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' 3
II. Study of the Reactions p+d—>He3+ m® and p+d -~ H +.1T+
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University of California
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November 1, 1962
ABSTRACT

Absolute cross sections for the reactions p + d - He3 + 0 and
pt+td-— I—I3 + 17 have been measured at several angles and energies. The
experimental I—Ie3 and H3 momentum resolution has beeh computed and com-
pared with the.results obtained for these two reactions. By comparing ex-
perimental data on these reactions with the reactionp +p - d + _Tr+ it has

been possible to compute the impulse-approximation integral relating the

processes. The results are in good agreement with other experiments.
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Meson Production in p+d Collisions

« §

and the I=0 w-m Interaction™?

.

II. Study of the Reactions p+ d-—>He3 + 1% and p+d-->H3+1T+

Norman E. Booth!

Lawrence Radiation Laboratory
University of California
Berkeley, California

I. INTRODUCTION

3
Measurements of the reactions p+d— I—Ie3 +7° and p+d - H + ot

are valuable to us for several reasons:

1. By comparing the widths and sﬁapes of the single-pion (1m) peaks
with our resolution calculations, we can compute with confidence the experi-
mental resolutions at He3 momenta corresponding to 27 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 combined with the
cross section for p+p — d+mt allow one to compute the He3 form f;.ctor, i. e.
the probability that the three nucleons in the reaction p+d — He3+n1T stick
together to form He3 as a function of the He3 momentum.

4. The knowledge of the ratio o (lm)/o(2m) vmay give some information
on the mechanism of the two-pion prodﬁction. |

5. The ratio of the cross sections of these two reactions gives a direct

test of charge independence.
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II. DIFFERENTIAL CROSS SECTIONS AND CHARGE INDEPENDENCE
Differential cross sections‘ for the reactions p+d— He3 + 0 ancil
ptd— H3 st were computed by integration under the data points of Fig. 12
of the preceding paper I and Fig. 2 of reference 1. The results are given in
Table I. - Errors have not been computed in detail, the assigned errors of
£10% being partiy“ statistical and partly due to uncertainties in solid angle,
D2 density, and rﬁomentum bite. The consistency of t1;1e cross sections from
run to run leads‘.us to believé 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 féctor upfoni.uvghich the ébsolute cross sections are based.
Charge ihdependégé\e predicts that the cross sections (I—I3+Tr+)/(I-Ie3+1T°)
éhould be in the ratio 2"1 aﬁért from electromagnetic corrections. The ratio
we obtain at 743 MeV a,_ndje: =130° is 2(1.00£0.05). The electromagnetic
corrections have been estimated at lower proton energies by Kdhler, 2 and are
in the direction of increasing the ratio but are ekpected to be less than 10%.
Thus, oui' result is consistent with charge independence. Other measure-

ments have been made at 450 MeV3 and 591 MeV. 4

III. MOMENTUM RESOLUTION

The determination of solid a.ngle_, target thickness, proton beam in-
tensity and ""momentum bite' have already been discussed in paper I. We
now briefly outline the calculation of the momentum resolution. For con-
venizbence 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 éategory we hav'ié rhultiple séattering and
.anguiar divergence of the proton beam; in the secc_'),'nd}'f.:ejnergy loss in the

target and finite angular definition, beam dimensions, and image and grid
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sizes. Two other factors that should be considered are magnetic aberra=-
tions and energy spread of the proton beam. We took care to minimize the
aberrations 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 eomparing the momentum resolution for a monoenergetic
proton beam with the observed widths of the 17 production peaks.

| In what follows each factor will be considered separately, and all will

be summarized in Table II.

- A. Factors Affecting the Momentum Resolution

1. Finite Angular Definition, Proton-Beam Dimensions, and Energy Loss in

the Target

We treat th‘ese facfors together since they are interdependent. The.
finite e.ngular spread defined by the collimating slits affects the resolution in
two ways. First, the momentum p is a kinematical function of the produc-
tion angle 6 of the H3 or He3. Second, the finite sensitive length of the tar-
get defined by the collimators requires that the produced particles have dif-
‘ferent 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 con—kv
tributes in the same way. ‘These factors are taken together, since there is a
correlation between production engle and path length through the DZ' The
amount of correlation in the momentum resolution depends upon the relative

values of dp/dR and dp/d#.
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2. Finite Image Size and Finite Grid Size

The finite dimensions of the sensitive region of the target were pro-
jected with approximately unit magnification (in runs 2 and 3) on the momen-
tum-defining grids. This image was then folded in with the width of one grid

to obtain an effective grid width.

