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The present paper identifies unique symmetry properties of the d +d — d + p + n breakup
reaction that make it an excellent probe for studying charge-symmetry breaking. Measurements
were made for two configurations of the ejected particles in the breakup reaction to obtain values
of the spin observables A,, A,,, and A... These observables are compared for the mirror reactions
ZH(E), dp)n and 2H(z, dn)p for the two angle pairs (04, ¢a,0n,¢n) = (17.0°,0°,17.0°,180°) and
(17.0°,0°,34.5°,180°) for an incident deuteron energy of 12 MeV. In addition, spin observables for
the 2H(?l", pn)d reaction at 6, = 0, and ¢, = ¢+ 180° are shown to provide a particularly good test
of charge symmetry. Our Ay, A,y,, and A,. data for the 2H(:i’, pn)d reaction at (0p, ¢p,0n, dn) =
(17.0°,0°,17.0°,180°) are used to illustrate this latter point. Of the ten charge-symmetric sets of
observables measured, two were found to differ by 2.5 standard deviations.

PACS number(s): 24.80.Dc, 24.70.+s, 25.45.—z, 21.45.4+v

I. INTRODUCTION

The amount and quality of data accumulated over the
last 25 years for the purpose of studying charge symme-
try breaking (CSB) are impressive. However, it was not
until recently that full understanding of the fundamental
causes of the breaking of this symmetry in terms of quan-
tum chromodynamics and the meson-exchange model of
the nucleon-nucleon (N-N) force was achieved [1]. A re-
markably consistent result is that about 90% of the ob-
served CSB can be accounted for as being caused by p°-w
mixing and the kinematic shift due to the mass differ-
ences between the neutron (n) and proton (p), both of
which are a reflection of the underlying mass difference
between the up and down quarks [1]. For instance, the
difference between the 'S, neutron-neutron (n-n) and
proton-proton (p-p) scattering lengths (an, and app, re-
spectively), after correcting for electromagnetic (em) ef-
fects, can be fully accounted for by p°-w mixing in the
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N-N interaction [2,3]. The 3H-3He binding energy differ-
ence is now fully accounted for using em effects and the
CSB forces due to p°-w mixing and the neutron-proton
mass difference [4-6]. Even the binding energy differ-
ences between mirror nuclei, beyond that caused by em
forces and first recognized by Nolen and Schiffer [7], can
be shown to be mainly due to the CSB p°-w mixing in
the N-N force [8]. With regard to recent n-p elastic scat-
tering measurements at incident neutron energies of 183
MeV [9] and 477 MeV [10], the observed difference in the
charge symmetric analyzing powers AA = Ay, — A,

have been shown [9,10] at 183 MeV to be mainly caused

by p%-w mixing in the N-N force [9] and at 477 MeV to
be mainly a consequence of the n-p mass difference [11].

Though measurements of n-p elastic scattering with
polarized neutron beams and polarized proton targets
[9,10] provide information on isospin mixing between ! P
and 3P waves and though the Nolen-Schiffer anomaly
constrains the CSB in 3P waves, our present knowledge
of CSB in I > 0 waves is not adequate to construct a
charge-dependent potential for the N-NP waves. Re-
cent rigorous Faddeev-type calculations for the A = 3
system [12,13] and microscopic calculations for the A = 4
system [14,15] make it possible to reliably relate three-
nucleon (3N) and four-nucleon (4N) scattering observ-
ables to details of the N-N force. These new calculations
have shown that the vector analyzing powers in A = 3
and A = 4 scattering systems are strongly dependent on
details of the 3 P-wave part of the N-N force [15,16]. It
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is this dependence that makes these few-nucleon systems
attractive for studying CSB in the N-N P waves (I = 1).

In the A = 3 system, differences between vector ana-
lyzing power (A,) data for neutron-deuteron (n-d) and
proton-deuteron (p-d) elastic scattering at low energies
provide a measure of CSB. The main difficulty in inter-
preting these differences is discerning between differences
that are due to CSB and those that are due to em forces
(mostly the Coulomb force), since exact Faddeev calcu-
lations do not exist for p-d elastic scattering above the
deuteron breakup threshold [17,18]. It has been shown
using phenomenological calculations that the Coulomb
repulsion of the incident proton in p-d scattering reduces
the effective c.m. energy [19]. At present, the major con-
cern with using n-d and p-d comparisons is that CSB
effects can be masked by this Coulomb energy shift in
p-d scattering [19].

