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Meson Production in p+d Collisions and the I=0 ~-~ Interaction. II. Study
of the Reactions p+d ~ Hes+~' and p+d ~ H'+~+*I
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Absolute cross sections for the reactions p+d —+ He8+wo and p+d'-+ H3+w+ have been measured at
several angles and energies. The experimental He' and H' momentum resolution has been computed and
compared with the results obtained for these two reactions. By comparing experimental data on these
reactions with the reaction p+p ~ 8+m+ it has been possible to compute the impulse-approximation integral
relating the processes. The results are in good agreement with other experiments.

I. INTRODUCTION

' EASUREMENTS of the reactions P+d~Hes
+m and p+d ~ H'+sr+ are valuable to us for

several reasons:

(1) By comparing the widths and shapes of the
single-pion (1sr) peaks with our resolution calculations,
we can compute with confidence the experimental reso-
lutions at He' momenta corresponding to 2x production.

(2) By comparing our results with measurements
made by other groups, we can check the reliability of
our computations of absolute cross sections.

(3) Measured cross sections for these reactions com-
bined with the cross section for p+p —+ d+sr+ allow

one to compute the He' form factor, i.e., the probability
that the three nucleons in the reaction P+d —& Hes+Nsr
stick together to form He' as a function of the He'
momentum.

(4) The knowledge of the ratio o(17r)/o. (2or) may
give some information on the mechanism of the two-pion
production.

(5) The ratio of the cross sections of these two reac-
tions gives a direct test of charge independence.

II. DIFFERENTIAL CROSS SECTIONS AND
CHARGE INDEPENDENCE

TmLE I. Cross sections for p+d —+ He3+mo
and p+d -+ H'+71-+.

Reaction Run

He3+7r 1
1
1
1
1
2

HI+ x+ 2
2

He'+m' 3
3

Incident
proton
energy
(MeV)

562
624
648
695
743
743
743
743
750
750

Lab
angle (do/dD) &,b

(de g) (pb/sr)

11.7 4.66+0.47
11.7 3.19a0.32
11.7 2.19+0.29
11.7 1.86+0.19
11.7 1.62~0.16
11.8 1.57+1.16
11.8 6.27+0.62
11.8 3.08+0.31
13.5 2.10~0.10
15.7 2.32+0.08

C. m.
pion
angle
(deg)

125.0
127.5
128.2
129.6
131.0
130.5
24.0

130.0
123.2
111.2

(do./dQ).
(t b/sr)

0.21 ~0.02
0.16 &0.02
0.15 ~0.02
0.10 ~0.01
0.094&0.009
0.091&0.009
1.25 a0.13
0.18 %0.02
0.12 &0.01
0.12 &0.01

Charge independence predicts that the cross sections
(H'+sr+)/(He'+s') should be in the ratio 2:1 apart
from electromagnetic corrections. The ratio we obtain
at 743 MeV and (l *=130' is 2(1.00+0.05). The elec-

tromagnetic corrections have been estimated at lower

proton energies by Kohler, ' and are in the direction of
increasing the ratio but are expected to be less than
10%. Thus, our result is consistent with charge inde-

pendence. Other measurements have been made at' 450
MeV and4 591 MeV.

Differential cross sections for the reactions p+d ~
Hes+sr and P+d —& H'+sr+ were computed by inte-
gration under the data points of Fig. 12 of the preced-
ing paper and Fig. 2 of Ref. i. The results are given in
Table I. Errors have not been computed in detail, the
assigned errors of +10% being partly statistical and
partly due to uncertainties in solid angle, D2 density,
and momentum acceptance. The consistency of the
cross sections from run to run leads us to believe that
there are no important systematic errors, but there
could be an error of 10% or more in the estimate of
the ion-chamber multiplication factor upon which the
absolute cross sections are based.

