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Analyzing power measurements for thed¢ 1d˜d1p1n breakup reaction at 12 MeV
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We report the most extensive set of vectoriT11 and tensorT20 and T22 analyzing-power data for the

dW 1d→d1p1n reaction. Two-particle coincidence data have been measured for six deuteron-proton, three
deuteron-neutron and three proton-neutron angle pairs at an incident deuteron energy of 12.0 MeV. These data
are compared to impulse-approximation calculations that treat the underlying nucleon-deuteron system exactly
and include contributions from both target and projectile breakup processes. This model gives a good descrip-
tion of the analyzing-power and relative cross-section data. We show that the inclusion of nucleon-nucleon
P interactions considerably improves the agreement with the spin observables. The disagreement between the
data and theoretical predictions show the limitations in our model and the importance of the rescattering
processes. We suggest that thed1d three-body breakup process will provide useful information on the
nucleon-nucleon force when exact calculations become available.@S0556-2813~97!02907-5#

PACS number~s!: 24.70.1s, 25.45.2z, 21.45.1v, 25.10.1s
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I. INTRODUCTION

The four-body problem can be treated exactly in terms
two-body interactions using Yakubovsky equations@1# for
the wave function components or the Alt, Grassberger,
Sandhas equations@2# for the t matrices. Significant progres
has been made in recent years by Fonseca@3#, Mdlalose
et al. @4#, and Glöckle and co-workers@5# in developing
mathematically rigorous 4N calculations. In addition, model
based on resonating group theory@6#, R-matrix analysis@7#,
the Green function Monte Carlo method@8#, and the corre-
lated hyperspherical harmonic expansion method@9# have
been developed and are being used to study 4N reaction
dynamics. Just as is the situation with the three-nucl
(3N) system, with improved calculations, the 4N system
could be used to probe many-nucleon forces and parts o
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two-nucleon force to which there is little or no sensitivity
2N systems, e.g., details of the on-shellP interactions at low
energies and off-shell force components@10#.

Though the rate of progress is encouraging, calculati
of scattering observables in the 4N system are still quite
rudimentary relative to those in the 3N system@5,9,11,12#.
Specifically, there are no calculations which solve the 4N
problem exactly at energies above the deuteron brea
threshold. Until now, impulse-approximation~IA ! calcula-
tions have been used to study thed1d→d1p1n breakup
reaction @13–16#. Extensive IA analyses of cross-sectio
data @13–23# over a period of three decades have revea
some interesting features of this reaction in the kinema
region of deuteron-nucleon (dN) quasifree scattering~QFS!.
One important feature that simplifies modeling of the re
tion is that the normally dominant1S0 neutron-proton final-
state interaction~FSI! is suppressed in the three-bodyd1d
breakup reaction by isospin conservation. Also, contrary
intuition, at low energies where rescattering is expected to
important because the de Broglie wavelength of the incid
deuteron is larger than the size of the target deuteron,
calculations give a good description of the shape of differ
tial cross-section data fordNQFS. A conclusion drawn from
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56 39ANALYZING POWER MEASUREMENTS FOR THE . . .
these results was that the rescattering terms, which mus
important at low energies, can be compensated for in
calculations in one of two ways: either by scaling the de
teron wave function with an energy-dependent normaliza
factor smaller than 1, or by applying a cutoff of the deuter
wave function at short distances. Both solutions provide
tuitive insight about the reaction. The first suggests that
rescattering processes interfere destructively with the lea
term of the scattering series. The second emphasizes th
ripheral nature of the collisions between the two deuteron
low energy by nullifying the inner part of the deuteron wa
function. The reduced importance of the interior of the de
teron wave function can be interpreted as a result of
rescattering processes.

Experimental studies show that in the energy range fr
5 to 50 MeV, the dominant processes in the three-bo
d1d breakup reaction are four QFS poles: the spectator
ticle is either a neutron or proton in either the target or p
jectile @13–24#. Measurements using a multidetector syst
and covering a solid angle of almost 4p showed that a very
large fraction of the total cross section is associated w
these four poles@13#. However, in all cases, an empiricall
determined normalization factor of magnitude about 0.1 w
needed to bring the predictions of IA calculations into agr
ment with measured two-particle cross sections. The norm
ization factor was found to be slightly angle dependent a
had to be adjusted for each particle angle pair at each i
dent deuteron energy@15#. The agreement between IA ca
cluations and three-bodyd1d breakup data for QFS kine
matics has been improved by including a term to account
the 3S1 neutron-proton (np) FSI, by using a radial cutoff
parameter in the deuteron wave function to emphasize
peripheral nature of the QFS process, and by allowing
interference between the poles@15#.

