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Determination of the asymptotic D- to S-state ratio for He from the reaction 'H(d, y)3He
at Ed’|ab=80—0 keV

B. J. Rice and H. R. Weller
Department of Physics, Duke University, Durham, North Carolina 27708
and Triangle Universities Nuclear Laboratory, Duke Station, Durham, North Carolina 27708
(Received 21 May 1996

The tensor analyzing powel 5 ,.p=90°) has been measured to high precision for the reaction
lH(a,y)3He at E;=80—0 keV. Direct capture calculations of,y(90°) have been performed using
asymptotic forms for the bound statele wave function while varying the asymptofic to S-state ratioy. A
best-fit value fory was extracted and found to be0.0399+ 0.0091 55012 The model dependence of this
result is discussedS0556-281®7)00405-9

PACS numbdps): 21.45+v, 24.70+s, 25.40.Lw

Understanding the role of the tensor force in the nucleonHe ground state to be composed of a0, or S-state,
nucleon interaction is a central question of nuclear physicscomponent and ah=2, or D-state, component. Solving the
In the case of the three-nucleon system, one observable th@thralinger equation while including the Coulomb potential
probes the tensor force directly is the asympt®@iS ratio  gives radial portions of the proton-deuteron wave functions
7. Over the past decade, determination of this observable hdg the asymptotic  — <) limit of [5]
been the subject of a multitude of experimental and theoret-
ical investigations from which a consensus is gradually coa- cne WL+ 12(28r1)
lescing[1,2]. Various experimental techniques have been uti- u(r) — CeNy————. @
lized to extracty, each involving the measurement of tensor o
analyzing powers in polarized deuteron-induced reactions. In ) ) ) )
the work of Vetterliet al. [3], the value ofy was determined [N this expressioW_,, .1, is a Whittaker functiori5]. The
by measuring the tensor analyzing powley, for the radia- constantsk and B are the Coulomb para_lmeter and wave
tive capture reactioﬁH(&,y)3He atEy=19.8 MeV. In that number (corresponding to the-d separation energy re-

work the authors concluded that at such high deuteron ene?pel_cwgly'gvé’ S trr:eLzero-rarége lCOL:)|0mb asymptotic ncl)r—
gies a significant portion of the capture strength occurred irgna'lzatlon. L IS theL-wave ouiom asyf,“pt?t'c normai-
the innermost few fermis of the overlap integral betweeniZation constant. The asymptotic normalization constants
continuum and bound state wave functions, making the execho the internal dynamics of wave functions through overall
tracted result dependent upon the choice Sfe (bound normalization[5]. The asymptotid/S ratio 7 is defined to

state wave function. The purpose of the present work is toP€ CS/CS, and hence is a direct indication of the relative
report the results of a new determination gfusing the stren_gth of. theD-state comppnent of the bound state wave
radiative capture of polarized deuterons by protons at verjunction. Since théd state arises from noncentral forces,
low deuteron lab energie®0—0 keVj. We will address the prowdes_ mform_atlon about the tensor component of the
issue of model dependence at these energies in radiativclear interaction. _ _
capture-based determinations gfby quantifying, at least  The primary motivation for using asymptotic forms of the
roughly, such model dependencies. bound state wave functllo_ns is that in the limit of largéhe .

In this analysis we employ the direct capture mddéito ~ Wave _functlon is insensitive to the d_eta|I§ of the nuclear in-
describe radiative-capture reactions. In direct capture, thiéraction and, to a good approximation, is a well-known ex-
transition between an initial continuum state and a finaPonentially decreasing function of theed separatior(e.g., a
bound state is treated as a single-step process induced by tHéhittaker function for thep + d system. If most of the
electromagnetic interaction. The continuum state is repref€action strength occurs in the asymptotic region, i.e., the
sented by a distorted plane wave that describes two nonirXponential tail, then this approximation holds and an extrac-
teracting pointlike particles, the projectile and the target. Thdion of 7 can be viewed as reasonably model independent.
continuum wave function is generated by solving the SchroThe validity of this assumption for the present work is dis-
dinger equation using an optical model potentaid, alter- ~ cussed below. Furthermore, it has been sh¢@inthat the
natively, using solely the Coulomb potenfialn the present tensor analyzing powers are sensitive to the asymptotic re-
work both realistic wave functions based on Faddeev calcudion of the bound state wave function and in particular that
lations (see below and asymptotic wave functions are used T2o scales linearly withy.
to represent the bound state. With this in mind, we have measured the tensor analyzing

