length in the
deuteron channels was run to insure that no events
were lost because of the spread in deuteron Qight time
being of the order of the time resolution of the coinci-
dence circuit. Finally, for low beam energies it was
possible to measure the differential cross section at
forward barycentric deuteron angles and verify the
symmetry of the reaction about 90'.

III. DATA CORRECTIONS

This section describes the corrections which were
applied to the data.

A. Nuclear Interactions

Some of the desired events were not recorded because
the pion and/or the deuteron did not travel completely
through their respective telescopes because of nuclear
interactions in the hydrogen target, air, or scintillators.
The number of events lost in this manner can be
calculated if the relevant cross sections are known. A
good approximation to the cross sections is given by
o-d~=od~A'~, where cr~N, the deuteron-nucleon total
cross section, is approximately 80 mb. " Similarly, r &
=0-„~A'~' where 0 g=35 mb. 20

B. Multiyle Coulomb Scattering

The deuteron counters were made large enough to
prevent any loss of events due to multiple Coulomb
scattering of the deuterons. Events in which the pion
was scattered and did not go through the solid-angle-
defining counter (z-1 in Fig. 1) were compensated for
by events in which the pion scattered into xi, since the
deuteron counters were large enough to detect the deu-
terons corresponding to these pions.

It was possible to verify experimentally that there
was a negligible loss of events due to multiple Coulomb
scattering in the following manner: At one pion angle
at each energy, the differential cross section was mea-
sured twice, once using a pion counter which subtended
the designed solid angle and once with a solid angle ~~

as large. If the deuteron counter telescopes were not
large enough to collect all of the desired deuterons, the
yield would be higher with the smaller pion solid angle,
since then the deuterons would be confined to a smaller
solid angle. There was no statistically significant dif-
ference between the two measurements.

C. Decay of Pions

The variable pion path length, which had a maximum
value of 22 ft, required a maximum of 4.5 nsec Qight
time (in the pion barycentric system). As many as

"F.F. Chen, C. P. Leavitt, and A. M. Shapiro, Phys. Rev. 103,
211 (1956).

~0 V. S. Barashenkov, Ob'endinennyi, Institut Yadernykh
Issledovaniy Report (unpublished).



1236 HEI NZ, OVERSETH, PELLETT, AN D PERL

16% of the pions decayed before reaching the final
counter. However, the muons were emitted by the highly
relativistic pions in a narrow forward cone with a
maximum half-angle of 3.0' in the laboratory. Thus the
coincidence was completed in many cases by the muon.
Those events in which the muon missed the pion
counters were compensated for by events in which

pions were slightly off angle being counted by decaying
and sending a muon through the counter system.

Veri6cation that the number of events lost by pion
decay was not signilcant was done empirically by re-
measuring one point with a 50%%uo shorter pion travel
length. There was no statistically significant diGerence
in the two resulting cross sections.

D. Accidental Coincidences

Accidental events, in which independent pulses from
the pion and deuteron channels occur by chance within
a short time interval and are counted by the coincidence
circuit, were indicated by recording the coincidences
between the two channels when they were 31 nsec out
of time. These accidental coincidences were recorded
throughout the experiment. By adjusting the beam
intensity, the accidentals were always held to less than
10% of the good events. However, the shape of the
time distribution of the beam, which could not be con-
trolled by the experimenters, was much more inQuential
in causing accidentals than was the beam intensity.

E. Background Events from Target

When the liquid hydrogen was emptied from the
target, the number of events recorded was approxi-
mately 2.7/0 of the number of events with a full target
for the same amount of incident beam. Only about 0.1%
of this was due to the hydrogen vapor which remained
in the empty target, resulting in a 2.6% correction to
the data.

F. Beam Attenuation

Since part of the beam interacts in passing through
the target, the downstream end of the target only sees
some fraction of the initial beam Qux. This eBect can be
corrected by using an effective target length I.,gg, which
is dered by

I
I(0)L.« —— I(x)dx,

0

where L is the actual target length and I(x) is the
number of protons per pulse which pass through x, the
x axis pointing along the beam direction with its origin
at the upstream edge of the target. The resulting ex-
pression L,qg is

L.«=L(1 2~pL)—
where 0 is the total pp cross section and p is the number
of protons/cm' in the target.

G. Beam Energy

The energy of the beam could be determined with
an accuracy of about &0.05 BeV. In addition to the
fact that the energy at which the cross section is
measured is unknown by this amount, there is an error
introduced of approximately &2/0 in transforming the
measured laboratory cross sections to the barycentric
cross sections, since the Jacobian for a given laboratory
angle is a function of the beam energy. This effect, of
course, cannot be corrected for.