In the A = 4 system, attempts have been made

to observe CSB by comparing data for the 2le(:i>,11)3H

and 2H(?i}, n)3He stripping reactions [20]. Although the
Coulomb force in the entrance channel is identical, there
are serious difficulties in using these reactions to obtain
information on CSB. First, the @ values for the two re-
actions are different, and second, the Coulomb force in
the exit channel is different in the two reactions.

Even though the 4N system is inherently more com-
plicated than the 3N system and rigorous calculations
using realistic N-N and Coulomb forces do not exist, we
argue that the d + d — d + p + n breakup reaction is
a more convenient probe to study CSB than other reac-
tions involving more than two nucleons for the following
reasons.

(1) Since the entrance channels are identical, ambigu-
ity caused by the Coulomb energy shift in the entrance
channel as in the case of p-d elastic scattering is avoided.

(2) Unlike the A, data sets used in the n-d and p-d

comparisons, the 2H(?i), dp)n and 2H(?l), dn)p data can be
measured simultaneously, thereby canceling most instru-
mental asymmetries and the uncertainty in the incident
beam polarization.

(3) With only minor technical difficulties, the use
of tensor-polarized deuteron beams enables measure-
ments of several charge-symmetric (CS) spin observables,
whereas, in the case of nucleon-deuteron (N-d) elastic
scattering a yet unavailable tensor-polarized deuterium
target is required to make n-d tensor analyzing power
measurements.

(4) Studying CS channels from the same breakup re-
action avoids the Q-value complication that_} is inherent
in the comparisons of data from the ?H(d,p)3H and
2H(_d), n)3He reactions.

(5) Since the Coulomb force in momentum space is only
dependent on the relative momentum and the charges of
the interacting particles, the kinematic flexibility of the
d+d — d+p+n reaction gives experimenters the capabil-
ity of investigating Coulomb effects in the exit channels
of the CS processes by varying the relative momentum of
the emitted charged particles. N

The above features of the d +d — d+ p + n
breakup reaction might make it possible to deconvolute

the Coulomb-force effects from those due to CSB. As
stated above, since the relative momenta between the
ejectiles can be varied independently of the c.m. energy,
an empirical investigation of the Coulomb-force effects
can be made. Once the influences of the Coulomb force
are understood, one can then with confidence identify ef-
fects due to CSB. Of course, in order to relate such an
observed CSB effect to the underlying N-N interaction,
a rigorous 4N calculation is necessary.

In this paper_we investigate the use of spin observ-
ables from the d + d — d + p + n breakup reaction as
a probe of CSB. The study is divided into two parts. In
the first part, vector and tensor analyzing powers for the

— —
2H(d, dp)n and ?H(d, dn)p CS channels are compared
at identical kinematic conditions. The second part is a

comparison of analyzing powers for the ZH((—i, pn)d reac-
tion across symmetric halves of the kinematically allowed
locus. The measurements in both parts are made in the
kinematic region around the quasifree scattering (QFS)
condition, deuteron-nucleon (d-N) QFS in the first part
and N-N QFS in the second part. We had little to guide
the precision needed in our measurements to observe dif-
ferences between CS observables, since rigorous 4N cal-
culations for this reaction are not available and prior to
the data collected in the present work no data for CS spin
observables for the d + d — d + p + n breakup reaction
existed for incident deuteron energies below 50 MeV. The
main goal of this study is to compare data for CS spin
observables for the d + d — d + p + n breakup reaction
at several reaction angles.

II. EXPERIMENTAL DETAILS

We have measured vector analyzing powers A, and
—
tensor analyzing powers A,,, and A,, for 2H(d, dp)n,

— —
2H(d, dn)p, and %H(d,pn)d reactions at an incident
deuteron energy oi 12 MeV. Two of the three outgoing

particles from the d +d — d+p-+n breakup reaction were
detected in coincidence on opposite sides of the incident
beam axis. The angle pairs were chosen to select the
kinematic region for d-N QFS. All measurements were
conducted at the Triangle Universities Nuclear Labora-
tory (TUNL).

