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T,, measurements for'H (a,y)3He and the P-wave component of the nucleon-nucleon force
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Measurements of 5 64,=90°) for 1H(&,)/)3He, in the energy ranggy(lab)=12.7-19.8 MeV, have been
compared with the results of new exact three-body Faddeev calculations using the Paris ardrBateon-
nucleon(NN) potentials. This comparison indicates a strong sensitivity ofth@bservable to thp-wave part
of theNN force. In particular, we find that th#; component of th@-wave interaction is the dominaRtwave
term affecting the value of ,y(6,,=90°) at these energies. This contrasts with the results of polafized
scattering studies where tRB, component has been found to dominate.

PACS numbsdis): 25.40.Lw, 21.30.Fe, 24.78s, 25.10+s

One of the ongoing topics of study in the field of nuclearcumulative effect of the&NN P waves was predicted to vary
physics has been the quest to understand three-body reactitom “negligible” (~20 MeV) to “very important” (~10
dynamics in terms of two-body nucleon-nucle@N) inter- ~ MeV) [1]. The results of the current work show that the
actions. Theé'H(d, y)®He reaction plays an important role in theoreticalT ,, energy dependence matches the experimental
this quest in that it provides a testing ground for the descripdata if and only if theP-wave part of theNN interaction is
tion of polarized, photonuclear observables. Recently, Fonincluded in the calculation, thus verifying the importance of
seca and Lehman have provided detailed results of &e NN P waves in theT,, observable. Furthermore, we
H(d,y)®*He Faddeev calculatiofl] which was performed show that th€P; component of theN P-wave force is the
using exact three-body dynamics in both the initial and finalstrongesNN P-wave component in thtH(d, y)®He T, cal-
states, and which used the Paris poteni®dl for the NN culation. This result is interesting to compare with the results
interaction. The focus was on the tensor analyzing poweof polarized nucleon-deuterofN-D) elastic scattering ex-
(TAP) polarized observables, which have been shg8irto  periments, which have also shown sensitivity to i P
arise due to the presence offastate in the ground state waves. The®P, component was identified as the dominant
wave function(the existence of th® state being a conse- part of theP-wave interaction in these studif5,6].
guence of the tensor component of til force). Upon com- All the T,4(6) data in the curren’tl—|(a,y)3He experiment
parison ?f the th;oretical results with the available TAP datgyere acquired at the Triangle Universities Nuclear Labora-
from the "H(d, y)"He reaction, it was found that téwave 4y (TUNL). The tensor polarized deuteron beam was pro-

part of theN_N forcelplaéeddfan gs;lje(fia!ly imﬁortant lrole gt vided by the TUNL Atomic Beam Polarized lon Sourcd
some energiesee also Ref4]). Calculations that neglecte which typically provided 70—80 % of the maximum theoreti-

theNN P-wave componengi.e., that used just the traditional cal value for the,, beam moment. After being polarized, the

_?:S(iljlgt;vaveNN componentswere unable to fit all of the beam was accelerated to the desired energy by a type FN
The air.‘n of the current work on thld!-l(a ¥)3He reaction Tandem Van de Graaff accelerator, and was then passed
’ e@rougw a 1 mil thick Kapton entrance foil into a target

has been to provide experimental data which could be us . :
to verify the relative importance of thN P waves in a chamber containing pure hydrogen gas. A diagram of the

previously unexplored energy region. In particular, we have@rget-detector geometry is shown in Fig{&] whereby the
measured the tensor analyzing povleg(6) at a laboratory ~deuteron beam is incident at the bottom of the figure. The
angle of 90° for center-of-target beam energies ofy-Tay spectra frontH(d,y)*He were obtained with an anti-
E4(lab)=19.8, 17.0, 15.0, and 12.7 MeV. New full three coincidence shielded 25.4 ¢&25.4 cm cylindrical Na(Tl)
body calculations have also been performed at these energiéétector which was surrounded with lithium carbonated par-
in order to allow a more precise comparison of theory andaffin to reduce neutron background. Lead collimators were
experiment. The energy range that we have chosen to stugyaced in front of the Nal detector in order to define agds

