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Matrix Elements for Low-Energy p-d Radiative Capture
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Measurements of polarization observables are presented fgs-theadiative capture reaction. A
new analysis technique, based on Watson’s theorem, is used to extract the reaction matrix elements.
The new method allows one to fix the phases of the matrix elements by incorporating information from
the elastic scattering channel. [S0031-9007(99)09297-2]

PACS numbers: 25.10.+s, 21.30.Cb, 25.20.—x, 25.40.Lw

The radiative capture reactign + 4 — 3He + y has In the present context the fitting parameters in the
been the focus of many experimental and theoretical stugsartial-wave analysis are the reaction matrix elements,
ies over the past 20 years, and during this time experiand the main difficulty of carrying out the analysis for
ments with polarized protons and deuterons have come tp-d capture is that the number of independent matrix
be fairly common. Initially, the interest in polarization elements is large. It is known from previous work
experiments arose in part from the observation that thésee, for example, Ref. [10]) that for energies of a few
“tensor analyzing powers” fogp-d capture are sensitive to MeV the reaction is dominated bg1 transitions, with
D-state components in tAéle wave function [L-4]. Ad- small but important contributions from both/1 and
ditionally, it was known that measurements of the protonE2. Because the spin structure of thed system is
analyzing power and the deuteron vector analyzing powemoderately complex the number of parameters is fairly
are sensitive ta/1 transitions [5,6] which can be influ- large, with 5E1, 5M1, and 6E2 matrix elements. Since
enced by meson exchange processes and non-nucleotie matrix elements are, in general, complex, the number
degrees of freedom. of free parameters in a conventional analysis would be

Recently, the focus of the work in this field has ex- quite large.
panded somewhat as theorists continue to make progresslt has been pointed out recently [11] that the number
in developing techniques for performing exact quantunof undetermined parameters in a matrix element analysis
calculations in few-body systems. Within just the last fewcan be reduced by essentially a factor of 2 in situations
years we have seen publication of the first calculations [7yvhere radiative capture is the only open reaction channel.
of p-d radiative capture which incorporate both realis-When this condition is met, it is possible to choose a
tic NN interactions and a correct treatment of Coulombrepresentation in which the capture matrix elements are
forces. In view of this new capability, one may now required to be real as a consequence of time reversal
view p-d capture experiments as a means for testing, in énvariance. The phase information needed to construct
more general way, our understanding of the spin structhe reaction amplitudes is then obtained from a separate
ture of theA = 3 system and of the fundamentAlN  phase shift analysis of elastic scattering data obtained
interaction. at the same c.m. energy. This technique, which is a

The purpose of this Letter is to present a new set obtraightforward extension of Watson's theorem [8], is
measurements fgp-d radiative capture at an energy just described in detail in Ref. [L1]. This new insight now
below the deuteron breakup threshokl,, = 2 MeV. makes it possible for the first time to carry out a thorough
We also describe a new method for the analysis ofind extensive matrix element analysis @fd radiative
subthreshold capture data, which is based on Watsonsapture at energies below the deuteron breakup threshold.
theorem [8]. This new technique has made it possible New measurements of the relative differential cross
to carry out a partial-wave analysis of the data which issection, the proton analyzing powed,{, the deuteron
significantly more extensive in scope than any previousvector analyzing poweri{;), and the three deuteron
analysis of this kind fop-d capture. tensor analyzing powersT{y, T,>;, and T»,) have been

The value of a partial-wave analysis should be readilyobtained atE., = 2 MeV. The measurements were
apparent. In this kind of analysis one determines (by fit-carried out at the University of Wisconsin Nuclear Physics
ting data) a set of parameters which specify the contribukaboratory using a tandem electrostatic accelerator and
tions to the reaction amplitude from the individual angulara crossed-beam polarized ion source [12]. The targets
momentum states. In general, a partial-wave analysis pr@onsisted of pure hydrogen or deuterium gas contained in
vides insight about the details of the reaction process (see, cell 4.13 cm in length and closed at the beam entrance
for example, Ref. [9]), and, in addition, makes it possibleand exit with thin Ni foils (typically 1-2um). The gas
to compare theory and experiment at a more fundamentakell was made of copper with a wall thickness of 0.8 mm
level. to minimize y-ray attenuation.
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The measurements of, and ;,L;; were made with From the measurements af andi7;; one concludes
3 MeV polarized and unpolarized proton beams, respedhati 1 radiation is also present. Interference betw&tn
tively. The outgoingy rays were detected in26 cm X  andE1 amplitudes will produce nonzero vector analyzing
25 cm Nal detector. Background subtraction was accompowers with product% X A, andj—g X iTy; varying as
plished by alternating between runs with deuterium gasing, and this is essentially what we see in the data.
and ordinary hydrogen gas in the cell. With hydrogen Finally, the measurements @%, and 7», indicate the
there are no capture reactions, but the energy loss argtesence ofE1 capture from states with channel spin
muItipIe scattering effects of the deuterium gas are Sti”s = % The tensor analyzing powers must be zero if
approximately duplicated. Measurements were obtaineghere are na = % contributions and the observed angular

at 9 c.m. angles ranging fro@5° to 155°. _ dependences are of the form expected for interference
For the measurements of the deuteron analyzing powefsstween doublek1 and quarte1.

