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Analyzing power measurements for thed+d—d+ p+n breakup reaction at 12 MeV
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We report the most extensive set of vectdr; and tensorT,, and T, analyzing-power data for the
d+d—d+p+n 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 tthe d three-body breakup process will provide useful information on the
nucleon-nucleon force when exact calculations become availg0856-28187)02907-5

PACS numbdp): 24.70+s, 25.45--z, 21.45+v, 25.10+s

I. INTRODUCTION two-nucleon force to which there is little or no sensitivity in
2N systems, e.g., details of the on-sHelinteractions at low
The four-body problem can be treated exactly in terms oknergies and off-shell force componeft$).

two-body interactions using Yakubovsky equatidds for Though the rate of progress is encouraging, calculations
the wave function components or the Alt, Grassberger, angf scattering observables in theN4system are still quite
Sandhas equatiorlj_g] for thet matrices. Significant progress rudimentary relative to those in theN3system[5,9,11,12.
has been made in recent years by Fond@jaMdlalose  gpecifically, there are no calculations which solve thé 4
etal. [4], and Glekle and co-workerd5] in developing  hrohiem exactly at energies above the deuteron breakup
mathematically rigorousM calculations. In addition, models . ..<hoid. Until now impulse-approximaticitd) calcula-
based on resonating group the¢Bl, R-matrix analysiq 7], tions have been usea to study tthe d—d+p+n breakup
the Green function Monte Carlo meth¢dl], and the corre- reaction [13—14. Extensive IA analyses of cross-section

lated hyperspherical harmonic expansion meth@fihave data[13—23 over a period of three decades have revealed

been developed and are being used to stubly réaction ; . . S . .
P g tly §ome interesting features of this reaction in the kinematic

dynamics. Just as is the situation with the three-nucleor’™"" . .
(3N) system, with improved calculations, theNdsystem '€9ion of deuteron-nucleord{N) quasifree scatteringQFS.

could be used to probe many-nucleon forces and parts of tH@ne important feature that simplifies modeling of the reac-
tion is that the normally dominantS, neutron-proton final-

state interactio{FSI) is suppressed in the three-body-d

*Present address: EG&G Rocky Flats, Golden, CO 80402-0464breakup reaction by isospin conservation. Also, contrary to
Present address: Lawrence Livermore National Laboratory, Livintuition, at low energies where rescattering is expected to be

ermore, CA 94550. important because the de Broglie wavelength of the incident
*Present address: Booz, Allen and Hamilton, Huntsville, Alabamzdeuteron is larger than the size of the target deuteron, IA

35806. calculations give a good description of the shape of differen-
$Deceased. tial cross-section data fatN QFS. A conclusion drawn from
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these results was that the rescattering terms, which must t A\
important at low energies, can be compensated for in IA &
calculations in one of two ways: either by scaling the deu- e
teron wave function with an energy-dependent normalizatior T

factor smaller than 1, or by applying a cutoff of the deuteron
wave function at short distances. Both solutions provide in-
tuitive insight about the reaction. The first suggests that the
rescattering processes interfere destructively with the leadin
term of the scattering series. The second emphasizes the p
ripheral nature of the collisions between the two deuterons a
low energy by nullifying the inner part of the deuteron wave
function. The reduced importance of the interior of the deu-
teron wave function can be interpreted as a result of the
rescattering processes.

Experimental studies show that in the energy range fron
5 to 50 MeV, the dominant processes in the three-body
d+d breakup reaction are four QFS poles: the spectator pat
ticle is either a neutron or proton in either the target or pro-
jectile [13—24. Measurements using a multidetector system
and covering a solid angle of almostr&howed that a very
large fraction of the total cross section is associated witt
these four pole$13]. However, in all cases, an empirically
determined normalization factor of magnitude about 0.1 was
needed_ to bring the predictions of IA calcula}tions into agree- = 1 gchematic top view of the experimental setup for the
ment with measured two-particle cross sections. The normal- . Lo
ization factor was found to be slightly angle dependent an(§1+dﬂd+p+n b.reaku.p measurements. This qraw'.ng s not to

. ; . . _scale. Detector dimensions and distances are given in the text.

had to be adjusted for each particle angle pair at each inci-
dent deuteron energyl5]. The agreement between IA cal-
cluations and three-bodg+d breakup data for QFS kine-
matics has been improved by including a term to account fo

the 3S; neutron-proton iip) FSI, by using a radial cutoff

parameter in the deuteron wave function to emphasize thBroton-ngutron kn) coincidences. Al measurem'ents were
peripheral nature of the QFS process, and by allowing fomaole using a gas target. The target cell was a right c_yllnder
interference between the polEE5] with a diameter of 2.5 cm. The cell was oriented vertically,

