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The theory of proton-proton bremsstrahlung treating the nuclear interaction exactly and the electro-
magnetic interaction to first order is formulated so as to include the exact determination of the rescattering
term. The effect of the Coulomb interaction between the two protons is not considered. The off-energy-
shell nuclear matrix elements are written so as to eliminate the necessity of integrating over the nuclear
potential. Coplanar symmetric cross sections are calculated with the one-boson-exchange momentum-
dependent potential of Bryan and Scott and the hard-core potential of Hamada and Johnston, including
partial-wave contributions of the nuclear matrix elements with J<4. All results include rescattering cor-
rections, which are shown by explicit calculation to be small (<15%). Quantitative agreement with existing
experiments, including the characteristic quadrupole photon angular distribution, is obtained. Present
experiments are inadequate to differentiate definitively between the Hamada-Johnston hard-core potential

and the Bryan-Scott momentum-dependent potential.

I. INTRODUCTION

HE theoretical aspects of proton-proton brems-
strahlung were originally treated by Ashkin and
Marshak!; interest in the problem as applied to the
study of the off-energy-shell behavior of various
nucleon-nucleon potentials has received a revitalization,
both experimentally and theoretically, with the work
of Sobel and Cromer.2 A number of experiments,*™3 as
well as several calculations,*2 have followed.
The present study constitutes an elaboration and
extension of an earlier paper,’® hereafter referred to as

*Work performed under the auspices of the U.S. Atomic
Energy Commission.
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A. Presented in A were the first p-p-y results using a
realistic potential for which quantitative agreement
with existing experiments, including the characteristic
photon angular distribution, was obtained. At the time
of publication of A, however, there were both quantita-
tive and qualitative disagreements with the calculations
of Cromer and Sobel* and with those of Marker and
Signell.2! The results of A at 46 MeV were a factor of
the order of 6 lower than either the results of Cromer
and Sobel or those of Marker and Signell, and this
disagreement increased with decreasing energy. An
important qualitative disagreement was in the photon
angular distribution. The results of A showed a quad-
rupole angular distribution, while both the results of
Cromer and Sobel and those of Marker and Signell
showed a dipole angular distribution. The results of A
at 46 MeV were consistent with the experimental
results of Warner® at 48 MeV and somewhat lower than
those of Slaus et al.% at 46 MeV; they were close to, but
higher than, the calculations of Pearce et all” Experi-
mental evidence for a quadrupole shape in the photon
angular distribution at 46 MeV was not clearly demon-
strated at that time. Since then, Mason et al.® have
obtained a photon angular distribution at 47 MeV that
is consistent with a quadrupole shape.

According to Signell,? and as discussed further by
Drechsel and Maximon,? a substantial portion of these
discrepancies is due to the neglect of the rescattering
term when the effects of the electromagnetic potential
are calculated in the laboratory frame with the use of a
transverse gauge. In the present study, as in A, the
calculation is done in the barycentric system, and the
rescattering term, which is evaluated explicitly, is small.
In addition, since the calculation is done entirely in the
barycentric system, using invariance considerations to

21 D, Marker and P. Signell (unpublished) (as quoted in Fig. 1
of Ref. 6).

2 P, Signell, in Proceedings of the International Conference on
Light Nuclei, Few Body Problems, and Nuclear Forces, Brela,
Yugoslavia, 1967 (Gordon and Breach, Science Publishers, Inc.,
New York, 1968).
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obtain laboratory cross sections, the question of prop-
erly joining the amplitudes calculated with the electro-
magnetic matrix elements determined in the laboratory
frame and the nuclear matrix elements determined
necessarily in the two-nucleon c.m. frame does not arise.

The essential results here, as given in A, are that (a)
a quadrupole shape is obtained for the angular distribu-
tion, which is suggested to be a model-independent
feature?®; (b) the rescattering corrections to the
differential cross section are shown by explicit calcula-
tion to be small (<15%); (c) the method of evaluating
the off-energy-shell nuclear matrix elements, though
equivalent to previous methods, is simplified; and (d)
present experiments are inadequate to differentiate
definitively between the Hamada-Johnston* hard-core
potential and the Bryan-Scott®* momentum-dependent
potential.

In view of the last result, the hope that p-p-y might
be sufficiently sensitive to the inner region of the nuclear
interaction to distinguish between the various nucleon-
nucleon potentials is somewhat diminished, at least for
the accuracy with which the differential cross sections
have been obtained thus far. The use of polarization
effects, for which the rescattering-term contribution is
important, as a possible method for exposing more of
the off-energy-shell behavior of the two-nucleon poten-
tials is presently being considered by the author.

In Secs. II-VI the formalism of p-p-v, designed to
include the exact determination of the rescattering
contributions, is developed. It is intended that sufficient
detail is included to avoid confusion, since a coherent
treatment of p-p-y without ambiguities and with
rescattering is not available in the literature. The effect
of the Coulomb interaction between the two protons
is not considered in the present work. In Sec. II the T
matrix for p-p-v is expressed to first order in the electro-
magnetic interaction including the rescattering term,
and is developed for use in the barycentric system. In
Sec. III the effect of spin and polarization in the deter-
mination of the electromagnetic matrix elements is
considered. The singlet-triplet spin representation is
used for the p-p system, and the polarization states of
the photon are treated in the circular basis, which cor-
responds to using a helicity representation for the
photon. In Sec. IV the evaluation and interpretation

% E, M. Nyman, Phys. Letters 25B, 135 (1967); Phys. Rev.
170, 1628 (1968).

2T, Hamada and 1. D. Johnston, Nucl. Phys. 34, 382 (1962).
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2% The potential used in the present calculation is a modification
of that given in Ref. 25. The modification consists of new input
parameters and the use of a cutoff factor in order to give an S-
as well as a higher partial-wave fit. The new parameters used
here are, in the notation of Ref. 25, g.2=12.5, g,*=1.65, ms =
600 MeV, g,2=181, f,/g,=1.13, g,2=2.60, go,>=8.19, 5y =>550
MeV, g.2= 17 .3, and fu/g,=0. The cutoff is introduced in momen-
tum space through a Feynman factor A%/(A2+¢?), where q is
the momentum transfer and with A=1500 MeV.
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of the off-energy-shell nuclear matrix elements are
considerably simplified by expressing them in terms of
volume and surface contributions, eliminating the
necessity of integrating over the nuclear potential. The
volume term goes to zero on the energy shell or in the
limit of no photon emission, and the surface term which
is evaluated beyond the range of the nuclear interaction
is directly expressible in terms of the elastic phase shifts
and scattering parameters: Presented in Sec. V is a
method for evaluating the rescattering matrix elements,
involving the partial-wave decomposition of the electro-
magnetic interaction. The cutoff in this partial-wave
decomposition is provided by the cutoff in the partial-
wave decomposition of the initial and final nuclear
states, and is exhibited by the angular integration. The
radial integration involves the evaluation of the product
of three spherical Bessel and Neumann functions with
limits from a point beyond the range of the nuclear
interaction to infinity. Section VI contains the invariant
form of the cross section suitable for the present study.