We now describe the form of the asymptotic wave func-power T ,q( 8,5=90°) for the reactioan(ﬂ,y)3He to high
tions for the bound state foiHe. This system is treated as a precision and compared this with calculations to determine
proton and a deuteron separated by a distanard having the best-fit value ofp. Results for thisT,; measurement
relative orbital angular momentuin. We may consider the represent the combination of data recently publigi@avith
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additional data obtained subsequent to that publication. This TABLE I. Optical model potential parameters from Gy4s)].
report represents a piece of a larger investigation into théhe imaginary surface term, subscripted witth,” is presented for
dynamics of light nuclei. The research program involvescompleteness. This term had a negligible effect upon the calculated
measurements of cross section, vector and tensor analyziig!ueé of » and was not included in any of the calculations whose
powers, andy-ray polarizations using proton- and deuteron-results are presented in this report. Well depths are in MeV and
induced radiative-capture reactions at beam energies belog9ths are in fermifm).

100 keV[8].

The present experiment was performed at Triangle Uni-/o 90.73 Wa 4.544
versities Nuclear LaboratoryTUNL). Polarized deuterons "o 1.153 fa 1.104
from an atomic-beam polarized ion souf&} were acceler- 2o 0.454 g 13
ated to 80 keV and directed through a Wien filter to orient
the spin quantization axis properly. The beam was thercouomb 13

stopped in an HO ice target, providing data for deuteron
energies from 80 to 0 keV in the lab frame. Outgoipgays . . : : L
were detected using two large HPGe detectors with efficien¢@/culations using solely Coulomb distortions is given be-
cies of 128 and 145 % relative to<® in. Nal crystals. En- low.) The calculations were performed for several choices of

ergy resolution for both HPGe detectors was 4.2 keV for 5_5bound state wave function detailed below. As discgssed
MeV y rays. above, both the&s- and D-state bound state wave functions

The beam polarization was measured frequently with ontain an overall asymptotic normalization. For each calcu-

low-energy deuteron polarimeter which used the reactio ;tlorr; orfiaTtéOﬁ?ﬁnir:ezfebgﬁ)w%vﬁﬁgotﬂest) C;gf:w msa?lme
2H(d,p)3H. The beam was incident on a deuterated titaniu pprop ’

. . . d WtaniuM; ation is calculated from th&-state normalization based on
foil target while the recoil protons were detected with silicon ; : G ~C
the choice fory according tonp=Cp/Cg.

surface-barrier detectors thick enough to stop the protons. It is important to mention that thexrac code can only be

Polarizations were _ calculated ~using previously We"_used to calculate the electric multipole radiation portion of
determined analyzing powerslO]. Polarization measure- L P por
radiative capture. Unfortunately, at these energies the

ments were also performed using a spin-filter polarimeter ; ) .
[11]. Deuteron polarizations were stable throughout the ac?oarlgns?:g:nn]tlrjlltlQroc!d\gicgamn?grte;:issomy? flthceo:,ci:ﬁjlﬁgﬁ_
quisitior_1 phase with typical values @f..=0.87 and an to the obsgerv.ed value df,, was remeved according to the
uncertainty of+0.04. o i 20 < s

Data were taken for two polarization statés) a state results of a fit to data from both théH(d, y)*He and
with (theoretical maximump,,=+1 and (2) a state with  2H(p,y)*He reactions for center of mass energies equivalent
(theoretical maximump,,= —1. The beam fast spin flipped to the present experiment. This fit ta(6)/Ay, Ay(6),
between states at a rate of 10 Hz in order to minimize sysT,o(#), andP,(6) (see Fig. 1 gave a result of 30.2 7.4 %
tematic error from time-dependent changes in the target. Thi¥!1 strength(doublet and quartgtand 69.8+ 2.6 % E1
expression fofl,, in a given detector in terms of the tensor strength, with ay?/ v=1.57. Higher multipoles were found

polarizationsp,,, and p,,- and countsnormalized to the to be negligible. TheM1-removed value ofl,o(90°) was