As suspected, the need for an overall normalization factopuch that its ays;vss perpen(rj][cilar to thedbeam ax]is:IThe
(or a radial cutoff parametgto bring the A calculations into gaz V‘(]as c?lntalne y aq;ﬁq&-t ICl uncoat_T_h Kapton O'f’ h
agreement with data suggests that rescattering effects are if?d the cell was pressurized to 1.0 atm. The energy of the

portant in thed+d breakup reaction at low energies. How- incident deuteron beam at the center of the cell was 12.0

: ; ; V. The polarized deuteron beam was produced by the
ever, studying the role of rescattering processes with onl%Ie . : .
cross sections is of limited value and can be misleading a3YNL Lamb-Shift polarized ion sourcg29]. Two sets of

was found in the case ®{N QFS in thend breakup reaction slits upstream of the scattering chamber defined a beam spot
[25]. Prior to the present work at TUNL, a large number of On target O_f about 1 mfy Th_e bea’"‘.‘ was stopped in an
cross-section studies for thier d breakup reaction had been electrlcal_ly isolated tantalum disk, which was connected to a
reported, but only one study of the vector analyzing powe|current Integrator fpr measuremen'g of the accumulated
[26] has been performed. Additional studies that combine thé‘harge on target. Silicon surface barrier dgtectors were used
analysis of cross sections and spin observables are needed’[?qmeasure the energy and type of the ejected charged par-

gain insight into the reaction mechanisms éoF d breakup. ticles, and the neutrons were detected using liquid organic

In this paper, we report an extensive set of measurements f:|nt|llators. The dc polarized beam current on target was

vector and tensor analyzing powers and relative cross se ept below about 25 nA as a compromise between coinci-

. - . L dence counting rate, signal pileup in the silicon detectors,
tions for thed+d—d+p+n reaction at an incident deu- g g p1oUP

; and heating of the Kapton containment foil.
teron energy of 12.0 MeV. The earlier paper of Hovetlal. The liquid organic scintillators were rectangular in shape

[27] reported a subset of the data to be presented here. T? 62-cm wide< 15.24-cm  highc 10.16-cm thick The
data are compared to our newly developed model which igg e to-center distance between the deuterium gas target
built n the spirit OT the IA. In the sections to follow, we and each neutron detector was 2.65 m. The detectors were
de;crlbe the experimental sgtup and techniques used to Ahielded from the beam stop on both sides of the beam axis
quire the data, the f_ormulat|on of our IA r_nodel, and theby a 50-cm-thick stack of lithium-loaded paraffin blocks.
results of the comparisons of the IA calculations to our data- o scattering chamber had a thin window, 0.64-mm-thick
Il. EXPERIMENTAL DETAILS stainless steel_, in the fqrward angular rggion from 16° to
40° on each side of the incident beam axis to reduce attenu-
The experimental setup and techniques used in the preseation of the ejected neutrons in the angular range of interest.
work are the same as those reported in REZZ,28. The  The rest of the chamber wall was made of 1-cm-thick alu-

@ Deuterium Gas Cell

Tantalum Beam Stop

Insulating Teflon Ring

II AE-E Detector Telescope

@ Neutron Detector

experimental setup is shown in Fig. 1. The experiment was
Fesigned to simultaneously measure analyzing-power data
or deuteron-proton dp), deuteron-neutron dn), and
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TABLE I. Coincidence angle pairs measured and data accumu- TABLE Il. Beam conditions for theT,, measurements. The

lation time for each pair. anglesp and y are defined in text.
Detected Timeh) Data Spherical
particles Angles iTipandTy,  To step B(deg) y(deg) (710) max (720) max
deuteron, proton +10.0,+10.0 105 45 1 0 undefined g 1
deuteron, proton +10.0,%41.2 105 45 ﬁ
deuteron, proton +17.0,%17.0 270 235
deuteron, proton +17.0,¥34.5 110 60 2 180 undefined @ 1
deuteron, proton +19.4,719.4 85 95 V2
deuteron, proton i34.5,f17.0 110 60 3 180 undefined 0 _
+17.0,%17.0 70 105
deuteron, neutron
deuteron, neutron +17.0,+34.5 90 75 4 0 undefined 0 -2
deuteron, neutron +19.4,528.9 85 95
+17.0,%17.0 70 105
proton, neutron either a true or false two-particle coincidence, we shall refer
proton, neutron +17.0,+34.5 90 75 to the events associated with foreground trigger signals as
proton, neutron +19.4,528.9 85 95 true+accidentalevents. The trigger signals for purehgci-

dental events were generated by delaying the signals from

one detector by an additional 300 ns beyond the time offset
mium. Liquid scintillators were preferred over plastics be-needed for coincidence timing.

cause of theiry-ray suppression capability using pulse-shape All measurements were made using a four-step sequence
techniques. They-ray rejection in our measurements was consisting of two values of the beam polarization moments

about 20:1, i.e., about 95% of theray interactions in the with a reversal of the direction of the spin quantization axis

liquid scintillators were rejected. sfor each moment setting. THe,, measurements were made