The results are presented in Sec. VII, where a com-
parison is made between the hard-core potential of
Hamada and Johnston? and the momentum-dependent
potential of Bryan and Scott.?26 These results include
higher partial-wave contributions and wider angular
dependence and energy range than those presented in
A. In particular, the present work includes partial-wave
contributions from the nuclear matrix elements with
J<4, as well as cross sections for coplanar symmetric
angles from 20° to 40° with an incident laboratory
energy ranging from 10 to 300 MeV. Also included is a
partial-wave analysis of the results at 158 MeV with
coplanar symmetric angles of 30° for the Hamada-
Johnston potential. These results demonstrate the
importance of the off-diagonal matrix elements in the
evaluation of p-p-y cross sections at this energy, and
correspondingly suggest the necessity of using a poten-
tial for which the effects of the tensor force are con-
sidered. The explicit behavior of the rescattering contri-
bution as a function of the photon angular distribution
for the Hamada-Johnston potential is also presented
at 158 MeV with coplanar symmetric angles of 30°.

II. 7-MATRIX FORMULATION;
BARYCENTRIC SYSTEM

The Hamiltonian for p-p-y can be written

H=Ki+Ko+Ky+Veut+Vy, (2.1)

where K; and K, represent the kinetic energies of the
two protons, K, is the free-field Hamiltonian of the
quantized electromagnetic field, Vy is the nuclear
potential, and Ven is the electromagnetic interaction.
The two-potential expansion® of the complete 7° matrix

% B. Lippmann, Ann. Phys. (N.Y.) 1, 113 (1957).
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to first order in the electromagnetic interaction yields?®

Tyi=(PisPos | VewGo(E:) T (E:) | PriPas)
+{PuPer | Tt (Ef) Go(Ey) Vew | PriPai)

+{(puPes | Tt (Ep) Go(Ey) VemGo(Ei) T (E:) | puipai),

(2.2)

where the initial and final proton free-scattering states
are represented with the appropriate momenta (spin
indices omitted) as viewed from the barycentric system.
In Eq. (2.2), E; (Ey) is the initial (final) energy of the
two-nucleon system. The energy of the two-nucleon
system is initially the same as the energy in the bary-
centric system. In the final state the energy of the
two-nucleon system is altered from that of the initial
state by the photon energy. The nuclear Hamiltonian is
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represented by
Hy=K+EK;+Vy=Hyt+Vy, (2.3)

and the Lippman-Schwinger equations for the nuclear
T matrix and the free-particle Green’s function are
given by

Tn(E) =Vy+VnGo(E) Tn(E) (2.4)
and

Go(E) = (E—Ho+in) . (2.5)

Complete sets of intermediate plane-wave states are
inserted in the first two terms of Eq. (2.2); it is not
convenient to follow this procedure for the rescattering
contribution, which is the third term of Eq. (2.2), since
momentum conservation does not limit the number of
intermediate states available, as is the case in the first
two terms. The results are

Tyi={PyPes | VeuGo(E:) | Py+K, por)(pus+K, Pos | Tw(Ei) | pripei)
+{PuyPes | VewGo(Es) | Py Por+K) Py, Por+K | T (Es) | pripes)
+{puPy | Twt (E;) Go(Ey) | Pri—K, Poi){Pri—K, D2i | Vem | PriD2i)
+ PP | Tt (E/)Go (Ey) | Priy P2i—K)(Pri, P2i—K | Ve | Pr:P2s)

+(PuPes | Tt (Ey) Go(Ey) VemGo(E:) T (Es) | Pribas)-

The five T-matrix elements of Eq. (2.6) are represented
by the five T-matrix diagrams of Fig. 1, respectively, if
we define

Tyi={pyPos | TO+TO+TO+TO+T® | pripas)
2.7

in order of appearance in Eq. (2.6). Separation of the
elements of the T matrix of Eq. (2.6) into relative and
c.m. coordinates of the two-nucleon system is desirable
because the nuclear matrix elements are defined with
respect to the two-nucleon c.m. In diagrams 1 and 2
of Fig. 1, the photon is emitted after the nuclear inter-
action, and the two-nucleon c.m. system is identical
to the barycentric system. In diagrams 3 and 4 of Fig. 1,
the photon is emitted before the nuclear interaction,
and the two-nucleon system has momentum relative
to the barycentric system. The three reference frames
involved in the calculation are then the laboratory
frame, the barycentric system or the two-nucleon c.m.
system before the photon is emitted, and the two-
nucleon system after the photon is emitted. The trans-
formation from the barycentric system to the laboratory
frame is made relativistically, consistent with the rel-
ativistic treatment of the two-nucleon kinematics in on-
the-energy-shell potential-model calculations. Strictly
speaking, the transformation from the barycentric
system to the final two-nucleon c.m. system should also

28 The } (double dagger) notation is a combination of two
operations, complex conjugation and Hermitian conjugation, as
introduced in Ref. 27.

(2.6)

be made relativistically. It is, however, a good approxi-
mation® to make this second transformation non-
relativistically, in which case the two-nucleon c.m.
momentum is —K, relative to the barycentric system.
This is a result of the condition

Pui+tP2i=pis+pos+K=0, (2.8)

which defines the barycentric frame. For the nonrelativ-
istic transformation there is no singlet-triplet spin
mixing as would occur for the relativistic transformation.

The use of a potential to represent the nuclear
interaction makes this dynamical aspect of the present
calculation. unavoidably nonrelativistic. The nuclear
matrix elements of 7® and 7® are calculated in the
barycentric system, while the nuclear matrix elements of
T® and T® are calculated in the final two-nucleon

Pis Pos

SN

F1. 1. The T-matrix diagrams for p-p-y to first order in the
electromagnetic interaction including rescattering. The labeling
of the kinematics here corresponds to the barycentric system in
the notation of Secs. II-V.

% The maximum value of the relativistic velocity of the final
p-p system with respect to the barycentric system at 160 MeV,
for example, can be obtained by assuming that the photon takes
all the kine ic energy, in which case 8 <80/2m,=0.05.
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c.m. system. The connection between these two systems
by a nonrelativistic transformation allows a separation
of the elements of the 7" matrix of Eq. (2.6), including
Vem, into relative and c.m. coordinates of the two-
nucleon system. The integration over the coordinates
of the c.m. motion with respect to the barycentric
system exhibits the § function for over-all conservation
of momentum. In the notation of Eq. (2.7) the result
iSSO

<¢’kf l Vem I ¢‘-—pz/><¢—p2f I Vw ] \l’ke+>

Tp®= , 29
4 (k) — () (29)
<¢‘kf [ Vem l ¢p1f><¢pu | VN l ¢ke+>
T, = , 2.10
¢ (ki) —7(p1y) (2.10)
Wi, | Vv | bor—xre) Boi—xs2 | Vem | ¢1)
T = , (2.11)
' (k) —7(pui—3K) (
7o = Y LV | Sonrmie)Gorericr | Ve | d1)
” 7(ks) —7(pr+3K) ’
(2.12)
and
Tﬁ(s) = (‘//kf__¢kl I Vem | ¢k5+_¢k.‘ >) (213)

where Y1, 7 (Yi,”) is the exact scattering state of the
nucleon-nucleon system corresponding to outgoing
(incoming) spherical wave boundary conditions, and
¢q represents the various plane-wave states with the
appropriate values of q indicated. All quantities in
Egs. (2.9)-(2.13), including Vem and the energy
denominators, are now expressed in relative c.m. co-
ordinates and momenta as determined from the bary-
centric system; correspondingly, we have introduced
k;=py; and k;=3(p1s—p2s) . In the above equations we
have also introduced the quantity

