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The three-particle reaction p+d---+p+p+n has been investigated at a deuteron
bombarding energy of 52.0 MeV. Single counter experiments as weIl as coincidence
measurements have been carried out. The laJ)QratQlY angular distribution. of the
fireak-iip reaction -ancCi:he--totaf break-up -cross-section have been determined by
means of the single counter experiments. The angular distribution for final-state
interacting neutron-proton pairs was obtained by means of coincidence measurements.
The coincidence experiments provide a strong evidence for very different shapes of
the angular distributions for neutron-proton singlet and triplet final-state interaction.

1. Introduction

Several groups have investigated the deuteron break-up reaction
p +d ---+p +P+n in "single counter experiments " where only one of the
three particles in the final state is detected. Prom such kinematically
incomplete experiments the differential cross-section and the total
disintegration cross-section were obtained 1 - 5. The mechanisms of the
three-particle reaction was also studied by kinematically complete ex­
periments where two particles in the final state are detected in coinci­
dence 6

-
1 6

• Evidence has been found for the contribution of neutron-

1 Wong; C., Anderson, J. D., Gardner, C. c., McClure, J. W., Nakada, M. P.:
Phys. Rev. 116, 164 (1959). - Anderson, J. 0., Wong, C., McClure, J. W.,
Pohl, B. A: Phys. Rev. Letters 15, 66 (1965).

2 Batty, C. J., Gilmore, R. S., Stafford, G. M.: Phys, Letters 16, 137 (1965).
3 Langsford, A., Bowen, P. H., Cox, G. C., Dolley, P. E., Riddle, R. A. J., SaIt-

marsh, M. J. M.: NucI. Phys. A 99, 246 (1967).
4 Slobodrian, R. 1., Conzett, H. E., Rexmini, F. G.: Phys. Letters 27 B, 405 (1968).
5 Margaziotis, D. J., Wright, B. T., Oers, W. T. H. van: Phys. Rev. 171, 1170 (1968).
6 Kuckes, A F., Wilson, R., Cooper, P. F.: Ann, Phys. (N.Y.) 15,193 (1961).
7 Warner, R. E.: Phys. Rev. 132, 2621 (1963).
8 Griffiths, R. J., Knight, K. M.: NucI. Phys. 54, 56 (1964).
9 PhiIIips, G. c.: Rev. Mod. Phys. 36, 1085 (1964). - Simpson, W. D., Bronson,

J. D., Jackson, W. R., PhiIIips, G. C.: Rev. Mod. Phys. 37, 523 (1965). ­
Simpson, W. D., Jackson, W. R., PhiIlips, G. C.: NucI. Phys, A 103, 97 (1967). ­
NiiIer, A, Joseph, C., Valkovic, V., Witsch, W. von, PhiIIips, G. C.: Preprint of
the Rice University, Houston (1969).

10 Donovan, P. F.: Rev. Mod Phys.37, 501 (1965). - Boyd, D. P., Donovan, P. F.,
Mollenauer, J. F. : Preprint of the Rutgers University 1969.
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proton 9, 10, 12 -14, 16 and proton-proton final-state interaction [FSI]1- 5 ,13

as wen as for proton-proton quasielastic scattering 6-8,11,14,15 in both
types of experiments.

The theory of the three-body problem may be regarded as solved in
principle from the point of view of a formal scattering theory 17. The
numerical calculations however require very large computer capacities
even if approximations are used. Therefore most of the data have been
analysed by simple models like the Watson-Migdal model for final
state interaction 18 and the spectator model for quasielastic scatteringv-!",
The singlet scattering length for neutron-proton and proton-proton
scattering has been extracted by means of the Watson-Migdal model
from the three-partic1e cross-section measured at different incident
energiJ;:s~mLl:lL1)everalparticular pairs ofal1g1es ... Reasonable agreement
has been found between fhe values extracted Irom the tliree-päfticle
reaction and the values known from free neutron-proton and proton­
proton scattering 10, 12, 13, 16.

We have studied the reactionp+d--+p+p+n induced by 52.0 MeV
deuterons by means of single counter experiments as well as coincidence
experiments. The kinematically incomplete experiments have been
carried out with the aim to determine the Iaboratory angular distribution
of the break-up leactloli and the total break-~ The
kinematically complete experiments have been performed with the
purpose to establish the angular distribution for the production of n-p­
subsystems with final state interaction. The neutron-proton pairs might

11 Slaus, I., Verba, J. W., Richardson, J. R., Carlson, R. F., August, L. S., Peterson,
E. L.: Phys. Letters 23, 358 (1965).