The detectors were positioned to measure the momentuiidependent of those fdif ;, and T,,. The beam moments
of two of the emitted particles. A standard rlght-handed €0%and thes direction for theT,, measurements are given in
ordinate system was used, and the polar and azimuthal SCafzple Il and the beam conditions used in ffig, and T,
tering anglesd and ¢ were defined in the usual way (is '

dqf h s 10 th ficl N ; measurements are shown in Table lll. Thgandr,, are the
measured from the-z axis to the particle momentum vVector \.o.qr and tensor beam momeh®d]. The actual beam po-
and ¢ is measured up from the x axis to the plane con-

ining th il d th _ h larization was about 70% of the maximum values listed in
taining the particle momentum vector and the axis.. The  Tapjes || and 11l and was determined using the quench-ratio
+z axis was along the incident beam and they axis

pointed up from the horizontal scattering plane. Since, thénethOd[Sz]' The angleg is between thek;, ands vectors,

center of each detector was located in the horizontal scattefi’d ¥ IS the angle between the unit normal vector

ing plane, the azimuthal scattering angle was either0° or L(Kin X Kouw) / |km_>< Koul ]1and the plane contalnmg_n a_nd
¢=180°. For compactness of notation, we shall refer to the. The vectork;, is the momentum vector of the incident
scattering angles#,0°) and (¥,180°) as+ 6 and — 0, re- deuteron, in thetz direction by convention of our coordi-
spectively. To reduce instrumental errors in the asymmetry?ate system ankl,, is the momentum vector of the outgoing
measurements, the detector pairs were symmetrically placedguteron in thed-N coincidences and of the emitted proton
about the beam axis, and the coincidence vyields from th#& the case op-n coincidences.

symmetric pairs were averaged geometriciBg]. For in- For each step, the events from each two-particle coinci-
stance, the ana|yzing powers for tu@ coincidence mea- dence were sorted into two-dimensional histogramsEpf
surements were obtained from the averaged yields of th&he energy of the particle emitted at anglg versusg, (the
(4=+17°, 0,=—17°) and @g=—17°, 6,=+17°)

detector-angle pairs. The angle pairs measured and the dataTABLE Ill. Beam conditions for theiT,; and T,, measure-
acquisition times for each pair are listed in Table I. Thements. The angleg and y are as defined in text.
charged-particle detectors positioned at 10.0°, 17.0°, and

19.4° wereAE-E telescopes and were used to determine thdata Spherical
momentum and type of each detected particle. The angul&teP B(deg) v(deg) (710 max (720 max
acceptance of each S|I!con detector was deflned_ by a set qf 90 0 \/5 1
double rectangular collimators. The polar and azimuthal an- 2 N
gular acceptances of the charged-particle detectors were
+1.0° and+4.1°, respectively. The acceptances of the neu-
tron detectors werd §=+0.9° andA ¢=+5.7°. 2 90 180 NE 1

For each detector, two independent two-particle coinci- V2
dence circuits were used to generate the event triggers: one

. : 90 180 0 -2

for measuring the foregroun@rue and accidental events
and the other for measuring the background duadtiden- 90 0 0 5

tal coincidences. Since a foreground trigger can be caused b‘&/
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The neutron TOF was derived from three measured quanti-
Op= +17.0° ties: the time difference between the detection of the neutron
0,=—17.0° and the associated charged particle, the energy and type of
the charged particlémeasured using thAE-E telescopg

and the flight-path lengths of the charged particle and the
neutron. The spread in the measured neutron energy was
mainly due to the intrinsic time resolutiod{ = 1.5 n9 of
the neutron detector and the flight path dispersion caused by
the finite extent of the gas target and the thickness of the
neutron detector. The spread in the detected neutron energy
) ranged from 200 to 730 keV for neutron energies between 2
and 8 MeV, respectively.

The counts in theE; vs E, histograms were projected
onto theS curve using the minimum distance technid@e].
Data were acquired for 15 min in each step and the four-step
sequence was repeated until the desired statistical accuracy
was achieved. The data were summed into 750-keV bins
along theS curve. After subtraction of the accidental back-
ground, as described by Howedt al. [27], the analyzing
powers were computed from theue-coincidencecounts in
each bin of the fouS curve distributions resulting from the
four-step measurement sequence. The yields for a particular

(64,6,,S) value for thed + d—d+p+n breakup reaction
Ed<Me\/> using a polarized beam can be written for a coplanar geom-

etry as[33
FIG. 2. Two-dimensional histogram of the detected deuteron y as33]

energyE, at 64=+17° vs the energy of the detected prop at

0p:—_17°. The top histogram was gccumulated using thee N(6;,6,,5)=Ny(61,6,,5) [1+ \/ErmiTllsinﬁ cosy
+accidentaltriggers, and the counts in the bottom histogram are

due solely toaccidental coincidences. The curve is the point-

F,(MeV)
e S CN RS O o) BN 0 ¢ ]