3. Multiple Scattering of Momentum-Analyzed Beam

Materials that may multiply scatter the He3 of H3 with a subsequent
loss of momentu’rvnv resolution are the D, gas, the exit dome of the target, He
bags, and the first counter in the time-of-flight path. Of these, scattering in
the region of the target is the most important factor since it introduces a
spread in production angle. Multiple scattering in S1 (see Fig. 6 of paper I)
makes the particles take a different angle through QZ and increases the ef-

fective grid width.

4. Angular Divergence of the Proton Beam

Angular divergence of the incoming proton beam increases the un-
certainty i‘n the production angle and contributes to the momentum resolution
through dp/df. The angular divevrgence 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. fnylar and 0.019-in. stainless

steel in the first half of the D, target.

2
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6. Energy Spread of the Proton Beam

This factor is unknown and is determined by comparing our computed
resolution functions with the experimental single pibnapx"oduction peaks. The
results indicate that a proton beam energy spread of abouvt +2 MeV fits well.
However there should be a tail extending farther on the low-energy side. This

is consistent 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 experimental data in
Figs. 1 a,b, and ¢c. In a similar way, the resolution at momenta correspond-
ing to the I=0 anomaly was calculated. A comparison to the observed width of

the anomaly is given in paper IV.

Iv. FORM FACTOR

. . 3
In order to calculate cross sections for the reaction p+d— H +TT+

one can use the impulse approximation. 6 This method has been used b}}

3 +

Rudermé.n7 and Bludman8 to fit experimental data on p+d—= H™ + 7 at 341

9

MeV. In their calculations Ruderman and Bludman assume that the 7 is
produced in the elementary collision p+p—>d +at and thén.use the overlap of
the deuteron and triton wave functions to find out thv often the extra neutron
in the original deuteron sticks together with the deuteron in p+p->d+1TJr to

g

give a triton.in the final state. The relationship between the cross sections is

. E E +E N . 1
Eg pesi ) - l<:£_ ——t—><BPP _1~—(1) [f(A)]Z[_di (pp»dﬂﬂj - ()
dQ 3 de E‘!T+Et Ed le) | |

where the B's and E's are respectively velocities and total energies in the
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center-of-mass system. The quantity A is the momentum transfer to the

s
struck deuteron when a meson of momentum q is produced by an incoming

proton of momentum k, A= 1/2k -1/3 q - [f(A)]" is the probability of form-

ing a final state triton and we call this the form factor. f(z) is given in terms

e - =
of the deuteron and triton wave functions Lle (x) and Lpt(z , X) by

~ . oL b0
£f(A) = ¢d-(:x)exp(1A' %) ———— dx (2)
§4(0)

where X is the n-p relative coordinate and Zz is the coordinate of the other
neutron in the triton relative to the ¢. m. system of the p and n. .

Simple wave functions can be used which fit experimental angular

8,10

~ distributions fairly well. However, as Akimov et al. point out, 10 the

energy dependence is not well reproduced, particularly at higher energies
. \ -
where the experimental p+d — I—I3 +oat cross sections are higher than what .

the impulse approximation predicts. We also have been unable to fit all ex-

. 3 , . .
perimental data on p+d =- H™ + nt with the same normalization and same set of
wave functions. Howevier, since the angular distribution at a given energy is

well reproduced, we can use experimental data at the energy of our experi-

ments to compute [£(A)] 2. If the wave functions Lpd = (e—ﬁr_e-yr)/r and

Lpt=e—K/2(x12+X13+X23) are inserted into the expression (2) for f(Z), the

result is
, 2
lf(K)‘Z%[ — e | (3)
A” + (K+B)2 A%+ (K+y)