A. Experimental setup

A diagram of the experimental setup is shown in Fig. 1.
The target was a 2.5-cm-diam cylindrical gas cell filled
with 1.0 bar of deuterium. The gas was contained by
an 8-pm-thick uncoated Kapton foil. The incident beam
energy was adjusted so that the energy at the center of
the deuterium target was 12 MeV. The beam was col-
limated by two sets of slits just before the entrance to
the scattering chamber to produce a square beam spot
on target of area 1 mm?. The beam current was mea-
sured on a suppressed beam stop 2 m downstream of the
scattering chamber. The beam stop was shielded using
lithium-loaded paraffin to reduce the background in the
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FIG. 1. Top view of experimental setup for 2+d — d+p+n
breakup measurements. .

neutron detectors. Emitted charged particles were de-
tected by silicon surface barrier detectors located inside
an evacuated scattering chamber as shown in Fig. 1. The
angular range subtended by each charged-particle detec-
tor was defined by a set of rectangular slits. The intensity
of the incident dc polarized beam was kept below about
25 nA on target as a compromise between the coinci-
dence counting rate and pileup in the charged-particle
energy spectrum. Also, since uncoated Kapton is not a
good heat conductor, the low beam current reduced the
chance of rupturing the gas cell.

Neutrons were detected with two rectangular 7.62 wide
x 15.24 high x 10.16 thick cm? liquid scintillators, which
enabled the use of pulse-shape discrimination against -~y
rays. The neutron detectors were positioned 2.65 m from
the center of the deuterium target. To reduce attenu-
ation of neutrons passing through the 1-cm-thick alu-
minum wall of the scattering chamber, an opening was
cut in the chamber wall on both sides of the incident
beam axis as shown in Fig. 1. Each opening spanned
the angular region between 16° and 40° and was cov-
ered with a 0.64-mm-thick stainless steel plate to main-
tain the chamber vacuum. The center of all detectors
were located in the horizontal scattering plane. To re-
duce the effects of instrumental asymmetries, detectors
were positioned symmetrically about the axis defined by
the incident deuteron beam, as shown in Fig. 1, and the
direction of the spin quantization axis was reversed every
15 min at the source.

B. Detector geometry and experimental energy
resolution

The description of our right-handed coordinate system
is as follows. The +z axis is in the direction of the in-
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cident beam. The horizontal plane contains the z and =z
axes with the +z axis pointing to the left as seen along
the direction of the incident beam. The +y axis is given
by 2 x &. The polar angle 0 is measured from the +2z axis,
and the azimuthal angle ¢ is measured up from the +z
axis to the half-plane containing the detector and the
+2z axis. In a kinematically complete three-body (3B)
breakup reaction five kinematic variables uniquely define
the point in phase space at which the observable is mea-

sured. In our measurements of the 2+d — d+p+n reac-
tion, we determine the angles and energies of two of the
emitted particles (61, 1,02, $2, E1, E2), thus kinemati-
cally overdetermining the reaction. Since in the present
measurements the detectors were always located in the
z-z plane, the shorthand notation (6y,60;) will be used
to represent (61, ¢1, 02, ¢2) for the angles of the detected
particles with the sign convention § > 0° for ¢ = 0° and
0 < 0° for ¢ = 180°. For example, in the case of the
deuteron-neutron (d-n) coincidence measurements, we
specify the tensor analyzing powers as A;;(04,0n, Eq, E,),
where i represents either z, y, or z.

The data were accumulated in three measurements: (I)
(04,0,) = (+17.0°,—17.0°), (64,6,) = (+17.0°,—17.0°),
and (6p,0,) = (+17.0°,—-17.0°); (II) (64,6p) =
(+17.0°,-17.0°) and (04,6,) = (+17.0°,—34.5°); and
(III) (04,6,) = (+17.0°,—17.0°) and (04,0,) =
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FIG. 2. Two-dimensional histogram of the detected

deuteron energy Eq at @ = +17.0° vs the energy E, of the de-
tected proton at # = —17.0°. The top spectrum contains both
“true” and “accidental” coincidence counts, while the bottom
spectrum contains only “accidental” counts. The curve is the
kinematically allowed locus of Eg vs E,.
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(+17.0°, —34.5°). Each detector pair was mirrored about
the beam axis. The (04,60,) = (4+17.0°,—17.0°) angle
pair provided a consistency check between the three mea-
surements. The charged-particle detectors at 17.0° were
AE-FE telescopes and thereby provided particle identi-
fication. Since only E detectors were used for charged-
particle detection at 34.5° in the third measurement, par-
ticle identification was not possible at this angle. In the
first two measurements, the angle subtended by the AFE-
E telescope located at 17.0° was (A6 = +1.8°,A¢ =
+1.27°). The angular spread of the neutron detector was
(A6 = £0.90°, A¢ = £1.65°). In the third measurement
the angular spreads in the 17.0° and 34.5° detectors were
(A0 = £2.0°,A¢ = £0.90°) and (Al = £1.8°,A¢ =
+1.08°), respectively. The data from the three mea-
surements were combined statistically to give three sets
of CS data: (9,1,91\]) = (+17.0°, —17.0°), (0d,01v) =
(+17.0°,—34.5°), and (60,,0,,) = (+17.0°,—17.0°).