(@]

F(MeV)
— N A~ 0O O ~ 00 W

(@]
T e e

) . ) 1

geometry kinematic locus for the breakup reaction. + 5 700 Too(3 co§/§’— 1)

energy of the particle emitted at anghg). Separate histo-

grams were accumulated for events from foreground and +\/6720T21sin,8 cos3 siny

background triggers. The gain of each silicon detector and 3

the beam polarization were monitored using single-detector _ \ﬁ T. SirPB cos 1
event data. TheAE-E telescopes were used for charged- 2 "0 28I B 2 @)

particle identification at 10.0°, 17.0°, and 19.4°. A histogram

of deuteron energyHy) versus proton energye() for d-p  TheNg(6y,6,,S) in the above equation is the yield obtained
coincidence events for the angle pair @ (6,)=(+17.0°, with an unpolarized beam. Th&;, Ty, and Ty, are the
—17.0°) is shown in Fig. 2. The counts in the top histogramvector and tensor analyzing powers for the kinematic point
are due tdrue+accidentalcoincidences, and the bottom his- defined byé,, 6,, andS. The four-step sequences given in
togram contains only counts due a@ocidentalcoincidences. Tables Il and Il result in four equations which were used to
The intensity scale is the same for both histograms. The&olve for the analyzing powei$ 11, Tyg, andT,,in EQ. (1).
curve is the point-geometry kinematic locus for the breakuprhe tensor analyzing powdr,; was not measured because
reaction and is generally referred to as $eurve. As shown of our choices of3 and y.

in Fig. 2, theS value is defined to be zero at the minimum

energy of particle one, and the value $fincreases as one IIl. THEORY

moves clockwise along the kinematic locus. The data are

smeared about the S curve due the energy and angular spreadBefore realistic 3l calculations were available, nucleon-
in our experimental setup. The angular acceptances were digeuteron Nd) vertices in impulse-approximatidipA) calcu-
cussed above, and the energy spreads have been reportedations were evaluated using elastic scatterMd cross-
detail by Howellet al.[27]. The experimental energy spread Section data. That approach had two shortcomings. First, it
was dependent on the energy and type of the detected pdgnored the off-shell contributions to the QFS amplitudes.
ticle. The energy of the detected deuterons ranged from &his neglect has been shown to have important consequences
MeV down to the threshold of our detectors, about 2 MeV;on the calculated cross sectipB4]. Second, and more im-
the respective mean energy spreads ranged from 45 to g§®rtantly, usingNd data inherently does not include the in-
keV. The mean energy spread in the detected protons in tHerference between poles. In our calculations, reliable repre-
same energy range was slightly less, 30 to 50 keV. Thesgentations of the N subsystems are achieved by using
energy spreads include the 20 keV intrinsic energy resolutioseparableNN interactions to exactly compute tidd verti-

of the silicon detectors. The energy of each detected neutrotes. Only neutron-deuterond) amplitudes are used, and no
was determined from the the neutron time-of-fligftOF).  attempt is made to include the Coulomb-force effects.
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of the two deuterons in the initial state and the two nucleons
i = L + \,(4 L in the final state. Denoting theN8t matrix asZ, one may

write the breakup amplitud€ using the kinematics notation
of Fig. 3(c) together with the appropriate magnetic quantum

numbers for all the particles involved:

Z'Z _ E T=(15"K}; 2ulk} ;2 upky| T(E)|18:k;18,— k)

X 8(k1+ky+kg)
;Z: I+E+ﬂ =T+ T,, 2

1
T,= \/—[<15' 2U21Q1|Z(81)|Q1 :1522U>

(@)

ka5 u, -k; 8 F. % % > ! !
o — o XXd Qs ; '

_ 130 e J/:‘ K2 -Kiu o S+ k) + k) u sz m 81

o R A ) r 1 u.-o’ - 1
+(158' Lu};Q|Z(21)|Qy ;15,2 u)
)
3 5 \(s I1\1
FIG. 3. Graphical representations of the effective two-body Xl A1} u u/\s, m/él ®

1

equations for{a) the full d+d—d+ p+n three-body breakup am-
plitude; (b) the 2+2—2+2 and 2+2—1+3 amplitudes; andc)

the lowest order diagram in the Born series expansion of the _ P~ ¥, 1
breakup amplitude and kinematic parameters used to describe the T2_E{ (16" 3 U11Q2|Z(82)|Q2 ;1613 u)

system.
1 1\/s I\1
Charge independence is imposed in all states of Nin X Xd q;;( z 2 )( )
forces. u uy/\s; m/s,
Since d+d—d+p+n cross-section data suggest that
dN QFS is the dominant feature of the reaction, we develop, +(18" 3u1;Q5/Z(£2)[Q, ;1617 U)

in the spirit of the impulse approximation, a model which is .
the coherent sum of four termdn anddp QFS scattering ~|z 2 |(S )1 4
with one nucleon in either the target or the projectile behav- 92 - u uy/ls; m/é, ' @
ing as a spectator. In effect, it may be easily shown that these

four terms correspond to the lowest order diagrams in thevhere y is the deuteron wave function and