(k) =2my(ve—1), (2.14)

where m, is the mass of the proton and vy is the Lorentz
contraction factor corresponding to a proton with
momentum k.
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The electromagnetic potential Ven as used in Eqs.
(2.9)-(2.13) isn

Vem=6/my(2m/K)12(¢= KD/ _ giR-D12) jo. 7
+iup(27r/K) 1/2(6-i(K-r)/2dl.K>< g+gi(K~r)1262.K>< e) s
(2.15)

where e=(1/137.04)'2 is the charge, u,=2.793¢/2m,
is the magnetic moment of the proton, ¢; and ¢, are the
Pauli spin operators of the protons, and e is the polar-
ization of the photon. Here we have chosen the Coulomb
gauge so that K-£=0, and Ve as given in Eq. (2.15)
is developed from the coupling of the electromagnetic
field to the proton currents in the usual way,’ using
the principle of minimal electromagnetic coupling in
the kinetic-energy part of the Hamiltonian only. For
the Bryan-Scott potential this prescription is not gauge-
invariant for the momentum-dependent part of the
potential and will ultimately have to be suitably
modified. In the following sections we shall refer to that
part of the interaction (2.15) that corresponds to
charge coupling of the protons to the electromagnetic
field as the electric part 8, while the magnetic-moment
coupling term shall be referred to as the magnetic term
9N, so that Eq. (2.15) can be written Ve,=8-491.

III. SPIN AND POLARIZATION TREATMENT

In the barycentric system the z direction is taken as
the photon direction, and the polarization states of the
photon are represented in the circular basis correspond-
ing to left and right circular polarization. The choice
of the helicity representation for the photon is partic-
ularly convenient in the treatment of the rescattering
term which is discussed in Sec. V. The singlet-triplet
nuclear spin representation is used for the proton-
proton system.

The electromagnetic matrix elements of Eqgs. (2.9)-
(2.12) correspond to that portion of the first four 7-
matrix diagrams where the photon is emitted from an
external leg. The evaluation of the spatial part of these
elements exhibits momentum conservation at each
electromagnetic vertex, giving

<XS!"I l o Poyt+iam01- KX & I XS’P’><¢—psz’l" I Vy I Yiesin ™)

(kafo l T(l)l kiS«in>=

(ka_fo [ T(2)| k‘iSG'Vf>—"

(& Sy | T®| kiSwi)=

&S| T®| kiSwi)=

) 31
(k) —7(pay) (3.1)
= (XS/»} l aec'plf‘*‘iam(h'KXs l XS'”'><¢DIIS"" | Va ! ‘;’k.'S.-w+> (3 2)
(k) —7(py) ’ ’
Wiyspo | Va | Doriisossivt ) {Xsrv | — et Kitianéi- KX & | Xsi0) (3.3)
7(ks) —7(pri—3K) ’ ’
<‘l’kfsﬂ'/_ [ Vy | ¢px-+K/2,S’V'><XS'v' | aee-Kitia,6- KX e ! XS;V;> (3 4)

7(ks) =7 (prit+3K) ’

¥ Further detail can be found in the University of California Radiation Laboratory Report No. UCRL-71263 (unpublished).

3 Units of h=c=1 are used throughout.

2R, P. Feynman, Quantum Electrodynamics (W. A. Benjamin, Inc., New York, 1961).
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where spin indices are now included, and the two-
nucleon spin state is given by xs,, where .S is the singlet
or triplet spin and » is the spin projection along the
photon direction. The plane-wave normalization

(3.5)

¢kSv —_ (2,”) —3/2eik-rXS”

is used in the evaluation of the electromagnetic integrals.
In the above equations the quantities ¢.=e/m, (27/K)/2
and @, =pu,(2r/K)2 are introduced.

Right- (left-) handed circular polarization for the
photon is defined in the present convention by

0 =3V2 (e,kie,), (3.6)

with the upper (lower) sign taken for right (left)
handedness. The effect of using the helicity representa-
tion is to project out from the magnetic term 9 of
Ve either the raising or lowering spin operators for the
nucleons. For example, the magnetic part of Vem,
appearing in Egs. (3.1)-(3.4), for which we introduce
the notation 9 (o) to indicate that the spatial integrals
have been completed, becomes for right-handed circular
polarization

MR (0) = i KX o8 = Kos, (3.7)

where
°'J'+ = %\/f (‘7 ot ia’fv)

is the usual Pauli-spin raising operator and j is the index
designating the protons. The effect of o;* operating on
the singlet and triplet states is given by

oitx0=(—1)%u,  oi"xu=0,
and

oitxy=80xu+0, 1 xw0+ (—1) Fxe].  (3.8)

The fact that the electromagnetic interaction mixes
the singlet-triplet spin states can be seen from Eq.
(3.8); however, transitions between the singlet and
triplet spin states do not occur for the nuclear matrix
elements. Certain selection rules are evident in consider-
ing over-all transitions of the two-nucleon system from
the initial to the final state as in Egs. (3.1)-(3.4).
Over-all singlet-singlet transitions are purely electric,
while over-all singlet-triplet transitions are purely
magnetic. For over-all triplet-singlet transitions in
which the two nucleons are initially in the triplet
state, the nuclear matrix elements of Egs. (3.1) and
(3.2), which represent the case in which the photon is
emitted after the nuclear interaction, involve triplet
states only. On the other hand, when the photon is
emitted before the nuclear interaction as in Egs. (3.3)
and (3.4), the nuclear matrix elements involve only
singlet states. The reverse of this is true in over-all
singlet-triplet transitions in which the two nucleons
are initially in the singlet state; that is, the nuclear
matrix elements of Eqs. (3.1) and (3.2) involve only
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singlet states, and those of Eqgs. (3.3) and (3.4) involve
only triplet states. For over-all triplet transitions of the
two-nucleon system, there are both electric and mag-
netic contributions, and the nuclear matrix elements
involve triplet states only. The left-handed circular
polarization involves lowering operators and corre-
sponding spin transition selection rules.

IV. NUCLEAR MATRIX ELEMENTS

The off-energy-shell nuclear matrix elements which
are needed in Egs. (3.1)-(3.4) can be calculated in
terms of surface and volume contributions, eliminating
the necessity of integrating over the nuclear potential.
Consider a nuclear matrix element of the form in Eqgs.
(3.1) and (3.2) (omitting spin indices) :

Tn=(¢a, Vatt).

Because of the finite extent of the nuclear interaction
the integral over all space of Eq. (4.1) can be replaced
with

(4.1)

R
Ty= / St Vaditdr, (4.2)
0

where R is beyond the range of the nuclear interaction.
Adding and subtracting V2/m, to Vy and using

:1d (=V/mp+ V)it =Eh+
yields

R R
Ty= [ 6 Blbr—g)irt [ 60V /mlyt— i,
0

0
(4.3)

where the plane wave has been subtracted for conven-
ience. The second term in Eq. (4.3) can be further
reduced to a volume and surface contribution, resulting
in

R
Ty=(Bi—Ep) [ oo (ht—au)dr
0

0

*
:: (Yt —ox) )T

(4.4)

d
+mit [ aa R (¢q*5; (et —be) —

=R

The volume term of Eq. (4.4) goes to zero on the energy
shell or in the limit of no photon emission. The surface
term, which is evaluated beyond the range of the
nuclear interaction, is directly expressible in terms of
phase shifts and scattering parameters for the partial
waves corresponding to the two-nucleon c¢.m. momen-
tum k. The treatment of the nuclear matrix elements
of Egs. (3.3) and (3.4) involving y1,~ follows in a similar
fashion.