As suspected, the need for an overall normalization fac
~or a radial cutoff parameter! to bring the IA calculations into
agreement with data suggests that rescattering effects ar
portant in thed1d breakup reaction at low energies. How
ever, studying the role of rescattering processes with o
cross sections is of limited value and can be misleading
was found in the case ofNN QFS in thend breakup reaction
@25#. Prior to the present work at TUNL, a large number
cross-section studies for thed1d breakup reaction had bee
reported, but only one study of the vector analyzing pow
@26# has been performed. Additional studies that combine
analysis of cross sections and spin observables are need
gain insight into the reaction mechanisms ford1d breakup.
In this paper, we report an extensive set of measuremen
vector and tensor analyzing powers and relative cross
tions for thedW 1d→d1p1n reaction at an incident deu
teron energy of 12.0 MeV. The earlier paper of Howellet al.
@27# reported a subset of the data to be presented here.
data are compared to our newly developed model whic
built in the spirit of the IA. In the sections to follow, w
describe the experimental setup and techniques used to
quire the data, the formulation of our IA model, and t
results of the comparisons of the IA calculations to our da

II. EXPERIMENTAL DETAILS

The experimental setup and techniques used in the pre
work are the same as those reported in Refs.@27,28#. The
be
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experimental setup is shown in Fig. 1. The experiment w
designed to simultaneously measure analyzing-power
for deuteron-proton (dp), deuteron-neutron (dn), and
proton-neutron (pn) coincidences. All measurements we
made using a gas target. The target cell was a right cylin
with a diameter of 2.5 cm. The cell was oriented vertical
such that its axis was perpendicular to the beam axis.
gas was contained by an 8-mm-thick uncoated Kapton foil,
and the cell was pressurized to 1.0 atm. The energy of
incident deuteron beam at the center of the cell was 1
MeV. The polarized deuteron beam was produced by
TUNL Lamb-Shift polarized ion source@29#. Two sets of
slits upstream of the scattering chamber defined a beam
on target of about 1 mm2. The beam was stopped in a
electrically isolated tantalum disk, which was connected t
current integrator for measurement of the accumula
charge on target. Silicon surface barrier detectors were u
to measure the energy and type of the ejected charged
ticles, and the neutrons were detected using liquid orga
scintillators. The dc polarized beam current on target w
kept below about 25 nA as a compromise between coin
dence counting rate, signal pileup in the silicon detecto
and heating of the Kapton containment foil.

The liquid organic scintillators were rectangular in sha
~7.62-cm wide315.24-cm high310.16-cm thick!. The
center-to-center distance between the deuterium gas ta
and each neutron detector was 2.65 m. The detectors w
shielded from the beam stop on both sides of the beam
by a 50-cm-thick stack of lithium-loaded paraffin block
The scattering chamber had a thin window, 0.64-mm-th
stainless steel, in the forward angular region from 16°
40° on each side of the incident beam axis to reduce atte
ation of the ejected neutrons in the angular range of inter
The rest of the chamber wall was made of 1-cm-thick a

FIG. 1. Schematic top view of the experimental setup for

dW 1d→d1p1n breakup measurements. This drawing is not
scale. Detector dimensions and distances are given in the text
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40 56P. D. FELSHERet al.
mium. Liquid scintillators were preferred over plastics b
cause of theirg-ray suppression capability using pulse-sha
techniques. Theg-ray rejection in our measurements w
about 20:1, i.e., about 95% of theg-ray interactions in the
liquid scintillators were rejected.

The detectors were positioned to measure the momen
of two of the emitted particles. A standard right-handed
ordinate system was used, and the polar and azimuthal
tering anglesu andf were defined in the usual way (u is
measured from the1z axis to the particle momentum vecto
andf is measured up from the1x axis to the plane con
taining the particle momentum vector and the1z axis!. The
1z axis was along the incident beam and the1y axis
pointed up from the horizontal scattering plane. Since,
center of each detector was located in the horizontal sca
ing plane, the azimuthal scattering angle was eitherf50° or
f5180°. For compactness of notation, we shall refer to
scattering angles (u,0°) and (u,180°) as1u and2u, re-
spectively. To reduce instrumental errors in the asymme
measurements, the detector pairs were symmetrically pla
about the beam axis, and the coincidence yields from
symmetric pairs were averaged geometrically@30#. For in-
stance, the analyzing powers for thedp coincidence mea-
surements were obtained from the averaged yields of
(ud5117°, up5217°) and (ud5217°, up5117°)
detector-angle pairs. The angle pairs measured and the
acquisition times for each pair are listed in Table I. T
charged-particle detectors positioned at 10.0°, 17.0°,
19.4° wereDE-E telescopes and were used to determine
momentum and type of each detected particle. The ang
acceptance of each silicon detector was defined by a se
double rectangular collimators. The polar and azimuthal
gular acceptances of the charged-particle detectors w
61.0° and64.1°, respectively. The acceptances of the n
tron detectors wereDu560.9° andDf565.7°.

For each detector, two independent two-particle coin
dence circuits were used to generate the event triggers:
for measuring the foreground~true and accidental events!
and the other for measuring the background due toacciden-
tal coincidences. Since a foreground trigger can be cause

TABLE I. Coincidence angle pairs measured and data accu
lation time for each pair.