Born series expansion of thet matrix for the

X Xd

d+d—n+p+d reaction. In the framework of the AGS Q/=—3%k/—Kj, (5)
equationg 2], the breakup amplitude shown in FigaBmay

be written as the sum of two terms involving both the Q =—5k/ ¥k, (6)
2+2—2+2 and 2+2—1+3 half-shell amplitudes, which

may be obtained from the solution of the set of coupled qii:ki'i%k, (7)
integral equations shown diagramatically in Figb)3 Al-

though these diagrams result from the quasiparticle represen- e;=E— $k/2, ®)

tation of all subsystem amplitudes in the original AGS equa-
tion, they remain general enough to provide physical insight

2_
into four-particle dynamics. If one takes the lowest order E+264—k*=0, ©)
diagram in the Born series expansion of the integral equation '2
shown diagramatically in Fig.(B), the 2+2—2+2 ampli- Ete—k2—K.2— kizo (10)
tudes become zero and the-2—1+3 amplitudes consist d ™ 2 2 ’

solely of the one-nucleon exchange term. Once this approxi-

mation is carried out in the equation for the breakup ampliin units of i=myc®=1, wheremy is the mass of the
tude, shown in Fig. @), one gets the lowest order diagram nucleon. In the above equations and in Fig. 3, theand

for the breakup amplitude shown in Fig(cR Inside the 9, represent the magnetic spin projections of the two deuter-
dashed rectangle in Fig(® one may identify the Bl scat-  ONs in the incident channel and tl# is the magnetic spin
tering amplitude for #2—1+2 embedded in four-particle Projection of the exit-channel deuteron. The magnetic spin
space through an energy shift that equals the kinetic energyrojections of the transfered nucleon and the ejected nucle-
of the spectator nucleon relative to the center of mass of thens areu, u;, andu,, respectively. All momenta are com-
underlying N subsystem. The symmetrization of the dia- puted in thed+d c.m. reference frame. The momenta of the
gram in Fig. 3c) results in four terms due to the interchangeincident and ejected deuterons are representekl &ydk/,
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and the momenta of the emitted nucleons are denoted hylitudes at the leading term will be explored using our rela-
ki andkj. In all calculations, we use a momentum-spacetive cross-section and analyzing-power data, and the influ-
Hulthen deuteron wave function with a smooth radial cutoffence of eachNd vertex on cross sections and analyzing
[15]. The parameters of the wave function were45 MeV/  powers will be investigated. Predictions of our model are
c, B=237.18 MeVt, and the radial cutoff parameter shown in Figs. 4 and 5 in comparison to our relative cross-
B’ =84.69 MeVE. Since theD-state component of the deu- section data. The data and calculations are plotted as a func-
teron wave function is small, less than 7% probability, onlytion of S, the distance along the kinematical locus as defined
the S state was considered to S|mp||fy the angu|ar momenjn Flg 2 and described in the eXperimental section of this
tum couplings. paper. Ourdn data at @4=+17.0°, ,=—17.0°) and
Assuming that deuteron “one” is the projectile, thdp ~ (6a=+17.0°, #,=—34.5°) are not shown, since they are
andT, in Eq. (2) correspond to projectile and target breakup,@lmost identical to thelp coincidence data. At each particle
respectively. Given the on-shell relation, th&l 3 matrix ~ angle pair, the calculated cross section is normalized to fit
Z(€) (i=1,2) is on-shell on the left side and off-shell on the the peak value of the QFS enhancement. As shown in Egs.

right side in Eqs(3) and (4). Using Egs.(5)—(9) one gets (2—(4), the AN t matrix is determined from the deuteron
wave function and the off-shelid t matrix. The breakup

gi=E— 4k/?=—¢€4+3Q/? (11)  cross section is computed as the square of tNebdeakup

amplitudes, Eq(13), and a phase-space factor. The solid

while curves shown in Figs. 4 and 5 are IA calculations using the
complete expression for theNdt matrix in Eq. (2). The

g% —€egt+ 5 (Q7)2 (120  dashed curves were produced by switching off the interfer-

ence between the two complex amplitudes derived figm
The tensor observableg, are computed using theN andT, that make up the M breakup amplitude. The dotted

amplitudes in Eq(2): curves are calculations made wilh (projectile breakupt
matrix) set to zero. Because our model only includes the
TigTHT T =Tr{T T 7} (13)  leading term of the full M t matrix, its description of

d-+d breakup observables is expected to be best in a narrow
kinematic region aroundN QFS. For this reason, we limit

