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Resonant and direct components in theéHe(d, p)*He reaction at low energies
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New experimental results for the cross section &g tensor analyzing power observables of the
3He(d, p)*He reaction at a scattering angle &£0° are presented fdE;=0.52,0.89, and 1.49 MeV, and all
linearly independent scattering amplitudes at this angle are calculated. A IRAon&trix + potential model is
used to fit these results and otffete(d, p)*He reaction data foE4< 1 MeV. This analysis indicates significant
direct process contributions to the reaction mechanism.
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I. INTRODUCTION cesses, and direct mechanisms from a potential model.
Nuclear reactions of interest in astrophysics often proceed Ve Start by describing the experimental setup and proce-

both by resonant and direct reaction mechanisms. To gdlures in Sec. Il. The data analysis and the calculation of the
couple these processes one should obtain as much informapPservables are also explained in Sec. II. In the third section

tion on reaction observables as possible. Polarization obsert2€ linearly independent scattering matrix amplitudes are cal-
ables are particularly important in this context. culated. Finally, we analyze these data together with the data

The 3He(d,p)*He reaction is dominated at deuteron ener-Of Geistet al.[1], with a hybridR-matrix + potential model.

gies below 1 MeV by a broad”zg+ Swave resonance in

SLi at E4=0.430 MeV. However, recent measuremefits Il. EXPERIMENT

have shown significant deviation from the expec&dave . . .
resonant behavior. These discrepancies may be due-to The experiment was performed in the 61-cm-diameter
contributions to the reaction mechanism arising from direcScaltering chamber at the Triangle Universities Nuclear
transfer processes or tails of distant resonances. Addition&@20ratory(TUNL) using the FN Tandem accelerator.

experimental information as well as appropriate models are

required to identify these processes and obtain information A. Ay, measurement

on the relative importance of direct and resonant mechanism. The A zi 9=0° d with
In this work new experimental results for the cross section € A,y analyzing power ab= V?S measured with a

and Ay, tensor analyzing power observables of thepOIarIZEd dputeron beam |nc'|dent 0 *‘.'ile gas cell target.

3He(d,p)*He reaction at a scattering angle @£0° are ob- The setup is shown schematically in Fig. 1.

tained. These results, together with recent measurements Plf The gas target was_2.54 cm (_jlameter ceI_I with _a,ﬁn?o
avar-foil cylindrical window. This cell was filled witiHe

the polarization-transfer observab{@ (0°) at the same en- gas and the pressu(g atm for runs aEy4=0.52 MeV and 2

ergies[2], allow the calculation of all the linearly indepen- gtm for runs atE4=0.89 and 1.49 MeY monitored to be
dent elements of the scattering matrixfat0°. Moreover the  constant during the experiment.

new tensor observable measured, being very sensitive to the The polarized deuteron beam was obtained from the
reaction process, provides an excellent tool to test a theorektomic beam polarized ion sour§@ at TUNL via a three
ical study of the mechanism of the reaction. polarization state method with fast state switchjBg Dur-
In previous analyses, direct processes have been found {gy the measurements the beam current on target ranged
exist in transfer reactions at sub-Coulomb ener@4], as  from 100 nA to 200 nA, depending on the energy.
for example in(p,a) reactions where the outgoing particles  Three silicon detectors were positioned inside the cham-
have energies significantly above the Coulomb barrier. Othefser, a central detectgtabeledC) at =0° and the others at
studies of the same reactif,6] at energies near low-energy 10° left(L), and right(R), from the 0° detector. Consecutive
resonances suggested the need for including direct processegns at the deuteron energies of interest were intercalated
This work describes a similar higQ value reaction, consti-  with runs atEg=4 MeV to determine the tensor beam polar-
tuting the first attempt for a systematic modeling of low- jzation p,,
energy nuclear reactions by including both resonant pro- The beam current was integrated from the gas cell and a
tantalum foil in front of the 0° detector. Calculations with
SRIM [9] were performed to obtain the beam energies corre-
*Electronic address: B.Braizinha@surrey.ac.uk sponding to the mean reaction energies at the center of the
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FIG. 1. Experimental setup used in tAg, measurement.
gas cell. This procedure was also used for the self-supported *He,p BEAM
targets described later in Sec. Il B.