III. MOMENTUM RESOLUTION
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'A. Abashian, N. E, Booth, and K. M. Crowe, Phys. Rev.
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The determination of solid angle, target thickness,
proton beam intensity and "momentum acceptance"
have already been discussed in paper I. %e now briefly
outline the calculation of the momentum resolution.
For convenience of calculation the factors affecting
the momentum resolution may be split up into two

parts, those which can be approximated by Gaussians
and those which cannot. In the first category we have
multiple scattering and angular divergence of the pro-
ton beam; in the second, energy loss in the target and
finite angular definition, beam dimensions, and image
and grid sizes. Two other factors that should be con-

' H. S. Kohler, Phys. Rev. 118, 1345 (1960).
'A. V. Crewe, B. Ledley, E. Lillethun, S. Marcowitz, and C.

Rey, Phys. Rev. 118, 1091 (1960).
4D. Harting, J. C. Kluyver, A. Kusumegi, R. Rigopoulos, A.

M. Sachs, G. Tibell, G. Vanderhaegle, and G. Weber, Phys. Rev.
119, 1716 (1960).
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Tmr.z II. Factors aGecting momentum resolution.

EGect

Gaussian factors
Standard deviation

of Gaussian (MeV/c)
He' O' H'
1530 1525 825

MeV/c MeV/c MeV/c

Multiple scattering of H' or He'
In target and dome
In counters
In He gas

Proton beam
Angular divergence
Multiple scattering

Combined eGects

Other factors

7.0
5.2
3.0

3.1
19
9.9

3.2
3.0
1.7

3.1
1.9
6.0

6.3
4.6
2.4

1.6
1.0
8.3

EBect

Finite angular definition and
proton beam dimensions

Finite image and grid sizes
Combined effects
All effects (Full width at

half-maximum)
Experimental

Full width at
half-maximum (MeV/c)
He' H' H'
1530 1525 825

MeV/c MeV/c MeV/c

7.5 10.1 9.7

8.4
10.0
26

9.2
13.4
19

3.9
10.2
22

28

sidered are magnetic aberrations and energy spread of
the proton beam. We took care to minimize the aberra-
tions of the momentum-analyzing system, and since
we believe them to be small, we do not include them
in the resolution calculation. The energy spread of the
proton beam is not well known, but we can set an
upper limit on it from the geometry shown in Fig. 2
of paper I. In practice we calculate the energy spread
by comparing the momentum resolution for a mono-
energetic proton beam with the observed widths of
the 1x production peaks.

In what follows each factor is considered separately,
and all are summarized in Table II.

momentum resolution depends upon the relative values
of dp/dR and dp/de.

Z. Finite Image Size and Finite Grid Size

The finite dimensions of the sensitive region of the
target were projected with approximately unit mag-
nification (in runs 2 and 3) on the momentum-de&ning
grids. This image was then folded in with the width
of one grid to obtain an effective grid width.

3. Multiple Scattering of Momentum Analy-sed Beam

Materials that may multiply scatter the He' of H'
with a subsequent loss of momentum resolution are the
D2 gas, the exit dome of the target, He bags, and the
first counter in the time-of-Right path. Of these, scat-
tering in the region of the target is the most important
factor since it introduces a spread in production angle.
Multiple scattering in St (see Fig. 6 of paper I) makes
the particles take a different angle through Qs and
increases the effective grid width.

4. Angular Divergence of the Proton Beam

Angular divergence of the incoming proton beam in-
creases the uncertainty in the production angle and
contributes to the momentum resolution through dp/dg.
The angular divergence may be roughly estimated from
the dimensions of the premagnet collimator (Fig. 2 of
paper I) and of the proton beam at the target position.

5. Multiple Scattering of the Proton Beam

This effect is small because the proton beam travels
mainly in vacuum. The only important scattering
materials are the 0.010-in. aluminum exit window of
the vacuum tube, and the 0.005-in. Mylar and 0.019-in.
stainless steel in the first half of the D2 target.