A coincidence event was defined as one in which there
was an event in one of the 17° detectors and an event in a
detector on the opposite side of the beam axis within 50
ns for deuteron-proton (d-p) coincidences and within 180
ns for d-n and proton-neutron (p-n) coincidences. Acci-
dental coincidences were measured simultaneously with
the primary data using a second coincidence circuit in
which the signals from one of the detectors in the pair
were delayed by 300 ns. For the d-p coincidences the
data were sorted into two-dimensional (2D) histograms
of deuteron energy (Eg4) versus proton energy (E,) as
shown in Fig. 2. The top spectrum contains both “true”
and “accidental” events, whereas the bottom spectrum
contains only “accidentals.” The grey scaling is the same
for the top and bottom spectra. The curve in Fig. 2, com-
monly referred to as the S curve, is the calculated locus
of E; versus E,. The experimental data are smeared
around the calculated locus due to experimental energy
and angle resolution. The angle resolution has been dis-
cussed above and the experimental energy resolution is
summarized in Table I.
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C. Projection of data onto the S curve

The data points were projected onto the S curve using
a minimum distance technique similar to that of Zeit-
nitz et al. [21]. All data points lying within 250 keV
of the S curve were projected. The projected data
were summed into 250-keV bins along S. A projected
spectrum is shown in Fig. 3 for the d-p coincidence at
(04,6p) = (+17.0°,—17.0°). The projection of the ac-
cidental events is represented by the dashed curve. The
coincidence data involving neutrons were projected using
the same technique; however, because of the poorer en-
ergy resolution of the time-of-flight (TOF) technique for
determining the neutron energy (documented in Table I),
all data within 500 keV of the S curve were projected.
Spectra of the projected “true+accidental” (solid curve)
and “accidental” (dashed curve) data for the d-n coinci-
dence at (8g,6,) = (+17.0°,—17.0°) are shown in Fig. 4.
The accidentals are slightly higher in the d-n coincidence
spectrum than in the corresponding d-p spectrum be-
cause of the room background in the neutron detector
and the wider timing on the d-n coincidence window.

The experimental energy resolution along the S curve
is given by

55 \? 65 \? :
AS(El,Ez) = {(m) AE12+ (E) AEZZ:I ’

where AF; and AE; are the energy spreads for the par-
ticles detected at the angles 6; and 6,, respectively. Be-
cause the energy of the detected neutrons was determined
from the TOF difference between the neutron and the
associated charged particle, the neutron TOF had to be
corrected for the flight time of the charged particle. The
neutron energy resolution shown in Table I includes the
uncertainty of the charged-particle flight time. Since
AFE; and AE, are functions of E; and E5, the value
of AS varies along the S curve. For instance, for the

TABLE I. Experimental energy resolution. Because the energy resolution is dependent on the
energy of the detected particles, it has been computed at two extreme energies, 8 and 3 MeV. The
values in parentheses are for 3-MeV particles. All values are full width at half maximum.

Detected particle

Effect neutron proton deuteron
AEFE keV AE AE

Detector resolution 393 (90)* 20 20
Straggle in Kapton foil (incident) 6 6 6

(exit) 5 (10) 8 (17)
Target thickness® (incident) 14 14 14

(exit) 617 (231)° 20 (46) 36 (82)
Total 732 (248) 33 (53) 45 (87)
®These values include the intrinsic time resolution of the detector (At = 1.5 ns) and the time

dispersion of the associated charged particle due to the finite extent of the target (At = 0.71 ns for

a 3-MeV outgoing deuteron).