For t.he de.termlination of the analy;ing p0m§y(9°), the FIG. 2. Experimental setup used in the cross section measure-
normalized yieldY' for a detector in théth polarization state  ,ont.
is determined by normalizing the number of reaction counts
collected in that detector and state to the charge collected. .
These yields also include a correction for dead time in the\i'iv\?eelre I‘ar?;iR(gggo_tg éq%le(;to%zdiggtr;lte?:ﬁfgt%r;iariiz%ec-
data acquisition system. A value of0 is used to represent y'B'tt h vy ; I_ 1'0 D_ i th : th
the unpolarized state. The analyzing power is calculated ugtg;rgt ble;mer Elazri' .aft'oa{s uerlrgg detgr;)'(r?eeé”?oegé stgbﬁen for
ing [1] 9 m polarizations w : .
both polarization states. The average of the magnitudes of

AL(0°) = Z(Y'c/Y?;— 1) 0 the two polarizations was 75%.
vy P, ’ The final values, given in Table |, are the averages of both
spin states.
where the subs_cnpf_t: de_notgs the ce_ntral detector, goidis B. Cross section measurement
the beam polarization in thieh polarized state.
The beam polarization was calculated from the 4 MeV  The cross section at=0° was measured in inverse kine-
runs using matics with a®He beam incident on a deuterated carbon
L0 Uil 0 target. The setup is shown schematically in Fig. 2.
P YUY+ YRIYR—2

) The self-supported deuterated carbon targets were pro-
2 A,(10°) ' duced using the plasma-assisted chemical vapor deposition

TABLE I. Values of measured,,, cross-section, anb({r at 0° and of calculated scattering amplitudes
(errors quoted include statistical errors only

Eq (MeV) A,(0°  o(0°)(mb/sp K§'(0°)a IM1]? (mb/sp  [M2[> (mb/sh ¢ (deg

0.52 0.47+0.02 54.9+0°7 -0.68+0.03 35.5+0.7 9.7+0.4 180.0+10.1
0.89 0.35+0.02 31.9+0.4 -0.67+0.05 18.1+0.4 6.9+0.2 162.9+9.7
1.49 0.32+0.03 18.8+0.4 0.62+0.05 10.3+0.3 4.3+0.2 151.7+11.3

aK{ values from Ref[2].
PValue obtained by polynomial interpolation.
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technique with deuterated methane gas. These targets have C. Uncertainties
been showri8] to be stable and to have a slow decrease of
deuterium thickness.

To normalize the results to thed elastic cross section,

To estimate the systematic errors introduced in the ana-
lyzing power measurement by the uncertainties in the reac-
. ! tion energies and gas leaking effects in the targetv [9

the ®He runs were intercalated with proton runs for the Sam%alculatio?]s were pgerformed gl'he systematic err?)rst,wilnt[\yg;e

va3|ue of the magneic field in thg analyzing magfmtEp values associated with the uncertainties in the reaction ener-
:_ZEd). The_ proton beam was optalned from the direct extractiag are 2.2%,2.1%, and 0.9% fdE,=0.52,0.89, and
tion negative ion source. Typical beam currents on targej 49 MeV, respectively. Furthermore, it was found that 5%
were 40 nA for the proton beam and 70 nA for tfide uncertainty in the gas pressure during a run corresponds to a

beam. . o 0.5% systematic error in the values Af, obtained in this
Three detectors were positioned inside the chamber, tW@xperiment. Also, the systematic error in the value of

fixed detectorgmonitorg at 45° and 55{detectors 2 and 3, Ay,(10°) obtained from Bittcheet al. [10] corresponds to a

resp_ec:[ively, an3d a central deteqtc@detectorol, positione(_j 0.5% systematic error in the values &f,. The systematic
at 9=0 for the *He beam a_md sliding to 3(.) whe.n uNNINg oyor associated with the angular acceptance introduced by
with the proton beam. In.thls way, one avoids rad|ap|on dam—the collimators was found to be negligitiiess than 0.1%
age of the detector dun.ng the proton runs and is able 0 Detector position, energy loss in the target, and beam mo-
avoid solid angle corrections. _ . tion effects were found to be the main sources of systematic
During the "He runs beam current Integration was per-,,cqrainties involved in the determination of the cross sec-
formed from the target and a tantalum foil in front of detec'tion. The errors in the detector angles were determined,
. o : nPnrough the peak positions, to be accurate within 0.25°.
the target and a Havar foil tha:t slid rigidly with the central Based on angular dependence ddtd0,11, the systematic
detector'and was located at 0°, o errors associated with the positions of the detectors were
The differential cross section at 0° for tfile(d, p)are- 5,04 to be 0.9% and 1.1% fE,=0.89 and 1.49 MeV,
action, a(0°), is determined using respectively. Based on a previous experimi@it the upper
limit to the systematic errors in the cross section values in-
o(0°) = %QN_fU (6.) 3) troduced by the uncertainties in the reaction energies is 2%.
AQ, Q' NR T Horizontal 3 mm beam motion effects were found to intro-
duce a 2.9% systematic uncertainty in the cross section value
whereQ’ and Q are the collected charges obtained duringat Eq=0.89 MeV. The systematic error in the cross section
3He runs and proton runs, respectively, ditiand NP are values associated with the angular acceptance introduced by
the dead-time-corrected integrals of the counts in ¢he the collimators was found to be negligible.
peak and proton elastic peak, respectively. The subscripts
denote the detectors, as shown in Fig. 2, amdefers to
the detector used fop-d elastic scattering. The elastic