is significant in the sense that it spans a region where thtarget length of 10.8 cm.
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FIG. 2. The TAC spectrum which is created by a start signal
from the Nal(Tl) y-ray detector and a stop signal from the fast
R plastic scintillator(which detects théHe recoil3. The peak repre-
FIG. 1. The experimental setup for the curréH(d, y)*He ex-  sents true coincidences, while the flat background represents ran-
periment. Shown are the hydrogen gas target, thdNah-ray dom coincidences.
detector, the dipole bending magnet, and thie recoil box con-
taining the fast plastic scintillators for detecting tfe recoils. spectrum shown in Fig.(B). In order to obtain a yield from
k_this spectrum, we can sum the peak in the region enclosed by
the dashed lines. This region represents an energy spread
corresponding to two widths down and one width up from
gle peak centroid.
" The measurement of the tensor analyzing powsgf 6)
Jyas performed by allowing the polarized ion source to fast
a dipole bending magnet, and were subsequently detected gyin flip between two tensor pglarized deuteron spin states at
a fast plastic scintillator which was located approximately@ rate of 10 Hertz. The two spin states reflect, respectively, a

1.8 meters downstream of the target center. While the majo2?? @nd a 66% population of they; =0 substate. A Wien
ity of the exiting deuteron beam was collected in a tantalum
lined beam dump further downstream, a small fraction of the

In order to further reduce the neutron induced bac
ground, a®He recoil coincidence setup was used. In this
setup, the®He recoils from the*H(d, y)®He reaction were
allowed to pass out of the target chamber by means of a 0
mil Kapton exit foil. As shown in Fig. 1, théHe recoils were
then deflected out of the exiting deuteron beam by means

0 P T 7

deuteron beam halo wound up hitting the scintillator along | a) r 1};(d,:,)31'{e ' h
with the *He recoils. In order to veto out these unwanted 600 - | E4(1ab)=19.8 MeV _
events, a second scintillator was employed. Since the thick- w | S1ap=90° ;

ness of the first scintillator was set so as to completely stop ’5450 -

the ®He recoils but not the deuterons, the errant deuterons |
|

passed through the first scintillat@epositing some energy 8 300 i ]

there, and were then incident upon the second scintillator 150 F | .

(also depositing some energy therBy monitoring coinci- 3 | 1
Ho L i " 1 A 1 i ]

dences between the two scintillators, all unwanted events Y e 9 12 15 18 21

could be vetoed out, and thus a puige recoil spectrum

could be obtained. Energy (MeV)

A time to amplitude convertefTAC) was_used to effect 750 F 'b) T T Tt
the coincidence requirement between thgd, y)3He v ray 600 |- I | ]
and the recoiling®He nucleus. By starting the TAC with a " I | | ]
y-ray count in the N&ITl) detector, and stopping the TAC 7450 | =
with a *He recoil event in the front plastic scintillator, a r ! |
spectrum such as the one shown in Fig. 2 is obtaioeer 3300 r | I 7
the course of one experimental juBy selecting only those 150 - l | |
y rays which correspond tg rayPHe coincidenceéthe peak i
enclosed by the dashed lines in Fig, &e can obtain clean 0 bk L Lt
y-ray spectra such as the one shown in Figa).3The 8 9 12 15 18 21
H(d, y)*He peak in Fig. &) is clearly visible at 12 MeV, Energy (MeV)
while the discriminator threshold causes the dropoff seen at
about 9 MeV. They-ray spectrum shown in Fig.(8 can be FIG. 3. The TAC-gated energy spectrum for the(d, y)3He

further improved by subtracting out the random TAC coinci-reaction aE4(lab)=19.8 MeV andf,,=90° before(a) and after(b)
dences represented by the constant background in Fig. Rubtracting out the off-TAC peak background. Theay peak of
Once this is done, we obtain the final background subtractehterest is at 12 MeV, while the threshold cutoff is at 9 MeV.
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TABLE I. T, data for'H(d, y)3He. 0.10 S —

IH(d )SHe o Present work

E, (1ab) 0 (Iab) Tool6) Error i i x  Ret[ll]
Ey(lab)=19.8 MeV

19.8 MeV 90° —0.054 0.012 0.05 |- §

19.8 MeV 105° —0.044 0.012 I

17.0 MeV 90° —0.047 0.010 — h

15.0 MeV 90° ~0.038 0.008 S 0.00 ’ A

12.7 MeV 90° -0.023 0.006 S l

£~

-0.05

filter was used to align the spin symmetry axis along the HIHI I I HI&HII

}H f_‘

beam axis(8=0). The yield,Y(6), which results from the
'H(d, y)®He reaction initiated by polarized deuterons in spin —0.10
state 1(beam moment,g) is related to the unpolarized yield,
Yo(6), by [9] T T e 1m0 e