®The average thickness of the target viewed by all detectors is 2 cm.
“Dispersion in neutron energy measurement due to flight path difference caused by finite extent of
the deuterium gas target and thickness of neutron detector.
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d-n coincidence at (04,60,) = (+17.0°,—17.0°), the en-
ergy spread in S at 3 MeV prior to the QFS point
(S = 2.25 MeV), at the QFS point (S = 5.25 MeV), and
3 MeV after the QFS point (S = 8.25 MeV) is 233, 388,
and 221 keV, respectively. Because the energy spread in
the d-n coincidence data was often greater than the 250-
keV energy bins along the S curve, both the d-n and d-p
coincidence data were integrated over a AS of 750 keV
by summing together three of the 250-keV bins. This
assured that the d-n and d-p coincidence data were com-
pared over the same energy intervals along the S curve.
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D. Determination of analyzing powers from
projected spectra

The net yields, “true + accidental” minus “acciden-
tals,” in each bin of the projected spectra were used to
compute the analyzing powers A,, A,,, and A,,. The

=z
yields for a particular (6,,0:,S) value for the d +d —
d + p + n breakup reaction using a polarized incident
deuteron beam can be written for a coplanar geometry
as [22]

N (01,602,5) = No (01,62, 5) {1 + ngAy (01,02, S)sinB cosy — P, Ay, (61,02, 5)sin B cos Bsin~y

—EPH [Age (61,02, 8) — Ay, (01,02, S)]sin® B cos 2y
J%PzzAzz (61,62, S) [3 cos? B — 1] } (2)

In the above equation Ny(64,03,S5) is the yield ob-
tained using an unpolarized beam; the parameters [23]
P, and P,, are the vector and tensor beam polarization
moments, respectively; Ay, Az,, Az, Ayy, and A, are
the Cartesian vector and tensor analyzing powers as func-
tions of 64, 65, and S; the angles 8 and ~ define the ori-
entation of the spin quantization axis § of the incident
beam [23]; the angles 6; and 6, are the laboratory angles
of the two detected particles; and S is the centroid of the
energy bin along the kinematic locus.

All measurements were made using a four-step se-
quence consisting of two values of the beam polarization
moments with a reversal of the direction of § for each
moment setting. For the first two steps, the values of
the magnetic fields in the spin filter and charge-exchange
canal on the Lamb-shift polarized ion source at TUNL

600 [

T T T
L True + Accidental ]
500 |- ]
L - - - - Accidental ]
Ef: 400 r 6d= +17.0° ]
'é . 9,, =-17.0 ]
2 E ]
8 300 | .
200 F -
100 | 3
L ]

o &= NI I Rl Al TSR R
0 S 10 15
S (MeV)
FIG. 3. Spectra of data for the d-p coincidence at

(64,0,) = (+17.0°,—17.0°) projected onto the kinematic S
curve. The solid and dashed curves represent the “true +
accidental” and “accidental” data, respectively.

[
[24] were set to deliver a beam with P, = P,, = +1. The

magnetic field strengths were changed for the second two
steps to deliver P, = 0 and P,, = —2. The actual beam
polarization was about 70% of these theoretical values.
The § vector was flipped by reversing the direction of
the axial magnetic fields in the source. By mirroring the
detectors about the incident beam axis and flipping the
spin quantization axis, most instrumental asymmetries
[25] were canceled. Data were accumulated for 15 min in
each step and the four-step sequence was repeated until
the desired statistical accuracy was obtained.

The unit normal to the scattering plane is determined
in the usual way:

= (Rin x oue) /

where ki, is the direction of the incident beam momen-
tum (Z) and ko is the direction of the outgoing deuteron

kin X kout

; 3)

1400 T

N B e e B A
1200 True + Accidental
- - - - Accidental
1000 8,=+17.0°
en=-1740°

800

COUNTS
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L L B B B L
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T
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e b b e by e b b baag

v e e N
0 5 10
S (MeV)
FIG. 4. Same as Fig. 3 except for the d-n coincidence
(64,6r) = (+17.0°,—-17.0°).