p-d cross sectionge(6y,), is obtained from Kievsky11]. The observables measured in a reaction can always be
These calculations, which have been shown to have excetalculated from the scattering matrix. In some cases, when
lent agreement with experimental data in this energy rangéhe number of independent polarization observables is suffi-
[15,16], use correlated hyperspherical harmonics to calcucient, experimental data can be used to obtain information
late the continuum wave functiofi$2] corresponding to a about theT matrix amplitudes. Due to the spin structure of
realistic Hamiltonian consisting of the Argonne V18 two- the 3He(d, p)*He reaction%+1—>%+0, the scattering matrix
nucleon[13] and Urbana IX three-nucleon interactions T has 6x 2 complex elements. Conservation of parity re-
[14]. A Kohn variational principle is used to determine the gyces the number of different amplitudes to six. For 0° scat-
scattering matrix elements. Equatit8) is applied to con-  tering angle, no preferential transverse direction is defined,
secutive *He and proton runs, assuming that the targelso T must be invariant under rotations along tdeaxis
thickness does not change during these runs. ~ (Madison framg The scattering matrix is thus completely
 ForEq=1.49 MeV, one can use detector 1 fod elastic  getermined by two amplitudefL7]. These correspond to
yields; thusm=1, 6,,=30°, and the ratio of solid angles in three real numbers since one relative phase factor can be
Eqg. (3) vanishes. However, for the lower energy the scattere¢nosen arbitrarily: M1=|M1| and M2=|M2|é¢. Conse-
particles are absorbed by the foil in front of detector 1. Thequenﬂy, these amplitudes can be calculated from the three

ratio of solid anglesAQ,,/AQ, is then obtained from the . . ' )
proton runs aE,=1.68 MeV using Itliroura]alrjlé/irllgdependent observablt§§ Ay, and the cross sec

IIl. SCATTERING AMPLITUDES

AQm _ Ng.] 0'e|(30°) 0°
AQ; T N2 ol @ M= 2204 20,01, ®)

The angles in Eq9.3) and(4) are laboratory angles. s
The final values, given in Table |, are the average of the IM2J? = a(0 )[1 —A(0°)] (6)
values obtained from normalizing to different detectors. 3 o '
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The experimental results obtained in this work, together

with recent measuremeniig] for the K§'(O°) observable, de- £ g.01
fined as -

KY (0°) =

wherepg’) and p(zp) are the vector polarization of the deuteron
beam and outgoing proton, respectively, allow the determi-
nation of all the scattering matrix elements @&t0°. The
results are given in Table I. T

From theK§'(0°) measurements Fletchet al. [2] con- & 025
cluded that the reaction mechanism is dominated bygf'he

0.25

0.00

Swave resonance ifLi at E4=0.430 MeV with no sizable -0.50

nonresonant contributions at deuteron energies below . . . . . .

1 MeV. In fact, the results are consistent VYIth the predictions =975 30 60 20 120 150 _ 180
of a pure Swave resonant behavior d(z (Q"):—%. The 0 (degrees)

same model predict$T,;=0 and Ayy:—(1/\52)T20—\s“§T22 _ S _

=0.5. Although the measured result fdkyy(O") at Eq FIG. 3. Hybrid model angular distributions faf1; and Ty

measurements of Geiet al.[1] at two deuteron energies, 0.424 and

=0.52 MeV is consistent with that prediction, at higher en-
0.641 MeV.

ergies,E4=0.89 and 1.49 MeV, the discrepancy is of the

order of 30%, suggesting that the reaction mechanism is NG matrix model to include the next excited state, estate
purely resonant. This conclusion is also supportediTy at E,=2.62 MeV/[18], as anR-matrix pole. TheTy, andK{