12 (a) Brückmann, H., Kluge, W., Schänzler, L.: Phys. Letters 24 B, 649 (1967); ­
(b) Z. Physik 217, 350 (1968).

13 (a) Brückmann, H., Kluge, W., Matthäy, H., Schänzler, L., Wiek, K.: Phys.
Letters 30 B, 460 (1969); - (b) Brückmann, H., Gehrke, W., Kluge, W., Matthäy,
H., Schänzler, L., Wiek, K.: Report of the Gesellschaft für Kernforschung
KFK 892, Karlsruhe 1968; - (c) Brückmann, H., Gehrke, W., Kluge, W.,
Matthäy, H., Schänzler, L., Wiek, K.: Proceedings of the Conference on the
Three Body Problem, p. 230, Birmingham, July 1969.

14 Kuhn, B., Kumpf, H., Möller, K., Mosner, J.: Nucl. Phys. A 120,285 (1968).
15 Braithwaite, W. J., Cameron, J. M., Storm, D. W., Paie, G., Rogers, J. G.,

Verba, J. W., Young, J. C.: Proc. of the Conference on the Three Body Problem,
Birmingham, July 1969.

16 Jeremie, H., Grandy, T.: Nucl. Phys. A 132, 571 (1969).
17 Faddeev, L. D.: Soviet Phys. JETP 12, 1014 (1961). - Aaron, R., Amado, R. D.:

Phys. Rev. 150, 857 (1966). - Alt, E. 0., Grassberger, P., Sandhas, W.: Nucl.
Phys. B 2, 167 (1967).

18 Watson, K. M.: Phys. Rev. 88, 1163 (1952). - Migdal, A. B.: Zh. Eksptl. Teor.
Fiz. 28, 3 (1955). - Goldberger, M. L., Watson, K. M.: Collision theory, p. 540ff.
New York 1964.

19 Chew, G. F., Low, F. E.: Phys. Rev. 113, 1640 (1959).
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interact in the singlet or the triplet state. The dependence of the three­
particle cross-section on the relative energy En p of the neutron and
proton differs for the two spin states 13 s, C and the angular distributions
observed at different relative energies En p are therefore expected to
reflect the contribution of the two spin states.

2. Experimental Procedure

The measurements were performed using the external beam of
52.0 MeV deuterons available at the Karlsruhe sector-focused cyclotron.
The scattering chamber and the details of the experimental set-up have
been described elsewhere 12. The single counter spectra were taken with
a hydrogen gas target. For the coincidence spectra a polyethylene target
was used. The reaction preduets were deteeted in Nal'(Tl) scintillation
counters which were positioned outside the scattering chamber. The large
distances between the target and the detectors (1.26 m for single counter
experiments, 0.92 and 1.28 m for coincidence experiments) assured a
very good angular resolution (.1e= ±0.2° and ±0.4° Ior the single
counter and the coincidence experiments respectively) and allowed the
particle identification to be performed by time-of-flight technique i'',

In 'the coincidellCe experillients two tiine~of-flight clrcuits as discussed
--~ln~d'-e'ta~lISin Ref. 20 have been used and the fast coincidence was achieved

with the two "selected RF-signals". Each coincidence event was charac­
terised by two energy signals and two time-of-flight signals which were
fed via a four-parameter data acquisition system to a CDC 3100 com­
puter (for details see Ref. 2 1

) . The data were recorded on magnetic tape.
The particle identification and the subtraction of random coincidences
were made by computer analysis.

The charge collected in the Faraday cup was measured with a current
integrator. The relative intensities were additionally monitored by means
of aseparate detector mounted at a fixed angle.

3. Results and Discussion of Single Counter Experiments

As an example the Ieft hand side of Fig. 1 shows a map display of
the two-dimensional spectrum observed at a laboratory angle of 12.5°.
The energy E of the .detected particles is shown versus their time of
flight .1 T in an array of 128 x 32 channels. In the map display the left
hand branch corresponds to protons (mass 1). The elastically scattered

20 Brückmann, H., Haase, E. L., Kluge, W., Schänzler, L.: Nucl. Instr. Meth. 67,
29 (1969).

21 Brückmann, H., Fluck, P., Matthäy, H., Schänzler, L.: Report of the Gesellschaft
für Kernforschung, Karlsruhe 1968, KFK 897. - Brückmann, H.: Report of the
Gesellschaft für Kernforschung, Karlsruhe 1968, KFK 912.
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Fig; L Example for the mcasurements of single counter spectra, The data was taken
--------at-a-iaOOfatetyangle of 12. 0. • time of flight plot

of aII the reaction products is shown. The protons and the deuterons are identified
from this map display. The corresponding proton spectrum is presented on the right

hand side

"recoil" protons produce the single peak while the broad proton
continuum arises from the break-up reactionp+d--+p+p+n. The deute­
ron branch (mass 2) is represented only by the isolated peak of the elasti­
cally scattered deuterons. The angular distribution for the elastic proton­
deuteron scattering at 52 MeV deuteron energy was already published
in Ref. 1 2 b