0 40 80 120 160
Y1(6) =Yo(O)[ 1+ taoT 2ol 6)]- (1) 6. (degrees)
And similarly for the polarized yieldr,(6) for spin state 2 .
(beam moment 5(): FIG. 4. CurrentH(d, y)®He results aE4(lab)=19.8 MeV, rep-
resented by the open data points, are shown along with the previ-
Yo(0)=Yo(O)[1+t5To(6)]. (2) ously acquired data of Vetterdit al. [11] (X's).
Combining the above two equations in order to eliminatedashed lingsor the BonnA NN potential [13,14] (dotted
Yo(6), we obtain line) in the EST expansiofil5]. The Coulomb interaction
between the two protons has been neglected. The neglect of
T 6) = Y1(6) —Y5(0) 3) the Coulomb interaction at these energiesll above the
2 Yo O)too— Y1 ()5 Coulomb barrieris justified based on experimental evidence

[16] showing thatp+ D andn+ D analyzing powers are not
Equation(3) is the expression used to tabulate Tg(6)  significantly different in this regime. The matrix elements are
values from the raw experimental yields. The beam momentgg|culated using the Siegert form of tBd operator(in the
ty andt;, were measured periodically by tuning the beamjong wavelength approximationwhile the lack ofMi1 tran-
down a separate beam line intd’ide(d,p)*He polarimeter sitions is expected to affecf,y(0) at extreme angles, the
[10]. Table I shows the final results of oll,(6) measure-  effect at more central anglésear 907 is thought to be neg-

ments for the'H(d,y)°He reaction. The error bars include Jigible [17]. The lack of transitions higher than dipaliee.,
contributions from both counting statistics and beam polar-

ization uncertaintiegbut the contributions of the latter are 0.06 —
negligible. The data thgt were takgn at 19.8 MeV are in. | Faddeev calcs. for 'H(d.y)°He
excellent agreement with the published results of Vetterli With NN P—waves (Paris)

et al[11]. This agreement is shown in Fig. 4, where #® ~ 008 T ihout NN Powaves (Paris) 1
are the previously acquired data points of Vettetlal. [11] - L . With NN P—waves (Bonn-A)

and the open circles are the two currently acquired data &y g
points atE4(lab)=19.8 MeV. ]
Figure 5 shows, by the open circles, the currently ac- =2
quired T,4(6) data atf,,=90° for all the center-of-target —-0.03
beam energies that we have measured. The point at 19.8«=
MeV is a weighted average of our poiff,,=90°) with two

L
of the Vetterli et al. points [11] which have corresponding g 0-06
laboratory angles of 86° and 94%*3). These angles are well L )
within the angular resolution of oUF,y(6) data point at 90° —0.09 - * Ref. [12].6,,=82"

O Present work

h ngular r lution of our | rw
[the angular resolution of our Ndll) detector was about Note: Ref.[11] data included in 19.8 MeV p{.

+10°]. Also shown in Fig. 5 is a previous,q(6) data point

at 6,,=82° that was published in the reference quateef. -0 e s
[12]). The value of theT,(6) at 6,,,=82° is not expected to
be appreciably different from thé,,,=90° value (see the Ed(lab)(MeV)

measured angular distribution in Fig).The three curves

shown in Fig. 5 are the theoretical results of new exact three g5 5 The T,y(6,=90° data that we have acquired in the
body calculations for thel';, observable aw,,=90°. The  cyrrent®H(d,y)3He experimentiopen data poinis shown along
theoretical results & (lab)=10.0 and 19.8 MeV have been ith a previously published data point B(lab)=10 MeV [12]
previously published1], but the other points are new. The (solid data point The solid and dashed lines are current theoretical
initial and final state wave functions in these calculations arealculations using the Parl$N potential, while the dotted line is a
derived using either the ParldN potential [2] (solid and  current theoretical calculation using the BoArNN potential.
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TABLE Il. Results of Faddeev calculations f&H(a,y)3He, atEy =8 MeV, done to identify the
dominantNN P-wave piece.

