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ABSTRACT

The Nucleon-.N'ucleon Bremsstrahlung Workshop was convened at LAMPF on

25-26 January 1990 in order to review the theoretical and experimental aspect of

that reaction with a locus on a possible new initiative T.o measure neutron-proton

bremsstrahiung using the intermediate-energy, white-spectrum neutron source at the

LAMPF/WNR facility. Over the course of this intense day-and-a-half workshop,

experts in the field established the historical perspective for both theory and exper-

iment, presented results of recent calculations, and examined new approaches to the

difficult neutron-proton bremsstrahlung experiment. Theoretical and experimental

working groups generated recommendations for action and actually converged upon

a plan for an experimental program, not just a single measurement.
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I. INTRODUCTION

Nucleon-nucleon bremsstrahlung, NN7, is a fundamental process, which involves
the strong and electromagnetic fields acting simultaneously. Since the electromagnetic
interaction is well known, NN7 provides a calculable tool for comparing off-energy-
shell effects from different,two-nudeon potentials compared to experiment and also
provides a simple testing ground, which is sensitive to meson-exchange-current con-
tributions that are so important in electronudear physics. Historically, experimental
studies have focused on pp7, with only a few measurements of np7. Interest in np7
has recently blossomed because of the role it plays in heavy-ion reactions. Several
np7 experiments are either underway or being proposed at IUCF, Los Alamos, and
Grenoble. Polarization measurements at TRIUMF, suggesting a high degree of sen-
sitivity to off-shell effects, and the design of new experimental facilities at COSY to
improve the experimental accuracy, cover a larger r>hase space, and better access the
maximum off-shell behavior, are responsible for renewed interest in ppry.

The present workshop was organized primarily to investigate the interest in, the
value of, and the feasibility of doing an np7 experiment using the neutron "white
source" at LANL. An increasing amount of U.S. nudear physics dollars are being spent
on electronudear physics. np7 is a fundamental process with large meson-exchange
currents. In the np7 calculations of Brown and Franklin, the meson-exchange con-
tributions increase the cross section by a factor of roughly two and alter the angular
distribution of the emitted photon dramatically. The details of these calculated effects
have never been verified experimentally, but the proper quantum-mechanical indu-
sion of meson-exchange contributions, using the methods of Brown and Franklin has
proved to be essential in understanding the heavy-ion results. The understanding
of the importance of sudi terms is extremely important in electronudear processes.



such as are presently under investigation or being planned at Bates. SLAC, and CE-
BAF. Just one example is in the electrodisintegration of the deuteron, where meson-
exchange contributions must be included properly before any conclusions about nu-
clear models, such as QCD versus meson-exchange potentials can be made, npy
studies in conjunction with similar electronuclear studies, where the photon is vir-
tual, suggest a mutually beneficial partnership.

II. DISCUSSION

Nucleon-nucleon bremsstrahlung (NN7) comes in three varieties np7, pp7, and nay.
Each is interesting in its own light, that is to say the electromagnetic field enters in
a different way for each, and this makes each process unique in what can be learned
about either the nuclear interaction or the electromagnetic interaction. By choosing a
process or comparing different processes, it becomes possible to study certain aspects
of both fields that are not 'Visible" when they are acting alone.

A. pp7 and 11117

ppr has been studied most extensively. In an early paper1 it was proposed to
study small nucleon exit angles (e.g. in the Harvard geometry), higher energies,
and polarization to reveal more of the off-shell behavior. The use of relativistic
kinematics and the use of the covariant (Moller) form for calculating NN7 cross
sections, introduced in Ref. 1, is still used today. That paper1 presented results
for a wide range of kinematics, including 200 MeV and 300 MeV with nucleon exit
angles of 10° and 20° in the Harvard geometry comparing a meson-exchange2 and a
hard-core3 potential. Recent pp7 experiments4 at TRIUMF are now examining this
kinematical region. In a paper by Rogers et a/.5, calculations using the Bonn6 and
Paris7 potentials are compared to the TRIUMF data. The results are similar to our
early calculations but for slightly different kinematics.

Shown in Figures 1-3 are some recent preliminary Hamada-Johnston3'8 calculations
(Ref. 8 includes a correction for triplet-uncoupled, isospin = 1 channels), which in-
clude higher partial waves («/ < 6) and the asymmetry. The differential cross section
and asymmetry results are shown for 280 MeV with coplanar nucleon exit angles of
12.4°, which is close to one of the recent TRIUMF measurements, where both the
differential cross section and the asymmetry were measured. The coplanar differential
cross section is shown in Figure 1. The contributions from the pole terms alone are
shown in comparison to the results including rescattering. The rescattering increases
the cross section and has its greatest effect at forward and backward photon angles.
In the example shown the rescattering contributions increase the cross section by



30% at 180°. These results are preliminary in that the recently added higher partial
waves have not been thoroughly checked; a slight wiggle in the J < 6 results does not
appear in the J < 4 results (not shown here), suggesting a possible coding error.

All three processes of NN7 can be studied in comparison to learn about the electric
and magnetic contributions to NN7. Since for pp7, the charge to mass ratio is the
same for each nucleon, the leading electric multipole is not dipole (El) but quadrupole
(E2) for the photon angular distribution. A not so well known result is that the leading
contribution to the photon angular distribution, at least for smaller (in the direction
away from the elastic limit) nucleon exit angles in the Harvard geometry, is dominated
by the magnetic dipole (Ml), coming from the coupling of the magnetic moments of
the protons to the electric field. This effect is clearly demonstrated in Figure 2, where
the electric and magnetic contributions to the differential cross section are separated.

The pp7 asymmetry for the same kinematical situation is shown in Figure 3 for
the Hamada-Johnston3'8 potential. The electric and magnetic contributions to the
asymmetry are shown separately. The magnetic contribution of nny compared to prry
scales as the neutron and proton magnetic moments. Consequently, the nay cross
section and asymmetry for this charge neutral system is almost as large as that of
PP7 in kniematical regions where Ml dominates.

With the help of the improved experimental programs, one can examine this inter-
esting result in greater detail by studying the effects on the angular distribution of
the photon and by using polarization effects to extend the sensitivity. To the extent
that Ml dominates pp7, nny must be comparable. As this investigator has been
unsuccessful at convincing experimentalists to undertake a measurement of nn7, it
may be possible, based on charge symmetry and polarization, to infer the results for
mry from a measurement of pp7. Electromagnetic effects between neutrons is not
well known but is certainly of fundamental interest.

B. np7

The leading contribution to np7 is electric dipole (El), which is responsible for the
fact that it is less sensitive to higher powers of the photon momentum and, therefore,
less sensitive to off-energy-shell effects in the two-nucleon T matrices. On the other
hand, np7 is extremely sensitive to the contribution of meson-exchange currents. It
is primarily for this reason that we propose studying np7 at LANL as a companion
program to similar electronuclear studies at Bates, CEBAF and SLAG

As stated in the Introduction, historically, experimental studies have focused on
PP7, with only a few measurements of np7. Interest in np7 has recently blossomed
because of the role it plays in heavy-ion reactions. We emphasize here that it is
also interesting in its own right as a fundamental process with large meson-exchange



current contributions. In tvirlier np-> calculations9 the meson-exchange contributions
increase the cross section by a factor of roughly two and alter the angular distribution
of the emitted photon substantially. The details of these calculated effects have never
been verified experimentally, but the proper quantum-mechanical inclusion of meson-
exchange contributions, using the methods of Ref. 9. has proved to be essential in
understanding the heavy-ion results.

The heavy-ion results have motivated several new experimental proposals, some of
which we list here. There are two np7 experiments presently under consideration
at IUCF. One is on "The Measurement of the Cross Sections and Analyzing Pow-
ers for Quasifree n(p.7)d in Deuterium at 183 MeV"; the spokesperson is Mark A.
Pickar. The second is on "Continuum Gamma Rays from the d(p,7) Reaction"; the
spokesperson is M. Blann. Another np7 proposal is being considered at this workshop
for the "white source" facility at Los Alamos. The "white source" can investigate a
full range of energies up to 400 MeV. Yet another measurement of (p,d)7 has just
been completed by H. Nifenecker and collaborators at Grenoble. On the theoretical
side, calculations by Neuheuser and Koonin10 and by Nakamaya and Bertsch11 for the
heavy-ion 7 ray production have followed the methods of Ref. 9 and are in essential
agreement with the np7 results of that earlier work.

The imposition of gauge invariance using the minimal principle for electromag-
netic coupling in the kinetic-energy part of the Hamiltonian gives rise to the usual
pole-diagram contributions to bremsstrahlung, where the photon is emitted from an
external nucleon leg of the diagram, taking the nuclear matrix element half off the
energy shell. Such gauge terms are also responsible for the so-called rescattering or
double-scattering diagrams, where the photon is emitted from a nucleon line between
nuclear scatterings. Such terms arise because of the two potential expansion, treat-
ing the nuclear interaction exactly and the electromagnetic interaction to first order.
If the NN potential is nonlocal, there are additional gauge terms producing photon
emission. The nonlocality often stands in for effects that are not explicitly included in
the NN potential. Examples of nonlocalities include explicit momentum dependence,
spin-orbit contributions, and nucleon exchange.

One-boson-exchange potentials, such as the .Bryan-Scott2 potential, are taken from
field theory and are represented by Feynman diagrams for the various mesons included
in the parameterization. The Bryan-Scott potential is a momentum dependent one-
boson-exchange potential characterized by the exchange of three isoscalar and three
isovector mesons; each set of three includes a vector, a pseudoscalar, and a scalar
meson, fitted to 5 and higher partial waves utilizing a linear Feynman cutoff parame-
ter. The non-relativistically-reduced potential is defined such that when it is inserted
into the Schrodinger equation, it yields in Born approximation the same scattering



matrix element as the Feynman diagram for one boson exchange. More modern po-
tentials have additional explicit contributions such as meson-width effects, two-pion
exchange, and contributions from delta, degrees of freedom.

The correspondence of meson-exchange potentials with Feynman diagrams suggests
that the electromagnetic field be coupled to the virtual meson lines before transform-
ing to configuration space. In Ref. 9 we have developed a method for deriving the
gauge terms that arise from a general nonlocal potential. All that is required is that
the NN potential have a momentum representation. The explicit contribution of the
gauge terms coming from the exchange of a pion has been treated9 to order K2 (K is
the photon momentum), and some effects of order K2 have been calculated9 for the
entire NN potential. For the present discussion, we restrict ourselves to the order K°
contribution, which includes all exchange effects represented by the nuclear potential,
which has been adjusted to fit elastic data.