Because of the tensor force the nuclear Hamiltonian
does not commute with L2, but it does commute with



177

S J2, J., and the parity operator. Accordingly, the
nuclear scattering states can be resolved into states of
well-defined total angular momentum, its projection
along the axis of quantization, well-defined total spin,
and parity. The partial-wave decomposition of the
nuclear scattering states with incoming (outgoing)
spherical wave boundary conditions for c.m. momentum
k and total spin S with component » along the axis of
(uantization, which is taken as the photon direction, is
then

Vst O= D CrndS y* (k) Ysvs™ P05 (Rr),

JMLrl

(4.5)

where we have introduced the well-known vector-
addition coefficients,® the spherical harmonics,* and
the spin-angle functions® which are simultaneous
eigenfunctions of J? and J., defined by

(le’SM (’1\') = Z Cm’ v'MllSJyl'ml (?) XSy’

vim/

(4.6)

Because of tensor coupling of orbital angular momentum
the radial wave function of Eq. (4.5) is designated by
both I and /, where // would be the angular momentum
in the absence of the tensor force. The identity of the
protons requires totally antisymmetric states restricting
orbital angular momentum to even (odd) values in
singlet (triplet) states. The analogous decomposition
into partial waves of a plane-wave state with c.m.
momentum ¢ and total spin .S with component » along
the axis of quantization can be written

Gasy= JZ CotdSTym* ()Y ris™ (P da(qr),  (4.7)
NgYs
where we have introduced
¢u(gr) = (2/7)i%(gr). (4.8)

The evaluation of the nuclear matrix elements of Egs.
(3.1)-(3.4) can be made in terms of surface and volume
contributions with the use of Egs. (4.4)-(4.8). Spin
indices are now included for a general case; total spin
is not mixed by the nuclear interaction, but when
S'=1, the spin projection » is mixed by the tensor force.
The results corresponding to the nuclear matrix ele-
ments of Egs. (3.1) and (3.2) are

(QSv' | Tw | kS»)

= D Cursat" Consas 3™ () yr* (k) (0+8), (4.9)

IMU

8 A. R. Edmonds, Angular Momentum in Quantum Mechanics
(Princeton University Press, Princeton, N.J., 1957).

% The phase convention y,»*= (—1)™y;7 is used here.

% J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics
(John Wiley & Sons, Inc., New York, 1958).
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where
2

V= (Er—E,) f év*(gr) Wurvast (kr) =819 (kr) Jridr
0

(4.10)
and

R d
§=— (¢z'*(q1’) — Wunast(kr) —b1aw (kr) ]
My or

— (,% ¢1*(qr) W vast(kr) =iy (kr) ]) (4.11)

In obtaining the results in Eq. (4.9) we have made use
of the orthogonality of the spin-angle functions given by

f (Y™ (7) 11U s’ (7) AR =0y sbpgraadrn. (4.12)

The results for the evaluation of the nuclear matrix
elements of Egs. (3.3) and (3.4) are similar to those
given by Eq. (4.9), where use is made of the energy-shell
relationship®

Yonas (kr) = (=D V[rast(kr) ¥, (4.13)

which can be obtained by time-reversal considerations.

The evaluation of the radial portions of the nuclear
matrix elements as given by the volume and surface
contributions of Egs. (4.10) and (4.11) does not
explicitly involve the nuclear potential. The determina-
tion of the volume contribution requires a numerical
integration, involving the two-nucleon wave functions,
out to some point R beyond the range of the nuclear
interaction. The surface contribution of the radial
integrals is evaluated beyond the range of the nuclear
interaction, allowing the replacement of the two-nucleon
scattering states by their asymptotic forms, where, in
the present study, the Blatt-Biedenharn parametriza-
tion¥ is used. On the energy shell (k=q) the radial
portions of the nuclear matrix elements which are
obtained from the surface integrals of Eq. (4.11) reduce
to the same expressions as given for the on-energy-shell
matrix elements by Stapp ef al.® It is also useful to
point out that the quasiphase parameters introduced by
Cromer and Sobel! take a particularly convenient form
when expressed in terms of volume and surface integrals
in the manner developed above, where again the
necessity of integrating over the nuclear potential is
eliminated.

V. RESCATTERING
The fifth diagram of Fig. 1 (in parentheses) is the

rescattering term and is expressed by Eq. (2.13).

% M. L. Goldberg and K. M. Watson, Collision T ‘heory (John
Wiley & Sons, Inc., New York, 1964).
(1“’975{2.)M. Blatt and L. C. Biedenharn, Rev. Mod. Phys. 24, 258
% H, P. Stapp, T. J. Vpsilantis, and N. Metropolis, Phys. Rev.
105, 302 (195), P ve. Rev
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Whereas Ve, was evaluated between plane-wave states,
giving é-function momentum conservation for the first
four diagrams of Fig. 1, for the fifth diagram V., is
evaluated between the distorted parts of the nuclear
scattering states, that is, with the undistorted momen-
tum eigenstates subtracted out, portending a solution
by partial-wave analysis. The feasibility of this ap-
proach stems from the fact that the plane waves sub-
tracted from the initial and final states provide cutoffs
in the respective partial-wave decompositions of these
states, thereby providing a cutoff in the partial-wave
decomposition of Ven.

The electric part & of the electromagnetic potential
of Eq. (2.15) for right-handed circular polarization of
the photon is given by

&R = ac(e——i(K'r)l2 — (K1) /2) 1¢eB. V,

(5.1)

where for use in spherical polar coordinates we can
write
9 L Lt

)+ G =

RoX — — (4.)1/241(7) [ — — 2%
ek.V ($m) V291 () <6r "

(5.2)

In Eq. (5.2) the usual orbital angular momentum
operators Lt and L, are introduced, where

Lty () =L(I—m) (IH-m+1) [Py (7) - (5.3)

and

Ly (7) =myr (7). (5.4)

The results of &® operating on the product of a radial
function and a spherical harmonic, as in the case of a
two-nucleon scattering state, can be written

&&f1(r) yin(7) =V2Za, sin(K-1/2)

(mt) (Emt) e
X {‘[ (2143) (2F1) ] yur(®)

X yea™t(7) (—a%gl + (1) ]-tl(Tr)—)} . (5.5)

It is useful to note that when f;(#) is a Bessel function,
the expressions in parentheses on the right-hand.side
of Eq. (5.5) can be simplified by recursion relat}ons.

