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Correlated hyperspherical harmonics wave functions uittsobar admixtures obtained from realistic in-
teractions are used to study the thermal neutron radiative capture on deuterium, azrhd{ﬁhg) %He and
p(&,y)?’He reactions in the center of mass energy range 0—100 keV. The nuclear electromagnetic current
includes one- and two-body components. Results forZiHeﬁ,y)3H cross section and photon polarization
parameter, as well as for the energy dependence of the astrophysical factor and angular distributions of the
differential cross section, vector and tensor analyzing powers, and photon linear polarization coefficient of the
2H(f),y)3He andp(d,y) ®He reactions are reported. Large effects due to two-body currents, in particular the
long-range ones associated with the tensor component of the nucleon-nucleon interaction, are observed in the
photon polarization parameter and vector analyzing power. Good, quantitative agreement between theory and
experiment is found for all observables, with the exception of the vector analyzing power for which the
calculated values underestimate the data by about $80&56-28136)03508-X

PACS numbgs): 21.45:+v, 24.70+s, 25.40.Lw, 27.10h

[. INTRODUCTION reaction with proton laboratory energies in the range 0—150
keV, and the thermal neutron radiative capture on deuterium.
Very low-energy radiative and weak capture reactions in-The cross section for the latter process was most recently
volving few-nucleon systems have considerable astrophysineasured to bet=0.508=0.015 mh[5], in agreement with
cal relevance for studies of stellar structure and evolutign ~ the results of earlier experiments,7]. In the late 1980s,
and big-bang nucleosynthe$®]. Three such aspects afy ~ Mmeasurements of both the photon polarization following po-
the mechanism for the energy and neutrino production ifarized neutron capturg8], and y emission after polarized
main sequence stars, in particular the determination of thB€utron capture from polarized deuterd8$ were also car-
solar neutrino flux(2) the process of protostellar evolution Med out. _
s the main sequence) the predcions for e pri- % %) S0SITEn Pl st vear sl TUOLL
mordial abundances of light elements. o> <3 5 .3 . yzing p
These same reactions are also very interesting from th@rs of the“H(p, y) *He andp(d, y) He reactions were mea-
standpoint of the theory of strongly interacting systems,sure(_j at center of mass energies below 55 keV. The astro-
since their cross sections are very sensitive to the model usddtysicalS factor, extrapolated to zero energy from the cross
to describe both the ground state and continuum wave funcsection data, was found to H&E ., =0)=0.165-0.014
tions1 and the two-body electroweak current Operators_ |neV b, where the error includes both SyStematiC and statistical
deed, calculations of thé—'(n’ —y) 3H and 3He(n, »y) 4He cap- Uncertaintieill]. This value fOI’S(O) is about 35% smaller
ture cross sections at thermal neutron energies carried otftan that obtained by Griffitlet al. [12] more than 30 years
with realistic wave functions and a single-nucleon electro-29o, the only other experimental determination &(0)
magnetic current, the so-called impulse approximatién, which we are aware of. More recently, in another experiment
predict only about 50%s3] and 1094 4] of the corresponding Performed at TUNL, a different groufi3] has extended the
experimental values. This is because the IA transition operastudy of the?H(p, y) 3He andp(d, y) ®He reactions at center
tor cannot connect the mastate components of the deu- of mass energies between 75 and 300 KeV.
teron and triton, oPHe and“He, wave functions. Hence, the  The theory of the?H(n, y) 3H capture reaction has a long
calculated cross section in the 1A is small, since the reactiomistory. The “pseudo-orthogonality” between the’H
must proceed through the small components of the wavground state anehd doublet or quartet state inhibiting the
functions, in particular the mixed symmet8/-state admix- M, transition in the IA for this process, and thus explaining
ture. Two-body currents, however, do connect the dominanthe smallness of its cross section when compared to that for
S-state components, and the associated matrix elements atee p(n,y)?H reaction, o7=334.5-0.5 mb, was first
exceptionally large in comparison to those obtained in IA. pointed out by Schiff14]. Later, Phillips[15] emphasized
The focus of the present study is on tRel(p,y) 3He  the importance of initial state interactions and two-body cur-
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rents to the capture reaction in a three-body model calculaS- and P-wave capture processes have not been previously
tion, by considering a central, separable interaction. In mor¢heoretically studied at very low energies.
recent years, a series of calculations of increasing sophisti- In the present work, the bound trinucleon and continuum
cation with regard to the description of both the initial andNd wave functions are obtained from realistic two- and
final state wave functions and two-body current model werehree-nucleon interactions with a variational method consist-
carried out[16,17. These efforts culminated in the 1990 ing in their expansion over a pair-correlated-hyperspherical-
Friar et al.[3] calculation of the?H(n, y) ®H total cross sec- harmonics(PHH) function basis[19—21. The method has
tion, quartet capture fraction, and photon polarization, baseleen shown to be very accurate, in the sense that results
on converged bound and continuum state Faddeev wawuegbtained for a variety of bound state and low-energy scatter-
functions, corresponding to a variety of realistic Hamiltonianing observables are very cloggypically, within less than
models with two- and three-nucleon interactions, and &%) in comparison to those obtained with converged Fad-
nuclear electromagnetic current operator, including the longdeev wave function$22]. We also include one- and two-
range two-body components associated with pion exchang&-isobar components in the wave functions. These are gen-
and the virtual excitation of intermediatd resonances. erated with the transition-correlation-operatofTCO)
Within this framework, Friaet al. clearly showed the impor- method, developed in Ref23]. Both the PHH expansion
tance of initial state interactions and two-body current con-and TCO method are reviewed in Sec. Il. The model for the
tributions. They also showed that both the calculated crosauclear electromagnetic current, given in Sec. lll, consists of
section and photon polarization parameter could be in goodyne- and two-body terms. Since explicit expressions for the
guantitative agreement with the experimental values, if théatter are scattered in a number of Rgi4,24,29, we list
cutoff A, at thearNN vertices in the two-body currents was them in Appendix A for completeness. Definitions for the
taken in the range 1050 Me¥ A < 1200 MeV, depending cross section and polarization observables along with their
on the particular combination of two- and three-body inter-expansion in electric and magnetic multipoles are given in
actions considered. Sec. IV and Appendix B, while the Monte Carlo calculation
The theoretical description of thH(p, y) *He reaction at  of the required matrix elements is discussed in Sec. V. Re-