integrated chargeY, andY_ is[12] found to be—0.0742+0.0176. The best-fit process of deter-
Yi—Y_ 2.0
TZO: \/E . (2) ' H 3 Z 3
— (dy)'H 03[ - DATA H(p.1) He
Pzze Y- =Pz Y 15 Ed=ao?lo oV ~ TMEFIT |E,=40-0 keV
< g 02
Results from this experiment coupled with data from previ- &'  IMERIT < .
ous runs for measurin®,q [ 7] yield a final observed value of 05 > (d.y) DATA 0.1
T,(90°)= —0.1051+0.0108 where the error is primarily " (p) DATA
statistical in origin but also includes uncertainty in the beam  °° 5 3 6 % 120 150 180 %0 030 60 90 120 150 180
polarization. 8(deg) 8(deg)
The procedure used to extragtwas to calculatd ,, for 16 — ——
IH(d. v) 3 he incid b ; hil : h 06| *DATA | 'H(dy'He « DATA H(p.y)'He
(d,y) °He at the incident beam energies while varying the  TMEFIT [E,=80-0 keV] 12+ _ TMERIT |E,=80-0keV
choice of » until the calculated value of,, matched the - o0s ] _ i [
measured value. The calculation was performed by the * \ =08 i
radiative-capture progranDIRAC, which generates the 0.0 A 04 '
transition-matrix element§TME’s) connecting the con- : * f
tinuum and bound state wave functions by evaluating the 0 30 60 90 120 150 180 %0 530 60 ‘20 120 150 180
overlap integrals numerically. A second programss, gen- 8(deg) 8(deg)

erated the corresponding,, from these TME's using the

TME expansions of polarization observables described by FIG. 1. Results of a simultaneous TME fit to cross section,
Seyler and Wellef14]. The continuum wave functions used vector and tensor analyzing power, apday polarization data for
in this calculation were distorted plane waves generated ust(d, y)®He and?H(p, y)3He for E,=27—0 keV (with the ex-
ing the optical model potential of GuEs3] (see Table), but  ception ofy ray polarization data, which is fd ,=54—0 keV).
neglecting the imaginary surface ter® comparison with  The resultant fit gives 30.2%11 strength and g%/ v=1.57.
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TABLE Il. Extracted values ofy that result from varying ., in 1.00
a purely asymptoticHe wave function aE4=19.8 MeV[15] and
at E4q=80 keV (presenk. At the higher energyy changes by 0.01
for every change im of 0.5 fm. At 80 keV,n changes by roughly Winatched
0.001 for every 0.5 fm. oo
\Vmalched'3/2

S-state y's (1=-0.03})

n eyt (fM)

Eq (MeV) 1.0 1.5 2.0 25 3.0 4.0 050 -

(Probability)"®

19.8 (-0.012 -0.022 -0.032 -0.042(-0.052
0.080 -0.0353 -0.0379 -0.0402 -0.0428 i/ RN

mining » by means of calculations df,q is performed with
respect to thisvl 1-removed value of 5. 0990 5.0 10.0

The first bound state wave functions used to extract this .
best-fit » were the purely asymptoti@/Vhittaker function 010 L D-state y's (=-0.03)
forms introduced above. The parame@f was chosen to
match current experimental measuremeis while the pa- T Vnached
rametersk and 8 were calculated using the observed value T Viewteras
for the p-d separation energy. A limitation of this choice of Vinscnoc-az
wave function, however, is that these functions diverge at
p-d separation distance of zero and consequently overpredict
the contribution of the innermost few fermis to the capture
integral. To counter this overprediction we follow the proce-
dure employed by Vetterkt al. of introducing a cutoff dis-
tancer ., below which the wave function is simply truncated.
The best-fity results for various values af,, are listed in 0.00 .
Table 1. We see thaty changes only slightly 0.0 5.0 10.0
(~0.002-0.00Bfor each change of 1 ferngfm) in r, for r(fm)
the present reaction. Also listed in Table Il are results from
the analysis of Vetterlj3] at the much higher beam energy  FIG. 2. “Matched” wave functions consisting of a two-body
of 19.8 MeV. Those results show a dependency upgrthat  projection of a wave function produced by a three-body Faddeev
is ten times greater than for the low-energy calculationcalculation connected atr=3—-5 fm with the asymptotic
Clearly, at low energies; is only slightly sensitive to the (Whittaker function wave function forp + d. ¥naiches2/s @nd
internal dynamics of the bound state wave functions andmatches 32 Were constructed frommaicneaby simply multiplying
hence is only slightly model dependent. the inner region by 2/3 and 3/2, respectively.