To lowest order in the photon momentum, gauge invariance can be treated un-
ambiguously, because the electromagnetic field operator then commutes with the
momenta and exchange operators of the nuclear field. The resulting induced electro-
magnetic potential is given by a simple function of the scalar product of the order
I{° vector potential A with the r multiplied original NN potential. This result is
general in that it does not matter whether the potential came from meson theory
but only that it have a well defined momentum representation. For potentials that
are generated by meson exchange, the resulting photon emission is the same as that
obtained from the Feynman diagrams. The nuclear part of the process includes the
full NN potential. To lowest order in the photon momentum, these effects are un-
ambiguous and have been shown to be large. Explicit calculations9, which separate
the nonlocality coming from momentum dependence and spin-orbit effects from that
coming from the exchange nature of the NN interaction demonstrate that the fonner
is small, amounting to a few percent, while the later is large, giving rise to the above
mentioned increase in the cross section by factors greater than two and substantial
changes in the angular distribution of the photon. To this order, the NN exchange
potential just represents the photon emission from the various exchanged mesons.

The differential cross section for np7 with incident laboratory energy E = 200 MeV
and coplanar symmetric angles 6n — €p = 30° versus photon angle 07 is shown in
Figure 4. The photon angle is zero in the beam direction and negative on the neutron
side of the beam. Unlike pp7, np7 is not symmetric around 90° for coplanar symmetric
angles. A comparison between the Hamada-Johnston3 (HJ) and Bryan-Scott IIP (BS)
potentials including external (EXT) plus internal (INT) radiation is shown in Fig.
4a. Unlike the case of pp7 described above, the np7 Hamada-Johnston results do not
include the corrections of Ref. 8. The contribution of EXT, the exchange (EXCH)



part of (INT), and the interference effects of these terms (EXT 4- EXCH) are shown
in Fig. 4b. The difference between INT and EXCH is due to explicit momentum
dependence and spin-orbit effects and as mentioned above is rather small, amounting
to only a few percent.

The contribution from exchange currents in the fundamental npy process is sub-
stantial and arises because of the importance of the two-nucleon exchange process in
NN scattering. It is not unexpected since the conservation of electric charge should
indeed give rise to photon emission from meson degrees of freedom, where the charge
is carried by the mesons in the exchange of a neutron and a proton. Because of the im-
portance of exchange currents in electronuclear processes, which are taking a leading
role in our national nuclear physics programs, it seems reasonable to experimentally
verify our predicted exchange current contributions in this simple system. The crite-
rion for maximizing the off-energy-shell behaviour in the two-nucleon T matrix is to
look at kinematical situations where the photon carries large momentum transfers.
This same criterion is valid in examining large exchange-current contributions. In ad-
dition, it is recommended that experiments be designed to detect all exiting particles
including at least part of the photon angular distribution. Polarization asymmetries
for npy have been examined theoretically. Some of these results were presented at
the workshop but are not presented here in the interest of brevity. With polarization
measurements it becomes possible to separate various higher-order contributions to
meson exchange and to separate electric and magnetic contributions. It is recom-
mended that asymmetry measurements be considered in future experimental studies.
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Figure Captions

FIG. 1. The coplanar symmetric pp7 cross section calculated with the Hamada Johnston
potential (see Refs. 3 and S.) at 280 MeV and coplanar symmetric nucleon exit angles of
12.4°. The dashed curve shows the results for the pole terms (J < 6), and the solid curve
corresponds to the inclusion of rescattering (J < 4).

FIG. 2. The same as Figure 1 showing the pp7 differential cross section including rescat-
tering with the electric and magnetic contributions to that cross section separated.

FIG. 3. The pp7 asymmetry for the same kinematical situation and calculation as shown
in Figure 1. The electric and magnetic contributions to the asymmetry are shown separately.

FIG. 4. The differential cross-section for np7 at 200 MeV and coplanar symmetric angles
9n = dp = 30° versus photon angle 0y. The photon angle is zero in the beam direction and
negative on the neutron side of the beam. A comparison between the Hamada-Johnston
(HJ) (see Ref. 3) and Bryan-Scott III (BS) (see Ref. 2) potentials including external (EXT)
plus internal (INT) radiation is shown in Fig. 4a. The contribution of EXT, the exchange
(EXCH) part of (INT), and the interference effects of these terms (EXT+EXCH) are shown
in Fig. 4b.
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Nuclton-Nucleon Bremsstrahlung Experiments

F. PAUL BRADY

Physics Department

University of California

Davis, CA 95616

Nucleon-nucleon bremsstrahlung experiments and data are reviewed. The

emphasis is on neutron-proton bremsstrahlung. Experimental problems are ex-

amined with a view to possible improvements in contemplated experiments at

LANL.
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Introduction

More than twenty yean have passed since the first neutron-proton

bremsstrahlung (njry) experiments' ~ and the first quasi-free np*y experiments' ~ '

using deuterium as a neutron target. The latter experiments at Harwell'4' (near

140 MeV) and at Rochester(S) (near 200 MeV) yielded total njr, cross sections

for £ 7 > 40 MeV which (including allowance for the incident energy difference)

are apparently incompatible. ™ The extraction of the (free) npj cross section

from these p + d measurements is complicated by the effects of Fermi motion,

final-state interactions, and Glauber screening, and competing processes such

as pdrf and radiative capture [di and 3He7) which also produce high energy

gamma rays. Thus the factor of four or so discrepancy between the Harwell and

Rochester results may be an indication of the overall uncertainties in the quoted

cross sections (due to both experimental and theoretical uncertainties).

A second (free) npf experiment was carried out at Harwell' ' using the

130 MeV neutron beam produced internally via p+Be in the Harwell synchrocy-

clotron. Within the (substantial) uncertainties of both experiments the 130 MeV

data appear to be compatible with the 208 MeV neutron beam data/1"3'

It is not clear that the above np~t experiments shed much light on the off-shell

behavior of the nucleon-uucleon interaction (NNI) which is, after-all, one of the

main goals of such experiments. In pp~f there was initially a large discrepancy

between experiment and theory'8' which engendered high expectations of great

sensitivity to off-shell effects. (See M.L. Halbert's review*9' for a summary of

early pjrjr data and references.) However in the following years it has been learned

that even in the more accurate pp~i experiments it is difficult to determine the

size of off-shell effects well enough to discriminate among models.

Fearing has pointed out that off-shell effects increase as one goes to higher

incident energies and as a larger fraction of the incident energy is carried by the

7-ray. Both are necessary conditions; so one can say that seeing off-shell effects

requires studying NN collisions which produce large (absolute) 7-ray energies.
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This analysis should apply to both pjri and tipy. It appears that asymmetries

in pjrf should have some increased sensitivity to off-shell effects (see ref. 10

and refs. therein), and recent measurements of pfry at 280 MeV1 ' show clearly

large off-shell effects and are in clear disagreement with the soft-photon (on-shell)

approximation.

A recent npi experiment (at 76 MeV) at Louvain' ' detected coincident

neutrons and protons far from the elastic limit, and at non-coplanar angles. The

data show the increase in cross section as <p decreases from 180°, as predicted by

calculations.'13'14' The nv""n»'™ appears to be near 4> = 90°. For smaller <f>

(allowed by the very small 0* and dp) the cross section decreases.

Experimental Results

Here we take somewhat of a historical approach to discussing the experiments,

with emphasis on njrjr and on the more recent pp7 results. The review of Halbert

discussed the early experiments and data up to 1971 with emphasis on pjrf. The

1977 Conference Proceedings (referenced in ref. 10) has additional pjn discussion,

and other talks at this workshop will provide farther discussion.

Figure 1 shows the results of the Harwell experiment' ' for protons of 140

MeV incident. A liquid hydrogen target was used for ptn and D3O-H3O dif-

ferences for deuterium. The energies of high energy 7-rays were measured in

a lead-glass Cerenkov counter. In Fig. 1 the cross sections are for £"7 > 40

MeV. (For En > 30 MeV they are about a factor of two larger.) After back-

ground subtraction the pjrf cross section for E7 > 40 MeV is consistent with

zero (—.06 ± 0.05fib) and is about an order of magnitude less than early calcu-

lations of Sobei.[lS| The predictions of Ueda|W| (shown in Fig. 1) are also well

below those of Sobel.

For deuterium (DJO-HJO) the data in Fig. 1 can be integrated to yield a

total cross section of 4.0 ±0.3/*6 for J?7 > 40 MeV, and 8 ± ljib for £ , > 30 MeV.

Edgington and Rose'4' note that in their spectra there m no strong evidence for

pn -* di (capture). To account for Glauber screening in deuterium and obtain

15



an estimate of the total pwy cross section for free neutrons the authors appeal to

theory and their (p,*r) measurements on heavier nuclei, e.g. 9Be. These indicate

that the free pn*t cross sections should be approximately twice those measured

for deuterium or Be, thus producing an estimated total cross section of 8 yb (14

lib) for En > 40(30) MeV for free pn-f (or npi).

A group at Rochester used liquid hydrogen and liquid deuterium targets

to measure both ppi and quasi free pnr* (via p + d) at (polarized) proton

energies near 200 MeV. Allowing for energy dependence, and non-coplanar effects,

and quoted uncertainties the Rochester and Harvard pprj data, within quoted

uncertainties, are in agreement.

The Rochester p + d data' ' were taken using large area spark chambers to

detect the charged particle directions. Range was used to give particle energy.

The Tf-rays were detected in two threshhold HjO Cerenkov detector which gave

direction (±9.5°) but no energy. Events due to p + d -» n, +pp*f (quasifree ppi),

p, + df, and pdf could be identified where N, denotes the spectator nudeon.

Cross sections, dc/dQ1, for the remaining p, + njry (quasifree njry) events were

deduced, and a total njry cross section of 35 ± 12/ib obtained. The authors state

that this implies Onnlavrt = 50 ± 20 at 200 MeV. Our Harvard geometry npi

measurements' ~ ' do not support such a large ratio for coplanar angles (9n = 6P,

$ = 180°). However the non-coplanar behavior in ppr\ and np7 appears to be

opposite. The ppi cross section decreases and the njrjr increases as <j> decreases

from 180°, so the ratio of the total cross sections can be quite different from the

differential ratio.

The first (free) np7 measurements'1'3' were carried out at LBL (Berkeley)

using the 2GS ± 22 MeV neutron beam produced by 440 MeV d+ Be in the

184" cyclotron. Proton energies, Ep, and neutron TOF, *„, were measured in

a coplanar or Harvard geometry at $n = Br = 30°, 35°, and 38°. Some data

were also taken at (*.,*,) = (40°, 30°) and (45°, 30°). Figure 2 shows the overall

set-up. Not shown is a second essentially identical proton telescope mounted at

16



the same polar angle but above the plane so as to be outside the np7 kinematic

range. This served to monitor non-coplanar backgrounds and (n, np) reactions

such us those due to multiple scattering in the target and surroundings and (n, np)

reactions from target walls and surroundings. Random events were recorded

simultaneously, and target empty events in separate runs. The latter can be

large because (n, np) cross sections are about three orders of magnitude larger

than

For a monoenergetic beam and a given 9V and &n, the npq events would lie

on a ring in the scatter plot of Ep vs tn. However, due to the energy spread

of the neutron beam and the finite size of the detector solid angles, the npn

kinematic region is considerably smeared, so that careful background subtraction

is necessary. In the 35° data, for example, the random background in the njri

kinematic region constituted 12% of the raw coincidence data. Target-empty

coherent events contributed 52% and double scattering 10%. We used a method

of nearest neighbor subtraction to subtract out the backgrounds. Absolute cross

sections were calculated by normalizing to those for n - p elastic scattering'18'

which were monitored during each run.