Calculation T50 (Bap=90°) A (rel. to calc. No. 3
1. NoNN P waves —0.0563

2.NN P waves in gnd. state only —0.0559

3. NN P waves in gnd. state & continuum —0.0455

4. (—-)+P, in int. rescatt. state —0.0497 —0.0042

5. (--)+3P, in int. rescatt. state —0.0359 0.0097

6. (—-)+°3P; in int. rescatt. state —0.0302 0.0153

7. (-)+3P, in int. rescatt. state —0.0432 0.0023

8. (---)+P1,%Py,2P, 3P, in int. rescatt. st. -0.0221 0.0235

E2 transition$ is not expected to affect the calculations in P waves in the continuum allows extra transitions which can
this energy regime. couple the intermediate rescattering state to tHis D state

The solid curve in Fig. 5 denotes a calculatiasing the via the E1 operator(irrespective of the presence diN P
ParisNN potentia) where theNN interaction is present in the waves in the ground stateThis occurs because thel op-
S, P, and D partial waves. In particular, the followinhN  erator(negative parity can couple the rescattering term in-
partial wave components are present in this calculafi§y):  volving a nucleon plus a correlated pair of particles with
35,—3Dy, Py, °Py, 3P;, and®P,. The dashed curve in Fig. 5 negative parity NN P-wave motion with the positive parity
represents a similar calculatigwith the ParisNN potentia) states in théHe D state. Thus, because the continubifi P
which, however, has neglected tN& Pwaves, and thus has waves allow extra transitions to tfiele D state, they should
only the 1§, and 2S,—°D; partial waves present in thdN  be expected to affect the TAP observables sucfigs The
interaction. The sensitivity of th&,4(90°) observable to the extent of this effect, as predicted by the exact three-body
NN P-wave interaction is clearly demonstrated by the diver-calculation using the Paris and Bodn NN potentials, ap-
gence of the two curves as one moves in energy away fromears to be verified by the available data.
E4(lab)~20 MeV. In comparing the two curves with the plot-  In order to identify the role and sensitivity of the various
ted data, it is immediately clear that the ful;wave inclu- NN P-wave components, new three-body calculations have
sive, calculation(solid line) gives much better agreement been performed aE4(lab)=8.0, 19.8, and 29.2 MeV. The
over the energy range presented. The dotted curve in Fig. Eesults of these calculations, fdkg at 6,,,=90°, are summa-
represents an exact calculation which includes the ddiie  rized in Tables II-1V. The first calculation presented in the
S P, andD partial waves as indicated above, but unlike thetables includes theNN interaction only in thelS, and
previous two sets of calculatiorithe solid and dashed lings  3S,—3D, partial waves(i.e., theNN P waves are neglected
uses the Bonx NN potential instead of the PardN poten-  The next calculation includes tiéN P waves in the ground
tial. It is apparent that the results obtained using the BAnn- state only. The third calculation includes tN& P waves in
NN potential are equivalent to the results obtained using th¢he ground and continuum states, but neglects their presence
ParisNN potential as far as our data are concerned. in the intermediate rescattering state. In the next four calcu-

As alluded to in Ref[1], the importance of thd&dN P lations, each one of the four possitMN P-wave compo-
waves in theT,, calculation may be understood qualitatively nents in the intermediate rescattering state is separately
in terms of the following argument. The TAP observables inturned on in order to gauge its relative strength. By this
'H(d, y)®He, as pointed out before, arise from the presencepproach, théS, and3s,—3D, half-shell rescattering ampli-
of aD state in the'He ground state. The presence of M tudes are always the same and remain unaffected by truncat-

TABLE lll. Results of Faddeev calculations féH(a,y)3He, atEg_ =19.8 MeV, done to identify the
dominantNN P-wave piece.

Calculation Too (6a5=90°) A (rel. to calc. No. 3
1. NoNN P waves —0.0441

2.NN P waves in gnd. state only —0.0434

3. NN P waves in gnd. state & continuum —0.0839

4. (—-)+P, in int. rescatt. state —0.0900 —0.0061

5. (—-)+3P, in int. rescatt. state —0.0711 0.0128

6. (—-)+3P; in int. rescatt. state —0.0575 0.0264

7. (—)+3P, in int. rescatt. state —0.0790 0.0049

8. (——)+1P; 2Py.,%P; %P, in int. rescatt. st. —0.0454 0.0385
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TABLE V. Results of Faddeev calculations f6H(a,y)3He, atEy =29 MeV, done to identify the
dominantNN P-wave piece.