To produce a final value fop we constructed &He wave
function ¢macneqwhich consists of the Whittaker asymptotic achieves the desired aim of creating wave functions with
form from 3 (4) fm outward for theS-state O-statg wave (ifferent probability distributionSymatcneq 2/3 iS representa-
function and a “realistic” wave function for zero to@) fm tjye of those wave functions with less strength in the internal
(see Fig. 2 The choice for the innermost @) fm was a  yegion and more in the exponential tail, while the opposite
wave functlon produced by Lehman in 1985] that is & case holds foruenes 3o RESUIING values ofy for the
two-body projection of a full three-body Faddeev Ca"’“'at'onmatchedg[/’s are given in Table III. The rough bounds on the

by Gibson and Lehma(i984 [17]. This wave function was 44| dependence due to large changes in the internal wave
chosen because it matches the experimental binding energYctions are theri 20012

. L9 - . Comparing these with the statis-
for thed + p system. TheS-state asymptotic normalization M-0.0019 paring

tical error on the extraction ofy from ¢maiches = 0.0091,
was choCs e2n to be the curren-tly acce_pted value from EXPEIje see that the uncertainty due to model dependence is less
ment (Cg)“=3.24[1]. Extracting» using ¢matches W€ 0b-

than the experimental uncertainty.

tained 7= —0.0399-0.0091. o _ One final issue which must be addressed is the choice of
Since any choice ofHe wave function is subject to con-

troversy, this result must be taken with a measure of caution. _

Consequently, we have made an effort to determine rough TABLE lll. Extracted » values for the various “matched”
limits on the model dependence of this extractionoby ~ Wave functions. The variation imy due to wave functions with
constructing two additional “matched” wave functiofsee significantly different p'robablllty dlstrlputlons is seen to be much
Fig. 2. For the first, we simply multiplied the “realistic’ SMaller than the experimental uncertainty.

region from ¢macheq Dy the arbitrary value of 2/3 and
matched it with the asymptotic form at about five fermis.

0.05

(Probability)"

¥ Ui

This wave function we denotgaches 2/3- IN the same man- ¢ .ichea /2 -0.0387= 0.0087
ner we produced a wavefuncti@hacheq 3/2 Where the “re- 4 iched -0.0399+ 0.0091
alistic” region was multiplied by the arbitrary value 3/2. . o423 -0.0418+ 0.0096

While the technique is admittedly simplistic, it nevertheless
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potential used to generate the continuum wave functionshave contructed a physically reasonable bound state wave
The extracted values af given above for the present work function. The final result of the best-fit process using this
all result from using the optical model potenti@eglecting  wave function wasy= —0.0399+ 0.0091,*8;8813. The uncer-

the imaginary surface tefnof Guss[13] described in Table  tainty = 0.0091 arises from the statistical error of tHd 1

|. To study »'s sensitivity to the choice of potential we per- removed T,, measurement. The second uncertainty repre-
formed additional calculations using solely the Coulomb po-sents rough upper and lower limits due to the model depen-
tential. The final extracted value far using ¢imaicned@nd jUst  dency of the choice of wave functions as described above.
the Coulomb potential was-0.0408+0.0093, or a differ- The present measurement agrees well with recent experi-
ence of —0.0009 from the result using the optical model mental and theoretical determinations »f Representative
potential. This result indicates that the scattering state wavgf recent experimental work, Ayeetal. [2], using a

not affected by the nuclear potential. Although the optical d 3He) reactions, found)= — 0.0386+ 0.0046+ 0.0012. On
potential used here does not contain a tensor interactiorﬁhé theoretical si('je Friaet al .[18] per-formed .fuII tr{ree—

three-body continuum Faddeev calculatiohé] have shown body Faddeev calculations including Coulomb effects using

that the tensor analyzing powers are insensitive to tenso&iverse models for the two- and three-boli forces and
force effects in the continuum. Note, however, that the tensof 4 = —0.0430+0.001. The present measurement agrees
force is included in the three-body Faddeev calculalin within error with both these resultGnd others—see the

used to generate the boufid andD-state wave fur!c_t|ons. summary in Ayeret al. [2]), and demonstrates the utility of
In summary, we have performed a high precision mea-

surement of the tensor analyzing povie(90°) for the re- nuclear physics at very low energies for probing important

- features of the nuclear interaction.
action *H(d,y)3He and extracted a best-fit value for the
asymptoticD/S ratio % using purely asymptoti¢Whittaker
functior) forms for the *He wave functions in a direct cap- The authors would like to thank M. A. Godwin, J.
ture calculation. We have shown this extracted valuejftm ~ Guillemette, M. Spraker, D. R. Tilley and E. A. Wulf for
be relatively insensitive to the internal dynamics of thetheir help in acquiring the high precision data for the final
choice of bound statéHe wave function at low beam ener- T,,(90°) measurement and G. C. Kiang, L. L. Kiang, C. M.
gies. We therefore conclude that the radiative-capturdaymon, and G. J. Schmid who helped with earlier incarna-
method for determination of at very low beam energies is tions of this experiment. This work was supported in part by
not subject to the strong model dependencies observed #te U.S. Department of Energy under Contract No. DEFGO5-
higher deuteron energies. To extract a final valuesjove  91-ER40619.
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