Commonly used values of the wave function parameters are =0.229 F—l,

Y = 6B and K=0.907 F_l. The results of fitting eq. (3) (neglecting the second
term) to the ratio

do 3 +,. , do N +

g (PHd=H + ™)/ o= (ptp—>d+T)

at incident energies for the I-I3 reaction of 743 MeV and 591 MeV4 are. shown
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in Fig. 2. The best fit for (K+8) is 1.65 (T'w/|..tc)"1 whereas the accepted value
based on low energy data is 1.605. 2 This agreement is good considering we
have neglected y and any hard core in the deuteron. We do not attempt to
draw any conclusions about Lle and th from the experimental value of (K+ ),
but consider it just a parameter in a theoretically-predicted form for f(Z) .
We conclude that the single i:ion production reactions p+d—~ He3 + 7% and

p+d—>(H3+1T+ can be adequately expressed in terms of -g—g(p+p->d+ Tr+) and

|f(Z)|2.

For the double pion production reactiohs we should use the same
\f(‘Z)lz, but the angular distribution for p+p— d+27%. This has been measured
by B. Sechi Zorn11 at Tp: 2.05 BeV and is (1 + 00526*) where 0* is the angle
of the heavy particle in the ¢c. m. system. This angular distribution is similar

+

to that of p+p—=d+ 7" at 1.5 BeV, the energy which gives a pion of the same

momentum in the c. m. system as p+d—> H3 +mt at 743 MeV. We can write:

99 (p+d—He+ 70) & [#Z) |? (1 +cos®e™) C(4)
ds2 ‘ ‘
and
dZ(I 3 — 2 2 oo
dpda (p+d— He™ +2m) o« (phase space) If(A)[ (l+cos™87). (5)

In terms of the laboratory momentum, pé =3 A, we have
]f(Z)lzoc[l + (—I;i)z]\“2 with pgy = 693 MeV/c.

In paper IV this information will be included in the analysis of the He

momentum spectra.
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V. RATIO OF 1n/2m PRODUCTION IN p+d COLLISIONS

A final point of observation is the apparently large amount of 2w
production as compared to 1m at 740 MeV (see Fig. 12 of paper I). One might
expect, in analogy with meson production in ™-N and N-N collisions that -
2m production would be only a few percent Of, Im at this ‘energy. Instead, we
find the cross sections to be roughly comparable.

It is interesting to compare the 1m/27 ratio with the statistiéal /
rnodel.11 If p is the volume in phase space, then in the laboratory system

we have

p\
dp (1m) . 3w
dg, 4 <W _ 3 cose )
- L P3 3 (6)
(2m)  2pQ TPs ,4'.,_2
dp3d$23 3 , A
' P

Here WL is the-l.aboratory_ energy of the p+d system; P, is .the momentum
of the inc?ident proton; 93, Py and wy are respectively the laboratory angle;
momentum, and total energy of I—Ie3 or H3; w is the total energy in the bary-
centric system of the two pions, and @ is the Fermi volume.

Using the 1w H3 and He> peaks at 1530 MeV/c and average points in
the 2m continuum, we obtain for the radius Ty in Q = 4/317(r0/|~t)3, 1.65 and
2.9 pion Compton Wavelengﬂ}s for the H3 and He3 data, respectively. These
rather large va.l.ues for the radius, particularly in the He3 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 conclusion (see paper IV)

of a strong attraction between the two pions in the I=0 state.



-9- UCRL-10408

ACKNOWLEDGMENTS

The author wishes to thank Dr. G. F. Chew, Dr. K. M. Watson and
Dr. J. Gillespie for many helpful discussions. He is also grateful to the
coauthors of paper I, Dr. A. Abashian, Dr. K. M. Crowe, Dr. E. H. Rogers
and Mr. R. E. Hill who collaborated in the measurements, for contributing

to several aspects of this paper.



st

-10- UCRL-10408

FOOTNOTES AND REFERENCES

" Work performed under the auspices of the U. S. Atomic Energy Commission.

S Paper Il in a series compfising UCRL-10407, 10408, 10409, and 10410.

T Present address: The Enrico Fermi Institute for Nuclear Studies,

University of Chicago, Chicago, Illinois.

1.

10,

11.