we used a 6 MeV polarized deuteron beam and a hydro- \ye now move on to the quantitative matrix element

gen gas target. With the more energetic deuteron beagy,|ysis of the measurements. As noted earlier, the analy-
the backgrounds are greatly increased, and as a resultefy \ye will present here makes use of elastic scattering
more elaborate experimental arrangement was requireiaig a5 well as the radiative capture data. As described in
For these measurements the background was eliminatgght 111], what one requires from the elastic channel is the
by detecting the recolHe nuclei in coincidence with the - g|asticS-matrix in the low angular momentum states. For

y rays. Because thg-ray momentum is small, th#le  oacp ;7 of interest, there are either two or three angular

nuclei are emitted into a narrow forward cone. THe's  nomentum states that may mix in the elastic scattering.

were separated from the primary beam with a simplg=on Ref. [13] we know that the off-diagondl matrix
dipole magnet. The magnetic field strength was adjusted|cments are small in magnitude (typically 0.1 or less),

to deflect t?e Eﬁam by0°, and the corresponding deflec- 1 neyertheless of significant importance. As we shall
tion of the’He™ ™ ions was about0°. The momentum — see pelow, the mixing of the angular momentum states
analyzedHe’s were detected in an array of silicon mi- 555 piays an important role in the capture reaction.
crostrip detectors located roughly at the focal point of £ e[astic scattering with no open reaction channels the
the magnet. The microstrip detectors, which were abou 5trix is unitary and symmetric, and it follows thsit

120 cm from the target, covered an area 8 cm high by, pe giagonalized by a matrix transformation. More
14 cm along the focal plane. For this experiment we ob- pecifically,S may be written in the form
Yy

tained measurements at the 9 c.m. angles simultaneous?
by using an array of 7.5 cm diameter Nal and BGO detec- S = utSou, 1)

tors. The use of multiple small detectors was possible for

this measurement since thde energy together with the where the mixing matrix is both real and orthonormal and
timing information from théHe-y coincidence was suffi- WhereSo is diagonal and unitary. For three-state mixing

cient to identify the capture events, making it unnecessary/® have

to collect the fully-ray energy. e2id 0 0
The new measurements are given in Fig. 1. The er- So = 0 %2 0 j|

ror bars shown in Fig. 1 include statistical uncertainties 0 0 %%

and also an estimate of the uncertainty associated with _ _

background subtraction. The overall scale of the differ-The phase shiftsj,, that appear in Eq. (2) are real

ential cross section measurements has been chosen to cBarameters, commonly referred to as the eigen-phase-

respond to a total reaction cross section of #ts The  Shifts. o .

full experimental details will be presented in a future In Ref. [11] it is shown that the matrix elements of the

publication. multipole operators will be real provided that one chooses
Using only the general features of these measurement§€ proper scattering wave functions. Specifically, the

it is possible to draw a number of qualitative conclusionsvave functions we use are the “eigenstates of Shea-

about they-ray multipolarities which contribute to the trix" [14], and the resulting matrix elements are referred

reaction. First of all, we note that for pul capture t0 as the eigenchannel matrix elements.

the cross section must be of the for@y + C,cogd. The eigenchannel matrix elemenf’,, are related to

On theoretical grounds one expects the reaction to b#€ conventional matrix elementg,, in a simple way.

dominated byEl capture from the?P,, and %P3/ The conventional matrix elements correspond to scattering

scattering states, and if the matrix elements for the twtates in which the ingoing wave is a pure angular
states are equal one obtaié% — Csirt6. While the n120mentum eigenstate (i.e., an eigenstate .of ligtand
measured cross sections are roughly of this form, somé ). In contrast, the eigenstates of thiematrix have the
asymmetry abouf0° is clearly seen in the data. This asymptotic form

asymmetry is of the form expected fBi-E2 interference CN Ly, —iba in 4,208, out 3

and therefore it is clear th@? transitions play a role. s jm) — e %MQB[XB exgtl @)

(2)
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Wherexiﬁ“ and yz  are ingoing and outgoing waves for required, but reasonable fits can be obtained if either the
angular momentum stat@. The relation between the 251/2 or the 2D3/2 matrix element is included. For this

matrix elements is [11] reason we shall present results for two matrix element fits,
B /5 one with?Ds, constrained to be zero and the second with
Rp = Z Uape ™ Po. (4) 251/2 constrained to zero.
a

The two fits are shown in Fig. 1, and the correspond-
ing matrix element parameters are given in Table I. Both
Bf these fits reproduce the measurements reasonably well,
with reduced chi squares of 1.12 and 1.28. It may be
oted that the fits to th&,, data are not very good; in
act, nearly half of the total chi square is frdfg,.

