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Breakup energy spectrum of singlet deuterons measured using
d+d =d'+d' four-body reaction at 15.7 MeV
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A kinematically complete measurement of the four-body breakup reaction
d +d~d*+d*~p +n +p +n has been performed at 15.7 MeV bombarding energy. A ring-detector
system consisting of a charged-particle detector and a neutron detector is used to define a singlet deute-

ron, i.e., d*; a charged-particle detector is used to measure spectra of products produced by another d*
at five angles. A velocity-distribution diagram has first been obtained, and by performing a fit the most

probable breakup energy of the singlet deuteron in the laboratory system is obtained, 0.054+0.012 MeV.
A final state interaction calculation using known p-n singlet phase shifts predicts the expected proton
spectra.

PACS number(s): 25.10.+s, 21.10.Dr, 25.45.—z

I. INTRODUCTION

Historically the deuteron has played an important part
both in nuclear force and nuclear reaction studies. A
deuteron is a proton-neutron system in its lowest T=O,
S=1 state, and it is well known that this system has a
closely related T= 1, S=0 state which is commonly re-
ferred to as the "singlet deuteron" denoted by d*. It is,
therefore, interesting to investigate the properties of the
singlet deuteron and the role of it in nuclear reactions.

After it was originally suggested by Temmer [1] that
one could exploit the isospin property of the singlet
deuteron for nuclear spectroscopic purposes, severa1 au-
thors have discussed the use of such a "particle" as a
spectroscopic tool [2—4]. The d' was first observed in
neutron pick-up reactions (p, d*) by Cohen et al. [5].
The measured n-p coincidence spectra show significant
enhancement at low np relative energy E„,mainly due to
the final-state interaction. The (p, d*) reactions induced
by 12—17 MeV protons on Li, Be, ' C, Mg, and" Sn
have been investigated by Cohen [6] and Otte [7].

He-induced one-nucleon transfer reactions with an un-
bound ejectile have been studied for quite some time.
The ' B( He, d")"C reaction has been studied at 8, 10,
and 11 MeV [8], and the ' C( He, d*)' N reaction at 13
MeV [9]. The normalization factor for the ( He, d *) reac-
tions has been calculated by Janetzki [9] and Limm [10].
A review of the reaction mechanism of the sequential
breakup process of the ( He, d*) reactions has been given
recently by de Meijer [11]. Three-body breakup spectra
from a kinematically complete measurement of the
H(I2pi)n [12], H(p, pn )p [13],and H(d, dp )n [14] reac-

tions have been analyzed to estimate the cross section for
the production of d". Various authors [15—17] have re-
ported the evidence of d* production in the kinematically
complete measurement of the H( paa)n reaction in
which the shape of the energy-sharing distribution is
peaked in the kinematic region where the n-p relative ki-
netic energy in the final state is zero (E„=O).

The main emphasis of the above-mentioned studies was

on the reaction mechanism. To our knowledge, the
breakup energy spectrum of the singlet deuteron has not
yet been measured directly, even though some authors
stated that it was well known. Nomoto [18] has suggest-
ed that the sharp peak in the ' C(p, p'n )' C reaction's an-
gular distribution for E =E„wasdue to the formation of
a singlet deuteron in a decaying intermediate state at
about 0.06 MeV, but Hare and Papini [19] pointed out
that the breakup energy was about 0.092 MeV. In our
preliminary works [20,21] on the H(d, d*)d* reaction,
the most probable breakup energy of the singlet deuteron
in the laboratory system was measured to be between
0.041 and 0.082 MeV.

In this work, the proton energy spectra of the singlet
deuteron are obtained by kinematically complete mea-
surements of the four-body reaction H(d, d')d*. Ac-
cording to measured kinetic energies and laboratory an-
gles of one of the outgoing particles, the radius of the
sphere formed by velocities of the particles in the center-
of-mass system of the d* is determined, from which the
most probable breakup energy of the singlet deuteron is
obtained. Here we report the measured results.

II. EXPERIMENTAL ARRANGEMKNT

The reaction

d+d ~d*+d*—+p+n+p+n
is a cascade process. At the first stage of the reaction,
which can be considered as a two-body process, two d*
are formed. Then the d*'s emerge in opposite directions
in the c.m. system and break up. The breakup products p
and n of the singlet deuteron move with equal and oppo-
site velocities in the d c.m. system, while their velocity
vectors form a spherical surface with its center at the ter-
minal of V„'+ and its radius equals the c.m. velocity of p
(or n), V' (or V„')(Fig. 1). In Fig. 1 V, is the center-of-
mass velocity of the system and Vd + is the velocity of d*
in the c.m. system. If the straight line, which denotes the
direction of the laboratory velocity of the outgoing pro-

468 1993 The American Physical Society



47 F SINGLET DEUTERONS EASUREDY SpECTRUM oBREAK.Up ENER&

tin a colnclden

469

+d* reaction.e d+d —+atic diagram of t
h 't're resent t e sThes ah haded areas rep

detector system.