H. Counter EKciency

Because of the small size and relatively large thick-
ness of the 7r counters and the D1 counters (see Table I),
it is assumed that they were essentially 100% eKcient.
The efficiencies of the D2 and D3 counters were not
measured, but were estimated to be 99&1% because
of the moderate size of the D2's and the fact that each
D3 counter had two phototubes. The dead-time correc-
tion for the counters was 3%.

IV. RESULTS

The following formula was used to calculate the
di6erential cross sections:

da E(7rD) X(7rD)—
npy6el,

dQ p(Ii,/M)MLJ(d, Q)

where E(vrD) is the total number of events at a given
angle; X(7rD) is the total number of accidental events
at a given angle; p is the density of liquid hydrogen,
4.23)&1022 protons/cc; I /3II is the normalization factor
for M monitor telescope, typically 3&&10 j 31 is the
number of coincidences in M telescope; 1.is the length
of hydrogen target (3.03 in. ) when filled with liquid
hydrogen and surrounded by vacuum; AQ is the solid
angle subtended by z1 counter in the laboratory; J is
the Jacobian which transforms solid angle (AQ) from
laboratory to c.m. system; n is the correction for nuclear
interactions (=1.13&0.03); P is the correction for
multiple Coulomb scattering loss (=1.01+0.01); y is
the correction for background events (=0.974&0.05);
8 is the beam attenuation correction (= 1.01); e is the
correction for counter dead time (=1.03&0.03); t is
the correction for counter efficiency (=1.02&0.02);
nPylef' is the total correction (=1.18&0.05).

The errors stated in the corrections applied above are
estimated. When combined orthogonally with the Ja-
cobian error of &2%%uo due to the uncertainty of the beam
energy and the normalization error of &8%, the net
nonstatistical error is &10%. The statistical error
ranged from about &5 to &15%, but was usually
about +7%.

The results for the differential cross sections are
presented in Table II and displayed in Fig. 3, where the
errors indict, te the standard deviations from counting
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TABLE II. Differential and total cross sections for the reaction p+p ~ 8+m+.'

coss (c.
T, (SeV):
E* (3eV):