Figure 3 shows the coplanar, 0n — Op cross sections compared to the

Rochester' ' pp~i values multiplied by four. Corrections for non-coplanar ef-

fects have not been applied to the njry data. If the nprf cross sections increase as
*

one goes away from coplanarity then the coplanar cross sections quoted are too

large by about 10-15%.

The curve in Fig. 3 is derived from the predictions of Nyman. These

predictions are based solely on on-shell NN (phase) parameters, and such

predictions'30' also agree quite well with ppt Harvard geometry data for energies

< 200 MeV. We'1' used Nyman's theory to compare our results with those of

the Rochester group. Corresponding to the values shown in Fig. 3, Nyman gets

16.5 ftb for the np*t total cross section for En > 40 MeV. Our values are about a

factor of 1.8 larger than those calculated by Nyman. Assuming the same factor

17



for all kinematic regions, we would obtain for En > 40 MeV an npr\ total cross

section of <a 30 pb, in agreement with Koehler et al.'s'

As noted earlier the p + d data from Harwell1' yielded a total nprf cross

section of ss 8 fib for En > 40 MeV. The Rochester group'5' detected photons

and charged particles and obtained <rnrt = 35 ±12 fib for JEy > 40 MeV. Unlike

that of pjn one does not expect the energy dependence of npr\ to be so large in

this energy region. Thus the Harwell data'4' appear to be lower than what one

would expect and the Harwell and Rochester data are apparently incompatible.

In 1969-70 a second (free) njn experiment was mounted at Harwell1^ using

a more sophisticated (CAMAC-based) data capture system* As noted earlier

the 130 MeV neutron beam of =s 25 MeV FWHM was produced by p+Be in the

Harwell synchrocyclotron, and collimated to be 11 mm wide by 59 mm high at the

target. A liquid hydrogen target 22 cm long, 8 cm high and 2 cm wide allowed low

energy protons to exit from the sides. Eight neutron detector - proton telescope

pairs were used to measure n — p coincidences as shown in Fig. 4. The main (and

large) backgrounds were due to random coincidences and (prompt) coincidences

due to (n, np) events from the target walls. Fig. 5(a) and (b) show the prompt

and delayed coincidence scatter plots, Ep vs En for 9P — 32°, 0n = 29°. (The

delayed (mainly random) rates would be expected to be larger for smaller n — p

opening angles.) Pulse shape discrimination in the neutron detectors, which

could have reduced random due to 7-rays, was not used. The band of randoms

in Fig. 5 at lower proton energy is due to "wrap-around" neutrons in the beam

which arrive (from the previous microburst) at the same time as the full energy

neutrons in the current burst. (This should not be a problem at LANL for the

beam structiires and distances to source target being used.) After subtraction of

the randoms there remained many events outside the region within which npf

events were expected. This is shown in Fig. 6. The importance and source of

these became apparent after target empty data were analysed. It was concluded

that these events came from (n, np) reactions within the target walk, produced

by the extreme tails or penumbra of the neutron beam. (There were also D(n, np)
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events at the few percent level, due to the deuterium impurities in the hydrogen.)

The extracted njrt cross sections at 130 MeV are shown in Fig. 7. The

agreement between the data and predictions of the models is better at 6t = 20°

than at 32°. The calculations of McGuire'21', labelled O,use a simple off-shell

extrapolation of the quasiphases, given by one-pion exchange. Baier et al. use

a one boson exchange model, while Brown and Brown and Franklin' ' use the

Hamada-Johnston and Bryan-Scott potential models. In the 0ei calculations of

McGuire the off-shell quasiphases are equated to their on-shell values. Regarding

0p = 20°, the authors conclude that it is not clear how model sensitive the off-

shell contributions are. And of course on-shell differences will also be reflected

in off-shell predictions. For 0f = 32° O and Oti converge as Sp + 0* increases

and all predictions are lower than the data. A similar trend was seen in the 208

MeV np7 data (Fig. 8), and one questions whether there is some unaccounted

for background, such as double scattering contributing- in a larger way.

Early npi calculations showed model sensitivity in the photon angular distri-

butions which are not, as in the case of pp7, symmetric in the Harvard geometry.

We'' attempted to exploit this by extracting the integrals over positive and

negative (proton and neutron side) photon angles and comparing the ratio with

theoretical predictions. The Brown-Franklin predictions' ' were clearly favored.

However, recent calculations' ' with modern potentials apparently show only

small model dependence.

More recent 200 MeV pp>y cross section measurements at TRIUMF'*4' in-

dicate that off-shell effects are difficult to measure (even at 200 MeV and

$i = tfj = 16.4°). However as noted earlier pjr/ asymmetries at 280 MeV'11'

show clearly large off-shell effects, as do pp7 cross section measurements at 280

MeV. ' However, data uncertainties preclude model discrimination, it appears.

As noted earlier, the recent 76 MeV njn data'13' show that the cross sections

increase as one goes away from coplanarity. In value they are larger than on-shell

predictions. In this experiment, detectors, which could detect both neutrons and
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protons, were arranged around the beam at forward angles. The photon, which

in this case carried away a large fraction (=; 50%) of the incident energy, was not

detected. This geometry allows one to take advantage of the much larger njrf

cross section at non-coplanar angles. One could add photon detectors at larger

polar angles, and trade-off reduced event rate for much lower backgrounds from

all sources.

Conclusions

Nucleon-nudeon brexnsstrahlung remains a difficult challenge for both exper-

imentalists and theorists. In pp~f, the off-shell effects of the different NN models is

comparable to the uncertainties in most of the data. In npy, the cross sections are

larger but the experiments are more difficult to carry out with precision. However

it does seem worthwhile to investigate further both the model predictions and

possible np7 experiments. A very positive factor is the considerable improvement

over the past 20 years in apparatus and facilities and in data capture and analysis

techniques.

The support of the National Science Foundation, and helpful discussions with
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Proton-proton bremsstrahlung: What has been learned?

Harold W. Fearing

TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

Abstract

We summarize some of the information about the nucleon-nucleon force which has

been obtained by comparing recent calculations of proton-proton bremsstrahlung

with cross section and analyzing power data from the new TRIUMF bremsstrahlung

experiment. Some comments are made as to how these results can be extended to

neutron-proton bremsstrahlung.
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There has been a great deal of work on proton-proton bremsstrahlung, with the

aim of learning about the off-shell aspects of the nucleon-nucleon force. In this report

some of the theoretical approaches to this problem are summarized, a recent potential

model calculation of the process is described,1'2 and the results are compared with

the data from a new TRIUMF experiment.3"5 Some of the specific things which have

been learned, or not learned, are then discussed. Finally a few remarks about the

application of these calculations to neutron-proton bremsstrahlung are made.

There have been two major approaches to the bremsstrahlung problem, the soft

photon approximation and non relativistic potential models. In the soft photon

approximation6 the bremsstrahlung amplitude is expanded in powers of the photon

momentum k and gauge invariance is used to fix the coefficients of the first two

terms in terms of information from the nonradiative process. Thus the amplitude is

written as MPP7 = A/k + B + Ck2 with A and B fixed in terms of the elastic phases,

i.e. in terms of on-shell information only. The cross section then goes as da s;

A2/k + 2AB + {B2+2AC)k +... with the A2, AB, B2 given by elastic information. In

this approach the amplitude can be obtained in a relativistically and gauge invariant

way, but since it does not contain any off-shell information, it gives information really

only when it fails to fit the data. In fact one of the puzzles of the late 1970's was

why this approach fit the then existing data as well as it did.7'8

The other major approach has been the non relativistic potential model. In this

approach one assumes a non relativistic potential for the nucleon-nucleon interac-

tion, assumes the two-nucleon electromagnetic current is known, and then solves the

Schrodinger equation in coordinate space or the Lippmann-Schwinger equation in

momentum space to get the radiative amplitude.

This potential model approach has been used by many authors over the years.

We were motivated to look again at this approach by the puzzling agreement of the

soft photon approximation with older data,7'8 by the existence of modern potentials

such as Bonn9 and Paris10 which had not been used in such a calculation, and by the

fact that at the time a new experiment was planned at TRIUMF which would obtain

an extensive set of analyzing power data, which had not been available before.

28



The details of our calculation are given in Ref. 1. We can summarize the main

ingredients very briefly. The starting point is the two potential formalism in momen-

tum space. The radiative T-matrix then gets contributions (the so called external

radiation or single scattering diagrams) from situations when one of the four external

legs radiates either before or after the nucleon-nucleon scattering. It is crucial to note

that the nucleon-nucleon amplitudes are needed in these diagrams with one leg off

shell and at two quite different energies. When the scattering precedes the radiation

the scattering is at the beam energy. When it follows the radiation the scattering can

effectively be at a very low energy since most of the energy has been carried off by

the photon. Finally there are for p-p bremsstrahlung two additional diagrams (the

double scattering or internal radiation diagrams) in which a strong p-p scattering

both precedes and follows the radiation.

Such a calculation contains several general ingredients. Consider for example

one of the diagrams where the strong scattering precedes the radiation. One then

needs the half-off-shell nucleon-nucleon T-matrix with or-° leg off shell and evalu-

ated at the initial beam energy. This T-matrix can be written as t{E,qojf,qon) —

f(qoff,<lon)t(E,qoni^on) where qon,<loff are the on- and off-shell center of mass mo-

menta respectively, E is the energy, and where f(qo/f,qOn) is the half-shell function,

a real function calculable given a potential. One then includes a propagator, usually

non relativistic, to get the nucleon to the electromagnetic interaction and an effec-

tive electromagnetic vertex obtained from a non relativistic reduction of the usual

photon-nucleon coupling.

Our calculations, while in the spirit of many previous calculations, included a

number of new ingredients. First we used modern potentials, both Bonn9 and Paris.10

which had not been used before. We also tried an extended Reid soft core,11 a quark

based potential and several others. One pion exchange was included for those par-

tial waves (J > 6) not obtained from the potential. Some Coulomb corrections

were included. The so called relativistic spin corrections were included. These are

relativistic corrections coming from the expansion of the electromagnetic vertex in

powers of 1/m. We included the original terms suggested by Liou and Sobel,12 plus
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some higher order terms, plus the Krajcik-Foldy13 corrections for coupling to loosely

bound systems. Relativistic kinematics were used, as were proper relativistic trans-

formations for the nucleon-nucleon amplitudes and for the various relative momenta.

The calculation was forced to be gauge invariant to all orders in k. To order k° this

procedure is essentially unique, being just the appropriate term (the leading piece

of the double scattering term) which comes from the soft photon approximation. At

higher orders an ad hoc term was added which makes the result gauge invariant, but

not uniquely so. The calculation was done in the center of mass which, as is well

known, suppresses the double scattering term, which has not yet been included in

detail. Analyzing powers and cross sections were calculated, and it was checked in

each case that the result has the proper soft photon limit. Of all of these correc-

tions and refinements the relativistic spin corrections were the only ones which were

very important. They could be 10-30% at the forward and backward photon angles,

depending on the geometry.