Detected Time~h!

particles Angles iT11 andT22 T20

deuteron, proton 610.0,710.0 105 45
deuteron, proton 610.0,741.2 105 45
deuteron, proton 617.0,717.0 270 235
deuteron, proton 617.0,734.5 110 60
deuteron, proton 619.4,719.4 85 95
deuteron, proton 634.5,717.0 110 60

deuteron, neutron
617.0,717.0 70 105

deuteron, neutron 617.0,734.5 90 75
deuteron, neutron 619.4,728.9 85 95

proton, neutron
617.0,717.0 70 105

proton, neutron 617.0,734.5 90 75
proton, neutron 619.4,728.9 85 95
-
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either a true or false two-particle coincidence, we shall re
to the events associated with foreground trigger signals
true1accidentalevents. The trigger signals for purelyacci-
dental events were generated by delaying the signals fr
one detector by an additional 300 ns beyond the time of
needed for coincidence timing.

All measurements were made using a four-step seque
consisting of two values of the beam polarization mome
with a reversal of the direction of the spin quantization a
ŝ for each moment setting. TheT20measurements were mad
independent of those foriT11 andT22. The beam moments
and theŝ direction for theT20 measurements are given i
Table II, and the beam conditions used in theiT11 andT22
measurements are shown in Table III. Thet10 andt20 are the
vector and tensor beam moments@31#. The actual beam po
larization was about 70% of the maximum values listed
Tables II and III and was determined using the quench-ra
method@32#. The angleb is between thek in and ŝ vectors,
and g is the angle between the unit normal vect
@(k in 3 kout) / uk in 3 koutu # and the plane containingk in and
ŝ. The vectork in is the momentum vector of the inciden
deuteron, in the1z direction by convention of our coordi
nate system andkout is the momentum vector of the outgoin
deuteron in thed-N coincidences and of the emitted proto
in the case ofp-n coincidences.

For each step, the events from each two-particle coin
dence were sorted into two-dimensional histograms ofE1
~the energy of the particle emitted at angleu1) versusE2 ~the

u- TABLE II. Beam conditions for theT20 measurements. The
anglesb andg are defined in text.

Data Spherical
step b~deg.! g~deg.! (t10)max (t20)max

1 0 undefined A 3
2

1

A2

2 180 undefined A 3
2

1

A2

3 180 undefined 0 2A2

4 0 undefined 0 2A2

TABLE III. Beam conditions for theiT11 and T22 measure-
ments. The anglesb andg are as defined in text.

Data Spherical
step b~deg.! g~deg.! (t10)max (t20)max

1 90 0 A 3
2

1
A2

2 90 180 A 3
2

1
A2

3 90 180 0 2A2

4 90 0 0 2A2
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56 41ANALYZING POWER MEASUREMENTS FOR THE . . .
energy of the particle emitted at angleu2). Separate histo-
grams were accumulated for events from foreground
background triggers. The gain of each silicon detector
the beam polarization were monitored using single-dete
event data. TheDE-E telescopes were used for charge
particle identification at 10.0°, 17.0°, and 19.4°. A histogra
of deuteron energy (Ed) versus proton energy (Ep) for d-p
coincidence events for the angle pair at (ud ,up)5~117.0°,
217.0°) is shown in Fig. 2. The counts in the top histogra
are due totrue1accidentalcoincidences, and the bottom hi
togram contains only counts due toaccidentalcoincidences.
The intensity scale is the same for both histograms. T
curve is the point-geometry kinematic locus for the break
reaction and is generally referred to as theS curve. As shown
in Fig. 2, theS value is defined to be zero at the minimu
energy of particle one, and the value ofS increases as on
moves clockwise along the kinematic locus. The data
smeared about the S curve due the energy and angular s
in our experimental setup. The angular acceptances were
cussed above, and the energy spreads have been repor
detail by Howellet al. @27#. The experimental energy sprea
was dependent on the energy and type of the detected
ticle. The energy of the detected deuterons ranged fro
MeV down to the threshold of our detectors, about 2 Me
the respective mean energy spreads ranged from 45 t
keV. The mean energy spread in the detected protons in
same energy range was slightly less, 30 to 50 keV. Th
energy spreads include the 20 keV intrinsic energy resolu
of the silicon detectors. The energy of each detected neu
was determined from the the neutron time-of-flight~TOF!.

FIG. 2. Two-dimensional histogram of the detected deute
energyEd at ud5117° vs the energy of the detected protonEp at
up5217°. The top histogram was accumulated using thetrue
1accidentaltriggers, and the counts in the bottom histogram
due solely toaccidental coincidences. The curve is the poin
geometry kinematic locus for the breakup reaction.
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The neutron TOF was derived from three measured qua
ties: the time difference between the detection of the neu
and the associated charged particle, the energy and typ
the charged particle~measured using theDE-E telescope!,
and the flight-path lengths of the charged particle and
neutron. The spread in the measured neutron energy
mainly due to the intrinsic time resolution (Dt 5 1.5 ns! of
the neutron detector and the flight path dispersion cause
the finite extent of the gas target and the thickness of
neutron detector. The spread in the detected neutron en
ranged from 200 to 730 keV for neutron energies betwee
and 8 MeV, respectively.