—
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in the d-N coincidences and the direction of the emitted

proton in the case of the p-n coincidences. The angles §

and v in Eq. (2) are defined as [22]
cos3=S§- lEin

(4)

and
(5)

So for d-N (p-n) coincidences with § = § and the detected
deuteron (proton) on the left side 85 > 0° (6, > 0°) and
~ = 0°, the mirrored arrangement has the deuteron (pro-
ton) detected on the right side 84 < 0° (6, < 0°) and
~ = 180°. For convenience we shall refer to these as left-
side and right-side coincidences. The analyzing powers
were computed from the geometrical mean of the yields
from the left- and right-side coincidences for the four data
acquisition steps. The mean yields were computed as

NlT = 4/ LlTRl ) Nll = \/ZIRI;’
Nz-r = \/L—ZTR—H’ N2i— = \/‘m

Here L and R represent the left-side and right-side co-
incidence yields for identical kinematic conditions. The
first subscript denotes the setting of the beam moments,
with the number 1 corresponding to P, = P,, = +1, and
the number 2 for the setting P, = 0 and P,, = —2. The
arrow subscript represents the relative helicity of the spin
quantization axis.

Because the A,, measurements required a different ori-
entation of § than A, and A,,, it was determined sepa-
rately. In the A,, measurements, § was parallel (3 = 0°)
or antiparallel (8 = 180°) to the incident beam momen-
tum. In this case the angle v is undefined [see Eq. (5)].
For each data acquisition step an equation for the yields
was obtained using Eq. (2). The four equations were
solved for A4,, with

cosy =$§-1/sinf.

(6)

4 2[(N2T+N2i)"(N1T+N1L)]
= (N1t + Ny1y) P - (N2t + Nay) Py ‘

(7)

The Pz(;) and Pz(f) are the actual values of P,, for the first
two and second two steps of the data taking sequence,
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respectively.

The values for A, and A,, were determined simulta-
neously using the same procedure as described above. In
this case, the angle 3 was fixed to 90° and  was flipped
between 0° and 180°. The resulting expressions for A4,,
and A, are

2[(N2T + NZL) - (NlT + Nll)]

Ayy = (8)
yy (N1t + Nyy) P — (N2t + Nay) P
and
Ny — Ny [2+ P24
— 1t 1] + ez Ay (9)
Y7 Npt+ Nz | 3p0)

where Pz(l) is the vector moment of the beam in steps 1
and 2.

III. RESULTS AND DISCUSSION

The presentation of the results has been divided into
two parts: (1) the comparison of d-p and d-n coincidence
data at identical kinematic conditions and (2) the com-
parison of p-n coincidence data at different points along
the kinematically allowed S curve for the special case of
0, = —0,. A summary of the results is given in Table II
and discussed below.

A. Uncertainties

The uncertainties (combined statistical and system-
atic) in these data ranged from +0.007 near the QFS
peak to +0.060 near the extremes of the kinematic locus.
The main systematic error was due to the uncertainty in
the incident deuteron beam polarization which was de-
termined using the quench-ratio method [26]. For this
work a conservative uncertainty of 2% of the beam po-
larization was assigned (APZ(I) = APz(zl) = #40.015 and
AP® =0 and AP = 40.030). The effect of this un-
certainty on the errors in the analyzing powers can be
derived using Eqs. (7)—(9). All data in the comparisons
below are binned in 750-keV steps. This exceeds the ex-
perimental energy resolution (see Table I).

TABLE II. The A,, Ayy, and A., data obtained in this work averaged over the arc from S.(E1, Ez) to Sy(E1, E3).

Detected (61,62) So(E1, B2)-Sy(EL, Eb) A, £ A4, Ay, = AA,, A,. £ AA,,

particles (MeV)
dn (+17.0°, —17.0°) 3.9(2.5,7.2)-9.9(6.6,2.8) 0.024 £ 0.003 0.003 £ 0.004 0.040 £ 0.003
dp (+17.0°,-17.0°) 3.9(2.5,7.2)-9.9(6.6,2.8) 0.018 + 0.003 0.001 + 0.004 0.037 + 0.004
dn (+17.0°, —34.5°) 4.6(3.8,5.6)-9.9(7.6,2.1) 0.021 =+ 0.009 0.107 + 0.012 ~0.105 £ 0.017
dp (+17.0°,—34.5°) 4.6(3.8,5.6)—9.9(7.6,2.1) 0.029 £+ 0.014 0.100 + 0.019 —0.165 £ 0.019
pn (+17.0°,—-17.0°) 3.9(2.5,6.8)-6.4(4.4,5.2) 0.011 +0.010 0.044 + 0.013 —0.032 £+ 0.013
n (+17.0°, —17.0°) 7.6(5.2,4.3)-10.1(6.9, 2.4) —0.016 + 0.012 0.021 + 0.016 —0.027 + 0.016
n (+17.0°,-17.0°) 6.4(4.4,5.2)-7.6(5.2,4.3) 0.035 £+ 0.013 0.038 £ 0.018 0.010 £ 0.017
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B. Comparison of d-p and d-n coincidence data