—0.97—0.965—0.96—0.95—0.94—0.93—0.925—0.92—0.90—0.85—0.80—0.70—0.60—0.50—0.40—0.30—0.20—0.10
0

~~~ (I b)

1.0
2.3

50.1+2.5

49.9+2.7

52.1+2.0

51.2+2.4
45.9+2.2
42.1a1.5
33.4+1.7
31.9+1.6
24.4+1.2
23.5&1.1
21.0a0.9
20.3&0.9
452~21

1.3
2.4

17.5+1.3

22.7~1.6

21.0+0.8
24.2a1.1
25.0+0.9
23.8+0.8
20.1~0.7
17.8+0.9
14.5+0.7
13.6+0.7
12.4+0.6
13.0&0.7
12.2+0.6
217+11

1.5
2.5

9.9+0.8

12.1&0.7

14.6~1.0

15.9+0.6
16.4a0.6
13.3+0.8
13.1&0.7
10.2&0.5
9.7+0.5
7.6+0.3
8.6&0.5
6.9&0.5
6.2&0.4
6.3a0.4
123+7

do/dII, pb/sr (c.m. )
1.7
2.6

10.6&0.9

12.5&0.9

14.6+0.7

16.1&0.8
12.9a0.9
11.9&0.8
9.4&0.5
6.0~0.4
5.0+0.3
4.4+0.2
3.8+0.2
3.1&0.2
3.0&0.2
2.9+0.2
84&5

2.0
2.7

9.5+0.7

8.3+0.6

10.2+0.7
10.0+0.5
8.4&0.5
7.3&0.4
6.2&0.3
4.7+0.3
2.9+0.2
2.4+0.1

1.3+0.1
1.2+0.1
1.1+0.1
53+3

2.5
2.9

12.3&1.2

10.6+0.8

6.4+1.0

5.7+0.4

3.5~0.2
2.7+0.3
1.9+0.2
1.4+0.1

0.7+0.1

0.8~0.1

2.8
3.0

12.8+2.3

8.3+0.5

5.1+0.4
3.7&0.3
3.3&0.3
2.2~0.2
1.7~0.2
1.2~0.1
1.0+0.1

30+3

(Tp is the kinetic energy of the incident proton. 8 is the total energy in the c.m. system. e is the c.m. angle of the deuteron relative to the direction
of the incident proton. )

statistics. The 0' data of Turk. ot are also plotted for
those energies which both experiments covered. The
1.0-BeV data can be compared with the results of
Chapman et al. ,' and the agreement is very good.
Higher-energy data can be compared with the results
of Dekkers et al. ,

' who studied the reaction n.++I—&

p+p for a range of ~+ energies which correspond to
incident proton energies from 1.35 to 3.9 BeV for the
inverse reaction. Employing the principle of detailed
balancing, these cross sections can be translated to
those for the inverse reaction, and the agreement be-
tween the two experiments is very good. As an example,

in Fig. 4 the results of Beakers et al. are compared with
ours at 2.8 BeU.

The total cross sections are also given in Table II.
They were obtained by Gtting the differential cross sec-
tions with a series of even powers of cosg, using a
weighted least-squares method, and integrating the
resulting expression analytically. In Fig. 5 they are
plotted along with data of others showing the behavior
of the total cross section for this reaction as a function
of total c.m. energy. This graph corresponds to incident
proton energies from 500 MeV to 4 BeV. In addition to
measurements above 1 BeV already referred to, the

FIG. 3. Dif'ferential cross sec-
tions in the c.m. system for the
reaction p+p ~ d+m+ in pb/sr
plotted versus cos8 of the deu-
teron (in the c.m. system). The
0' data from Ref. 5 are indi-
cated by solid squares.
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graph contains lower-energy data of Neganov and
Parfenov" and of Meshcheryachov et al."There is good
agreement among the various experiments.

V. DISCUSSION

The differential cross section for this reaction at 1.0
BeV shows a behavior typical of lower-energy data.

f04=

o~
I

(p+p d+ 7r+)

0 This Experiment

& Meshcheryachov ef 67/.

~ Dekkers ef ol.

& Sechi - Zorn

v Chapman ef o/.

& Neganov and Parfenov

IO3

bl-

l02

lO

I
I I I I

2.0 2.2 2.4 2.6 2.8 3.0
Ee~, BeV

I

3.2 3.4

FIG. 5. Total cross sections for the reaction p+p —+ 8+x+ in
pb plotted as a function of 8, ., the total energy in the c.m.
system.

"B.S. Neganov and L. B. Perfenov, Zh. Experim. i Teor. Fiz.
34, 767 (1958) I English transl. : Soviet Phys. —JETP 7, 528
(1958)].

"M. G. Meshcheryachov, B.S. Neganov, X. P. Bogachev, and

cos 8 (c.m, )

FIG. 4. Comparison of the results of this experiment at 2.8
BeV with the results of Dekkers et ul. for the inverse reaction
m++8 ~ p+p.

The cross section rises to a broad maximum at 0' (and
180'). However, at higher energies a new and different

type of behavior appears. From 1.3 to 2.0 BeV, as cos9
varies from —0.5 to —1.0, the differential cross section
rises, passes through a pronounced maximum, and then
decreases rapidly. This maximum propagates from cos0
= —0.8 at 1.3 BeV to cosa= —0.94 at 2.0 BeV, and
evolves into a sharp peak at coso= —1.0 for energies
above 2.0 BeV.

These general features of the differential cross section
can be understood in terms of a one-nucleon exchange
model for the reaction. " If a deuteron wavefunction
corresponding to a strong, repulsive core in the nucleon-
nucleon potential is used to calculate the neutron-
proton-deuteron vertex function, the result is a function
which causes a maximum in the differential cross sec-
tion. This maximum moves towards cos|I= —1.0 as the
incident energy increases. Although this model gives
the qualitative features of the data, the over-all agree-
ment is rather poor. This is not surprising, since the
exchange neutron is far from the mass shell (which
casts some doubt on a peripheral model calculation), a
nonrelativistic deuteron wave function was used, and
it is not totally clear how to include the effects of ab-
sorption in the calculations.

The OPE calculation is complicated by the presence
of a loop integral. Yao' has evaluated the Feynman
diagram, making several important assumptions and
approximations. Agreement between the model and the
data from this experiment is not good, although the
normalization is approximately correct—even though
no absorption has been included. There is no mechanism
in this OPE calculation for a differential cross-section
maximum which systematically shifts with increasing
energy, as is observed.

In the BeV region the total cross section decreases
rapidly and monotonically. There is no evidence of
strong resonant behavior beyond the maximum at

=2.16 BeV. The maximum previously found at
3.0 BeV by combining forward differential cross section
data" of several experiments does not appear to be a
reQection of a maximum in the total cross section but
rather is caused by the unusual behavior of the cross
sections near 0' in this region.

In lieu of a good theory for strong interactions it has
become connnonplace, especially for elastic scattering,
to attempt to 6t the data over a large range of energies
by simple expressions involving one or two variables
such as c.m. energy or momentum transfer. It is hoped
that such parametrization, if successful, would provide
clues as to the form of the interaction or mechanism
operative, as well as provide a good basis for interpola-
tion and extrapolation from existing data. In this spirit

V. M. Sidorov, Dokl. Adad. Nauk SSSR 100, 673 (1955); M. G.
Meshcheryachov and B. S. Neganov, ibid 100, 677 (1955.).

~R. M. Heinz, O. K. Overseth, and M. H. Ross, Bull. Am.
Phys. Soc. 10, 19 (1965); J. Mathews and B. Deo, Phys. Rev.
143, 1340 (1966).
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