the correspondingncal surface, t e cects the spheric
denoted by V.

aks. Ex-p

d t o etha
ll, i e

n two in ere measure a
uations o a ciles, we can solve for

rdinate system,the r

(2

polar coo

V'cos(81 —Oz),( V')'=( Vd+ ) +( V') —2V g, V

then

E =2EI =m Vc )2BU

velocity of thethe laboratory veV' and 0& are
le, respectively;

where

din laboratory ang e, rpo g
a h 1 boratory ve oci i gand 02 a

the correspon
'

nding laborato y
u energy of the sing-

tons and t
st robable brea up

is the pro-
E is the most pro u

the laboratory sys
is the kinetic ene g"" -':" '.fd'..'dv. ..b..

f the measured pro
bbl b k

energies o
er is expecp o

all con1pared wit
articles will ef the outgoing p

11 Pl
1 d-st t h d-tel behind a so i -stor imn1ediately e

'

ce between thedetector a
et signals sens

b the re-
ine can ge

ns roduced y

detectors,
h singlet de«erons p '

le detector
„,of one « th' sing,

charged-pa"ic 'even
other hand i a

the c.m. system
ion. Ont eo

80 relative to t e
the three detec orcidence among

through the sing
and a coinci

event passing
1 1 d fi dd' t state will be c
d

1'd 1 h
detector

ron detector wi
10 cm behin i

neutron
detector w

teron y c '

-detector
p

The subtended ang' to h'
rement. e

hich is arge
t o pp

le coincidence. igusing trip e e. ig
nt.mental arrangemen .

AI. PROCEDUREIII. EXPERIMENT

b using the 1.4 m
N 1

ex eriment was p
i Institute on of the Shanghai

V b

2800 scat teri

16ee w y

d tect neutrons.

'
drical liqui sc'

s. Timing in orti her to e ec s.

nt fraction p
articles was

tion of chargepulse-heig
hm the detec g

e ates gate1 tretcher, th gpdelay amp, u se s

oincidenceTAC
itiate eventned the ADC lin g

ut of the
r ates to ini ia

si nals were
p

Fo hprocessing. or

=' ~m I
—jzzr ~v~I

I

Q GATE
~

[ crt&
(

"=,~~cj
(

zAc,'

Q a~Tet I ~c t
—'

P[ I)ZI AYI

=~ z)~ Q s~

e of the experimeental ar-
d. --' S( -)
4

g (

ntillator;
'

err FA, timingp p
' DA, delay amp

'
AM, amplifier;
ing analyzer.



470 ZHANG YING-JI et al.

stored by an ND-620 multiparameter acquisition system
and displayed as 64X64 channel E& and E2 arrays. The
data, including three signals, the E, pulse, the Ez pulse,
and the time signal, were also recorded event by event on
magnetic tape for later off-line analysis.

The time-difference spectra were used to select coin-
cidence events and to discriminate the true events from
the backgrounds. The stability of the system was tested
by a standard pulse between data runs. No absolute cross
section was determined and no normalization was made
for counts among runs.

IV. RESULTS AND ANALYSIS

&50

100-

50-

1.00'-

Data reduction has been carried out on PDP-11 corn-
puters. The proton spectra are extracted by projecting
the two-dimensional spectra on the E2 axis with a time
interval of about 10 ns, which corresponds to the time-
difference range between two protons we are interested
in. Five two-dimensional spectra corresponding to five Oz

are obtained. In agreement with the kinematic predic-
tion, there are two obvious enhancements of counts in the
regions near 1.7 and 2.6 MeV, respectively, along the E2
axis, and there are continuous spectra nearly between 2
and 3 MeV along the E, axis since a ring detector has
been used for proton 1. For the measurement of the
four-body breakup reaction, the most important compet-
ing reaction is H(d, dp )n, and other possible interference
may come from the reaction H(d, pp)n At the. geometry
defined by the three detectors, neither of these two reac-
tions contributes to the selected energy ranges. Figure 3
shows the spectra projected on the E2 axis with the back-
ground subtracted. The error bars are statistical only,
and the arrows represent the peak positions obtained
from corresponding distributions by weighted averages.
In Fig. 3, the distance between two peaks obviously
varies with angle Oz.

The experimental data are summarized in Table I. E2
are calculated from Fig. 3 with errors of about 0.07 MeV.
The velocities of the protons, V', are calculated from E2
using proton mass I =1 with errors of about 0.04. The
errors of 62 are about 0.5'. Using the values of 02 and V'
in Table I, we are able to make a velocity-distribution di-
agram of the outgoing protons, which is displayed in Fig.
4. As mentioned above (Sec. II) the velocity vectors of
the products of the singlet deuterons will form a spherical
surface in the d center-of-mass system, and at the reac-
tion plane there will be a circle of velocity vectors. Fig-
ure 4 manifests such a kinematic character, where the ex-
perimental points cover most of a circle. By least-squares
fitting of the data with a circle equation, we obtain the ra-
dius of the circle

V'=0. 232+0.038 .
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FIG. 3. Projected spectra on the E2 axis. Points are the ex-
perimental data; solid lines are the FSI predictions.