We compared our results with the analyzing power and cross section data obtained

in the new TRIUMF experiment.3"5 In this experiment a polarized proton beam of 280

MeV was incident on a liquid hydrogen target and both final protons and the phoion

were detected, thus reducing unwanted background dramatically. The photons were

detected in a series of 16 detectors, giving an almost complete distribution in &,,

the photon angle in the plane. The proton detectors were binned so that results are

available for about 20 different proton angle pairs, again in the plane, ranging from

12° — 12° to 28° — 28° with both symmetric and asymmetric angle pairs in between.

Thus this experiment covered a much wider range of kinematics and with much better

statistics than any previous experiment in the medium energy range. The angle pairs

were chosen so as to have some data at small proton angles, which corresponds to

the kinematics farthest off shell, and some at large angles where one would expect

the on-shell soft photon approximation to describe the data.

Fig. 1, taken from Ref. 3, shows a comparison of our calculations with the

asymmetry data from this experiment. For the smallest angle pair 12.4° — 14.0°,

which involves the most off-shell kinematics, there is a clear indication that the soft
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photon approximation is not satisfactory. However both potential models describe

the data well, as is also the case for the other angles. By the time one gets to

the larger angles, say 27.8° - 22.0° or 27.8° - 28.0° there is essentially no difference

between the soft photon and potential model calculations, and both fit most of the

data.

Fig. 2. also taken from Ref. 3, shows such a comparison for seme of the cross

section data obtained. Here the distinction is somewhat less clear, though the soft

photon approximation seems to be too low. At the larger, more on-shell, angles the

calculations are all similar, but the data seems to have more scatter. The angle

pair at 27.8° — 12.0° is probably the example with the worst qualitative agreement

with the calculations. Note that all the data has been scaled by a factor of 0.67.

This factor was never satisfactorily explained, though the presumption is that it is

a systematic normalization uncertainty in the experimtr,t. Possible refinements left

out of the theory would be expected to produce much larger effects at the smaller,

more off-shell, angles and to be negligible for large angle pairs where the soft photon

approximation is adequate. This does not seem to be the case however. The required

renormalization factor is roughly the same for all angle pairs.

From this comparison with the data one can conclude several things. First from

the data for Ay for small angles there is clear evidence for non soft photon effects,

presumedly related to off-shell effects. Secondly for most of the larger angles (> 20°)

soft photon and potential model results are very similar. Thus to distinguish off-shell

effects or to look for sensitivity to the various potentials one must look at relative

small angles.14 The Bonn9 and Paris10 potentials, both modern, theoretically based,

potentials seem to fit the analyzing power data well and, modulo the renonnalization

factor, also most of the cross section data. Other potentials we have tried do not give

much different results, so there seems not to be too much sensitivity to potentials

which satisfy the requirements of a nucleon-nucleon potential (one pion tail, short

range repulsion, intermediate range attraction, etc.).

To better understand what has really been learned so far we can examine several

questions. First, are off-shell effects important? Within the context of potential
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models one can make an on-shell approximation by putting the half shell function to

one, i.e. f{qojj,Qon) = 1- This puts the T-matrices to on-shell values but preserves

the different energies for the T-matrices of different diagrams. It is thus a different

kind of on-shell approximation from the soft photon approximation. Fig. 3 shows

the effect of this approximation which results in the upper curve for both analyzing

power and cross section. Clearly such a modification is ruled out by the data. Thus

we conclude that off-shell effects of some kind are absolutely necessary to explain the

results.

Another question is to what ranges of off-shell momentum and what partial waves

are these results sensitive. By examining the kinematics of the 280 MeV experiment

more closely one can see that the usual on-shell momentum ranges from 0 up to

about 2 fin"1, that the off-shell momentum can be as much as 2.5 fm"1 and that

the difference ranges up to about 1.5 to 2 fin"1. To see which partial waves are

important one can drop partial waves one at a time. Such results are shown in Fig.

4. Clearly for the kinematics of the TRIUMF experiment it is the P waves that are

most important. The S waves are essentially negligible except near the forward and

backward directions for the cross section.

Thus to understand the sensitivity or lack of it to the various potentials we must

compare the off-shell behavior of these potentials for mostly P waves and for off-

shell momenta 1-2 fm"1 away from the on-shell value. Such comparison is made for a

typical partial wave in Fig. 5 which shows the half shell function as a function of qojj.

It is clear that among Bonn, Paris, and an extended Reid soft core potential there

is little difference in these crucial off-shell parameters. Thus the lack of sensitivity

to the potential for the kinematics of the experiment is perhaps understandable and

a consequence of the fact that the potentials considered are very similar off shell, at

least in the off-shell region probed by this experiment.

What about more exotic potentials? One such potential has been suggested by

Kukulin15 and collaborators. It has a deep central attraction, rather than repulsion,

and leads to nodes in wave functions and forbidden states. Its off-shell behavior in

the S state is in fact quite different from that of the Bonn and Paris potentials. How-
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ever because of the lack of sensitivity of bremsstrahlung to the S states, differences

produced by this potential are smaller than observable with the current experiment.

However similar changes in the off-shell behavior of the P waves would produce rather

larger effects as shown in Fig. 6 and could be ruled out by present data.

We can thus summarize what has been learned from proton-proton bremsstrahlung

as follows. The new TRIUMF experiment3"5 at 280 MeV has provided the first ex-

tensive set of analyzing power data and a comprehensive set of cross section data. A

new calculation1"2 using modern potentials and including a large number of correc-

tions similarly has updated the theoretical situation. Comparison of the data with

the calculations, particularly for the analyzing power, has provided clear evidence

for non soft photon effects. The other obvious on-shell approximation, obtained by

setting the half shell function to one also does not fit the small angle data. From

this we conclude that off-shell effects of some kind are absolutely necessary. The fact

that the theory using Bonn and Paris potentials fits the data over a wide range of

angle pairs gives confidence in these potentials both on and off shell. These and other

potentials are however very similar off shell in the partial waves (P waves primarily)

and in the relevant range of off-shell momenta ( < 2 fm"1) which are appropriate

and so at this time one cannot distinguish among the various reasonable potentials.

However one can rule out drastic off-shell variations in P waves, of the type generated

in S waves by "exotic" potentials such as that suggested by Kukulin.15

In view of the topic of this workshop it is appropriate to make a few remarks,

perhaps better described as speculations by a non expert, on the applications of these

ideas and results to neutron-proton bremsstrahlung.

First it should be relatively easy to extend the potential model calculation de-

scribed here to the n-p case for the external or single scattering terms. However for

n-p bremsstrahlung that is not sufficient, as it is well known that exchange terms are

essential. Even such terms, at least those involving only single scattering, could be

incorporated probably without a lot of difficulty given an effective exchange potential

since the electromagnetic potential used already has a few two body terms. Double

scattering is more difficult however.
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How important would off-shell effects be expected to be? A calculation by

Nakayama,16 based on a method originally used by Brown and Franklin,17 claims

that off-shell effects increase the one body contribution but reduce the exchange con-

tribution for a net fairly small effect. However essentially all previous calculations

have been for the cross section at relatively large angles which, based on our expe-

rience with the p-p case, would not Lc expected to show much off-shell sensitivity.14

Clearly such calculations should be repeated for kinematics likely to be further off

shell, e. g. for nucleon scattering angles in the 10° rather than 30° range.

What about S waves? Again Nakayama16 finds that the 1So is unimportant but the
3Si —3 D\ is significant. Thus n-p bremsstrahlung could perhaps rule out potentials

such as that suggested by Kukulin.15

Finally from the point of view of a few body theorist, one of the most interesting

questions addressed by a full understanding of neutron-proton bremsstrahlung is the

question of how to get a fully conserved two nucleon current consistent with the

strong interaction between the nucleons. While p-p bremsstrahlung touches on this

question the n-p case is much richer because of the importance of exchange currents,

and because of the relevance to other similar reactions such as np —* df and deuteron

electrodisintegration.

This work was supported in part by a grant from the Natural Sciences and En-

gineering Research Council of Canada. The author would also like to thank the

organizers for the opportunity to participate in such a stimulating workshop.
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Figure Captions

FIG. 1. Analyzing power results from the new TRIUMF experiment. The theoretical

curves are calculated in soft photon approximation (lower solid line) and in po-

tential models using the Paris potential (upper solid line) or the Bonn potential

(dashed line).

FIG. 2. Cross section results for some of the angle pairs of the new TRIUMF exper-

iment. Theoretical curves are as in Fig. 1.

FIG. 3. An on-shell approximation (dot dashed line) obtained by putting f{qojj- </&«) =

1. The other curves correspond to soft photon approximation (short dashed line)

and potential model calculations with Bonn (solid line), Paris (dashed line) or

extended Reid (dotted line) potentials.

FIG. 4. The curves labelled S, P, and D show the effects of dropping the correspond-

ing partial waves in the nucleon-nucleon interaction. The solid curve is the full

Bonn potential calculation.

FIG. 5. Some examples of the half shell function as a function of qojj for several

potentials as in Fig. 3. The dot dashed curves are from a simple one pion exchange

model.

FIG. 6. Effects of changing the off-shell behavior of the P waves by amounts compa-

rable to the S wave changes induced by the Kukulin potential15 (dashed curves).

The dotted curves correspond to using the Kukulin potential for the S waves and

the solid curve is the standard Paris result.
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n-p-7 BREMSSTRAHLUNG BELOW 210 MeV

BOMBARDING ENERGY

by

J.A.Pinston and H.Nifenecker

Institut des Sciences Nucleaire, 53 Avenue des Martyrs,
38026 Grenoble Cedex, France

Introduction
Our experimental knowledge of the nucleon-nucleon-gamma production is irregular.

The proton-proton system has been thoroughly studied, since it is the simplest, experimen-
tally. In this case, a good measurement of the momenta and energies of the two protons,
after scattering, is basically sufficient to describe the reaction. The neutron-neutron system
is unknown, for obvious reasons. Our knowledge of the neutron-proton-gamma process is
poor. This is due to the small intensity and bad resolution of the neutron beams. Fur-
thermore the neutron and photon detectors are more difficult to build and less performing
than proton detectors. We concentrate, in the following, on the n-p-7 reaction.

Theory
Different models have been proposed in the litterature. The most simple is the classi-

cal approximation (1,2,3), with the inclusion of energy conservation, in the semi classical
fashion. Most of the quantum calculations are performed in the framework of a potential
model : Yukawa potential for Ashkin and Marshak (4), Hamada- Johnston and Bryan-Scott
III potentials for Brown and Franklin (5) and Neuhauser and Koonin (6), Bonn potential
for Nakayama et al (7). In these models, although the kinematics may be treated relativis-
tically, the use of the Schrodinger equation gives non-relativistic matrix elements, thereby
introducing errors. For these reasons, Baier et al (8) and more recently Schaffer et al (9)
have computed cross sections in the framework of the one-boson-exchange- model (OBE),
in a fully relativistic and gauge-invariant manner.