The counts in theE1 vs E2 histograms were projecte
onto theS curve using the minimum distance technique@27#.
Data were acquired for 15 min in each step and the four-s
sequence was repeated until the desired statistical accu
was achieved. The data were summed into 750-keV b
along theS curve. After subtraction of the accidental bac
ground, as described by Howellet al. @27#, the analyzing
powers were computed from thetrue-coincidencecounts in
each bin of the fourS curve distributions resulting from the
four-step measurement sequence. The yields for a partic
(u1 ,u2 ,S) value for thedW 1d→d1p1n breakup reaction
using a polarized beam can be written for a coplanar ge
etry as@33#

N~u1 ,u2 ,S!5No~u1 ,u2 ,S! H 11A2t10iT11sinb cosg

1
1

2
t20 T20~3 cos

2b21!

1A6t20T21sinb cosb sing

2A3

2
t20T22sin

2b cos2gJ . ~1!

TheNo(u1 ,u2 ,S) in the above equation is the yield obtaine
with an unpolarized beam. TheiT11, T20, andT22 are the
vector and tensor analyzing powers for the kinematic po
defined byu1, u2, andS. The four-step sequences given
Tables II and III result in four equations which were used
solve for the analyzing powersiT11, T20, andT22 in Eq. ~1!.
The tensor analyzing powerT21 was not measured becaus
of our choices ofb andg.

III. THEORY

Before realistic 3N calculations were available, nucleon
deuteron (Nd) vertices in impulse-approximation~IA ! calcu-
lations were evaluated using elastic scatteringNd cross-
section data. That approach had two shortcomings. Firs
ignored the off-shell contributions to the QFS amplitude
This neglect has been shown to have important conseque
on the calculated cross section@34#. Second, and more im
portantly, usingNd data inherently does not include the in
terference between poles. In our calculations, reliable re
sentations of the 3N subsystems are achieved by usi
separableNN interactions to exactly compute theNd verti-
ces. Only neutron-deuteron (nd) amplitudes are used, and n
attempt is made to include the Coulomb-force effec

n

e
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42 56P. D. FELSHERet al.
Charge independence is imposed in all states of theNN
forces.

Since d1d→d1p1n cross-section data suggest th
dN QFS is the dominant feature of the reaction, we deve
in the spirit of the impulse approximation, a model which
the coherent sum of four terms:dn anddp QFS scattering
with one nucleon in either the target or the projectile beh
ing as a spectator. In effect, it may be easily shown that th
four terms correspond to the lowest order diagrams in
Born series expansion of thet matrix for the
d1d→n1p1d reaction. In the framework of the AGS
equations@2#, the breakup amplitude shown in Fig. 3~a! may
be written as the sum of two terms involving both t
212→212 and 212→113 half-shell amplitudes, which
may be obtained from the solution of the set of coup
integral equations shown diagramatically in Fig. 3~b!. Al-
though these diagrams result from the quasiparticle repre
tation of all subsystem amplitudes in the original AGS eq
tion, they remain general enough to provide physical insi
into four-particle dynamics. If one takes the lowest ord
diagram in the Born series expansion of the integral equa
shown diagramatically in Fig. 3~b!, the 212→212 ampli-
tudes become zero and the 212→113 amplitudes consis
solely of the one-nucleon exchange term. Once this appr
mation is carried out in the equation for the breakup am
tude, shown in Fig. 3~a!, one gets the lowest order diagra
for the breakup amplitude shown in Fig. 3~c!. Inside the
dashed rectangle in Fig. 3~c! one may identify the 3N scat-
tering amplitude for 112→112 embedded in four-particle
space through an energy shift that equals the kinetic en
of the spectator nucleon relative to the center of mass of
underlying 3N subsystem. The symmetrization of the di
gram in Fig. 3~c! results in four terms due to the interchan

FIG. 3. Graphical representations of the effective two-bo
equations for:~a! the full d1d→d1p1n three-body breakup am
plitude; ~b! the 212→212 and 212→113 amplitudes; and~c!
the lowest order diagram in the Born series expansion of
breakup amplitude and kinematic parameters used to describ
system.
t
,

-
se
e

d

n-
-
t
r
n

i-
i-

gy
e

of the two deuterons in the initial state and the two nucleo
in the final state. Denoting the 3N t matrix asZ, one may
write the breakup amplitudeT using the kinematics notation
of Fig. 3~c! together with the appropriate magnetic quantu
numbers for all the particles involved:

T5^1d8kd8 ;
1
2 u18k18 ;

1
2 u28k28uT~E!u1d1k;1d22k&

3d~k181k281kd8!

5T11T2 , ~2!

T15
1

A2
H ^1d8 1

2 u28 ;Q18uZ(«1)uQ1
1 ;1d2

1
2 u&

3xdFq11 ;S 1
2

1
2

u u18
D S s l

sz mD 1d1G
1^1d8 1

2 u28 ;Q18uZ(«1)uQ1
2 ;1d2

1
2 u&

3xdFq12 ;S 1
2

1
2

u u18
D S s l

sz mD 1d1G , ~3!

T25
1

A2H ^1d8 1
2 u18 ;Q28uZ~«2!uQ2

1 ;1d1
1
2 u&

3xdFq21 ;S 1
2

1
2

u u28
D S s l

sz mD 1d2G
1^1d8 1

2 u18 ;Q28uZ~«2!uQ2
2 ;1d1

1
2 u&

3xdFq22 ;S 1
2

1
2

u u28
D S s l

sz mD 1d2G J , ~4!

wherexd is the deuteron wave function and

Qi852 2
3 k i82kd8 , ~5!