•

The measurements of the proton spectra were carried out at labora­
tory angles between 7.5° and 49.5°. Typical proton spectra are shown
on the right hand side of Fig, 1 and in 2. At forward angles (e. g. e1ab ==
7.5°) the most characteristic feature of the break-up spectrum is the
maximum at a proton energy Ep =25 MeV. This maximum is mainly
caused by the "spectator protons" arising in reactions where a quasifree
neutron-proton scattering occurs. Because the spectator protons were
bound in the projectile deuterons,their energies are determined by the
laboratory deuteron energy and by the internal momentum distribution
in the deuteron. As can be seen from Fig. 2 the contribution of the quasi­
elastic scattering decreases rapidly with increasing angles. The enhance­
ment of the spectrum at the high energy end of the continuum is due
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Fig. 2. Typical single counter proton spectra observed at four different laboratory
angles

to the neutron-proton FSI. Additionally the quasielastic proton-proton
scattering and proton-proton FSI contribute to the reaction cross­
section. An unambigious separation of the different reaction mechanisms
can hardly be obtained by carrying out only single counter experiments.

The laboratory differential cross-section of the break-up reaction
was obtained by summing up the break-up spectra. Because of a back­
ground at low energies only those protons with an energy of more than
5 MeV were taken into account. The curve a in Fig.3 shows the dif­
ferential cross-section.

The curve b was calculated using the simple Serber spectator model 22

for the deuteron break-up reaction. Although this model is not able to
predict the absolute values of the cross-section the agreement between
the shape of the measured and the calculated angular distributions sup­
ports the assumption that mainly the quasifree scattering contributes to
the reaction cross-section. A lower limit for the total cross-section (Jt was

22 Serber, R.: Phys. Rev. 72, 1008 (1947),
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dd LAB [mb]
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d+p--p+p+n

d(7.50- 49.5°)= 1174:!:9l mb

Fig. 3. The laboratory angular distribution of the break-up reactionp+d-+p+p+n.
Curve a represents the experimental results obtained by sumrning up the continuous

proton spectra, Curve b was calculated by means of the Serber model 22

obtained by integration of the differential break-up cross-section between
7.so and 49.so. The tipper limit er (f t ',',las evaffiated by emapelatien ef

the differential cross-section to small angles and a 0' t = 174~4~mb was

obtained. Van Oers and Brockman 23 calculated the scattering phases
of nucleon-deuteron scattering and determined the energy dependence

6 [rnb] Deuteron disintegration
cross-section

E[MeV]
, ..

100

o n+d-n+p+n
• p-d-s-p-p-n

755025

"I
°O~-----::'::----;!:;--------=C::------::::;:---=---=-

100

150

200

Fig, 4. The total nucleon-deuteron disintegration cross-section as a function of the
nucleon laboratory energy. The dashed !ine is based on a phase-shift analysis P

23 Oers, W. T. H. van, Brockman, K. W.: Nucl. Phys. A 92, 561 (1967).
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of Clt • In Fig. 4 the calculated cross-section (dashed curve) and the experi­
mental values at different incident nucleon energies which are compiled
in Ref. 2 3 are shown. The cross-section obtained in our experiment is
included in the diagramm of Fig. 4 (incident deuterons of 52 MeV energy
are equivalent to incident protons of 26 MeV energy). Our result agrees
quite well with the phase-shift analysis of Ref. 23. The full line in Fig. 4
represents the energy independent cross-section predicted by the Serber
theorv". As is already pointed out in Ref. 2 2 this theory provides a
reasonable approximation to the experimental values only at high
energies.

4. Results and Discussion of Coincidence Experiments

In the kinematically cömplete experiments two proioiis have been
detected in coincidence. The aim of this investigation was the measure­
ment of the angular distribution of the neutron-proton final state inter­
action. Hence in all experiments the angles were chosen to observe
neutron-proton pairs with relative energy down to zero 12. As an example
of the experimental data a map display of the E 3 - E4 plane is shown on
the left hand side of Fig. 5. E 3 and E4 are the energies of the two protons
which were detected at th~es-ß-3 -420° and 84 25.3°. OnI)' the
region allowed by the kinematics of the reaction is populated by coinci­
dence events. The neutron-proton FSr enhances the number of events
registered at the maximum energy E 3 (corresponding to En p =0)10,12,14,16.