Recently, Nakayama et al (7) have reported extensive calculations. They divide the
electromagnetic potential into 3 contributions : Vtm = Vconi, -+• Vmagn 4- V*zeh and the
rescattering contribution, for the one-body current, is also investigated. These authors
have found (Fig.l), in agreement with previous calculations, the meson exchange currents
to be the dominant source of high energy photons (£\, > oO.Uel"). The main difference
between potential and OBE calculations, is the failure to reproduce in the later case, the
enhancement of the photon emission probability close to the kinematical limit observed in
the calculations of Nakayama (Fig.l).
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Results
Very few data have been reported on the n-p-7 process. Measurements were carried

out at neutron beam energies of 130 MeV(lO), 208 MeV(ll), 72 MeV(12) and 180 MeV(13).
Genuine n-p-7 measurements require neutron beams of high intensities and well defined
energies. These neutrons are usually produced in p+Be or p+Li, as well as d+Be reactions.
Beam intensities obtained with these techniques range between 107 and 5.105 neutrons per
second. In the four cases mentioned, a liquid hydrogen target was used, combining the
advantage of high target thickness and low background, provided thin windows are used.

In the three first cases, both scattered proton and neutron were detected in coinci-
dence. The proton energies were determined from the pulse height delivered by scintil-
lators, while the neutron energies were obtained from time-of-flight measurement. In the
non-relativistic limit, the momentum of the photon can be neglected. Then, any cou-
ple of scattering angles of the proton and neutron corresponds to a given gamma-energy.
Neglecting the photon momentum and in the non-relativistic approximation the gamma
energy is then given by:

P2 f sin20n + rin7$9

'I~2M\ sini{9n + 9,}

where M is the mass of the aucleon, P the initial momentum of the projectile, 9n,9p the
final angles of the neutron and proton. For moderately relativistic velocity of the incident
particle, a narrow gamma-spectrum corresponds to each pair of scattering angles with
respect to the beam. More detailed formula can be found in (3) for example. The n-p-7
differential cross-sections jfl* Jfl for various neutron and proton exit angles, as obtained
by Brady(ll) and Edgington(lO) are compared in Table 1 with different calculations. The
experimental results agree better with quantum calculations including internal charged
meson exchange current contributions than with the semi-classical calculation.

In a recent experiment (13), we have used two gamma-ray telescopes where the shower
energy were measured in large Nal scintillators positioned at 90° from the beam direction.
The neutrons were obtained from a 400 MeV deuteron beam provided by the SATURNE
facility stripped by transmission through a thickness of 12 cm of Berylium. The protons
were magnetically swept out and the few remaining charged particles were discriminated
against by an anticoincidence plastic scintillator, situated immediately downstream from
a 8 meter stainless-steel collimator(65). Taking into acount the average energy loss of
the deuterons in the Berylium target, the average energy of the neutrons is found to be
ISO MeV. The width of the spectrum was obtained from a time of flight measurement of
the protons produced by charge exchange in a thin plastic scintillator. It was found to be
approximately 80 MeV FWHM. A 10 cm long liquid Hydrogen target was used. A run.
whith an empty target showed that the background was small. The beam intensity was
monitored by a thin plastic scintillator. The spectrum observed in the n-i-H reaction, after
background correction, at 90°, is shown on Fig. 2. together with a theoretical calculation
by Nakayama et al(7).

It is also possible to extract informations on the elementary n-p-7 process from the
p-d-7 reactions. Because the p-p-bremsstrahlung is very much smaller than the p-n-
bremsstrahlung, the p-d result should be a good approximation of the p-n value if cor-
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rections for the neutron momentum distribution in deuterium are taken into account.
Such studies are also scarce. The total cross sections for the two p-d-7 reactions and
Ey > 4QMeV reported in the litterature are clearly incompatible : using 140 MeV pro-
tons, Edgington and Rose (14) at Harwell otained 4fib, while with 197 MeV protons, the
Rochester group obtained 25f*b.

Recently, we have employed a CDi —C substraction, to deduce the p-d-bremsstrahlung
at 200 MeV. The 7-spectra, above 20 MeV energy were measured for laboratory angles of
40°, 60°, 90°, 120° and 150°. In Fig.3, the cm. (p-n kinematics) angular distribution for
Ey > 40MeV is reported and compared with the previous Khoeler data (15). The shape of
the angular distribution is comparable in these two experiments and the difference between
the total p-d-7 cross sections, 25 and ZZfib respectively, is very likely compatible with the
systematc errors. In contrast these two experiments are clearly incompatible with the
Harwell data (14). To our knowledge there exists no complete calculation of the p-d-7
reaction.

Conclusions
We have shown that our experimental knowledge of the n-p-7 process is very poor

and limited to neutron beam below 210 MeV bombarding energy. In this energy region
the one-pion exchange is the main source of high energy photons. However, at higher
bombarding heavier mesons are also expected to couple with the photons and it seems
then very interesting to investigate the elementary process above the pion threshold.
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Table 1: Comparison of calculated and experimental double differential p-n-7 cross sections
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Fig.l: Calculation (7) of n-p-7 cross sections in the initial proton-neutron cm. a» <>!)'.
The dash-dotted, dashed, double-dashed, and the solid curves denote flic contributions
from magnetization, convection, two-body and total current contributions, respectively.
The dotted lines are the correspondind results when the rescattering from the one-body
current is switched off.
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There are many good reasons for measuring the neutron-

proton bremsstrahlung (npjf) cross sections at intermediate

energies:

(i) The np* process, like the proton-proton bremsstrahlung

(PP*) process, is an ideal (the simplest and the most direct)

process for investigating the off-shell behavior of the two-

nucleon interaction- The measured npjr cross sections can be

used to determine the off-shell T-matrix. This can be done

directly without use of a potential model if nptf data are

analyzed in terms of parameters that describe the half-off-
1

shell T-matrix. In this direct method, the off-shell T-

matrix elements are obtained by varying the parameters to

find the best fit (smallest X*) to the data.

(ii) The measured npv cross sections can be used to

distinguish various phenomenological potentials. Most of the

bremsstrahlung calculations performed in the past were the

nonrelativistic potential model. In these calculations, a

phenomenological potential was used to generate the half-off-

shell T-matrix elements, which were the most important part

of the potential model calculations. Since different

potentials will give different half-off-shell T-matrix

elements, various phenomenological potentials can be

distinguished from bremsstrahlung calculations. When

theoretical predictions are compared with the experimental

data, the best potential may be selected. For example, a
2 3

combined experimental and theoretical wcrk, done recently

by a group from TRIUMF, shows that the ppr data (over 160,000
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events collected) at 280 MeV can be successfully described by

the potential model calculations using two contemporary

potentials: the Paris potential and the Bonn potential. It

is therefore very interesting to see if the same potentials

can also be used to describe the npr cross sections at

intermediate energies. A complete potential model

calculation in the np* case should include both the external

scattering terms and the internal scattering terms. The

electromagnetic Hamiltonian used in external and internal

amplitudes should take into account the contribution from the

convection current, the magnetization current and the two-

body current (comes from momentum dependence and isospin

dependence of the two-nucleon potential or the exchanged

mesons). The reason why the rescattering term must be

included in the nprcalculation is that a part of the

rescattering term from the convection current cancels the
4

exchange term from the two-body current. The contribution

from the two-body current (dominated by the meson exchange

current) is found to be the dominant source of high energy
5,6

photons.

(iii) The measured npjf spectra in the hard-photon region at

intermediate energies can be used to study the problem of the

high-energy photon emission in heavy ion collisions. The

observation of energetic photons produced in intermediate
7-10

energy heavy ion collisions has attracted much attention

recently. In order to understand the production mechanism of

these energetic photons, three elementary nucleon-nucleon
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bremsstrahlung processes, pp/, npar and nny, have received a

new attention. The npjr process, which might play a dominant

role in the emission of high energy photons in heavy ion

collisions, is the most important process to be studied. It

has been used as an input in various theoretical calculations

using transport equations. This suggests that the

measurement of nptf spectra must be extended to the hard-

photon region. Since high energy photons are involved in

this case, the relativistic correction to the magnetization

current will no longer be negligible in the potential model

calculation. This correction, which has been included in
3,11

some ppf calculations, has been ignored completely in all

potential model npr calculations.

(iv) The measured npy cross sections at intermediate

energies can be used to test the range of validity of various

theoretical models and approximations. For instance, the npy

data in the hard-photon region can provide a very sensitive

test of the validity of the meson exchange current since this

current has been found to be the dominant contribution for

high energy photons.

The easiest way to observe the off-shell effects is to

compare experimental data with theoretical predictions

calculated in the soft-photon approximation. However, since

Low's soft-photon theorem allows us to construct many

different soft-photon amplitudes which may predict quite

different bremsstrahlung cross sections (the so called
12

theoretical ambiguity), the difference between the data and
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the predicted cross sections calculated with a particular

soft-photon amplitude cannot be interpreted as entirely due

to the off-shell effects. No other first principle can be

used to select the best soft-photon amplitude and the

experimental test seems to be the only way of making the

selection. Bremsstrahlung process near a scattering

resonance (such as the Tr*P* processes near the 4(1232}

resonance or the pfiCf process near both the 1.7-MeV and

0.5-MeV resonances) has been found to be an ideal process for

investigating the range of validity of a bremsstrahlung

approximation or model mainly because the observed resonant

structure in the vicinity of a resonance can provide a very
12

sensitive test of various approximations and models.

Recent studies show clearly that a special two-energy

approximation (an amplitude depends upon two special

energies, the initial energy^/g: and the final energyJS) is

required in order to fit the observed structure. In fact, we

have found that a special two-energy-two-angle approximation

can be used to describe almost all the existing p'2CJTand 7T*pjr
13

data. What we wish to do is to construct a special two-

energy- two-angle (TETAS) amplitude for the npjr process. This

amplitude will be relativistic, gauge invariant and

consistent with the soft-photon theorem. It will take into

account bremsstrahlung emissions from (a) the incoming

proton and the outgoing proton (with charge e and the

anomalous magnetic moment \f= 1.79), (b) the incoming neutron

and the outgoing neutron (with anomalous magnetic moment
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X n = -1.91), and (c) the exchanged particles. This TETAS

amplitude will depend only on the elastic T-matrix, evaluated

at four different sets of (s,t), but it is free of any

derivative of T with respect to s or t. To derive this

amplitude, we have to slightly modify Low's standard

procedure. The new procedure involves the following steps:

(1) Obtain the external amplitude M^ from four external

emission diagrams and expand M^ in powers of photon energy

x

K. (2) Obtain an internal amplitude M« , which represents

photon emission from exchanged particles, and apply a

radiation decomposition identity of Brodsky and Brown to
x

split the amplitude Ma into four quasiexternal amplitudes.

(3) Obtain an amplitude M̂ u which is the sum of M« and

M» : M £ * = M^ + M £ . (4) Impose the gauge invariant

condition, M* K M = -M*X K*1 , to obtain an amplitude M* which

represents the rest of other internal contributions.