Qi
652 2

3 k i87k, ~6!

qi
65k i86 1

2 k, ~7!

« i5E2 4
3 ki8

2, ~8!

E12ed2k250, ~9!

E1ed2k18
22k28

22
kd8

2

2
50, ~10!

in units of \5mNc
251, wheremN is the mass of the

nucleon. In the above equations and in Fig. 3, thed1 and
d2 represent the magnetic spin projections of the two deu
ons in the incident channel and thed8 is the magnetic spin
projection of the exit-channel deuteron. The magnetic s
projections of the transfered nucleon and the ejected nu
ons areu, u18 , andu28 , respectively. All momenta are com
puted in thed1d c.m. reference frame. The momenta of t
incident and ejected deuterons are represented byk andkd8 ,
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56 43ANALYZING POWER MEASUREMENTS FOR THE . . .
and the momenta of the emitted nucleons are denoted
k18 and k28 . In all calculations, we use a momentum-spa
Hulthen deuteron wave function with a smooth radial cut
@15#. The parameters of the wave function werea545 MeV/
c, b5237.18 MeV/c, and the radial cutoff paramete
b8584.69 MeV/c. Since theD-state component of the deu
teron wave function is small, less than 7% probability, on
the S state was considered to simplify the angular mom
tum couplings.

Assuming that deuteron ‘‘one’’ is the projectile, thenT1
andT2 in Eq. ~2! correspond to projectile and target breaku
respectively. Given the on-shell relation, the 3N t matrix
Z(e i) ( i51,2) is on-shell on the left side and off-shell on th
right side in Eqs.~3! and ~4!. Using Eqs.~5!–~9! one gets

« i5E2 4
3 ki8

252ed1
3
2 Qi8

2, ~11!

while

« iÞ2ed1
3
2 ~Qi

6!2. ~12!

The tensor observablesTkq are computed using the 4N
amplitudes in Eq.~2!:

TkqTr$T
†T%5Tr$T†Ttkq% ~13!

5 (
d1d2

d18d28

^1d11d2uT†Tu1d181d28&

3^1d181d28utkqu1d11d2& ~14!

5 (
d1d2d18

(
u18u28d8

^1d11d2uT†u
1
2 u18

1
2 u281d8&

3^ 1
2 u18

1
2 u281d8uTu1d181d2&k̂ Cd1qd

18
1k1

, ~15!

whereC is a Clebsch-Gordan Coefficient andk̂5A2k11.
Equation~13! is expanded and evaluated in the Appendix

The kinematic variables were evaluated in even st
along theS curve, and for each value of«1 and «2, the
half-shell t matrices forn1d→n1d scattering were rigor-
ously calculated using a rank one Yamaguchi separableNN
potential for the channels:1S0,

3S12
3D1,

1P1,
3P0,

3P1,
and 3P2. In each partial wave, the parameters of theNN
potential were fitted to low-energyNN data such as phas
shifts, scattering lengths, effective ranges, the deuteron b
ing energy, and the deuteron quadrupole moment. For1S0
and 3S12

3D1 force components, we use the parameters
Phillips @35#, which correspond to 5.5%D-state in the deu-
teron, and for theP forces, we use the parameters of Cor
et al. @36#.

IV. RESULTS AND DISCUSSION

Because our model treats the 3N subsystems exactly with
well developedNN interactions, comparisons of our mod
calculations to experimental data give a measure of the c
tributions from the rescattering terms to the full 4N breakup
amplitude. The consequences of truncating the full 4N am-
by
e
f

-

,

s

d-

f

l

n-

plitudes at the leading term will be explored using our re
tive cross-section and analyzing-power data, and the in
ence of eachNd vertex on cross sections and analyzi
powers will be investigated. Predictions of our model a
shown in Figs. 4 and 5 in comparison to our relative cro
section data. The data and calculations are plotted as a f
tion of S, the distance along the kinematical locus as defin
in Fig. 2 and described in the experimental section of t
paper. Ourdn data at (ud5117.0°, un5217.0°) and
(ud5117.0°, un5234.5°) are not shown, since they a
almost identical to thedp coincidence data. At each particl
angle pair, the calculated cross section is normalized to
the peak value of the QFS enhancement. As shown in E
~2!–~4!, the 4N t matrix is determined from the deutero
wave function and the off-shellnd t matrix. The breakup
cross section is computed as the square of the 4N breakup
amplitudes, Eq.~13!, and a phase-space factor. The so
curves shown in Figs. 4 and 5 are IA calculations using
complete expression for the 4N t matrix in Eq. ~2!. The
dashed curves were produced by switching off the inter
ence between the two complex amplitudes derived fromT1
andT2 that make up the 4N breakup amplitude. The dotte
curves are calculations made withT1 ~projectile breakupt
matrix! set to zero. Because our model only includes
leading term of the full 4N t matrix, its description of
d1d breakup observables is expected to be best in a nar
kinematic region arounddN QFS. For this reason, we limi
our discussions of the comparisons of data and calculat
to the 4-MeV region on theS curve centered at the peak o
the QFS enhancement. For thedN coincidences, our mode
predicts almost equal contributions from the target and p
jectile breakup terms at (ud5110.0°,up5210.0°),
(ud5117.0°, up5217.0°), (ud5119.4°, up5219.4°),
and (ud5134.5°, up5217.0°). According to the mode
predictions, the target breakup process is dominant
(ud5110.0°, up5241.0°), (ud5117.0°, up5234.5°),
and (ud5119.4°, up5228.9°). In the case of thepn co-
incidences, the cross section is dominated by projec
breakup. The model gives the best descriptions of the cr
section data at angles where the contributions from b
breakup processes are substantial, affirming the importa
of the interference betweenT1 andT2. It is somewhat sur-
prising that in the case of thedN coincidences at angles tha
were chosen to be dominated by one QFS process, the m
describes the cross section rather poorly. This is true in p
ticular for the angle pairs of (ud5119.4°, up5228.9°)
and (ud5117.0°, up5234.5°), where the target breaku
process contributes more than 80% to the cross section.
reason for this behavior is unclear.