low energies is complicated by the presence of the CoulomBuyits for the2H(n,y) ®H reaction at thermal neutron energy,
interaction. Only relatively recently has ti®wave capture 4 theZH(ﬁ y) ®He andH(d,y) ®He reactions with center
contribution to the zero-enerdyfactor of this reaction been ¢ -« ene}gies in the rangé 0-100 keV are presented, and

qalculated With numerically 'co.nverge'd Fa_ldde(_ev wave funcE:ompared with data in Sec. VI. Finally, Sec. VII contains a
tions[18], obtained from realistic Hamiltonians including the concluding discussion.

Coulomb interaction. The calculated value f8g(0) has
been found to be 0.108 eV b, in excellent agreement with its

most recent experimental determinatioigg(0)=0.109 Il. BOUND- AND SCATTERING-STATE
+0.010 eV b[11]. , WAVE FUNCTIONS
The recent, precise measurements of the astrophysical _
factor, vector and tensor analyzing powefg(6) and A. Bound-state wave functions
Too( 0), respectively, and photon linear polarizatiBy( ) in In a series of recent papers, a variational technique for

the reactions?H(p,y) *He andp(d,y)3He [11,13 are the calculating the trinucleon bound-state ahti scattering-
main motivation for the present work. The observed linearstate wave functions has been develodd®-21. The
dependence upon the energy of tBdactor as well as the method consists of the expansion of the three-body wave
observed angular distributions of the cross section and polafunctions on a basis of pair-correlated hyperspherical har-
ization observables indicate that these reactions proceed preronic (PHH) functions, and is briefly reviewed here. For the
dominantly throughS- and P-wave capturg11,13. Such trinucleon bound state, the wave function is written as

Ne K
uaK(p) / . .
TP= D T D furp) PPt () YAk, 2.1
ale:K% P ijk cyclic

p=X+yi, (2.2
cosp=x;/p, (2.3

where x;=r;—r, and yi=(rj+rk—2ri)/\/§, r; denoting the position of particle. The angle-spin-isospin functions
V. (jk,i) are defined as