_ t 19 s
- 51252 (16,18, T'T|161165) our discussions of the comparisons of data and calculations

o to the 4-MeV region on th& curve centered at the peak of
12 the QFS enhancement. For tHé&l coincidences, our model
x(lﬁil&élrkquﬁllaz) (14 predicts almost equal contributions from the target and pro-

jectile breakup terms at &4=+10.0°,0,=—10.0°),
1o (04=+17.0°, 6,=—17.0°), (4= +19.4°, 6,=—19.4°),
= 2, 2 (161168,|T"3 ug 3 u18") and (9= +34.5°, 6,=—17.0°). According to the model
91091 UyUpd’ predictions, the target breakup process is dominant at
(64=+10.0°, ,=—41.0°), (94=+17.0°, 6,= —34.5°),
and (04= +19.4°, 6,=—28.9°). In the case of thpn co-
incidences, the cross section is dominated by projectile
whereC is a Clebsch-Gordan Coefficient afigs V2k+1.  breakup. The model gives the best descriptions of the cross-
Equation(13) is expanded and evaluated in the Appendix. Section data at angles where the contributions from both
The kinematic variables were evaluated in even step§reakup processes are substantial, affirming the importance
along theS curve, and for each value of; and ¢,, the of the interference betweeh, andT,. It is somewhat sur-
half-shellt matrices forn+d—n-d scattering were rigor- prising that in the case of tr#N coincidences at angles that
ously calculated using a rank one Yamaguchi separsile were chosen to be dominated by one QFS process, the model
potential for the channels'S,, 3S,—°D,, P,, 3Py, 3Py, describes the cross section rather poorly. This is true in par-
and °P,. In each partial wave, the parameters of thal  ticular for the angle pairs of f4=+19.4°, 6,=—28.9°)
potential were fitted to low-energMN data such as phase and (f3=+17.0°, 6,=—34.5°), where the target breakup
shifts, scattering lengths, effective ranges, the deuteron bind¥rocess contributes more than 80% to the cross section. The
ing energy, and the deuteron quadrupole moment. &gr  reason for this behavior is unclear.
and %S, — 3D, force components, we use the parameters of Our vectoriT;; and tensoiT,, and T, analyzing-power
Phillips [35], which correspond to 5.5%-state in the deu- data are shown in Figs. 6—15 in comparison to our IA cal-
teron, and for the® forces, we use the parameters of Correlculations. The solid curves are predictions made witdNa
et al.[36]. force that includes théS,, 3S,—3D;, P;, 3Py, °P;, and
3P, partial waves. The dashed curves are predictions made
IV. RESULTS AND DISCUSSION without the 'P; and *P; NN forces. As expected from low-
energynd scattering[37], theiT,; is more sensitive to the
Because our model treats th&l 3ubsystems exactly with NN P interactions than the tensor analyzing powers. At all
well developedNN interactions, comparisons of our model dN coincidence angles, the addition NN P forces cause
calculations to experimental data give a measure of the corthe predictedT; to change sign from negative to positive.
tributions from the rescattering terms to the full4reakup  However, there are several angles wh&gg shows signifi-
amplitude. The consequences of truncating the fill@m-  cant sensitivity to theP forces. The inclusion oNN P

x(tuptupls|TlLsjLe,0k cie . (19
1q§1
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FIG. 4. Relative cross sections for tHe-d—d+ p+n reaction as a function of the arc lenddalong theE, vs Ey 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, and the error
bars represent only statistical uncertainties. The solid curve is the prediction of our IA model usii@) f6qthe 4N t matrix, the dotted
curve is made using only the target breakup t8iin Eq. (2), and the dashed curve is a calculation that uses Bp#nd T, but does not
include interference between the two terms. The full IA calculation was normalized to the maximum in the energy spectrum for each particle

angle pair.

forces in our model gives a very good description of thethe effects of the inclusion of NN P forces, since the model
iT,; data. The model withouNN P forces predicts the with and without NN P forces predicts almost identical
wrong sign ofiT,;. With NN P interactions included, the shapes of the breakup cross sectio@®nsidering the sim-

model gives a better description of tig, data.The study of
vector and tensor analyzing powers is crucial in determiningimpressive.
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an incident deuteron energy of 12.0 MeV. The arc lergjia mea-  64=+19.4° andf,=—19.4°.

sured along théy vs E, kinematic locus. The ejectile angles are
64=+10.0° andf,=—10.0°. The data are from the present ex-

After making a global survey, detailed comparisons be-

periment, and the error bars represent only statistical uncertaintiebween data and theory are made for each type of observable.