(5) Combine M̂ J , M« and Hu to obtain the total amplitude

Mu . THe first two terms of the expansion of M^, which can

be expressed in terms of the elastic T-matrix, define the
. . . . _ ..TEWSamplitude of M^

It is interesting to see if the amplitude M J * W S can be

used to describe the npr data at intermediate energies. If

the answer is yes, then we have a very good reason to believe

that the TETAS approximation is the best soft-photon

approximation. The main advantages of calculating npr

cross sections in the soft-photon approximation are that all

calculations are completely relativistic and that the input
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of the calculation is the realistic elastic T-matrix

determined by the experiment.
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n-p Bremsstrahlung in Heavy Ion Collision Processes

H. Biann
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Liver-more, CA USA

1. Introduction

The goal of this presentation is to summarize the current status of the

interpretation of energetic y-rays in heavy ion collisions via the n-p-brems-

strahlung mechanism. An essential element of the topic is a transport equation

to approximate the fast non-equilibrium nucleon-nucleon cascade/emission stage

of the heavy ion reactions. It is during this stage that we expect the n-p-

bremsstrahlung processes to produce energetic photons.

I shall begin with a very brief description of the Boltzmann master
(1 -4)equation (BME) model which will be used as the transport code, deferring

(3-5}to earlier works for a more complete description/ ' and present but a single

representative comparison with an experimental neutron emission spectrum. I

shall then summarize the status of the elementary n-p-y cross section needed to

extend the transport code to photon emission in heavy ion reactions, and

summarize the status of these comparisons with data.

2. Boltzmann master equation

The BME is defined by the set of coupled differential equations for the

time-dependent change in the number of nudeons of type x in a bin at energy i

(above the bottom of the nucleon potential well) as

4H*.

y J •»'

^ ^ n j d - nj)(l - n*)] - n * * ^ , + f.(p.n), (1)

Here the superscripts x and y take on the values p and n; g* represents the

number of x (proton or neutron) single-particle states (in the 1 MeV wide bin
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used in our code) at energy m; n represents the fraction of g which is

occupied. The u ^ ^ k, represent the rates for a single nudeon of type x at

energy i to scatter with a single nucleon of type y at energy j to give final

nucleon energies k and 1. These rates are based on free N-N scattering cross

sections due to Chen e_t aj.. for type pp. nn, or np scattering as appropriate.

The Pauli exclusion principle is entered via the terms (1 - nm) in Eq. (1).

The next to the last term in Eq. (1) represents the rate of emission of

nudeons in bin i into the continuum, where w. ^ i, is calculated on the basis

of the usual statistical inverse cross section method as the rate of capture of

particle x at laboratory energy i" into the nucleus at energy i and B is the

binding energy of particle x. The final term, f.(p.n), is the rate of insertion

of nudeons into bin i from the coalescing projectile. For this term we assume

a constant velocity of approach based on projectile c m . energy reduced by the

Coulomb-barrier height. We calculate the energy distribution of the coalescing

nudeons as the distribution of n particles sharing U units of excitation

randomly.(4>5)

We show the success of the BME in reproducing experimental neutron spectra

in Fig. 1, for the case of Ne *• Ho at 30 MeV/nucleon. Similarly good

predictive ability has been demonstrated for the same target and projectile at

11, 15 and 20 MeV/nucleon, for C induced reactions at 25 MeV/nucleon and for

Ar induced reactions at 20 MeV/nucleon. We therefore have evidence that

the model approach provides a good description of nature, and wish to add the

inelastic np-y cross sections to Eq. (1) in order to see if experimental photon

spectra in heavy ion reactions might reasonably be interpreted in terms of this

simple n-p collision mechanism, treated as an incoherent sum over neutron-

proton collisions.

3. n-p-bremsstrahlung elementary cross sections

(9-19)Many of the analyses of heavy ion/photon spectra yields have been done

in terms of an elementary npy cross section based on a semi-classical

radiation* ' expression. These results have generally been normalized to the

experimental p(d,y) spectrum for 140 MeV protons which was reported by Edgington

and Rose. More recently the Grenoble group* ' ' has made some

(p,nucleus)? measurements which may be compared with some of the earlier data;

these results are shown in Figs. 2 and 3. The results calculated with the
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F1g. 1.(right) Experimental and calculated neutron energy spectra from 30 MeV
per nucleon 20Ne on Ho. The squares represent the preequilibrium yields deduced
by Hilscher (7) by fitting an assumed isotropically emitting moving source to
the high energy data. The circles represent the total differential data of
Hilscher et aj... integrated directly. The solid line is the BME result; the
short and long dashed lines correspond to increasing and decreasing the nucleon
mean free path by 50X. The insert shows the calculated time dependence of the
emission of 10, 40 and 100 MeV neutrons. The arrows represent the time at
which fusion is assumed complete in the calculation.

F1g. 2. (left) The solid curves are results of a semi-classical radiation
formula from (22) compared (upper) with 168 MeV p + 12C gamma ray spectra from
(22). The results of Rose and Edgington scaled from 140 MeV by multiplication
of ordinate and abcissa by 168/140 are shown for comparison. In the lower
section data for p + Au with 72 MeV protons from (23) are shown versus
predictions of the same semi-classical radiation formula. All results are
taken from (22.23).
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F1g. 3. (left): Comoarisons of calculations with high energy y-ray data of
Edgington and Rose(23) for a 140 MeV proton beam At tf)e

used as a standard with which to "normalize" the semiclassical pnv
breinsstrah lung equation. The short-dashed line is the same, only with the
momentum distribution of the target neutron in deuterium taken into account
The solid line corresponds to the deuteron calculation multiplied by two to
crudely account for the effect of meson exchange. The dotdashed line
corresponds to folding the quantum bremsstrahlung result of Neuheuser and
Koonm (26) into the deuteron calculation. The lower two spectra show T-ray
data for p*12C and p<-Pb. The curves represent calculations with the master
equation using the semiclassical bremsstrahlung cross sections (dashed lines)
the semi-classical cross sections multiplied by two (solid lines), and the
quantum bremsstrahlung cross sections (dot-dashed lines). For O p , the dotted
curve is the experimental result of Kwato Njock et aj.. (24) for 168 MeV
protons, scaled in magnitude by 140/168, but not scaled for energy.

Fig. 3. (right): Y-ray data (30) for
 ] 2 C «. 238y at 84 Mev/nucleon (top) ^ C +

" C at 84, 74, 60 and 48 MeV/nucieon. The solid lines represent the master
equation calculation for a sharp-cutoff initial exciton distribution. The
dashed lines represent master equation calculations using the quantum
bremsstrahlung cross sections of Neuheuser and Koonin (26).
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semiclassical radiation expession are not in good agreement with the newer
(24)

(p.nucleus)Y data. Quanta! radiation results due to Neuheuser and Koonin,v '

based on the pioneering work of V. Brown, ' give results which are in much

better agreement with the data; the difference between the two sets of results

is mainly due to the inclusion of the meson exchange currents in the quantal

theory. What is still needed is a good experimental verification of the

quantal theory via measurements of either p(d,y) or n(p,Y) spectra at a range

of projectile energies.

4. Energetic y-rays from heavy ion collisions

In Figs. 3 and 4 we show comparisons of experimental and calculated spectra

from 1 4N and C induced reactions at energies of 20-84 MeV/nucleon. ' It

appears that the quantal radiation result, when incorporated into the BHE, is

capable of reproducing all measured spectra. The semi-classical dependence,

which (if the quantal result is more nearly correct) has an incorrect energy

dependence, shows discrepancies which systematically increase with increasing

bombarding energy. We therefore believe that the energetic photons may be

understood in terms of the elementary n,py process, and illustrate once again

the importance of Fermi momentum coupling in these reactions. A final

conclusion requires experimental data with which to confirm the correctness of

the theoretical npf spectra used as input to the calculations presented herein.
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Fig. 4. The y-ray data of Stevenson (27,29) are shown for 1 4N+ 1 2C (left side)
and for 14N+Pb (right side) at 20, 30 and 40 MeV/nucleon. The solid lines
correspond to the BME calculation using the semi-classical bremsstrahlung cross
sections multiplied times 2 in Eq. 1 while the dashed lines correspond to
quantum bremsstrahlung cross section of Ref. (24). The results of Stevenson
e_t aj.. have been plotted to include the recent detector calibration results
(29).
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Possibilities for a Neutron-Proton Bremsstrahlung
Experiment at WNR/LAMPF

S. A. Wender, R. 0. Nelson and C. M. Laymon,

M. Schillaci, B. F. Gibson

Los Alamos National Laboratory/

LOS Alamos, NM 87545

INTRODUCTION

The high energy and high intensity of the continuous
energy (white) neutron source at the WNR target area of the
Los Alamos Meson Physics Facility (LAMPF) may make possible
a direct measurement of the neutron-proton bremsstrahlung
(NPB) cross section. Several recent papers have discussed
the operation of the WNR white neutron source in detail 1' 2

so we will just include a short description of the relevant
properties of the source in this article. Next we will
describe one possible method of measuring the NPB cross
section which is based on two calorimetric detectors that
measure the energies of the scattered neutrons and the
recoil protons. Although there are many other possible
experimental approaches and geometries, such as measuring
the bremsstrahlung gamma ray directly with a multi-element
detector array, we will not consider those other
possibilities in this paper.

There are several advantages in using a white neutron
source for this type of measurement. First, a wide range of
incident neutron energies may be covered. In the case of the
WNR, The energy range is from below 50 MeV to over 400 MeV
which is above the pion production threshold. Second, all
incident neutron energies are measured simultaneously. This
greatly reduces the systematic errors associated with
sequential measurements at different beam energies when
measuring the energy dependence of the NPB cross section.
Third, the neutron beam is shared amongst several
experimenters at WNR. This greatly reduces the competition
for beam time, so longer runs are often possible compared to
facilities that require the dedicated use of the
accelerator. In the past, typical experiments have run for
several months.

WHITE NEUTRON SOURCE

Neutrons are produced following spallation reactions
induced by the 800 MeV pulsed proton beam from the LAMPF
accelerator on a massively shielded 7.6 cm long tungsten
target. As the neutrons drift along the collimated flight
path, they become dispersed in time and energy. It is then
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possible to tag the energy of the incident neutron by
measuring its time-of-flight (TOF) relative to the time-of-
arrival of the incident proton pulse. At the WNR, there are
7 penetrations through the neutron production bulk shield
with 5 instrumented flight paths at various angles and with
different lengths.

The proton bean has a time structure consisting of
macropulses that are typically 625 psec long with a
repetition rate of 40 Hz. Within each macropulse are sharp
(<300 psec wide) micropulses. The number of micropulses/sec
depends on the macropulse rate and the pulse-to-pulse
separation of the micropulses, which is an adjustable
parameter. In the past, typical separations have been 1.8
usec; however, separations as small as 360 nsec are
possible.