YAk ={IY (K@Y (9014 [sk@s,]s o[t @t ], (2.4
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Eacha channel is specified by the orbital angular momefifaand L, coupled to giveA ,, and by the spir(isospin s’l‘
(tJak) a_nds'a (t)) of the pairjk and the third particlé, coupled to giveS, (T). Since the wave functiol’ ; is antisymmetric,
/’a+slj+t1ak must be odd; furthermore; ,+ L, must be even or odd depending on whether the state has even or odd parity.
. . iy .
The hyperspherical polynomial$)P; <« are given by[26]
@ Pyt g) =Ny« be(sing;) (cospy) <P V2 cosagy), (2.5

n

whereN’ ="« is a normalization factor, and{* are Jacobi ~due to variations of the functions,«(p). For a giverN. and
polynomials. The grand orbital quantum number is given byKy the resulting set of coupled second-order differential
K=/,+L,+2n, n being a non-negative integer. In Eq. €quations is solved by using standard numerical methods.
(2.1), K&=/,+L, is the minimum grand orbital quantum Typically, N;=10-18 andV ,=5-8. Finally, we note that
number andK¢ is its maximum selected value, so that the inclusion of the Coulo_mb mteractlo_n is straightforward in the.
number of basis functions per channel is present approach, since no partial wave decomposition is
performed.
M, =(Ky—Km)2+1. (2.6
B. Scattering-state wave functions

The pair-correlation functions$ (r;;) take into account
the strong state-dependent correlations induced by t
nucleon-nucleon interaction, and are obtained as the sol
tions of suitable two-body zero-energy Scfimger equa-
tions, with a technique outlined in RdfL9]. They improve PLSIE_pLSI% STy
the behavior of the wave function at small interparticle dis- 2+1 c A

tances, thus accelerating the convergence of the calculat%erej and J, are, respectively, the total angular momen-
z 1 ’

q_uant|_t|es with respept to the required number of ba§|s func'Eum and itsz projection,L is theNd relative orbital angular
tions in Eq.(2.1). With the f, set equal to one, as in the

- . ) ) momentum, ands the channel spin quantum number. The
original hyperspherical-harmonic expansion approgZH,

; ; first term ¥~ must guarantee an accurate description of the
the convergence rate slows down considerably, making th c 9 P

calculations very difficult for systems, such as nuclei, havin gystem in the region where ti¢ andd clusters are close to
ry d or Sy e ' %ach other, and interparticle interactions are large; it vanishes
strongly repulsive interactions at short distances.

The Rayleigh-Ritz variational principle in the limit qf large Nd di§tances. As for the b'ound—state
problem, ¥« is expanded in terms of PHH functions.
(8,W3|H—E|¥3)=0, 2.7 The second terr¥ , in EqQ. (2.8) describes the asymptotic
configurations of the system, where the nuclear interactions
is used to determine the hyperradial functieng(p) in Eq.  between the two clusters are negligible. Fopdistate, it is
(2.1). Here §,¥ 5 represents the change in the wave functionwritten as[20]

he The variational approach based on the PHH function basis
Lp_as been extended to study scattering states. The wave func-
tion for anNd scattering state is written as

(2.9

1 . R ) )
‘P,I&SJJZ: - > , > {[s'® ¢d(xi)]S’®YL’(yi)}JJZ[tI®[tl®tk]0](1/2)Tz
\/§|chycI|c L's’

FL’(prpd) +JRL’S’ GL’(prpd)

X|OLbsg ——— Ls

r , 2.9
o pro (7o) 2.9

where ¢4 is the radial-spin part of the deuteron wave func-in the PHH expansion o¥ ¢ are determined variationally by
tion, p the magnitude of the relative momentyrbetween finding the stationary points of the functiorf@0]

deuteron and proton, and, and G, are the regular and
irregular Coulomb functions, respectively. Hod scattering,

2
FL(X)/x [G_(x)/X] is replaced by the regulafirregulay [JRt'SS’]:JRt’SS’_< LSJY H_Ed_p_’lpLSJJz>,
spherical Bessel function. The functi difies th 2 2p| 72t
pherical Bessel function. The functigrr,q) modifies the 1
GL(prpg) at smallr,q by regularizing it at the origin, and (2.10

approaches one for, 4> 10 fm, thus not affecting the asymp-

. . LSJJ, . . o . et .
totic behavior of W'} The sum overL'S’ is over all  yjth respect to variations in thtREeS andu, (Kohn varia-

values compatible with a givehand parity. tional principle. Here E4=-2.225 MeV is the deuteron
The R-matrix elements’Ris° and the functionsi,«(p)  ground-state energy, and the Nd reduced mass. As in the
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TABLE I. Binding energies and scattering lengths corresponding to the AV14, AV14/VIll, and AV18/IX Hamiltonian models. The
AV14 results obtained with the PHH expansion are compared with those calculated by solving the Faddeev equations in configuration
(FaddeewR) and in momentun{Faddeew) space. The measured scattering lengths are f&5h