We have measured the analyzing powers for the d-p
and d-n coincidences at d-N angle pairs (04,0n) =
(+17.0°,-17.0°) and (+17.0°,—34.5°). Figure 5 shows
the data for (04,0n) = (+17.0°,—17.0°) plotted as a
function of arc length along the S curve. Much of the
d-p and d-n coincidence data were accumulated simul-
taneously to reduce the influences of systematic errors
in these comparisons. As stated before, the relative dif-
ference in the analyzing powers for the CS pairs is not
influenced by the uncertainty in the incident beam po-
larization. Nevertheless, we combined this error with the
statistical errors; the influence is nearly negligible. To
reduce statistical uncertainties, the data were averaged
over the region S = 3.9-9.9 MeV where the d-p and
d-n coincidence measurements overlapped. As shown in
Table II, the differences in A,, A,y, and A, for the
two processes in the above interval are 0.006 -+ 0.004,
0.002 + 0.006, and 0.003 + 0.005, respectively. We note
that the data for the two reactions are indistinguishable
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FIG. 5. Vector A, and tensor Ay, and A.. analyzing
power data for the reactions H(d dp)n (solid circles) and

2H(d, dn)p (open circles) as a function of the arc length S for
(64,0n) = (+17.0°,—17.0°). The horizontal bars indicate the
750-keV interval along the arc which that point spans.
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within statistical uncertainties.

The data for (64,0n) = (+17.0°,—34.5°) are shown
in Fig. 6. These data were averaged over the region
S = 4.6-9.9 MeV where the d-p and d-n coincidence mea-
surements overlap (see Table II). The A, and A,, data
for the two processes agree within experimental uncer-
tainties (see Table II). However, there is a significant
difference of 0.060 % 0.025 between the d-p and d-n A,,
data.

C. p-n coincidence data

In addition to studying the 2H(z, dN) reactions, we

made polarization measurements of the 2H(7j, pn)d reac-
tion at (0p,80,) = (+17.0°,—-17.0°). If CS is valid, then
the Ay, and A, along the kinematic locus in a plot of
E, vs E, (of the type shown in Fig. 2 for Ed vs Ep)
should be symmetric with respect to the E, = E, point
and A, should be asymmetric with respect to the same
point. This feature can be proven as follows. Since ten-
sor analyzing powers for measurements made with the
spin quantization axis of the beam oriented along a co-
ordinate axis are invariant under a 180° rotation about
the z axis [23], one can write
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FIG. 6. Same as Fig. 5, except for (64,0n) = (+17.0°,
—34.5°).
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Aii(0, = 46,0, = —0,E, = E1,E, = E3) = A;; (6, = —0,0, = +6,E, = E1, E, = E»), (10)

where the particle angles and energies are as specified in Sec. II. If charge symmetry holds, then

Aii(6, = —0,0, = +0,E, = E\,E, = E3) = A;; (6, = +0,6, = —0,E, = E5, E, = E,). (11)

Therefore, we obtain the symmetric relationship

A"(ap = 46,6, = —0, Ep =F,E, = Ez) = A”(Bp = 460,60, = ~—0,Ep =FE,, E, = El) (12)

This simply means that if CS holds, the tensor analyz-
ing powers such as A, and A,, must be symmetric about
the E, = E, point along the locus of E, vs E,. And
since A, is antisymmetric under a 180° rotation about
the z axis [23], the A, for the breakup reaction must be
antisymmetric about the E, = E,, point on the locus.
Therefore, the value of A, at the E, = E,, point must be
equal to zero. N

The Ay, Ayy, and A, data for the reaction 2H(d, pn)d
at (60p,0,) = (+17.0°,—17.0°) are shown in Fig. 7 and are
compared in Table II in two regions S = 3.9-6.4 and 7.6—
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FIG. 7. Vector A, and tensor A,, and A.. analyzing power
data for the 2H(?ib,pn)d reactions as a function of the arc
length S for (6,,60,) = (+17.0°,—17.0°). The horizontal bars
indicate the 750-keV interval along the arc which that point
spans.