The magnetic part 9 of Vem of Eq. (2.15) for right-
handed circular polarization of the photon is given by

ME =0, K (e ED 2oyt -1 ED201), (5.6)

The results of 9N operating on the singlet-triplet spin
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states and expanded in partial waves are given by

odd

MExp=0a,K (2 ; [ 4w (214-1) ]2, (3K7) y2 (7) ) Xit

(5.7

NMExy =0, (5.8)

even

Mlyso=an K (2 3 i4r(214-1) T2, (3K) yp('f)) .
1

(5.9)
and

even

s =k (2 55 1 n LD TG0 )
l

odd

+ank (23 iam 21 1, HD) 50 (7)) o
l

(5.10)

In the evaluation of the nuclear matrix elements
discussed in Sec. IV, the orthogonality of the spin-angle
functions considerably simplified the resulting expres-
sions. In the rescattering term the angular integrations
involve the spherical harmonics of Ve, as well as those
in the nuclear states, and &% contains orbital angular
momentum operators which act on the spherical
harmonics in the expansion of the spin-angle functions
of Eq. (4.5). Consequently, to calculate rescattering,
the nuclear wave functions are expressed as in Eq.
(4.5), but including the expanded form of the spin-
angle functions as given in Eq. (4.6).

The rescattering contribution for the electric part
&% of Vew (following angular integrations) is given by

(‘/’kfsf v~ PksSs, ] &# [ 'Pk«s,- vs+_¢kiSd v >

odd
= —iV2ads;s, D >

le Jflp!ly,Mpvst Jilitls,Mivi!

X @e(m;(Ly S)T 53 ki k) D5 {FIAE (m—1) 2

A=147£1

XLO+1) £ (m—1) J2Copgm, Alels” Coggdets?
X[®u+ ((1=N)dx, 1+ C+N) br1—1)®R:]},  (5.11)

5,;,',,,/(21{'"1—1)«1

where \ takes on the values //+1 with the upper (lower)
sign corresponding to /41 (I/—1) throughout, and
m=m;"+1. The sums over magnetic quantum numbers
My, M, v/, and v, have the restrictions

M.-=m1-’+u.~’=m.~+v,~ (512)
and

Mf=m;/+Vf'=Mf+Vf. (5.13)
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In Eq. (5.11) we have introduced

@¥(mi(1S5)T jihiky) =ite(20eA-1) [(20+1) / (20 +1) ]2
X 9371 (fog) yam e (i) Congogae 15971

X Cm; veM; lisiJ,'Cm,' ”'M,lfleJf it vi ,M'_ZUS.'J;,

(5.14)

where the dependence of @ on the various nuclear
quantum numbers is indicated by the subscript j. The
radial integrals & and ®; are given by

®u= /w Wiai008, (kyr) = 810,01, (Ryr) T, (3Kr)
0

9
X W saisit (kar) =y (Rar) Jr2dr - (5.15)

and

0)‘2'—'/ [\l’lf'lf:hs/_(kﬂ) _5lf'l/¢lr’(kﬂ')]*jl.(%K’)
0

X r_l[‘//l.‘ 'l :J.‘St+(kir) _Bls Py (kir) :Ir?dr.

The angular integration leading to Eq. (5.11) was
performed with the use of

(5.16)

[ 3umm@®ys@me @

B ((2z,+1) (2a 1)
"\ 4x(2/41)

where, in application to Eq. (5.11), A=l/%1 and
m=m;+1.

The indices of Egs. (5.11)-(5.16) are subscripted by
1 and f to indicate the initial and final states; the quan-
tum numbers which appear both primed and unprimed
correspond to mixing by the nuclear interaction as
discussed in Sec. IV. The sums over the various quan-
tum numbers for the initial and final states have the
restrictions described in Sec. IV in consideration of the
identity of the p-p system. The sum over odd values of
the index /, represents the electromagnetic partial-wave
decomposition of sin(K-r/2) appearing in &% of Eq.

2
) Conom Mt Cooptets’, - (5.17)

odd
(‘I/kafv!__d’kyva; ’ mR [ ¢kiS;V{+'—¢k,’Siw)=2amK Z
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(5.5), corresponding again to taking the z axis along
the photon direction K. The cutoff in the partial-wave
decomposition of the electromagnetic potential is
determined by the number of partial waves needed to
describe the distorted parts of the initial and final p-p
scattering states. The vector-coupling coefficients in
Eq. (5.11), which resulted from the angular integration
according to Eq. (5.17), contain the specific rules for
coupling /;/+1, I,, and I,

Since &F does not mix spin or spin projection, the
orthogonality of the singlet-triplet spin eigenfunctions
has been invoked, as evidenced by the Kronecker &
symbols involving spin indices, which appear in Eq.
(5.11) ; the latter symbol restricts the sums on »;/ and
vf' to a single sum. Note that Eq. (5.11) is written for a
particular spin transition so that S;, Sy, »;, and »; are
not summed over; consequently, the Kronecker &
symbol involving S; and Sy on the right-hand side of the
equation is interpreted according to the general nature
of Eq. (5.11) in representing either singlet-singlet or
triplet-triplet transitions. Now, since M;=m;~+»; and
My=ms v/, the restriction m; =m;+1 exhibited by
the angular integration combined with the fact that
v =v; yields the result

My=M+1. (5.18)

All the sums over magnetic quantum numbers that
appear in Eq. (5.11) reduce then to a single sum
involving only one magnetic quantum number.

The contribution to the rescattering term from the
magnetic part of the electromagnetic interaction INZ
mixes the two-nucleon spin representation according to
Eqs. (5.7)~(5.10) . The matrix elements of 92 involving
singlet-singlet transitions of the two-nucleon system are
forbidden, while transitions that connect the singlet
and triplet states are allowed. In other words, as in the
case of the selection rules corresponding to the first
four T-matrix diagrams, singlet-singlet transitions are
purely electric, and singlet-triplet transitions are purely
magnetic. The rescattering matrix elements of 9NE
for a given spin transition which involves transitions
between the two-nucleon singlet and triplet spin states
can be summarized by

2 (83185:080,1850-85,085,105,085,-1)

le Jplf?lg,Mypvg! Jilil L, Mivi!

and

Rs= / Wipriga,s(ker) —8u,,0, (kyr) T4, GE7) Wi misit (Rir) — 801,00, (ki) Jr%dr.
0

X @l (m;(1;87)J 5 l::,-, ]E/ )Coniromp 11l Cog' 1R (5.19)

(5.20)
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The results of the application of Egs. (5.7) and (5.10)
along with the orthogonality of the spin eigenfunctions
in the development of Eq. (5.19) are summarized by
the Kronecker & symbols in the parentheses. For a
particular singlet-triplet transition i, Sy, »;, and »; are
given, and are therefore not summed over. In the
present case Eq. (5.19) represents a general singlet-
triplet spin transition where either the initial or the
final state is the singlet; the Kronecker é symbols in-
volving S; and Sy are included on the right-hand side
of the equation to distinguish the two distinct cases.
The first (second) term in the parentheses corresponds
to the initial (final) state being the singlet; corre-
spondingly, the sum on »;/ (v/) is degenerate. Since
either the initial or the final state is a singlet, the cor-
responding vector-coupling coefficients collapse to
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unity, and the quantum numbers necessary to describe
the state are reduced to J=0'=! and M =m’=m.

The angular integrations leading to Eq. (5.19) have
been done according to Eq. (5.17), where now A=/
and m=m,. Accordingly, the vector-coupling coefficient
from the angular integrations contain the coupling
between /;/, l,, and I;/, which limits the sum on /, as in
the case of the rescattering contribution involving &Z.
Also exhibited by the angular integrations is the restric-
tion m;’=my’. A consideration of the magnetic quantum
numbers for the spin transitions represented by Eq.
(5.19) leads to the result M;=M;+1 as given in Eq.
(5.18), and appropriately the sum over magnetic
quantum numbers reduces to a single sum.