ﬁgorogpa ?:]féng ggm‘zwmeaiiz:)enrgies?;tmw%?s ;ae:}cy[l]m‘br are still well described, but the predictions a1 4, although
E. <1 MeV. Th P it 1 Lthe i ; f tiyd1onzero, do not reproduce the data. This behavior indicates
d - eVv. These results reveal the Importance ol negativg,q strong sensitivity of this observable to other contributions
parity contributions in the entrance channel.
In order to calculate the remaining scattering amplitudesyechanisms, we develop a model that takes into consider-
necessary to describe tﬁble(dl, p)"He reaction observables ation the direct component of the reaction through a potential
at all angles, and to determine the relative importance ofiescription[20]. The scattering wave functions generated by
direct and resonant mechanisms, it is necessary to developtige potential are expanded in Bamatrix basig21] and can
model that extracts this information from the available ex-therefore be added to the resonant contribution to calculate

perimental data. the scattering amplitudes. In this model, teand 3 reso-
nant states are introduced throuBkmatrix poles, and the
IV. MODEL DESCRIPTION other negative parity contributions to the reaction mechanism

are obtained through a fitted potential. To improve the qual-

Due to the dominant effect of thf S-wave resonance at : .
¥ ity of the fits we also includé” and 2" background poles at

= 4 i
E4=0.430 MeV on théHe(d, p)*He reaction observables for E,=3 MeV.

Eq<1 MeV, our theoretical model should be tested in this With this hybrid R-matrix + potential model we are able to

energy range. Geigltt al. [1] obtained precise measurements . .
of vector and tensor analyzing powers, and of total and dif—descrlbe successfullf20] the vector and tensor analyzing

ferential cross sections at several energies in this range. I&Ogv?ﬂ:(’ dan;j“:'heerf;gh::?ﬂg'gg&?gg? cgns;ts;lct?n _I(_jr?éa for
our analysis we will use these measurements?iteed elas- P y - [1].

tic cross section datpl9], and the new measurements pre- rgsu]ts qbtamed dq=0.424 and 0.641 MeV for the_ angular
sented in this work. distributions ofiT,; andT,, observables are shown in Fig. 3.

Other data at lower energies exhibit similar agreement.

The dominant mechanism of the reaction is clearly reso- Th dicti £ thi del for th d q
nant and well described by &matrix procedure. However, € predictions ot this model for the energy dependence

positive vector analyzing power data are a clear signature df A,(0°), a(0°), andKj (0°), shown in Fig. 4, are also in
other competing processes, namely, those related to odd pgood agreement with the experimental data. The hybrid
tial waves. The simplesR-matrix fit, where only a3~ model results foK) (0°) are —0.69 and -0.68 for 0.52 and
Swave resonance is considered, predicts values for tens@.89 MeV, respectively, in excellent agreement with the
analyzing powers anﬁg/ in good agreement with much of Measurements of Ref2]. It is known[22] that if the reac-
the measured data. However, in such a simplified mifigl ~ tion proceeds by a direct mechanism and only $tate of

is zero, as shown in Fig. 3, in clear disagreement with meathe deuteron is considereld§ (0°)= +§. The inclusion of the
surements of Geiset al. [1]. We therefore expand the deuteronD state lowers this result, but it will still be posi-
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80 — - - - rect mechanism sets a limit on the amount of mixing.

- 60l :ﬁﬂtsc‘h?,ﬂ; al. i This analysis indicates that direct process contributions to

- 4 This work the reaction mechanism should not be neglected as they com-

E ap pete with the resonant mechanism throymand f waves in

S 20} the entrance channgk0], accounting for up to 15% of the

© . .

0 . . . . total cross section in the energy range below 1 MeV.
0.60 1 I V. CONCLUSIONS
§§ 050 - * i Measurements of,,(0°) and o(0°) of the SHe(d,p)*He
< 040t z reaction were taken at4=0.52,0.89, and 1.49 MeV,
complementing the existing§'(0°) data at those energies.
0.30 : : : : These measurements allow, for the first time, the determina-
-0.55 ] tion of all linearly independent scattering matrix elements at
= -0.60 [ 1 0°.

;? -0.65 | \+\_J_ - These and previous resultsBf<1 MeV were described
—0.70 [ ] using a hybrid model that accounts for both resonant and
075 ) ) ) ) direct mechanisms by combinirigmatrix poles and a po-

0 200 400 600 800 1000 tential description. We conclude that a consistent description
E, (keV) of the different polarization observables, vector and tensor

analyzing powers, and spin transfer coefficients can be
FIG. 4. Hybrid model results for the energy dependence ofachieved by assuming that the reaction proceeds by a mixed
A,(0°), a(0°), andK§’(O°). mechanism where the dominant resonant component com-
petes with a non-negligible direct component.
tive. This feature is clearly seen in the data shown in Raf.
in the energy region where the direct process dominates. The ACKNOWLEDGMENTS
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