The projection of the experimental data on the E4 -axis is shown on the
right hand side of Fig. 5. Such coincidence measurements have been

459

Proton spectrum
projected on E4-Qxis

Ep [MeV]

..
600 N

Fig.5. Example for the measurements of coincidence spectra. Two protons with
energies E3 and E4 were detected in coincidence at the angles 613=42.0° and 614=25.3°.
A map display of the experimental data is shown on the left hand side. A projection

of the data on the E4-axis is plotted on the right hand side
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Fig.6. The two enhancement factors Fitp and FJp for neutron-proton singlet and
triplet final state interaction are shown in a logarithmic scale (arbitrary units) versus

the relative energy Enp

performed at fourteen different pairs of angles. Ifie 11lvestlgated regIOn
of angles covered center-of-mass angles e~~m. between 55° and 152° for
the production of the n - p subsystem.

In the Watson-model of final state interaction 18 the three-particle
reaction is treated as a two-step process. Accordingly the matrix element
can be factorised. The factor which accounts for the production prob­
ability of a neutron-proton subsystem depends only on the angle e:m.•

The enhancement factor Fnp which accounts for the final state interaction
in the neutron-proton subsystem depends only on the relative energy
Enp ' Two enhancement factors F~p and F: p have to be considered 13b

for the interaction of the neutron-proton pair in the singlet and the
triplet state. The energy dependence of these two enhancement factors
is different as can be seen from Fig. 6. As a consequence of the rapid
decrease of Fn

s
p the contribution of neutron-proton singlet FSI is restricted

to a region of very low energy En p ' With increasing energy the enhance­
ment factor for n-p triplet FSI gains in importance relative to F~p.

Fig. 7 shows the differential cross-section of the three-particle
reaction d +p --+p +P +n at .E" p = 0 as a function of the angle 8~~m.•

The characteristic feature of this angular distribution 1S the deep mini­
mum at 8~~m, = 130°. The app1icability of the Watson model was confirmed
at the pair of angles 83 =40° and 84 =26° (corresponding to 8~~m. =95.8°).
At these particular pairs of angles it was shown 12 b that at E; p = 0 almost
only the n - p sing1et FSI contributes while at E; p = 2 MeV the contribu-
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Fig. 7. The differential three-particIe cross-section for the reaction p+d~p+p+ n
at En p = 0 keVas a function of the angle eg~ rn . at which the n-p subsystem is produced

in the center-of'-mass system

PId.d*)p

3

40 80 120

d*
8cJol.

160

Fig.8. The matrixelement IMI 2 of the three-particle reactionp+d~p+p+n at
different relative energiesEn p as a function of the production angleeg: m .• Different
shapes of the angular distributions for n-p singlet and triplet final state interaction

are revealed

tion of n - p triplet FSI is predominant. Therefore the angular distribution
of Fig. 7 is assumed to be mainly due to n-p singlet FSI. At En p =2 MeV
one expects to observe an angular distribution of dominating n - p triplet
FSI. Fig. 8 shows the variation of the angular distributions with the
relative energy En p ' The square of the matrix element IMI2 given by the
ratio of the cross-section and the phase space factor is plotted versus the
production angle e~~m.> By comparison of the angular distributions of
Fig. 8 two main features are exhibited. First a rapid decrease of IMI2 is
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observed with increasing relativerenergy E; v: This justifies the assumption
of a dom inating contribution of the n - p singlet FSI to the three-partic1e
cross-section. Second the shapes of the angular distributions observed at
Enp=O and at Enp=2 MeV are quite different. It can be conc1uded that
the cross-section for neutron-proton singlet and triplet FSI depend
differently on the production angle e~~m.. Comparing the angular distribu­
tion of IMI 2 at Enp=2 MeV with the elastic deuteron-proton scattering P

one observes a remarkable similarity of the two distributions. A quanti­
tative relation between the cross-section of the elastic deuteron-proton
scattering and the neutron-proton triplet FSI has been derived and will
be discussed elsewhere";

The results obtained in the experiments discussed above provide a
strongevidence Ior very diff~rt:!lt shapes of the angular distributions for
neutron-proton singlet and triplet FSIfhe discussi6n stirnülated further
investigations on the three-partic1e reaction p +d - p +P+n. In a more
sophisticated analysis of kinematically complete experiments the reliabil­
ity of the Watson model can be checked and the contributions from
singlet and triplet FSI can be separated. Pre1iminary results of such an
analysis have been reported at the Birmingham Conference on the
three-body problem 13c and a separate paper will cover this topic.
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