[

10.1 MeV that are symmetric about the E, = E,, point
at § = 7 MeV. The Ay, and A,, data are symmetric
to within the uncertainties of £0.025 and the A, data
are antisymmetric to within their statistical uncertainties
of +0.016. However, in the 1.2-MeV-wide interval S =
6.4-7.6 MeV, which brackets the E, = E, point (S =
7 MeV), the value of A, is 0.035 & 0.013, not zero, as
it should be if CS holds. The width of this interval is
roughly 3 times the experimental energy resolution (see

Table I).

IV. CONCLUSIONS

This paper points out the salient features of this novel
probe of CSB, and describes experimental investigations
using this probe. We have used the three sets of CS
data measured in this work to investigate the influ-
ence of the Coulomb force on spin observables for the

d +d — d + p + n breakup reaction. By choosing the
particle emission angles, the relative momenta of the two
emitted charged particles (the deuteron and proton) in
the two CS reactions can be varied. Since the magnitude
of the relative momentum between the outgoing deuteron
and proton is proportional to the relative energy Fq,, we
refer to relative energies instead of relative momenta. For
example, for the d-N angle pair (+17.0°,—17.0°) in the
energy interval S = 3.9-9.9 MeV, the average Eg, are

1.06 and 1.83 MeV for the 2H(z, dn)p and ZH((_i), dp)n re-
actions, respectively. Because the Ay, A,,, and A,, data

for the 2H(?i’, dn)p and ZH((_i, dp)n reactions are iden-
tical within statistics, we conclude that Coulomb effects
are unimportant in the comparison of CS spin observables
for this range of Eg,. Either the Coulomb effects are neg-
ligible or they are identical for the two CS channels of the
reaction. For the d-N angle pair (+17.0°, —34.5°) the av-
erage Eg, over the interval S = 4.6-9.9 MeV are 2.20 and

1.66 MeV for the ZH(t—i, dn)p and ZH(z, dp)n reactions,
respectively. For this angle pair, the A, as well as the A4,
data for these two CS channels are identical within statis-
tics. This is expected since the Coulomb effects should be
smaller here than for (64,0n5) = (+17.0°,—17.0°) where
the values of Eg4, are lower. For the p-n angle pair at
(+17.0°,—-17.0°), the average Eg, in the first interval,
S = 3.9-6.4 MeV, is 1.4 MeV and in the second interval,
S = 7.6-10.1 MeV, is 3.0 MeV. The good agreement of
the CS p-n coincidence data validates our above findings
with the d-N data that Coulomb effects are negligible for
Eg4, values as low as 1.06 MeV.
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Our measurements show that at these energies the spin

observables for the d +d — d + p + n breakup have
relatively sizable magnitudes, i.e., up to 0.2. Also, the
large cross section of about 10 mb/(sr? MeV) along the
locus allowed us to perform measurements with an overall
uncertainty below +0.001 for spin observables A,, A,,,
and A,, for a AS interval of 750 keV. This accuracy is
illustrated by our data at (64,0n) = (+17.0°,—17.0°).

The results discussed above provide us with a qual-
itative understanding of the dependence of the CS ob-
servables on the Coulomb force. Of the ten CS ob-
servables in this work, eight are identical to within
uncertainties of +0.003 to +0.02. Only the A, data
at (6p,0,) = (+17.0°,—17.0°) and the A,, data at
(64,0n) = (4+17.0°,—34.5°) indicated a breaking of
charge symmetry, but even then only at the level of 2.5
standard deviations.

We realize that these two discrepancies cannot be in-
terpreted as a clear signal for CSB; however, we note that
six out of seven S bins in Fig. 6 show A,, at (04,0n) =
(+17.0°,—34.5°) for d-n to be less negative than for
d-p, and that the A, values at (6,,0,) = (+17.0°,—17.0°)
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centered around S = 7 MeV are positive by two to three
standard deviations from zero irrespective of the choice
of the S intervals.

The results of this study demonstrate the power of

the 71’ + d — d + p + n breakup reaction as a probe of
CSB. It is clearly important to investigate this reaction
more thoroughly and to perform measurements to an ac-
curacy of better than £+0.01 for 750 keV energy intervals,
which is the accuracy of our (6p,6,) = (+17.0°,—17.0°)
data. In addition, it is important to disentangle the in-
fluences of the Coulomb force and CSB effects. Perhaps
this could be accomplished by performing measurements
at a greater variety of ejectile angle pairs and at several
incident deuteron energies.
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