The solid curves are our IA calculations made with the following Th

e iT,, data are well described except at three angles:

NN force components:Sy, °S;—°Dy, *Py, *Po, °Py, and *Py. (4= +34.5°6,=—17.0°),  (f4=+10.0° 6,=—41.2°),

The dashed curves are the predictions without tRe and 3P; and (6,=+17.0°0,=—17.0°). The iTy; predictions

NN forces. for (64=+34.5°0,=—17.0°) are systematically more
positive than the datésee Fig. 9. As shown in Fig. 10,
the data for S less than 7 MeV at the angle pair
(64=+10.0°0,=—41.2°) have an average value of

0.08 9d=+17A00

—0.062+ 0.013 and differ by five standard deviations from

i By =-17.0° the calculations, which are essentially zero. The discrepancy
0-041 w at (4= +34.5°,,=—17.0°) may indicate deficiencies in
p 0. 00— T =
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FIG. 7. Analyzing powers fordN coincidences for the
d+d—d+p+n reaction at an incident energy of 12.0 MeV. The
particle angles aréy= +17.0° anddy= —17.0°. The data are from
the present measurements and the solid and open data points are for
dp and dn coincidences, respectively. The calculations are the

T22

S(MeV)

FIG. 9. The same as Fig. 6, except for particle angles

same as in Fig. 6 64=+34.5° andf,=—17.0°.
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the treatment of th® interactions in the model. In contrast, disprecancy aB=7 MeV is important because charge sym-
the disagreement between the calculations and data atetry requiresT,; to be equal to zero at this poif27].
(04=+10.0°,0,=—41.2°) for S<7 MeV is most likely The model gives a reasonably good description of our
caused by the truncation of the scattering series, difige  tensor analyzing-power data for tllN coincidences. The
shows little sensitivity totNN P interactions at this anglsee  importance of theNN tensor force in the tensor analyzing
Fig. 10 and because the model fails to predict the shape ofowers for thedN coincidences is evident by the nonzero
the cross-section data f& less than 7 MeV, see Fig(@. values predicted foiT,, and T,, when only thelS, and
Shown in Fig. 13, the two failures of the predictions at 3S,—3D, forces are used in the calculations. Thg, for
(6,=+17.0°, 6,=—17.0°) are that the calculated energy
dependence dfT 1, alongS does not match that of the data

. . . 0 =+17.0
and the predicted value off ;; at S=7 MeV is zero and 0.081 N
about 2.5 standard deviations lower than the data. The 0.04f .
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S(MeV) particle angles aré,= +17.0° andd,= —17.0°, and the arc length
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FIG. 11. The same as Fig. 7, except for particle anglesfrom the present measurements, and the calculations are the same as
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effect. At these same angle pairs, Ay, data are apprecia-

L 6 =+17.0°
0-08 P2l bly more negative than the model predictions, which are es-
_ oo sentially zero. The behavior gfin T,y and T,, shows the
= 0.00 limitations of our model and indicates the importance of
T 0. 0el higher order terms.
-0.08 :
P B |
V. CONCLUSIONS
0.10
o - i 33 In this paper, we report the most extensive set of measure-
N 0.00 pzmee==s S R S 1 ;~-——I, I =+ " 1
~ I f = 1‘!’? ments of vectoi T 1; and tensoiT ,o and T, analyzing pow-
.10l 1 ers and cross sections ever made for thed—d+p+n
r | reaction. Data for sixip, threedn, and thregpn angle pairs
008l — . for an incident deuteron energy of 12.0 MeV are compared
- to our IA model calculations. The main feature that distin-
0.04 . . . .
~ L . [ guishes our model from older IA calculations is our theoreti-
N 0.001— I f f T cally exact treatment of théld vertices. The spin observ-
-0.04 f % E ables for this reaction are comparable in magnitude to those
_0.0a| i for nd scattering, and we have demonstrated that they can be
s e s o 1011 iz measured to an accuracy better thaf.006 for a bin width
S(MeV) of 750 keV along thes curve.

Our model gives a good description of the shape of the
FIG. 14. The same as Fig. 13, except for particle anglescross-section data at all measured angle pairs except for
6p,=+17.0° andf,= —34.5°. those kinematic conditions when one pole dominates. The
iT,, data are quite well described with only three exceptions.
dN coincidences also show sensitivity to tReNN forces, The calculations differ by about five standard deviations
while the T,, has only a very modest dependence on thefrom the data for S<7 MeV at the angle pair
NN P forces. These results are consistent with observationggy= +10.0°,6,= —41.2°), the predictedT ,, is systemati-
in the Nd system, as is expected since our model uses gally more positive than the data aB4=+34.5°6,=
realistic description of the underlying\Bsystem. TheT,,  —17.0°), and for the angle pair 6f=+17.0°6,=
data for the three measurgah angle pairs are close to zero, —17.0°), the calculations are 2.5 standard deviations
as shown in Figs. 13-15. Zero values are intuitively ex-from the data aiS=7 MeV. The calculations are in good
pected since thesaep data are dominated by projectile agreement with theT,, data except at the angle pairs
breakup, which means that the effective incident particle is §9,=+ 17.0° 8= —34.5°) and 0= +19.0°0,=
polarized nucleon, and therefoligy should be zero. Note, —28.9°), which are the same angles where the
however, that our model predicts tfigy to be slightly nega- model fails to describe the cross-section shape. Our model
tive. Also note that the inclusion diiN P forces has an describes alll,, data quite well, except atf,= +17.0° 0,
=—34.5°) and ¢,=+19.0°,0,=—28.9°).