6. Energy Spread of the Proton Beam

A. Factors Affecting the Momentum Resolution

1. Finite Angular Definition, Proton Beam Dimension-s,
and Energy Loss in the Target

%e treat these factors together since they are inter-
dependent. The finite angular spread defined by the
collimating slits affects the resolution in two ways.
First, the momentum p is a kinematical function of the
production angle 0 of the H' or He'. Second„ the finite
sensitive length of the target de6ned by the collimators
requires that the produced particles have different path
lengths R through the D2 depending upon the position
and angle at which they are produced. The finite width
of the incident proton beam contributes in the same
way. These factors are taken together, since there is a
correlation between production angle and path length
through the D2. The amount of correlation in the

This factor is unknown and is determined by com-
paring our computed resolution functions with the
experimental single-pion production peaks. The results
indicate that a proton beam energy spread of about
~2 MeV its well. However there should be a tail
extending farther on the low-energy side. This is con-
sistent with that calculated from the beam geometry.

B. Results

The magnitudes of the effects contributing to the
momentum resolution are shown in Table II for the
three peaks observed in the second run. The computed
resolution functions are compared with the experi-
mental data in Figs. 1 (a), (b), and (c). In a similar
way, the resolution at momenta corresponding to the
I=0 anomaly was calculated, A comparison to the ob-
served width of the anomaly is given in paper IV.



M F SON P ROD U C TlON I N p+d COLL i 8 j. ONS.

Computed
resolution
function

mentary collision p+ p -+ d+z.+ and then use the over-
lap of the deuteron and triton wave functions to 6nd
out how often the extra neutron in the original deuteron
sticks together with the deuteron in p+p ~d+z+ to
give a triton in the final state. The relationship be-
tween the cross sections is

(b)
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b
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FxG. j.. Comparison of calculated resolution functions with
measurements of the He' and H' momenta from the reactions
p+d —&He'+77' and p+d~H'+x+ at a laboratory angle of
11.8 deg and an incident proton energy of 743 MeV. (a) He' peak
at 1534 MeV/c, (b) H' peak at 824 MeV/c, and (c) H' peak at
1525 MeV/c.

where the P's and E's are, respectively, velocities and
total energies in the center-of-mass system. The quantity
4 is the momentum transfer to the struck deuteron
when a meson of momentum q is produced by an in-
coming proton of momentum k, L=-'zk —-'sq.

i f(A)]'
is the probability of forming a 6nal state triton and we
call this the form factor. f(A) is given in terms of
the deuteron and triton wave functions i4(x) and
P, (z,x) by

y, (x,o)
f(4)= fe(x) exp(iA x) dx,

e.(0)
(2)

where x is the e-p relative coordinate and z is the
coordinate of the other neutron in the triton relative
to the c.m. system of the p and m.

Simple wave functions can be used which fit experi-
mental angular distributions fairly well. ~ ~ However,
as Akimov e( a/. point out, the energy dependence is
not well reproduced, particularly at higher energies
where the experimental p+d —& H'+z+ cross sections
are higher than what the impulse approximation pre-
dicts. We also have been unable to 6.t all experimental
data on p+d-+ H'+z+ with the same normalization
and same set of wave functions. However, since the
angular distribution at a given energy is well repro-
duced, we can use experimental data at the energy of
our experiments to compute ff(L)l'. If the wave func-

'
tions p@= (e ~' e&")/r—and p~=e xts'*'s+*»+*»& arein-
serted into the expression (2) for f(cL), the result is

i f(cL) is ~ {LLV+ (E+P)']-'—L&'+ (&+V)q ')' (3)

80 E, ++&i
(pd—~ 1~') =

dQ 3I P„,Z,+Z, i Z,

do
Xff(~)7 —(pp d+), P)

dQ

IV. FORM FACTOR

In order to calculate cross sections for the reaction
p+d —&H'+z+ one can use the impulse approxima-
tion. ' This method has been used by Ruderman and
Bludmanr to fit experimental data on P+d ~H'+z+
at 341 MeV. ' In their calculations Ruderman and
Bludman assume that the m+ is produced in the ele-

~ G. F. Chew and M. L. Goldberger, Phys. Rev. 77, 470 (1950).
6 M. A. Ruderman, Phys. Rev. 87, 383 (1952).' S. A. Blndman, Phys. Rev. 94, 1722 (1954).