Our vectoriT11 and tensorT20 andT22 analyzing-power
data are shown in Figs. 6–15 in comparison to our IA c
culations. The solid curves are predictions made with aNN
force that includes the1S0,

3S12
3D1,

1P1,
3P0,

3P1, and
3P2 partial waves. The dashed curves are predictions m
without the 1P1 and

3Pj NN forces. As expected from low
energynd scattering@37#, the iT11 is more sensitive to the
NN P interactions than the tensor analyzing powers. At
dN coincidence angles, the addition ofNN P forces cause
the predictediT11 to change sign from negative to positiv
However, there are several angles whereT20 shows signifi-
cant sensitivity to theP forces. The inclusion ofNN P
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FIG. 4. Relative cross sections for thed1d→d1p1n reaction as a function of the arc lengthS along theEd vsEN kinematic locus for
an incident deuteron energy of 12.0 MeV. The particle angles are given in the plots. The data are from the present experiment, an
bars represent only statistical uncertainties. The solid curve is the prediction of our IA model using Eq.~2! for the 4N t matrix, the dotted
curve is made using only the target breakup termT2 in Eq. ~2!, and the dashed curve is a calculation that uses bothT1 andT2 but does not
include interference between the two terms. The full IA calculation was normalized to the maximum in the energy spectrum for each
angle pair.
he

ing

del
al

is
forces in our model gives a very good description of t
iT11 data. The model withoutNN P forces predicts the
wrong sign ofiT11. With NN P interactions included, the
model gives a better description of theT20 data.The study of
vector and tensor analyzing powers is crucial in determin
the effects of the inclusion of NN P forces, since the mo
with and without NN P forces predicts almost identic
shapes of the breakup cross sections. Considering the sim-
plicity of the model, the overall description of the data
impressive.
t
.

FIG. 5. Same as Fig. 4 excep
for proton-neutron coincidences
The arc lengthS is measured
along theEp vs En kinematic lo-
cus.
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FIG. 6. Analyzing powers for thedW 1d→d1p1n reaction at
an incident deuteron energy of 12.0 MeV. The arc lengthS is mea-
sured along theEd vs Ep kinematic locus. The ejectile angles a
ud5110.0° andup5210.0°. The data are from the present e
periment, and the error bars represent only statistical uncertain
The solid curves are our IA calculations made with the followi
NN force components:1S0,

3S12
3D1,

1P1,
3P0,

3P1, and
3P2.

The dashed curves are the predictions without the1P1 and 3Pj

NN forces.

FIG. 7. Analyzing powers fordN coincidences for the

dW 1d→d1p1n reaction at an incident energy of 12.0 MeV. Th
particle angles areud5117.0° anduN5217.0°. The data are from
the present measurements and the solid and open data points a
dp and dn coincidences, respectively. The calculations are
same as in Fig. 6
After making a global survey, detailed comparisons b
tween data and theory are made for each type of observa
The iT11 data are well described except at three ang
(ud5134.5°,up5217.0°), (ud5110.0°,up5241.2°),
and (up5117.0°,un5217.0°). The iT11 predictions
for (ud5134.5°,up5217.0°) are systematically mor
positive than the data~see Fig. 9!. As shown in Fig. 10,
the data for S less than 7 MeV at the angle pa
(ud5110.0°,up5241.2°) have an average value o
20.0626 0.013 and differ by five standard deviations fro
the calculations, which are essentially zero. The discrepa
at (ud5134.5°,up5217.0°) may indicate deficiencies i

s.

for
e

FIG. 8. The same as Fig. 6, except for particle ang
ud5119.4° andup5219.4°.

FIG. 9. The same as Fig. 6, except for particle ang
ud5134.5° andup5217.0°.
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the treatment of theP interactions in the model. In contras
the disagreement between the calculations and data
(ud5110.0°,up5241.2°) for S,7 MeV is most likely
caused by the truncation of the scattering series, sinceiT11
shows little sensitivity toNN P interactions at this angle~see
Fig. 10! and because the model fails to predict the shape
the cross-section data forS less than 7 MeV, see Fig. 4~e!.
Shown in Fig. 13, the two failures of the predictions
(up5117.0°, un5217.0°) are that the calculated energ
dependence ofiT11 alongS does not match that of the da
and the predicted value ofiT11 at S57 MeV is zero and
about 2.5 standard deviations lower than the data.