The rescattering matrix elements of 9MZ for triplet-
triplet transitions can be written

even

(wkijv;_‘—¢k/Sjvy l mR I ‘//kisiva+_¢k53n(>=20mK6S.'16S;I z

lo Jrlg/ly, Myvye! Jili! 15, Mivs/

The orthogonality of the spin eigenfunctions along with
the results of Egs. (5.8)—(5.10) have been used to ob-
tain the Kronecker § symbols of Eq. (5.21). For a given
triplet-triplet transition »; and »; are fixed, and although
S;=S;=1 throughout, the Kronecker § symbols in-
volving S; and Sy are included on the right-hand side
of Eq. (5.21) to be consistent with the earlier notation.
The angular-integration results leading to the rescatter-
ing matrix elements of 9MZ for triplet-triplet transitions
are the same as those obtained for the singlet-triplet 9%
matrix elements of Eq. (5.19), where now /, is summed
over even values. The cutoff in /, follows in the same
fashion as described previously. For a given spin transi-
tion there are two separate contributions to Eq. (5.21)
as evidenced by the two terms in parentheses involving
vi and »;'. A consideration of the magnetic quantum
numbers for both contributions leads to the result
M;=M;+1 as given in Eq. (5.18), and appropriately
the sum over magnetic quantum numbers reduces again
to a single sum.

The determination of the electric and magnetic
rescattering contributions of Egs. (5.11), (5.19), and
(5.21) requires the integration over all space of the
electromagnetic potential evaluated between the dis-
torted parts of the initial and final exact scattering
states of the two-nucleon system. The angular integrals
exhibit the cutoff in the partial-wave decompositions
described above. The three distinct types of radial
integrals, all with limits from zero to infinity, are given
by ®j, Rz, and ®s of Egs. (5.15), (5.16), and (5.20).
The radial parts of the &% matrix elements given by ®;

(av,’oav; ’—1'*‘5»,'161'.- ’0)

X @ (i (13S) T 55 Foikiy )Congromy /161 Congl 16 g, (5.21)
y

and ®; involve the spherical Bessel functions obtained
from the partial-wave decomposition of the electro-
magnetic potential, along with the distorted parts of the
initial and final radial wave functions. The ®, integrals
contain a radial derivative of the initial state, whereas
a weighting factor of 1 is contained in the & integrals.
The radial integrals ®; corresponding to the matrix
elements of IME involve the distorted parts of the initial
and final radial wave functions and the spherical Bessel
functions of the electromagnetic potential, with no
additional radial dependence. Inside the range of the
nuclear interaction a numerical integration involving
the appropriate nuclear wave functions and derivatives
is performed. Beyond the range of the nuclear inter-
action the wave functions take on their asymptotic
forms, and the problem reduces to the evaluation of
integrals involving combinations of the product of three
spherical Bessel and Neumann functions, with limits
from a point beyond the range of the nuclear interaction
to infinity. 4 typical integral is of the form

fR * o) i GEN o (kir)rdr,  (5.22)

where the initial and final functions designated by f
can be either spherical Bessel or Neumann functions
and R is a point beyond the range of the nuclear
interaction. A method of evaluating these integrals
in terms of sine and cosine integrals has been developed,
the details of which are discussed elsewhere.®

The rescattering matrix elements as presented
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throughout this section are expressed for a particular
helicity state of the photon, corresponding to right-
handed circular polarization. The effect of using the
helicity state corresponding to the left-handed circular
polarization of the photon is to project out lowering
operators corresponding to the orbital angular momen-
tum operator of & and the spin operators of 9. The
results for the left-handed helicity state follow in a
similar fashion to those developed above, where, for
example, the magnetic quantum number restriction
of Eq. (5.18) becomes My=M;—1.

The rescattering matrix elements expressed in this
section can be evaluated utilizing irreducible tensor
operators for the electromagnetic potential. The reduced
matrix elements can be obtained using the Wigner-
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Eckart theorem eliminating some of the vector-coupling
coefficients appearing in our formulas. These results
are presented elsewhere.®

VI. CROSS SECTION

In Secs. II-V the T matrix for the p-p-y process has
been formulated entirely in the barycentric system.
To compare to experimental results, which for the most
part are coplanar in the laboratory, Moller’s invariant
form?® of the cross section is introduced. Since for the
p-p-v experiments of present interest the incident beam
and target are unpolarized and the final-state spins and
polarizations are unobserved, the cross section contains
an average over initial spins as well as a sum over final
spins and polarizations, and is given by

do={23" 3 4| (Sp;| Tu| Sws) PEy/ Eof K'Ex! B/} / { ExiBini | Bri—Bai | }

» SwviSgvs

X {(27")453(P1i+P2i"P1f*Pw—K)G(Eli‘i“Eza—Elf“Ew—'K)

where the subscripted quantities correspond to the
initial and final momenta, total energies, and spins of
the two protons, and the energy and momentum of
the emitted photon is given by K. The factor of 4 in
Eq. (6.1) arises because of the antisymmetrization of
the nuclear wave functions in Sec. IV corresponding
to the identity of the two protons. The sum over the
photon polarization extends over the two values of g,
and the normalization in the phase-space factor cor-
responds to that introduced earlier. The relativistic
energy E and the momentum p for a given proton state
as used in Eq. (6.1) are given by
E=p*+m?*=my and p=mpfy. (6.2)
Each term enclosed in curly brackets is an invariant;
the numerator containing the 7" matrix is calculated
in the barycentric system where the energies have
been primed to distinguish them from laboratory

do _
dddo,

u SiviSyvy

2
X { | sin(01+02) +ﬁ2f sin(0,-—01) —',31/ sin(ﬁ.,+02) l

where a factor of 2 is introduced to allow for the two
symmetric solutions corresponding to the photon being
emitted up or down with respect to the beam.

A calculational simplification exists in the evaluation
of the cross section for the present case, in which there

dsﬁlf daﬁz/ d*K

Elf Ezf (21!')3K}, (61)

quantities, and the remaining two invariants are cal-
culated in the laboratory system.

The usual experimental situation is the coplanar
symmetric geometry introduced by Gottschalk et al.,?
referred to as the Harvard geometry, in which the final
protons are observed in coincidence, at equal angles to,
and in the same plane as, the incident beam, thereby
restricting the photon to this plane as well. The diagram
for the kinematics in the laboratory, which is now the
unprimed system, is shown in Fig. 2.

Of special interest is the differential cross section
do/dndd, corresponding to the photon angular
distribution for fixed proton coplanar angles in the
Harvard geometry. The determination of this cross
section from the invariant form given in Eq. (6.1) can
be obtained by first integrating over the photon azi-
muthal angle ¢, and then over pi; and py,, using the
momentum & function, followed by the integration over
K, using the energy é function, resulting in

{22 2o 1 (Swsr| Tul Swi) PEy/ B/ K'Exi Byl } / Exiai | Bri—Pas |

(2m) p1sBaspasBer K

} , (6.3)

is no initial polarization or observation of final spins.
Invariance requirements including conservation of
angular momentum, reflection symmetry, and the
identity of the two protons, coupled with the coplan-
arity of the three-body final state of p-p-y in the bary-
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1f

F1c. 2. Kinematics of p-p-y in the Harvard geometry. Here
Pi; is the incident proton momentum in the laboratory, piy and
P2y are the final momenta of the two protons, and K is the momen-
tum of the photon in the notation of Sec. VI.

centric system, result in a cross section which is helicity-
independent; consequently the cross sections for left-
and right-handed polarization of the photon are equal.