3H nd 3He pd
Hamiltonian Method B 2a ‘a B 2a ‘a
(MeV) (fm) (fm) (MeV) (fm) (fm)
PHH 7.683 1.196 6.380 7.032 0.954 13.779
AV14 Faddeev) 7.6802 1.200° 6.388°
Faddeewr 7.670° 1.2004 6.372¢ 7.014° 0.965¢ 13.764¢

AV14/VIlI PHH 8.48 0.59 6.37 7.80 -0.14 13.8
AV18/IX PHH 8.49 0.63 6.33 7.75 -0.02 13.7

expt. 8.48 0.68) 6.333) 7.72
%Referencd32).
bReferencd22].
‘Referencd33].
dReferencd 34].
bound-state problem, the hyperradial functiang(p) are

— TR
required to vanish in the limit of largg. W—[Siﬂj (1+U;7) PN, (2.1
C. Ground-state energies and\d scattering lengths whereS is the symmetrizerV'y contains only nucleon de-
_ ) ) rees of freedom, and the transition 0peraﬂdf§ are de-
The calculations carried out in the present study are foﬁned as
the following combinations of realistic two- and three-
nucleon interactiong:1) the Argonnev 4, two-nucleon inter- TR_ | INA 1 1AN | 1 (AA
action (AV14) [28]; (2) the Argonnev,, two-nucleon and Ui = Ui U+ U, 212
Urbana model-VIII three-nucleof29] interactions(AV14/
VIIl); (3) the Argonnev g two-nucleon[30] and Urbana U =[u"(rij)ei-S+u™(rSiln-T;, (2.13
model-I1X three-nucleori31] interactions(AV18/IX). The
model contains explicit charge-independence and charge- o7 7

Vis P ge-indep g Ut =Tue™(ri)S-s+ut™(rsiT-T;. (214

symmetry breaking terms, as well as a complete treatment of g

the NN electromagnetic interaction, including magnetic mo- - ] ) ]

ment, two-photon-exchange, Darwin-Foldy, and vacuum poti€ré; S and T; are fransition spin and 1S0Spin olﬁerators,

larization corrections to the Coulomb interaction. It also hagVhich convert nucleon into a A isobar; S; and S;j' are

a weaker tensor component than the older Argopng tensor operators in which the Pauli spin operators of particle

model i (orj), and particles andj are replaced by corresponding
The calculated®H and *He binding energies, amid and ~ SPin-transition operators. The X vanishes in the limit of

pd doublet and quartet scattering lengths are reported itf/9¢ Interparticle separation, since o components can

- ; - ist asymptotically.
Table I, along with the(available experimental values. We XISt asym R , ,
note that the strength of the three-nucleon interaction is, ir,g, In”prlr;mple., theUE' anlqu.” couldhbe d?;ern;med varia-
each case, adjusted to reproduce the triton argharticle |on§ %233/2%3'?3 ? a{n! Onkl)aThSUC las ;d. rggrm%Q
experimental binding energies in converged Fadda6y36| modell 23,29, that contains both nucieon amrisobar de-
and Green'’s function Monte Carl@1,37] calculations. As greﬁ(s c))f free?ohm. In_steg_d v;ehuse trans_mon lcorrelatlons
! - : u?™(r;i), etc. (shown in Fig. } that approximately repro-
the value of the doubletnd scattering length is correlated o .
with that of the triton binding energ&%8] l?oth the Av1a/ duce wo-body bound-state and low-energy scattering wave
VIIl and AV18/IX Hamiltonian models predict very well the wg\fgc}ﬁicfgggge ieéioggg}ffarsn?ggl’ iﬁng ta(kzelggleTF;]I;H
measurecfa. Without the three-nucleon interaction, tRe validity of suchgan approximation %as bgén 'diS(.:ussed at
value is overestimated by almost a factor of 2. In contrast y bp

the quartet scattering lengfta has very little dependence on length n Ref. [2?’3]' Hfiﬁ we only note thatl) since the
A 4 ) .correlation functionu®™", etc., are short-ranged, they are
the Hamiltonian model, since in that channel the process is