The energy dependence of the neutron flux depends on
the angle of the flight path relative to the incident proton
beam. A plot of the measured neutron intensity as a
function of neutron energy at 15° with respect to the
incident proton beam is shown in fig. 1. A similar plot for
a 90° flight path would show orders of magnitude less
intensity above 200 MeV. The vertical scale in fig. 1 is
the number of neutrons/MeV/str/micropulse. The number of
neutrons/sec over the area of the sample is the product of
the intensity given in fig. l, the solid angle subtended by
the sample, the micropulse rate and the neutron energy bin
width.

EXPERIMENT

The three previous measurements 3' 4» 5 of the NPB cross
section have detected the scattered neutron and the recoil
proton with calorimetric neutron and proton detectors. In
this paper we describe how such a technique would be
implemented at the WNR. Fig. 2 is a schematic drawing of
the experimental setup. In this example, the detectors are
two 24.5 cm diam by 24 cm long plastic scintillators. These
are large enough to contain the energy of a 200 MeV proton.
The neutron efficiency of these detectors has been
calculated using the STANTON computer code to be
approximately 25% for a bias of 5 MeV. The detectors are
placed at 20° on either side of the neutron beam. The back
faces of the detectors are located 100 ca from the center of
the sample. The sample is a cylinder of liquid hydrogen
with a diameter of 11 cm (area -100 cm2) and 6 cm long. The
mean energy loss for a proton through this sample ranges
from .6% to 7.4% for protons of 200 and 50 MeV respectively.
Two thin plastic delta E detectors are placed in front of
these detectors to distinguish neutrons from protons and
other charged particles.

Fig. 3a shows a plot of the calculated kinematics for
the NPB reaction. The scattered neutron energy is plotted
on the horizontal axis and the recoil proton energy on the
vertical axis for 400 MeV incident neutron energy. Fig. 3b
shows the corresponding plot of the off shell parameter6 as
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a function of gamma-ray energy normalized by the incident
neutron energy. The off shell parameter, AM , is defined as
the square of the difference between the virtual mass and
the rest mass in units of the rest mass of the off shell
nucleon* Labeled on fig. 3 are the directions of the gamma-
rays and letters correlating the two plots. As seen from
the plots the gamma ray rotates through 360° as the energy
is shared between the neutron and the proton. The lower
left hand side of the kinematic locus corresponds to gamma-
rays emitted into the forward direction with high energy and
the upper right hand side of the curve corresponds to the
gamma rays emitted at back angles with respect to the
incident neutron beam with lower energy. Fig. 4a and b are
similar plots for incident neutron energies of 100, 200, 300
and 400 MeV. As can be seen, the continuous energy coverage
of the white neutron source fills in much of the area of
the plot. Fig. 5 compares the previous NPB experiments to
the 400 MeV +/- 20° point obtainable at the WNR. AS shown
in this plot, measurements at WNR have the potential of
going significantly further off shell than previous
experiments.

With two calorimetric detectors, a NPB event would
consist of detecting a neutron and proton in coincidence,
measuring the proton energy and the total TOF of the proton
and the neutron. Knowing the proton energy, we can
calculate the TOF of the proton from the sample to the
detector. We can obtain the neutron energy by subtracting
this time from the measured total TOF of the proton. This
difference gives the flight time of the incident neutron and
thus its energy. The energy of the scattered neutron is
obtained by subtracting the calculated TOF of the incident
neutron ( the target to the sample) from the measured total
TOF of the scattered neutron. Since the flight path is
short for the scattered neutron, its energy uncertainty may
be large. The energy uncertainty is greatest for higher
energy neutrons. This region corresponds to lower energy
gamma rays generally emitted in the backward direction.
Lower energy neutrons that are associated with forward going
high energy gamma rays should have better resolution.

We have made an estimate of the count rate of this
detector configuration based on the following assumptions:

#neutrons/str/up/MeV = 5.4*104 at En» 400 MeV

# of micropulses/sec « 1.4*10* at 1.8 usec spacing
6.9*lO4 360 nsec spacing

Neutron bin width - 10 MeV

Sample solid angle : 11 cm diam at 18 m = 3*10~5 str

Target thickness:6 cm thick,.0708g/cm3,*2.6*1023 at/cm2
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Cross section : 50 microbarns/str^

Detector solid angle: 25.4 cm diam at lm = .051 str

Detector efficiency: protons = 1
neutrons= .2 5

Rate in 10 MeV bin : 13 counts/hr at 1.8 ps spacing
: 69 counts/hr at 360 nsec spacing

If we consider the energy range from 100 to 400 MeV and
assume that the flux is constant and equal to the 400 MeV
value (worst case}, then the count rate is approximately
94,000 events/day at 1.8 j*sec micropulse spacing or 450,000
events/day at 360 nsec micropulse spacing. If we divide the
kinematic locus into 10 neutron-proton energy cells, we
should acquire approximately 20% to 7% (depending on the
pulse rate) statistics in one day in each cell in a 10 MeV
incident neutron energy bin (assuming isotropic cross
sections).

This count rate is sufficient for a successful
measurement. The crucial question is what the backgrounds
and accidental coincidence rates are. We are presently
planning to do a more complete Monte-Carlo simulation of the
experiment, and are hoping that some preliminary
measurements can be performed in the coming run cycle at the
WNR.
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This workshop summarized the current state of nucleon-nucleon

bremsstrahlung (NNB) experiments and their theoretical interpretation and

identified the physics accessible to new, more accurate and more systematic

experiments. It was designed to help with the planning of neutron-proton

bremsstrahlung experiments at LAMPF using the existing intense white-

neutron source.

1. Qualitative Discussion of NN Bremsstrahlunp

NN bremsstrahlung is one of three processes in which a photon is

absorbed or emitted by the two-nucleon system, without other reaction

products. It comes in two variants...

pp-bremsstrahlung (ppB)

p + p->p + p + 7

and np-bremsstrahlung (npB)

n + p-*n + p + 7 .

It is closely related to n-p radiative capture

n + p -• d + 7

and to deuteron photodisintegration

7 + d -* n + p,

the inverse of radiative capture. Also closely related is electro-

disintegration of the deuteron

e + d-»e + p + n.

NNB, radiative capture and deuteron photodisintegration are the simplest

processes in which to study the coupling of nuclear currents to the

electromagnetic field.

NNB experiments are difficult. The cross-sections are low, of the

order of a few pb/sr for ppB, perhaps an order of magnitude larger for npB.

Reduction of background requires triple-coincidence measurements of the

three-body final state. Although npB cross sections are larger than ppB,
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the difficulty of producing high-quality neutron beams and of detecting

neutrons, more than counteract the cross-section advantage; npB experiments

are significantly more difficult than ppB.

The pion production threshold at a nucleon laboratory kinetic energy

of around 300 MeV is an experimental and theoretical watershed for the NNB

process. Above threshold, competition with the pions produced and with

photons resulting from n° decay makes the experiments even more difficult.

The theoretical framework also changes at the pion threshold. A

description in terms of nucleons, with a meson-mediated effective

interaction and a similarly-generated effective coupling to the

electromagnetic field, breaks down and must be replaced by coupled-channel

models (NN.NA.NN* ).

Host experiments to date have been below pion threshold , in what

might be referred to, for the convenience of the theorist, as the

effective-interaction or potential regime. In this regime the main

2 3
contributions to the bremsstrahlung amplitude ' are indicated in Fig. 1.

There are three categories of contribution.

i) External terms (Fig. la), wherein the photon is emitted by one of the

incoming or outgoing nucleons.

ii) Rescattering (or double-scattering) terms (Fig. lb).

iii) Exchange terms (Fig. lc), both one-pion and heavy-meson (p,u>...).

In the potential regime, the strong NN interaction enters through the t-

matrix, obtained from the NN potential by solution of a Lippmann-Schwinger

equation.

Since emission of a 7-ray carries off momentum, the NN t-matrix that

enters expressions for the NNB amplitude is the half-shell t-matrix:
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where k' * k, but either k - ,/2/iE or k' - -/2/uE, with E the center-of-mass

energy in the NN collision and yi the NN reduced mass. Non-relativistic

kinematics is assumed (a trivial restriction).

Below pion threshold, the rescattering terms and a variety of

relativistic corrections have been estimated and found to be small.

Furthermore, in the non-relativistic, Siegert-theorem limit exchange

contributions to ppB vanish identically. As a result, ppB below pion

threshold is dominated by the external contributions in Fig. 1. It

provides, in principle, a relatively unambiguous means of studying the off-

shell behavior of the NN t-matrix and of testing whether potential models

successfully reproduce this behavior. npB is, more than ppB, part of the

mainstream of photonuclear physics.

2. Nucleon-Nucleon Potentials

The property of NN potentials of most relevance to sub-threshold NNB

is that they are as similar off (but not too far off) the energy shell as

they are on it. This seems remarkable in view of the different

philosophies that inspired their construction. The three modern NN

potentials that have been constructed with the greatest labor from meson

theory and fitted most carefully to the NN data are those of Paris, Bonn

and Nijmegen.

Paris potential. The original Paris potential has three components--OPE

at large distance, and intermediate-range TPE component and a purely

phenomenological short-range repulsion. The TPE component is constructed

with the aid of dispersion relations by extrapolation from TTN and -xic

scattering data. The resulting NN potential is both cumbersome and

(almost) linearly dependent on energy -- rather awkward for many-body and

in particular for bound-state applications. The Paris group therefore re-

parameterized their interaction. The re-parameterized Paris potential has
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2

central, spin-orbit and tensor components with p -dependent central terms.

Each component is expressed as a sum of 12 Yukawas of varying ranges (less

than or equal to OPE range). The (more than 100) strength parameters are

fitted to reproduce the long- and intermediate-range behavior of the

original Paris potential and selected NN data. The re-parameterized Paris

potential is not a mere numerical representation of the original Paris

potential nor a well-defined transform thereof. It is a totally different,

less-well motivated replacement. It fits the NN data well (given adequate

care of Coulomb and other electromagnetic corrections at energies below 30

MeV.) It is also a numerical nightmare in many-body calculations since its
2

p -dependent form became very strongly attractive at NN separations of 0.3

fm or less. When people quote 'the' Paris potential, they mean the re-

parameterized Paris potential.

Bonn Potential. The Bonn group has sought to construct a boson-exchange

potential, including meson exchanges up to 1 GeV in mass, wit-.h two- and

even three-boson exchange contributions (wp.pw....). It was hoped that

intermediate A excitation would eliminate the need to include the a meson,

not included in particle data tables, to account for intermediate-range

attraction in two-pion exchange. This hope was not fully realized, and

Bonn potentials still include a-exchange -- albeit with a reduced coupling

constant. The complete Bonn potential is energy and momentum dependent and

numerically cumbersome, even theoretically awkward, to use in many-body

calculations. Most such applications use one of the OBE variants of the

Bonn potential. The r-space variant is very similar to the re-
2

parameterized Paris potential, with a long-range OPE piece, and p -

dependent central components. The full Bonn potential (and its OBE

variants) fit the NN data well (again given adequate attention to low-

energy EM corrections)
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Nijmegen potential. There is a family of Nijmegen potentials of which the

most recent was derived as a Reggeon-exchange potential. Only single

meson-exchanges are allowed and all mesons with masses up to 1 GeV are

included since the objective is a parameterization of the hadron-hadron

interaction, including N-A, N-2... as well as NN. The Regge-exchange

aspect of the potential turns out to be of minor practical significance and

the potential is, to all intents and purposes, a member of the OBE family.