Calculation Too (6a5=90°) A (rel. to calc. No. 3
1. NoNN P waves —0.0354

2.NN P waves in gnd. state only —0.0348

3. NN P waves in gnd. state & continuum —0.1004

4. (—-)+P, in int. rescatt. state —0.1047 —0.0043

5. (——)+3Pg in int. rescatt. state —0.0909 0.0095

6. (---)+3Pl in int. rescatt. state —0.0684 0.0320

7. (—)+3P, in int. rescatt. state —0.0938 0.0066

8. () +1P1 %P ,3P1 2P, in int. rescatt. st. —0.0577 0.0427

ing a given set of intermediate-wave states. Thé value  This result is interesting to compare with the results from
listed represents the changeTip, relative to the third calcu- polarizedN-D elastic scattering, where it has also been found
lation. that the observables are sensitive to K¢ P-wave interac-
The result of this theoretical analysis shows that at alkion. Examples of thi®-wave sensitivity can be found in the
three energies examined, théN Pwaves in the ground state comparison of Faddeev calculationsTg, measurements of
play no role in determining’,o(90%). The role of theNN P polarizedp-D elastic scattering5] and toA, measurements
waves in the continuum state seem to vary with energy. At polarizedn-D elastic scattering6]. In the n-D case, for
Eq(lab)=8 MeV, the continuumNN P waves play only a the A, observable, a series of Faddeev calculations using the
very small role. The primanNN P-wave strength at this  gonn potential were used to identify ti®, component as
energy comes from the intermediate rescattering state. ’%e most importanNN P-wave piece. It should be empha-

Eﬁgﬁb)g_ligoo)'wgv}“atzm:\l Eovv\ilae\\//eesr 'I,? tlzrr]r?s %?J':t't?]l;ltjrgt sized that the above arguments for the dominance offthe
9€ T2 9 Y- ’ component in*H(d, y)®He should not be expected to hold

this energy, thelN Pwaves in the intermediate rescattering for N-D elastic scattering due to the different selection rules

e e, e econ, 27 1 e 5. which are preser, clectomagneti s Srong 0ce op
9 9y erato). The electromagnetic operator at these energies is es-

out[see also Fig. 4 & 4(lab)=19.8 MeV]. At E (lab)=29.2 . o ; :
Me\[/ the NN ngavesdi(n trze intermedillte reggzattzaring StatepeC|aIIy sensitive to continuum dynamics due to the fact that

are still pulling T,(90%) in the opposite direction as tHeN only a limited number of multipolarities come into pléthe

P waves in the continuum state, but this time &l P E1 component dominatgsBecause of this, the role of par-

waves in the rescattering state are stronger, and thus theref“%"ar continuum partial waves is perhaps more easily stud-

a noticeable neNN P-wave strength at this energy. By ex-
amining the values ofA for the calculations done at each
energy, one clear conclusion can be drawn: e is the
dominant NN P-wave component in determining the
H(d, y)®He T,,(90° observable. After théP;, the 3P, is
next in importance.

The dominance of théP; component in the current cal-
B e camemme ol 20t o e s e dominant NN wave piece i deteming e
nate )gecausé it is Ff?lssociated with a Single? spin state Whicljlzo(0|ab=90°) observable in this energy regime. This result
cannot couple to théHe D state(L=2, S=3/2) via the E1 ontrasts with the conclusions fr_om polarizéD elastic
operator(because all of the spins in tfﬁ@state are aligned scattering measurements where it is found that*MeNN

e . partial wave contribution is the dominant piece.
Of the remaining®-wave components, we can make an esti-
mate as to which will dominate based on the value of the The authors would like to thank M. A. Godwin, C. M.
angular momentuntl) between the continuurR-wave NN Laymon, and J. C. Riley for help in data acquisition. The
pair (in the rescattering statand the third spectator nucleon. authors would also like to acknowledge the work of L. H.
Only for the®P; component are therle=0 contributions for ~ Kramer in designing the recoil-detection chamber that was
both theJ=1/2 andJ= 3/2 states of the continuufwhereJ  used. This work was supported in part by the U. S. DOE
is the total angular momentyniTherefore, at the low ener- Grant. No. DEFG05-91-ER40619. The work of A. C. F. was
gies wheres-wave scattering is strondefj(lab)<30 MeV], it  supported in part by INICT Grant No. 1004/93, and the work
is expected that théP, component would be the strongest of D. R. L. was partially supported by U. S. DOE Grants No.
contributor, which is what the detailed calculations bear outDE-FG05-86-ER40270 and No. DE-FG02-95ER40907.

In summary, the present results provide a measurement of
the energy dependence ®§4(6,,,=90°) in a previously un-
explored region. The new exact three-body calculations that
we have done predict that th€,q(6,,=90°) observable
should be strongly sensitive to ttN\N P-wave interaction in
this energy region, and this prediction is supported by the
data. Furthermore, we have identified iy component as
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