FIG. 10. The same as Fig. 6, except for particle ang
ud5110.0° andup5241.2°.

FIG. 11. The same as Fig. 7, except for particle ang
ud5117.0° anduN5234.5°.
at

of

t

e

disprecancy atS57 MeV is important because charge sym
metry requiresiT11 to be equal to zero at this point@27#.

The model gives a reasonably good description of
tensor analyzing-power data for thedN coincidences. The
importance of theNN tensor force in the tensor analyzin
powers for thedN coincidences is evident by the nonze
values predicted forT20 and T22 when only the 1S0 and
3S12

3D1 forces are used in the calculations. TheT20 for

s

s

FIG. 12. The same as Fig. 6, except for particle ang
ud5119.4° andun5228.9°.

FIG. 13. Analyzing powers forpn coincidences for the

dW 1d→d1p1n reaction at an incident energy of 12.0 MeV. Th
particle angles areup5117.0° andun5217.0°, and the arc length
S is measured along theEp vs En kinematic locus. The data ar
from the present measurements, and the calculations are the sa
in Fig. 6.
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dN coincidences also show sensitivity to theP NN forces,
while the T22 has only a very modest dependence on
NN P forces. These results are consistent with observat
in the Nd system, as is expected since our model use
realistic description of the underlying 3N system. TheT20
data for the three measuredpn angle pairs are close to zero
as shown in Figs. 13–15. Zero values are intuitively e
pected since thesenp data are dominated by projectil
breakup, which means that the effective incident particle
polarized nucleon, and thereforeT20 should be zero. Note
however, that our model predicts theT20 to be slightly nega-
tive. Also note that the inclusion ofNN P forces has an

FIG. 14. The same as Fig. 13, except for particle ang
up5117.0° andun5234.5°.

FIG. 15. The same as Fig. 13, except for particle ang
up5119.4° andun5228.9°.
e
ns
a

-

a

effect. At these same angle pairs, ourT22 data are apprecia
bly more negative than the model predictions, which are
sentially zero. The behavior ofpn T20 and T22 shows the
limitations of our model and indicates the importance
higher order terms.

V. CONCLUSIONS

In this paper, we report the most extensive set of meas
ments of vectoriT11 and tensorT20 andT22 analyzing pow-
ers and cross sections ever made for thed1d→d1p1n
reaction. Data for sixdp, threedn, and threepn angle pairs
for an incident deuteron energy of 12.0 MeV are compa
to our IA model calculations. The main feature that dist
guishes our model from older IA calculations is our theore
cally exact treatment of theNd vertices. The spin observ
ables for this reaction are comparable in magnitude to th
for nd scattering, and we have demonstrated that they ca
measured to an accuracy better than60.006 for a bin width
of 750 keV along theS curve.

Our model gives a good description of the shape of
cross-section data at all measured angle pairs except
those kinematic conditions when one pole dominates. T
iT11 data are quite well described with only three exceptio
The calculations differ by about five standard deviatio
from the data for S,7 MeV at the angle pair
(ud5110.0°,up5241.2°), the predictediT11 is systemati-
cally more positive than the data at (ud5134.5°,up5
217.0°), and for the angle pair (up5117.0°,un5
217.0°), the calculations are 2.5 standard deviatio
from the data atS57 MeV. The calculations are in goo
agreement with theT20 data except at the angle pai
(ud5117.0°,uN5234.5°) and (ud5119.0°,un5
228.9°), which are the same angles where
model fails to describe the cross-section shape. Our mo
describes allT22 data quite well, except at (up5117.0°,un
5234.5°) and (up5119.0°,un5228.9°).

Given that our model contains the essential physics of
leading terms in a full 4N calculation, the combined analys
of cross sections and spin observables provides insight
the interference between the QFS poles, the need to inc
higher order scattering terms, and the sensitivity of the
servables to the underlyingNN force. These data, when ana
lyzed with full 4N calculations, could be important in th
resolution of theNd Ay puzzle@37#, since they are also sen
sitive to theNN 3Pj forces.
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APPENDIX

At each particle angle pair, the relative cross-section and vector analyzing powers are computed at points a
kinematic locus by evaluating Eq.~13! in the main text. The inputs required to compute Eq.~13! are the half-shellnd tmatrix,
kinematic quantities, angular momentum coupling coefficients and the deuteron wave function. The half-shellnd t matrix

elementŝ 1 1
2S8L8;Qi uZ(« i)uQi

6 ;SL11
2 & are generated with a 3N code that solves the Faddeev equations using sepa

NN potentials. These elements are projected in the channel spin and orbital angular momentum basis,S and L. The 4N
scattering amplitudes are calculated from thend half-shell t matrix elements using the following relation:

^11
2 S8s8;Qi8uZ(« i)uQi

6 ;1 1
2 Ss&5 (

LML8M8
JMJ

4p YLM* ~Qi
6!YL8M8~Qi8!3CsMMJ

SLJ Cs8M8MJ8

S8L8J ^11
2 S8L8;Qi uZ(« i)uQi

6 ;SL11
2 &.