The Nijmegen potential uses the same form factor at all vertices --a

Gaussian of cut-off momentum A -1 GeV/c. It includes a Pomoron-exchange

form which combines with to-exchange to provide strong short-range
2

repulsion. The result is an OBE potential with a p -dependent central

component and very well-regularized short-range behavior. It fits the NN

data well -- rather better than Bonn or Paris -- and is numerically very

convenient in many-body applications.

The Paris, Bonn and Nijmegen potentials provide good and therefore

similar fits to the NN phase shifts up to 350 MeV. Consequently, their

partial-wave t-matrix elements

on the energy-shell,

k - k

are very similar, by construction. It is a remarkable fact that their off-

shell matrix elements with

Ak => |k - k'| < 4 fin"1 (800 MeV/c)
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are just as similar as the on-shell m.e. In fact, their off-shell behavior

is very similar to that of older and more phenomenological potentials such

8 9
as those of Hamada and Johnston and Reid. This similarity is illustrated

in Fig. 2, which compares off-shell partial-wave K-matrix elements

(from which the complex t-matrix elements can be reconstructed

algebraically) for Paris and Reid potentials. The differences are of the

order of 5% or less out to Ak * 800 MeV/c. Such minute differences will be

hard to detect in NNB or otherwise in nuclear many-body systems.

3. Proton-proton Brentsstrahlung. as Part of Photonuclear Physics

As noted in Part 1, sub-threshold ppB is dominated by external

bremsstrahlung since meson-exchange effects are small (zero in the non-

relativistic limit). Early studies of ppB were inspired by the hope that

off-shell effects could be uncovered and used to distinguish between

competing NN potentials.

This promise has not been fulfilled. It has been found that although

off-shell effects are sizeable, the various modern potentials give

essentially the same half-shell extrapolation of the NN t-matrix in the

pertinent range

0 < Ak < 300 MeV/c.

The calculated cross-sections and analyzing powers are in good agreement

2
with experiment over the (limited) range of kinematics studied in

experiments.
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It should be stressed that only limited studies of ppB have been

undertaken. The energy-dependence is worth studying at 10-20 MeV intervals

from 100 to 350 or 400 MeV on the general grounds that such data is of

fundamental significance and might well yield surprises. Out-of-plane

experiments might also uncover hitherto-unsuspected weaknesses in the

theory. It is, however, unlikely that sub-threshold ppB will yield much

insight into nuclear electromagnetic currents.

4. Neutron-Proton Bremsstrahlung.

Meson-exchange contributions dominate sub-threshold npB. ' This has

been known for twenty years or more. However, the difficulty of npB

experiments and the promise of ppB in probing the off-shell NN t-matrix

have inhibited high-precision experimental studies. Multiple-coincidence

experiments and measurements of spin observables are almost completely

lacking.

Renewed interest in npB has recently been inspired by the experimental

12
discovery of energetic 7-rays in collisions between heavy ions at

energies of 20 to 100 MeV/nucleon. Can such photons be understood in terms

of the elementary NNB process or is some coherent, collective production

process required? Since npB cross-sections are an order of magnitude

greater than ppB, the theoretical problem at hand is to insert adequate npB

inclusive cross sections in transport equations that describe the fast non-

equilibrium nucleon-nucleon cascade stage of the reactions in question. Iz

now seems that the elementary npB processes, occurring in the early stages

of the collision, can account for the observed 7-rays and their energy

distribution. In the absence of the necessary measured npB cross-sections,

the theoretical estimates of Brown and Franklin ' ' and more recent,

similar calculations were used. The nucleon-nucleus and nucleus-nucleus

bremsstrahlung data are rather well reproduced --a remarkable vindication
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of calculations made twenty years ago, when the heavy-ion applications

could hardly have been imagined.

The heavy-ion saga outlined above gives independent confirmation that

the basic mechanism of sub-threshold npB is understood. It is

predominantly a meson-exchange process with significant contributions from

heavier mesons as well as from pions. Thus a program of npB studies with

the Los Alamos White Neutron Source (E from 1 to 400 MeV.) would have as
n

its primary physics motivation the study of meson-exchange currents in the

NN system -- part of a broader national program of studies of

electromagnetic processes in few-body systems.

Deuteron photodisintegration and radiative np capture - - both closely

related to npB -- have been the focus of considerable interest in the past

few years. Photodisintegration studies have been galvanized by a S1AC
14

experiment in which the cross-section for d(7,p)n was measured as a

function of energy for 0.8 GeV < E < 1.6 GeV. Models involving meson

exchange (MEC) and isobar currents (IC) fail completely to reproduce the

observed rate of decrease with energy. Above 1.2 GeV. the cross-section

exhibits a scaling behavior consistent with parton-counting rules for the

deuteron and nucleons. Whether or not nucleon substructure is being

revealed at the quark level, these results have revealed serious

inadequacies in existing treatments of MEC and IC above the pion threshold.

(The energy range 0.8 < E < 1.6 GeV corresponds to E from 1.5 to 3 GeV in

the inverse radiative-capture reaction). What of similar effects at the

sort of energies of more relevance to this workshop, say, E < 500 MeV?

Recent calculations reveal noticeable discrepancies between theory and

photodisintegration cross sections at E = 100 MeV. and above (E = 200 MeV

in radiative capture). Improved measurements with tagged photons in this

energy range are planned at Mainz.
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Radiative capture (n + p -+ d + 7) has been studied at (neutron)

energies between 180 and 480 MeV at IUCF and TRIUMF. ' Sensitivity to

MEC has been clearly established. A proposal to measure the spin

correlation coefficient C,~, and the analyzing powers A and A , in the

reaction p(n,d)7 -- polarized neutrons on a polarized Hydrogen target --at

E -180 MeV, is before the Program Advisory Committee at IUCF. The hope is

that precise measurements of spin observables will enhance the sensitivity

to MEC and provide sharper tests of models in the potential regime.

The proposed npB experiments at WNR fit naturally into this larger

framework of sub-threshold photonuclear studies of the two-nucleon system.

Compared with np radiative capture, npB has the greatly extended kinematic

variability supplied by a three-body final state. Studies of npB over a

wide kinematic range, including in- and out-of-plane triple-coincidence

measurements, should add substantially to knowledge of MEC and perhaps IC

gleaned from studies of photodisintegration and radiative capture.

Experimental programs of eleetrodisintegration studies -- d(e,e'p)n

with polarized electrons, out-of-plane kinematics and triple-coincidence

measurements -- are planned with the new storage ring at Bates and at

CEBAF. Here it is well known that close to quasi-free kinematics MEC and

IC are minimized. Far from the quasi-free ridge -- and photon kinematics

which yields a single such line on the (q,w) surface -- MEC and IC effects

can be studied in a variety of ways, below and above the pion threshold.

The connection with the photon reactions in general and npB in particular

is obvious.

4. Detector Limitations and Hard Photons.

A more precise statement of the dominance of npB by MEC is that this

will be true of the part of the process that results in hard (energetic)

photons. The counting rates will be largest with the nucleons detected
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near the forward direction (0^ B1 ~ 10°-30°, Lab.) (See Fig. 3). The

closing discussion at this workshop concerned the fact that photons could

be detected in coincidence with forward-scattered nucleons only at angles

8 > 90°. Are the photons then hard enough? It was the theoretical

consensus that such photons, for E n > 100 MeV, will have E > 50 MeV

which is hard enough to satisfy the meson-exchange dominance requirement

that motivates the experiments. Thus early studies might concentrate on E

< 300 MeV, nucleons near the forward direction and (for familiarity and

convenience), coplanar symmetric geometry. Extension to out-of-plane

kinematics is likely to be important (theoretical models are completely

untested under such circumstances) and can follow later.

5. Conclusion

The white neutron source provides a unique opportunity for high-

precision studies of np bremsstrahlung below and slightly above the pion

threshold. The two nucleons and the photon in the final state should be

detected in coincidence, nucleons near the forward direction, photon at 90=

or more in the laboratory. Such kinematics, with coplanar and non-coplanar

geometry, favor studies of meson-exchange currents. This puts npB

experiments in their proper context as part of a broad national program of

studies of the electromagnetic properties of few-nucleon systems.
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Figure Captions

1. Bremsstrahlung amplitudes in the one-photon approximation

a) External contributions

b) Re-scattering contributions

c) Exchange contributions.

JST

2. Comparison of partial-wave off-shell K-matrix elements Kp,j(k',k;E) at

a (center of mass) energy E=-100 MeV for the Paris (solid line) and

Reid (dashed line) potentials, from Ref. 10. The K-matrix elements

are plotted as a function of k for various fixed values of k'.

a) LD 2 diagonal (J-2,S-O,T-1; i'-i-2)

b) 3 S 1 -
 3D 1 off-diagonal (J-1,S-1,T«O; I'-0,1-2)

3. Sketch of detector positions for 'hard-photon' np bremsstrahlung.
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WORKSHOP ON

NUCLEON-NUCLEON BREMSSTRAHLUNG

Room A234 Of the LAMPF LOB (TA-53, MPF-1)

Thursday, January 25

Chairman — L. Heller (LANL, T-5)

09:00 S. A. Wender (LANL, P-3) — Introduction

09:05 V. R. Brown (LLNL) — NN Bremsstrahlung, Another Glimpse of
the NN Interaction

09:50 Discussion

10:00 F. P. Brady (UC, Davis) — NN Bremsstrahlung Experiments

10:35 Discussion

10:45 Coffee Break

11:15 H. W. Fearing (TRIUMF) — pp Bremsstrahlung, What Have We
Learned?

11:50 Discussion

12:00 Lunch

Chairman — p. w. Lisowski (LANL, P-3)

13:30 J. A. Pinston (Grenoble) — np Bremsstrahlung Below 210 MeV

14:05 Discussion

14:15 M. K. Liou (Brooklyn, CUNY) — Soft Photon Approach to np
Bremsstrahlung

14:50 Discussion

15:00 Coffee Break

15:30 M. Blann (LLNL) — Relevance of np Bremsstrahlung to Heavy
Ion Reaction Studies

16:05 Discussion

16:15 S. A. Wender (LANL, P-3) — A LAMPF/WNR Initiative

16:50 Discussion

19:30 » Workshop Dinner «
Anthony's (Espanola)
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Friday, January 26

09:00 Theoretical Working Group — 0105

09:00 Experimental Working Group — A234

10:15 Coffee Break — A234

Reports and Discussion

Chairman — M. E. Schillaci (LANL, MP-4)

10:45 Theory View — B. P. Gibson (LANL, T-5)

10:55 Experimental View — R. O. Nelson (LANL, P-3)

11:05 General Discussion and Comments

11:50 Lunch

Closing Session

Chairman — B. F. Gibson (LANL, T-5)

13:15 M. H. Macfarlane (IUCF) — Summary

S. A. Wender (LANL, P-3) — Concluding Remarks
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