W. J. Frank, K. C. Bandtel, R. Madey, and B. J. Moyer,
Phys. Rev. 94, 1716 (1954).

Commonly used values of the wave function param-
eters are P=0.229 F ', y=6P and %=0.907 F '. The
results of fitting Eq. (3) (neglecting the second term)
to the ratio

(d~/dQ) (P+d —+ Hs+z+)/(do/da) (P+P -+ d+7r+)

at incident energies for the H' reaction of '143 MeV
and 591 MeV' are shown in Fig. 2. The best 6t for
(E+P) is 1.65 (k/inc) ' whereas the accepted value

9Y. K. Akimov, O. V. Savchenko, and L. M. Soroko, Zh.
Eksperim. i Teor. Fiz. 41, 708 (1961) 1

translation: Sovjet Phys, —
JETP 14, 512 (1962)$.
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In paper IV this information will be included in the
analysis of the He' momentum spectra.

V. RATIO OF lm/2er PRODUCTION IN
P+d COLLISIONS

A Anal point of observation is the apparently large
amount of 2' production as compared to 1m at 740
MeV (see Fig. 12 of paper I). One might expect, in
analogy with meson production in x—E and E-S
collisions, that 2x production would be only a few
percent of 1x at this energy. Instead, we 6nd the cross
sections to be roughly comparable.

It is interesting to compare the 1'/2x ratio with the
statistical model. " If p is the volume in phase space,
then in the laboratory system we have

OoOOI
0

l 1 1 i

6 8 IO )p

(h, t p-)~

dp d P
(1s) (2~)

dQs dpsdQs

FzG. 2. Determination of the impulse-approximation form factor
( f(A) ~s from experimental data on p+d ~ H'+s.+ at 591 and
745 MeV. The solid curve is the lit with

~ f(A) ~s cx L(1.65)s+An)~.

based on low-energy data is 1.605.' This agreement is
good considering we have neglected p and any hard
core in the deuteron. We do not attempt to draw any
conclusions about fq and it~ from the experimental
value of (E+P), but consider it just a parameter in a
theoretically-predicted form for f(cL). We conclude
that the single-pion production reactions p+d~ He'
+x' and p+d-+ H'+m+ can be adequately expressed
in terms of (do/dQ)(p+p~ d+a+) and

I f(4) I'.
For the double-pion production reactions we should

use the same
I f(A) I', but the angular distribution for

p+p-+ d+2x. This has been measured by B. Sechi
Zornn at T„=2.05 BeV and is (1+cos'0*), where 8* is
the angle of the heavy particle in the c.m. system. This
angular distribution is similar to that of p+p —& d+s.+
at 1.5 BeV, the energy which gives a pion of the same
momentum in the c.m. system as p+d~H'+a+ at
743 MeV. We can write:

(d~/dQ) (pyd ~He'++) ~
I f(&) I'(1+cosre*) (4)

and

(d'o/dpdQ) (p+d —+ He'+2~)
cc (phase space)

I f(ck) I'(1+cos'0*) . (5)

In terms of the laboratory momentum, ps ——36, we have

I f(cL) I' ccL1+ (ps/ps)'j ' with ps=693 MeV/c.

'0 B.Sechi Zorn, Phys. Rev. Letters 8, 282 (1962), and (private
communication),

2pQ ops' (w'/4p' —1) 'I'

(2~)' 2ces w'/p'
(6)

Here 8'z, is the laboratory energy of the p+d system;
pt is the momentum of the incident proton; 0,, p, , and
~3 are respectively the laboratory angle, momentum,
and total energy of He' or H'; m is the total energy in
the barycentric system of the two pions, and 0 is the
Fermi volume.

Using the 1rr H' and He' peaks at 1530 MeV/c and
average points in the 2m continuum, we obtain for the
radius rs in Q=4/3(rs/p)', 1.65 and 2.9 pion Compton
wavelengths for the H' and He' data, respectively.
These rather large values for the radius, particularly
in the He' case, perhaps may not mean too much. This
result may indicate something about the mechanism
of pion production and in a way may support our con-
clusion (see paper IV) of a strong attraction between
the two pions in the I=O state.

"E. Fermi, Progr. Theoret. Phys. (Kyoto) 5, 570 (1950).
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