Given that our model contains the essential physics of the
0.08 . . . . .
leading terms in a full &l calculation, the combined analysis
_ e of cross sections and spin observables provides insight into
= 0.00 the interference between the QFS poles, the need to include
T 004l higher order scattering terms, and the sensitivity of the ob-
o 08l servables to the underlyifgN force. These data, when ana-
: ' : : ; : lyzed with full 4N calculations, could be important in the
s 10l resolution of theNd A, puzzle[37], since they are also sen-
. L . sitive to theNN 3P; forces.
& 0.00 i L e e s §§’%
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APPENDIX

At each particle angle pair, the relative cross-section and vector analyzing powers are computed at points along the
kinematic locus by evaluating E¢L3) in the main text. The inputs required to compute Be) are the half-shelhd t matrix,
kinematic quantities, angular momentum coupling coefficients and the deuteron wave function. The halésheihatrix
elements(133'L";Qi|Z(&/)|Q;" ;2L13) are generated with aN8 code that solves the Faddeev equations using separable
NN potentials. These elements are projected in the channel spin and orbital angular momentu® basi&,. The 4N
scattering amplitudes are calculated from tteehalf-shellt matrix elements using the following relation:

(133'0%Q/1Z(=)|Q 113 30)= 2 4w Yiu(Q) YL (Q)XCotin Coomn, (13 3'L7Qi1Z(2)]Q i3L13).
LML'M’
IMy

(A1)

The unprimed and primed symbols represent quantities before and afted geattering vertex. The kinematic variables are
defined as in the main text. THeandJ are, respectively, the relative orbital angular momentum between the neutron and
deuteron and the total angular momentum in ldesystem. TheM andM ; are their projections onto theaxis. The2, and

o are the channel spin and its projection in tHé¢ 8ystem. TheY, , andC are the spherical harmonics and Clebsch-Gordon
coefficients. Four terms result from the trace of the complex amplitlidi€s projectile breakupr ITl, target breaku ;Tz,

and two interference termEITz andTETl. Each term is evaluated using the equations that follow:

TiT1=3 ;T [(133'0";Q1|Z(1)|Q1 ;15 o) xa(ar) +(13 3" 0";Q1|Z(1) Q1 ;15 T o) xa(ay )]*

3o’

So
X[(133'0";Q1|1Z(81)|Q1 ;133 o) xq4(ai) +(13 3" 0"; Q1 Z(e1)|Q1 ;133 o) xa(ay )]

x3xk31 (—1)Y2EcME WSS L L ik1)W(11h kD). (A2)

agqo

The hat over a parameter is an abbreviation ifery2i + 1, wherei represents the hatted parameter. Wes a Racah
coefficient, and the is the deuteron wave function as in the main text.

TiT,=% EZU [(133'07;Q5Z(£2)|Q5 ;13 Sa)xqa(d3 ) +(13 2" 0"; Q4 Z(£2)|Q; ;13 S0) xa(dz)]*

S'a!

So
X[(133'0";Q4lZ(£2)Q3 ;133 o) xa(d3) +(13 2" 0"; Q3 Z(£2)| Q3 ;132 o) xa(d3 )]

xS IREW(S1S1;3k) CoE(— 1) 3712 (A3)

TiT,=4% 220 [(133'0";Q1/Z(£1)|Q] ;13 S o) xa(ay) + (133" 0”;Q1|Z(£1)|Q1 ;13 S o) xa(ar )1*
3o
20
e’
X[(1330";Q51Z(8,)|Q5 ;133 ) xa(az ) + (133 0';Q51Z(,)|Q5 ;135 o) xa(d3)]

x31kS3" E AZBZCZE)(_1)17272’,2771/27DXC2’A§ Ciggz CAKD W<%§%2’;1A)

ABCD o'ao! aqd
abcd
i Cc 3 S D X
XW(E33i1B)) 1 k 1095 A g a4
i B 3 C k B

The array within the large bracket denotes g *&ymbol. In all equations the variables, B, C, andD are constrained by
the usual triangular relations of angular momentum algebra.
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TT=3 3 3kSS1S AR Co A CABE kB 1)B-X-Xx W(iST1311A)
E’Z’ B%
S0
2/0_/
1B 1

XW(B3k1;13){ 1 X

1 1
7 A 3

NI

X[(133'0";Q5;1Z(£2)|Q5 ;153 2 o) xa(a3)

+(133'0";Q31Z(22)1Q2 13 20 xa(dz)1* (13307 Q1|Z(21)|Q7 ;153 o) xa(ay)

+(133"0";Q11Z(£1)|Q1 ;132 0) xa(a1)]- (AS5)
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