) : D expected to be weakhj dependent(2) it is important that
dominated by repulsive Pauli principle effects. the ¥y used in Eq(2.11), obtained from the ,, interaction

(phase equivalent to the,g interaction, be proportional to
that projected out from the full wave function for thegg,
Following a method originally proposed in R¢23], ex- interaction. This has been explicitly verified by direct calcu-
plicit A-isobar components are approximately included in thdation in the two-body problerf23]. Finally, we note that the
nuclear wave functions by writing new Argonnev ;g (nucleons only interaction has no avail-

D. Nuclear wave functions with explicit A-isobar components
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o if@= X jiYaB-8), (3.2
BB’ =N,A
" .
£ o0/ with
8
3 (NN = (P (L4 7, ) g
O -0.04 ¢ I ! Am‘Hi zi)” 2am
o
£ X (st 1), (3.3
2
S -006
= (1) [ .
JT(@N=A) == 51X ST, (34
-0.08 :
0 1 2 3 4
r(fm) (1) i iqr;
i (q;A_’A):_mMyAAeq igX2i(1+0,)),
FIG. 1. Transition correlation functions obtained for the Ar- (3.5

gonnev ,g interaction model. ) _ o )
whereZ, (0) is the Pauli operator for thA spin (isospin,
able phase-equivalent nucleon and delta counterparts. Th@d the expression fg¢*(q;A—N) is obtained from that
we insist on using th&J;" obtained from they ;5 Model for j{Y)(q;N—A) by replacing the transition spin and isospin
even when using in Eq2.11) the ¥y, from theuvyg. Itis  OPerators by their Hermitian conjugates. Her8=0.88uy
expected that this inconsistency has no significant impact ond #’=4.706uy are the isoscalar and isovector nucleon
the results reported in the present work. magnetic moments in terms of nuclear magnetons;
A-isobar components in nuclear wave functions are coméyna IS taken equal to By, as obtained from an analysis of

monly estimated using first-order perturbation theory, and’N data in theA resonance regiofB9]; u.,xs=4.35uy by

neglecting the kinetic energies in the denominators. SucRVEraging the values recently obtained from a soft-photon

calculations are equivalent to using Eg.11) for the nuclear analysis of pion-proton bremsstrah_lung dat_a nearﬁtﬁé_
wave function with the components bf'R given by resonancg40]. Excitation of theA isobar via an electric
ij

quadrupole transition is neglected in the current
iY(g;N—A), since the associated pion photoproduction

NA PT  UNN—NA amplitude is experimentally found to be small at resonance
U™ “m—m, (219 [41]. We also note that in Ed3.5) the A-convection current
is neglected.
Only NN—NN two-body terms are included ij}?(q).
UAAPT_ UNN—AA (2.19 These are separated into “model-independefitfl) contri-
T 2(m—my)’ : butions, determined from thRN interaction(the Argonne

v14 OF v1g Models in the present studiollowing a prescrip-

where vynona @nd vyn_aa are transition interactions tion originally proposed by Riskg42], and “model-
(taken, in the present work, from the Argonngy, mode).  dependent”(MD) ones associated with thery and wmy
This perturbative treatment has been shown to be inaccuratglectromagnetic couplings:
and may lead to a substantial overprediction of the impor-
tance of A degrees of freedom in nuclei. For example, the (22 42

H 4 . JIJ Jl],MI+ ij, MD* (36)
cross section for théHe(n,y) *He reaction has been calcu-
lated to be, respectively, 112b and 86ub [23] depending  Since the expressions for these Ml and MD currents are scat-
on whetherA admixtures in the nuclear wave functions aretered in a number of referencg$,24,29, they are listed in
included perturbatively or nonperturbatively, as outlinedAppendix A of this work for completeness. In principle,

above. there are also two-body currents associated with the
NN«—NA and NN—AA transitions. However, these have
lll. THE NUCLEAR ELECTROMAGNETIC CURRENT not been included in the present study.