VII. RESULTS AND DISCUSSION

The usefulness of p-p-y in distinguishing among
potentials is dependent upon the sensitivity of p-p-y to
the inner region of the nuclear interaction, which is not
sufficiently probed by elastic scattering results. To
investigate this sensitivity we have compared the
results of the hard-core potential of Hamada and
Johnston to those of the momentum-dependent one-
boson-exchange potential of Bryan and Scott. The
latter potential is characterized by the exchange of six

T T I T
E =30 MeV
6 = 30°

do/dd2,d ey(»b/(sr)zr)

0 30 60 90 120
GY —deg

Fic. 3. Coplanar symmetric cross section do/ddd6, calcu-
lated with the Hamada-Johnston (dashed curve) and the Bryan-
Scott (solid curve) potentials at 10 and 30 MeV with coplanar
angles of 30° and 35°.

VIRGINIA R. BROWN

177

0,30
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0.20
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0.10
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E =20 MeV
9 =35°

do/d2,d%d0y (ub/er) )

0 30 60 50 120 150 180
8y — deg

FiG. 4. Coplanar symmetric cross section do/ddd6, calcu-
lated with the Hamada-Johnston (dashed curve) and the Bryan-
Scott (solid curve) potentials at 20 MeV with coplanar angles of
30°, 35°, and 40°.

0.8 T T I ]
E = 46 MeV
6 =30°
0.6 -
~~. A
/, y/
0.4~ 4 \ /
/, \ Y/
/ \ /
/
0.2 \.
\\/

©o

do/d, a2, do, (ub/(s6)2 )
o

6, —deg

Fi16. 5. Coplanar symmetric cross section do/dddd, calcu-
lated with the Hamada-Johnston (dashed curve) and the Bryan-
Scott (solid curve) potentials at 46 MeV (30° 35° and 40°).
Experimental results at 30° are from Refs. 6 (circles) and 9
(squares).
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mesons, and has been fitted to S and higher partial
waves utilizing a linear Feynman cutoff parameter.

The coplanar symmetric cross section do/ddQd6,
has been calculated according to Eq. (6.3) for the
Bryan-Scott and Hamada-Johnston potentials at
representative incident laboratory energies E ranging
from 10 to 300 MeV and coplanar symmetric angles
6(6:=6:) ranging from 20° to 40°. These results include
partial-wave contributions of the nuclear matrix ele-
ments up to J<4 as well as the exact determination of
the rescattering contribution. The results for the two
potentials are presented in Figs. 3-11; experimental
results are included where available. The essentially
quadrupole shape of the photon angular distribution is

0.4

o 0.2

&

i 1 I ]

%>~ 1.0 )/ N T 7 \\ T

~ L 7/ N\, E=62MeV \

o 0.8 / 0 =350 \ —
°© / \ / \

— / \ // \

a 0.6/ \ y/ N\
R I \ Y/ \)
> N,/ ~
< 0.4 N/

0 30 60 90 120 150 180
ev — deg

F16. 6. Coplanar symmetric cross section do/d2d2d6,, calcu-
lated with the Hamada-Johnston (dashed curve) and the Bryan-
Scott (solid curve) potentials at 62 MeV (30°, 35°, and 40°). The
experimental results at 30° are from Ref. 8.

evident in most of the results presented in Figs. 3-11;
for coplanar symmetric angles of 40° the quadrupole
effect is most pronounced; this is suggested by Nyman?2?
to be a model-independent feature. For a fixed incident
laboratory energy E and photon angle 6, a decrease in
the coplanar symmetric angles 6 of the two final protons
corresponds to an increase in the photon energy, which
in turn corresponds to a decrease in the energy available
for the final p-p system. In this sense, then, a decrease
in 6 corresponds to going farther off the energy shell,
and there results, according to Figs. 3-11, a corre-
sponding flattening of the quadrupole effect. In addi-
tion, a tendency for forward and backward peaking at
158 and 300 MeV with a decrease of 6 to 20° is demon-
strated in Fig. 11.

PROTON-PTOTON BREMSSTRAHLUNG

T ! T T I

E = 110MeV VRS ]
8 =30°
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4,0 0 = 40° / -
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F16. 7. Coplanar symmetric cross section do/dQd2:d0, calcu-
lated with the Hamada-Johnston (dashed curve) and the Bryan-
Scott (solid curve) potentials at 110 MeV (30°, 35°, and 40°).

2.5 T T T T
E =158 MeV
6 =30°

Fic. 8. Coplanar symmetric cross section do/dd%d8, calcu-
lated with the Hamada-Johnston (dashed curve) and the Bryan-
Scott (solid curve) potentials at{158 MeVy(30°, 35° and 40°). The
experimental histograms and data points are from Refs. 3 and
4, respectively.
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do/i, 42,48, (ub/r) )

0 30 60 90
8y —deg

120 150

F16. 9. Coplanar symmetric cross section do/ddd6, calcu-
lated with the Hamada-Johnston (dashed curve) and the Bryan-
Scott (solid curve) potentials at 200 MeV (30°, 35°, and 40°).
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Fic. 10. Coplanar symmetric cross section do/dd,d6, calcu-
lated with the Hamada-Johnston (dashed curve) and the Bryan-
Scott (solid curve) potentials at 300 MeV (30°, 35° and 40°).
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Since a decrease in 6 corresponds to going farther off
the energy shell, it is not surprising that there is a
corresponding increase in the difference of the results
of the two potentials, as can be seen by comparing these
results at a given energy for a decrease in 6 from 40°
to 30°. A further separation of the results as calculated
with the two potentials is not clearly evidenced at
6=20° as shown in Fig. 11. The manner of going off
the energy shell described here has a feature that is at

0.5 T T
E =46 MeV
6 =20°

T I
0.4

0.3

E = 62 MeV

0 =20°
0.4

0.2

E =158 MeV - -
0 =20° /s

do/d 2,420, (ub/(sr) )

0.6

0 30 60 90
6y —deg

180

F1c 11. Coplanar symmetric cross section do/dd%d6, calcu-
lated with the Hamada-Johnston (dashed curve) and the Bryan-
Scott (solid curve) potentials at 46, 62, 158, and 300 MeV with
coplanar symmetric angles of 20°.

least consistent with this ostensible decrease in sen-
sitivity in the results of the two potentials at 20°. This
feature is obviously exhibited only by those nuclear
matrix elements that involve the final-state nuclear
wave function. Although a decrease in the coplanar
symmetric angle puts these matrix elements farther
off the energy shell in terms of the relative separation
of the energies involved, due to the increase in photon
energy, the energy of the final-state nuclear wave func-
tion may be sufficiently small to be in a region where
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there is little difference in the results of the two poten-
tials. For example, at 158 MeV with coplanar symmetric
angles of 20°, the c.m. energy of the p-p system following
the emission of the photon is the same as that c.m.
energy that would correspond to an incident proton
energy of 16 MeV in the laboratory, which is in an
energy region in which there is little difference between
the results of the two potentials, as seen, for example,
in Figs. 3 and 4.