~A1!

The unprimed and primed symbols represent quantities before and after thend scattering vertex. The kinematic variables a
defined as in the main text. TheL andJ are, respectively, the relative orbital angular momentum between the neutro
deuteron and the total angular momentum in thend system. TheM andMJ are their projections onto thez axis. TheS and
s are the channel spin and its projection in the 3N system. TheYLM andC are the spherical harmonics and Clebsch-Gord
coefficients. Four terms result from the trace of the complex amplitudesT†T: projectile breakupT1

†T1, target breakupT2
†T2,

and two interference termsT1
†T2 andT2

†T1. Each term is evaluated using the equations that follow:

T1
†T15

1
2 (

Ss
S8s8
S̄ s̄

[ ^11
2 S8s8;Q18uZ(«1)uQ1

1 ;1 1
2 Ss&xd~q1

1!1^11
2 S8s8;Q18uZ(«1)uQ1

2 ;1 1
2 Ss&xd~q1

2!] *

3[ ^11
2 S8s8;Q18uZ(«1)uQ1

1 ;1 1
2 S̄ s̄ &xd~q1

1!1^11
2 S8s8;Q18uZ(«1)uQ1

2 ;1 1
2 S̄ s̄ &xd(q1

2)]

333 k̂Ŝ1̂ ~21!1/21SCsqs̄
SkS̄

W(S̄S 1
2

1
2 ;k1)W(111

2
1
2 ;k

1
2 ). ~A2!

The hat over a parameter is an abbreviation forî5A2i11, where i represents the hatted parameter. TheW is a Racah
coefficient, and thexd is the deuteron wave function as in the main text.

T2
†T25

1
2 (

Ss
S8s8
S̄ s̄

[ ^11
2 S8s8;Q28uZ~«2!uQ2

1 ;1 1
2 Ss&xd~q2

1!1^11
2 S8s8;Q28uZ(«2)uQ2

2 ;1 1
2 Ss&xd(q2

2)] *

3[ ^11
2 S8s8;Q28uZ(«2)uQ2

1 ;1 1
2 S̄ s̄ &xd(q2

1)1^11
2 S8s8;Q28uZ(«2)uQ2

2 ;1 1
2 S̄ s̄ &xd(q2

2)]

3 3
2 1̂k̂ŜW(S1S̄1; 12 k) Csqs̄

SkS̄ (21)k1S̄11/2, ~A3!

T1
†T25

1
2 (

Ss
S8s8
S̄ s̄

S̄8 s̄8

[ ^11
2 S8s8;Q18uZ(«1)uQ1

1 ;1 1
2 Ss&xd(q1

1)1^11
2 S8s8;Q18uZ(«1)uQ1

2 ;1 1
2 Ss&xd(q1

2)] *

3[ ^11
2 S̄8s̄8;Q28uZ(«2)uQ2

1 ;1 1
2 S̄ s̄ &xd~q2

1!1^11
2 S̄8s̄8;Q28uZ(«2)uQ2

2 ;1 1
2 S̄ s̄ &xd~q2

2!]

331̂k̂ŜŜ8 (
ABCD
abcd

Â2B̂2Ĉ2D̂~21!12S2S82S̄21/22D3Cs8as̄8
S8AS̄8 Csds̄

SDS̄
Caqd
AkD W^ 1

2 S̄8 1
2 S8;1A)

3W( 12 S 1
2

1
2 ;1B)H 1

2 C S̄

1 k 1

1
2 B 1

2

J H S̄ D S

1
2 A 1

2

C k B
J . ~A4!

The array within the large bracket denotes a ‘‘9j ’’ symbol. In all equations the variablesA, B, C, andD are constrained by
the usual triangular relations of angular momentum algebra.
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T2
†T15

1
2 (

Ss
S8s8
S̄ s̄

S̄8 s̄8

3k̂Ŝ8Ŝ1̂(
Aa
Bb

Â2B̂ Cs8as̄8
S8AS̄8 Cabs̄

ABS̄
Csqb

SkB~21!B2S2S̄2S8 W~ 1
2 S̄8 1

2 S8;1A!

3W~B 1
2 k1;1S!H 1

2 B 1

1 S̄ 1
2

1
2 A 1

2

J 3[ ^11
2 S8s8;Q28 ;uZ~«2!uQ2

1 ;1 1
2 Ss&xd~q2

1!

1^11
2 S8s8;Q28uZ(«2)uQ2

2 ;1 1
2 Ss&xd(q2

2)] * [ ^11
2 S̄8s̄8;Q18uZ~«1!uQ1

1 ;1 1
2 S̄ s̄ &xd~q1

1!

1^11
2 S̄8s̄8;Q18uZ(«1)uQ1

2 ;1 1
2 S̄ s̄ &xd~q1

2!]. ~A5!
ys

8,

G

g,

l.

A.

n-

o-

s,

e,

K.

, T.

a,
w-

h-

ds

os

d-

J.
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