According to formula (3) we get the most probable break-
up energy of the singlet deuteron

EBU =0.054+0.012 MeV .

Also it is determined that the laboratory angle of detect-
ed d* is 39.9.

As can be seen in Fig. 4, detector 2 with a finite sub-
tended angle covers a bigger surface area at the right part

TABLE I. Summary of the experimental data in the measurement of the d+d ~d*+d* reaction.

L92

Z, (MeV)
V,'(-, =1)

34
1.89 2. 37
1.94 2. 18

36'
1.81 2.56
1.90 2.26

38'
1.79 2.69
1.89 2.32

40'
1.69 2.74
1 ~ 84 2.34

41
1.73 2.66
1.86 2.31
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of the breakup sphere, which corresponds to the higher
peak of the spectrum, than at the left part at all selected
angles except 34'. In Fig. 3 the total counts in the second
peak are more than in the first for all angles but 34'.

The singlet deuteron is known as a virtual state of the
p-n quasiparticle. generally such a state may be inter-
preted in terms of final-state interactions (FSI's). Watson
and Migdal [22,23] have shown that, when a final-state
p-n pair have small enough relative momentum Ak, their
wave function may be written

o
Qg gWo

gQ

e ' sin5
(4)

where 6 is the elastic scattering phase shift and r is their
separation. Thus, the square modulus of the matrix ele-
ment contains a factor (sin 5/k ) for each p npa-ir in our
experimental arrangements. Both the Wigner and the
V, components of the nucleon-nucleon force can cause
double breakup, and so the four-body final state is as-
sumed to be an incoherent mixture of two 'So (singlet
deuteron) and two S, p npairs. -Therefore, the yield
Y(E, O) is given [24] by

FIG. 4. Velocity-distribution diagram obtained experimen-
tally. Points are the experimental data and the circle is the
fitted result with 81 =39.9, V'+ =2.09, and V~ =0.232.

Y(E,O)= f Sln 6(

ks s
2

sin 6,
+71

kR R ks s
2

kR R
2

Sin 63 Sin 63
p~sin8~d8~dfii dk„,

where pF is the density of final states. The subscript S
designates the proton detected on the small detector and
the neutron emitted nearest to it, and R designates the p-
n pair detected on the ring assembly. The singlet and
triplet p-n phase shifts 6& and 63 were calculated from the
effective range parameters of Kuhn [25]. Here no in-
tegration for neutron emission angles was considered be-
cause at our geometry the neutron emission angles are
defined. The normalization 2 and triplet-to-singlet ra-
tion g were the only parameters adjusted to fit data
points. The factors (sin 5/k~ )z were integrated over the
ring-detector geometry under the restriction of overall
energy conservation. The FSI predictions are shown in
Fig. 3. The peak positions of the spectra, which are of
fundamental importance to extracting the most probable
breakup energy of the state, were reproduced very well
for all the five spectra by the results of the calculation. In
general the FSI prediction also fits the experimental
shapes fairly well. The calculation was insensitive to the
ratio g. In a wide range of g between 0 and 10, no visible
change appeared. Thus the singlet deuteron FSI has
greater strength than the triplet states. The integration
for the d, detected by the ring-detector system over a
range from the value defined by the inside radius of the
ring detector (corresponding to the breakup energy of
0.03 MeV) to the value determined by the outside radius
(0.08 MeV), made the fitted spectra narrower than what
would be obtained if the complete solid angle were used.
This results because the overall energy conservation re-

I

stricts the possible breakup events detected in the small
detector. The count losses appear at both low- and high-
energy tails of each peak for every spectrum, but the peak
positions do not shift with integration limits.

V. SUMMARY

The d+d —+d*+d*—+p+n+p+n four-body break-
up reaction has been studied by a kinematically complete
measurement at 15.7 meV bombarding energy. A ring-
detector system consisting of a solid-state detector and a
liquid-scintillator neutron detector has been used to
define one of the singlet deuterons, and a small solid-state
detector has been placed on the opposite side of the beam
to detect the protons emitted by the other d* at five labo-
ratory angles. Five two-dimensional spectra of two pro-
ton energies and the corresponding projected spectra
have been acquired. The results were compared with pre-
dictions based on a FSI calculation by using the known
p-n singlet phase shift. The calculation predicts the peak
positions for all the five spectra very well and fits the
shape fairly well for most of the spectra.

The experimental data construct a circle diagram in
the velocity space. By fitting the data for the circle equa-
tion, the radius of the breakup sphere of the singlet
deuteron has been obtained, and the most probable
breakup energy of the singlet deuteron in the laboratory
system is estimated to be 0.054+0.012 MeV.
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