In our matrix element analysis the real quantitiBs
are treated as free parameters, while the mixing matri
elementsy, g, and the eigenphasés, are taken from the
elastic phase shift analysis.

To carry out the analysis we make use of the elastic sca

tering results from Ref. [13]. This paper presents elastic One of the interesting features of the present analysis

scattering data Eem. =2 MeV and also a phase shift is that one obtains information about the effect that
analysis of the elastic measurements. We use these expe

) . 5‘ﬁgu|ar momentum mixing in the elastic channel has
mentally. determ'med phase shift parameters to Construgy, e capture observables. This effect can be seen by
the elasticS-matrix. In Table | we list the resulting eigen-

h f h of the rel i I i tat comparing the eigenchannel matrix elements with the
phases for each ofthe refevant angular momentum stal€gy, , entional matrix elements. This comparison is shown
With the elasticS-matrix elements in hand we now pro- Table | for one of the two fits. Notice that for the

ceed to the analysis of the capture data. In this analysis, .. . . : ,

one could choose to treat all of tiid, M1, andE2 matrix ?najorlty of the matrix elements (the dominaft’s and
elements as freely variable parameters, but as it turns out,

this is not the best approach. In particular, effects of the

E2 transitions are essentially seen only in the shape of thE@ABLE I. Matrix element parameters and eigenphase shifts
differential cross section, and since there areExma-  for p-d radiative capture ak.,. = 2 MeV.

trix elements these parameters are not all well determined 5, P, (X10%) R, (X10°%)
in a fit. Since théHe bound state is predominantly total  channel (deg) Set 1 Set 2 Set 1
spin % one expects that the quartE2 matrix elements 2p,  El  —182 2721 2434 2717 — 0.081i
will be quite small (for theE1 transitions the quartet ma- 2P3;2 E1  —195 2742 2837 2741 — 0.091i

trix elements are about an order of magnitude smaller tharp, , g 2692 —0.122 —0.118  0.163 — 0.064i
the doublets) and consequently we set the matrix elementg,,  E1 2042  0.080  0.061 —0.046 + 0.044i
for these states to zero. One also expectsAPenatrix  *F;, El 10.39 0.061 0.085 —0.038 + 0.013i
elements for theD;, and?Ds,, states to be approxi- *Si, M1 —2486 —0.221 —0.207 + 0.092i
mately equal and we impose this constraint in our fits. jD3/2 M1 9.83 —0.355  —0.006 — 0.001
For theM 1 matrix elements we find that the data set is,S3> M1 11606 =0221 " =0.220 ~0.101 = 0.198i
not quite sufficient to determine all of the parameters Wellngl/2 %i j?; 8%3 8"3‘;2 8'%23 i 8'8?3’,
In particular, the data have relatively little sensitivity to , "3/ £ 083 0127 0116 0125 + 0'022;
the doubletd 1 transitions. Some doubl@t1 strength is . - y y g -
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TABLE Il. Eigenchannel matrix element parameters.
parameter uncertainties are given in parentheses.

Thedifferential cross section. Finally we note that all figé
matrix elements are moderately well determined. These
quantities are of particular interest since the doubl&s

Parameter Value - 1 >
are the dominant transitions, while the quarkdt's are
EL: 5 _, sensitive to theD-state components of thdde wave
2?/2 %‘gg 28'(1)3 i }8,3 function as well as other effects such as channel-spin
“Pﬁ 0.120 (0.028) x 10-3  Mixing which arise from theVN' tensor interaction.
4Py 0.070 (0.031) x 10> In summary, we have presented a new set of analyz-
4Fy 0.073 (0.020) x 10~>  ing power measurements fgr-d radiative capture, and
M1: have carried out (for the first time) a matrix element
483 —0.221 (0.021) x 1073 analysis which incorporates phase information from the
*Dy)2/*Ds) 1.47 (0.09) elastic scattering channel with the aid of Watson'’s theo-
E2: rem. We hope that this work will stimulate further exact
2[2Ds] + 2[2Ds)2] 0.121 (0.011) X 107 quantum calculations of radiative capture, and that work-
ers in related areas will identify additional applications of
the Watson theorem concept in the analysis of nuclear re-
action data.
all of the M 1's and E2’s) one has
R, = Pge'®e, (5)

which says that the largest contribution &, is from
the diagonal term in the sum of Eq. (4). On the other
hand, Eqg. (5) is not even approximately correct for the
quartet E1 matrix elements. For these parameters the
contributions from the off-diagonal elements of the
matrix are comparable in magnitude to the diagonal ones.

*Present address: Los Alamos National Laboratory, Los
Alamos, NM 87545.
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