The MD currents are purely transverse, and depend on a
The nuclear electromagnetic current is expanded into 8et of cutoff parameters and coupling constants only approxi-
sum of one- and two-body terms that operate on the nucleomately known. Their contribution for momentum transfers
and A-isobar degrees of freedof23]: <1 GeV/c is small when compared to that of the MI cur-
rents[24]. The latter are constructed from tNeN interaction
S0 as to satisfy current conservation,

j<q>=2 Jfl)(q)+i§ P, (3.1)

-(2) iq_r_1+TZ,i . .
. . q-Jij =|vij,€" T —FI=]|, 3.7
where q is the photon momentum. The one-body term is 2

written as
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exactly[24,42. While such a prescription cannot obviously energieg25], and magnetic moments and form factors of the
be unique, it does lead to two-body currents, which haverinucleons[24,29.

been shown to provide, at low and moderate values of mo- The most important of the MI currents are those associ-
mentum transfergtypically, below 1 GeW), a satisfactory ated with thev®(rj;)7i- 7, v7"(rj})oy-oy7-7;, and v'”
description of the deuteron threshold electrodisintegratiorfr;;)S;; ;- 7; components of the interaction. The correspond-
[25], *H(n,y)?H capture cross section at thermal neutroning current operators are given in momentum spacg24y

i ps(ki k) =—i(rx 7)),

ki—k;
UPS(kj)O'i(O'j’kj)_UPS(ki)a'j(a'i'ki)Ez__kJ_Z[UPS(ki)_UPS(kj)](O'i'ki)(a'j'kj)} (3.9
i K

itk k) ==i(rX 7)), K= K2

Uv(kJ)O'lx((TlxkJ)_Uv(kl)O']X(U'lxkl)_

ki—k;
X[(kj=Kj)(aiXki) - (o;XKj) + (a7 XK;) o - (Ki X Kj) + (0 X Kj) 0 - (K X Kj) ]+ EZ__kJ_Z[UVS(ki)_UVS(kj)]},
i K

(3.9

|

whereq=k; +k;, andvpgk), vy(k), andvyg(k) are related Additional but far less important M| two-body currents

to the Fourier transforms of the radial function§”(r), are obtained from the momentum-dependent terms of the

v'"(r), andv®’(r), as defined in Appendix A, by interaction. They are predominantly isoscalar and give small
contributions to the magnetic moment and structure function

vps(k)=20""(k)—v77(k), (3.10  B(q) of the deuterorf25,30, and to the isoscalar combina-
tion of the magnetic moments and form factors of the tri-
vv(k)=v"(k)+v77(k), (3.1)  nucleong24,29.
— ,,CT
vvs(k)=v™(K). (3.12 IV. CROSS SECTION AND POLARIZATION
In a one-boson-exchang®BE) interaction model, in which OBSERVABLES
the isospin-dependent central, spin-spin, and tensor compo- A. Definitions

nents are due tar and p exchangesppgk), vy(k), and

vuelK) are given by In the center of mas&k.m,) frame, the radiative transition

amplitude between an initialN continuum state with deu-

§2 1 teron and nucleon spin projectioms, and o, respectively,
vpg(K)— —5 -, (3.13 and relative momenturp, and a final trinucleon bound state
k®+mZ with spin projectiono is given by
92 1+ k)2
vv(k)a—ﬁﬁ, (3.19 10'
vys(k) =g P (3.19 —
E
wherem,. andm, are the meson massds,, g,, andx are %
the pseudovectorrNN, the vector and tens@gNN coupling b=
constants {2/4m=0.075,92/47=0.55, andk=6.6), respec- g .
tively. The resulting?hs andj?), (suitably modified by the & '
inclusion of form factors at theNN andpNN vertices then
have the standard forms commonly used in the literature
[3,18,43. The Argonnev,, and v,g interactions are not

strictly OBE models. However, thepgk), vy(k), and 0 1 2 3

vyg(k) components, projected out from theé?, v?7, and k(fm")
v'" interactions, are quite similar to those duestoand p
exchangeg$24]. This is illustrated in Fig. 2 for the (k) FIG. 2. The pseudoscalar components of the Argobpg

component, associated to which is the leading MI currentAv14) andv,g (AV18) interactions are compared with the one-
operator. pion-exchange potential, E¢3.13.
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10'3020(p q)= (\I'(l’z)”3| () Q)|‘Pf;+gza (4.1) The unpolarized differential cross section is written as

where €,(q), A==1, are the spherical components of the 1 2
photon polarization vector. Fordyp state the wave function ou(6)= 6 Uomg‘,z(, |J(,3(,2(,(p Dl (4.4
() s related to the wave functionﬁiﬁs introduced in
Sec. Il via where the factor 1/6 comes from the average over the initial
state polarizationsg is the angle betweep andq (the vec-
E)Jro)za': % (30,105|SS) torsp andq define thexz plane, and
] 4.9
_LSJ 00~ g 2 Tl .
XL% iY(SS,LM[I)Yiu(P)¥; 0%, 0" 8720 1+q/Mg