A. Abashian, N. E. Booth, and K. M. Crowe, Phys. Rev; Letters

5, 258 (1960). |

H. S. Kéhler, Phys. Rev. 118, 1345 (1960).

A, V. Crewe, B; Ledley, E. Lillethun, S. Marcowitz, and C. Rey,
Phys. Rev. 118, 1091 (1960).

D. Harting, J. C. Klﬁyver, A. Kusumegi, R. Rigopoulos, A. M. Sachs,
G. Tibell, G. Vanderhaegle and G. Weber, Phys. Rev. 119, 1716 (1960).
G. F. Chew and M. L. Goldberger, Phys. Rev. 77, 470 (1950).

M. A. Ruderman, Phys. Rev. 87, 383 (1952).

S. A. Bludman, Phys. Rev. 94, 1722 (1954).

W. J. Frank, K. C. Bandtel, R. M-?.dey, and B. J. Moyer, Phys. Rev.
94, 1716 (1954). |

Y. K. Akimov, O. V. Savchenko, and L., M. Soroko, J. Exptl. Theoret.
Phys. (U. S.S.R.)ﬂ, 708 (1961); translation: Sov. Phys. (JETP) 14,
512 (1962).

B. Sechi Zorn, Phys. Rev. Letters 8, 282.(1962), and private commu-

nication.

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



Table I. Cross sections for p+d— I—Ie3+ mand p+d— H3+ ™

-11-

UCRL-10408

+

Incident (g) C.m. (ﬂ)
Reaction Run z;Z:'OgI; arI:galbe dR/y 5, };;ogrlle- dg c. m.
(MeV) (deg) ~ (pb/st) (deg) (kb/sr)
He o+ m° 1 562 117 4.66£0.47 125.0 0.210.02
1 b4 11.7  3.19%0.32 127.5 0.16£0.02
1 648 11,7 2.19%0.29 - 128.2 0.1540.02
1 695 11.7 1.86£0.19 129.6 '0.10:!:0.01‘
1 743 11.7  1.62+0.16 131.0 ©0.094£0.009
2 743 118 1.57#1.16 130.5 0.0910.009
H 4 ot 2 743 11.8  6.27£0.62  24.0 1.250.13
N 2 743 11.8  3.0840.31 130.0  0.1840.03
He4m® 3 750 13.5 2.10£0.10 123.2 0.12%0.01
3 750 15.7  2.32+0.08 111.2 0.12;0.01‘
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Table II. Factors affecting momentum resolution

a. Gaussian Factors

Effect

Standard Deviation of Gaussian {MeV/c)

Multiple scattering of H3 or He3
In target and dome
In counters
In He gas

Proton beam
-Angular divergerice
Multiple scattering

Combined e.ffe cts

3 3 3
He " at 1530  H at 1525 H at 825
MeV/c MeV/c MeV/c
7.0 3.2 6.3
5.2 3.0 4.6
3.0 1.7 2.4
3.1 3.1 | 1.6
1.9 1.9 1.0
9.9 6.0 8.3

b. Other Factors

Effect Full width at half-maximum (MeV/c)
HS at 1530  H-oat 1525 H> at 825
MeV/c MeV/c = MeV/c

Finite angular definition and

© proton beam dimensions 7.5 10.1 9.7
Finite image and grid sizes 8.4 9.2 3.9
Combined effects 10.0 13.4 10.2
All effects (a and b combined)

(Full width at half-maximum) 26 19 : 22

Experimental

28" 21 ' 24
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FIGURE LEGENDS

1. Comparison of calculated resolution functions with measurements

3
of the He3 and H momenta from the reactions p+d— He3 + Trorjfz_a.nd

3 + nt at a laboratory angle of 11.8 deg and an incident prbton

p+d - H
' .3 i !
energy of 743 MeV. {a) He3 peak at 1534 MeV/c, (b) H  peak at 824

MeV/c, and (c) H3 peak at 1525 MeV/c. _

. 2. Determination of the impulse-approximation form factor lf(z) ‘|2

from experimental data on p+d— H3 +mtoat 591 and 743 MeV. The

solid curve is the fit with |[f(}) 1Zoc [(1.65)2+ AZ] -2
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