Presented in Fig. 12 is a partial-wave study of the
coplanar symmetric cross section do/dddf, at
158 MeV with symmetric angles of 30° using the
Hamada-Johnston potential. The effect of including the
rescattering-term contribution is also presented. The
individual curves are labeled according to the p-p states
that are included. For example, J=0 includes the 1S,
and the 3P, states, while J<1 includes these states plus
the 3P; state. Besides the D, contribution for J=2,
there is a 2XX2 transition matrix corresponding to the
mixing of the 3P, and *F, states. To illustrate the size
of the off-diagonal contributions to the cross section, we
present separately J<2 inclusive and J<2 ODNI
(off-diagonal matrix elements not included). The effect
of including the off-diagonal matrix elements for the
photon emitted, for example, in the forward direction,
is to increase the cross section by a factor greater than
2. The curve labeled J <3 shows the effect of including
the 3F; state. The effect of including the !G; and the
diagonal matrix elements corresponding to the mixing
of ®F4 and °H,, which is given by J<4 ODNI, makes
little change in the cross section as compared to the

T T T T T
E =158 MeV
| 6=30°

do/d Qldf?zdey(pb/(sr)zr)

F16. 12. Partial-wave and rescattering analysis of do/ddd6,,
calculated with the Hamada-Johnston potential at 158 MeV
(30°). Only that curve labeled RI includes rescattering. The total
angular momentum of the p-p system includes J<4, and for
those curves labeled ODNI the off-diagonal matrix elements are
not included.
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TaBLeE I. Coplanar symmetric cross section do/ddQ; in
ub/sr? for incident laboratory energy E and coplanar symmetric
angles 6 as calculated in the present study with the Hamada-
Johnston and Bryan-Scott potentials. The experimental results
and corresponding references are given in the last two columns.

E 0 Hamada- Bryan-

(MeV) (deg) Johnston Scott Experiment Reference
20 35 1.47 1.47 1.3+0.4 12
30 35 2.05 1.97 1.854:0.25 11
46 30 2.09 1.91 3.3x1.4 6

1.37+£0.29 9

2.124+0.36 5

46 35 3.19 2.93 3.044:0.44 5
62 30 3.01 2.65  2.27+0.73 8
2.04::0.24b 8

158 30 9.15 8.06 7.8%1.5 3
(10.6£2.1) 4

35 13.2 12.3 12.4+2.5 3
(14.0+2.8) 4

40 33.0 31.3 23.81+4.8 3

200 30 12.1 10.7 134+2.4 7
35 17.5 16.4 144+2.7 7

40 49.1 45.8 294+6.0 7

8 These results are for the small-aperture geometry of Ref. 8.
b These results are for the large-aperture geometry of Ref. 8,

J <3 results. However, the inclusion of the off-diagonal
matrix elements given by J<4 shows a decrease in the
cross section which amounts to 209, for the photon
emitted in the forward direction. The importance of the
off-diagonal matrix elements illustrated here suggests
(a) the consideration of partial waves with J<6
especially at higher energies and (b) the necessity of
calculating p-p-y with a potential for which the effect
of the tensor force is included.

The effect of rescattering as a function of 6, is
demonstrated explicitly in Fig. 12, where the curve
designated as J<4, for which rescattering is not in-
cluded, is compared to the curve labeled J<4 RI
(rescattering included). The inclusion of rescattering
increases the cross section for all photon angles, but it
has its greatest effect for the photon emitted in the
forward or backward direction, where the increase is
10 and 89, respectively. The effect of the rescattering
contribution on the coplanar symmetric cross section
integrated over the photon angular distribution
do/dnd, ranges from <0.29, for energies of the order
of 62 MeV and lower to 15%, at 300 MeV. As we have
seen from J<4 RI of Fig. 12, the rescattering contribu-
tion to do/dhdd6, is dependent upon the photon
emission angle 6,; it is also dependent upon the coplanar
symmetric angles 8. For the results presented in this
study, the effect of the rescattering contribution in-
creases for decreasing 6 corresponding to a given
energy. For the Hamada-Johnston potential calculated
at 158 MeV, for example, the effect of including the
rescattering contribution in the cross section do/dQdQ,
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20° __ Fic. 13. Integrated cross section

do/dd® calculated with the Hamada-
Johnston (dashed curve) and the Bryan-
Scott (solid curve) potentials for co-
o — planar symmetric angles of 20° and 35°
REF.12 (35") -1 Experimental results are included for
— Refs. 4-13.
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for coplanar symmetric angles of 20°, 30°, 35° and 40°
is 5, 4, 3, and 29, respectively.

The cross section da/d2dQ,, which is integrated over
the photon angular distribution, is calculated with the
Hamada-Johnston and Bryan-Scott potentials and is
compared to experimental results in Table I. The cal-
culations at 46 MeV are compared to the experimental
results of Slaus et al.,* Mason et al.) and Warner® at
46, 47, and 48 MeV, respectively. It is noteworthy that
the experimental results at 47 MeV are somewhat lower
than the results at 46 and 48 MeV.

The integrated cross section do/dd<, is presented in
Figs. 13 and 14 for the Hamada-Johnston and Bryan-
Scott potentials as a function of incident laboratory
energy E and coplanar symmetric angles 6 of 20°
30°, 35°, and 40°. Certain experimental results included
in Figs. 13 and 14 are not included in Table I, since the
calculations have not been performed for precisely the
energies and angles involved. These include the experi-
mental results at 65 MeV of Mason et al.° for 8 of 20°
and 30° and those at 99 MeV of Sannes et al® for
25°, 30°, 35°, and 40°. An increase in the cross section

with @ provides the identification of these experimental
results with coplanar angle.

It is seen that for the most part the results of the
two potentials as presented in Table I and Figs. 13 and
14 fall within the experimental uncertainties. (These
results could be somewhat modified by the inclusion
of Coulomb effects, especially at lower energies.) An
important source of experimental error is the nonco-
planarity correction due to the finite size of the detec-
tors. The noncoplanarity corrections to the results of
Halbert et ¢l and Sannes ef al.,’® as presented here,
are based on the Drechsel-Maximon® noncoplanar
p-p-y calculations. For the experiments of Halbert ef al.
the results of both potentials fall in the vicinity of the
upper limits of the experimental uncertainties. This
might be taken as an indication that the Bryan-Scott
potential, the results of which are consistently lower
than the results of the Hamada-Johnston potential, are
favored. On the other hand, the results of Sannes et al.
tend to favor the Hamada-Johnston potential.

At present, the degree of the experimental uncer-
tainties coupled with the somewhat modest differences
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in the results associated with the two potentials do not
provide a basis for making a clear-cut distinction
between the two potentials as to the relative merits of
their off-energy-shell behavior as applied to p-p-v.
It is also important to realize that the difference in
the p-p-v results does not exactly represent the differ-
ence in the off-energy-shell behavior of the two poten-
tials, since they are not identical on the energy shell.
What is needed within the framework of p-p-y is a
more sensitive manner (possibly via polarization studies)
of going off the energy shell utilizing potentials that,
although fundamentally different, give identical on-
shell results. Further refinements in both theory and

E-MeV

experiment are needed before any conclusions about the
usefulness of p-p-vy as a means of distinguishing among
potentials can be obtained.
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