4.2 Herev, is thedN relative velocity andn; the mass of the
trinucleon. The c.m. energy of the emittedray is given by
—LSJJZ ,(,LE [1- ‘]R]fl \I,L’S’JJZ 4.3
2+1 Ty LSL’S 2+1 BS_BZ+p2/2M
q= )
where o is the Coulomb phase shift. Fordn state the [V1-2(B3—B,+p?/2u)/mg+1]/2
factore'’L is omitted. The wave functiod (") satisfies out-

going wave boundary conditions, and is normalized to unitwhereB, and B; are the binding energies of the deuteron

flux, while the two- and three-nucleon bound-state waveand trinucleon. The differential cross section;(6) for a
functions are normalized to one. process in which an initial state with polarization defined by
The cross section and polarization observables are easithe density matrixp; leads to a final polarization state with

obtained from the transition matrix eIemerjt§3(,2(,(p,q). density matrixp;, can be expressed as

(4.9

(0)=400 2 X i PDIO) ryergerllysr, (PO (PN rery 4.7

Nozoo0 A a'o' ’

The initial density matrix is given by the product of the  With the density matrices given in Eqgt.8) and (4.10
nucleon and deuteron density matrices: the initial and final state polarizations are defined by assign-
ing the quantitiePy, PQ“, P,, andP.. Polarization ob-

[Py .PY¥] servables are then obtained from differences of cross sections

1 1
. ! — . ,— }\,u }\M
(pi), ot = 51+ Pyly 4% Pyt

020,0,0

5.0} ori(0)=0(6;Py,P*,P, ,P,). (4.1
4.8

Thus the proton and deuteron vector and tensor analyzing
where Py and P}* are the polarizations of the spin-1/2 powersAy(6) and Ty 6) are given, respectively, by
nucleon and spin-1 deuteron beams, respectively. The matri-

cest™ are defined as Tu(B)A(6)= %[0( 0:Py="9, 810,000
(2 ()10, 1- oy Ap). (4.9 —0(6;Pn=—Y,6000,00,0], (4.12
2% 1
For example, an unpolarized deuteron beam HRjg ou(O)T2o 6)= 5[(6:0.+ 8125,0,0.0
consm o which only the polarization of the emitied photon ~0(0:0,-5,20,000]. (413

is detectedp can be written as Expressions for more complicated double polarization ob-

servables are obtained in similar fashion. The photon linear
[P, .Pc] _ [(x W HP 8y i+ APGS, w] 503 o polarization coefficienP (6) is defined as

(Pf)m )\, -
419 W OP(0)= 5[0 () -0, (0], (414

where P, (P,) is the linear(circulan polarization of the
emitted photon. Note thd,=P,—P,. where
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0. (0)=0(6;0,6,08,0,P,=1,0), (4.15 requires the polarization of the initial protair neutron
beam. If the process is dominated Bywave capture, as is
a(0)=0(6;0,0,06,0,P,=—1,0. (4.16 the case for theéH(n,y) 3H reaction at thermal neutron en-

~ergies, therPr(0) is simply given by
Here o (6) [0, (6)] corresponds to a capture cross section

in which an unpolarized initial state leads to emission of a Pr(8)=R.Py-G (Swave capture only, (4.18
photon with polarization paralléperpendicularto the reac-
tion plane. The observation of circular polarizatiBp( ), whereR; is the so-called polarization parameter.
1
o (0)Pr(6)= E[(;(49;|3N 10000,,0,0,Pc=1) B. Expressions in terms of electric and magnetic multipoles

The expansion of the transition matrix element
j’;s(,zg(p,q) in terms of electric and magnetic multipoles,

(417 EYSYq) andM'3Y(q), respectively, is given bj44]

—0'(6’;PN,5)\05

0

0.P.=-1)],

by (PO = ZWLS%/m /LN(=)(30,105|SIH(SE,L0|3 L), /M| 303) Dy, (0,6,0[ - AMI{ @) —EL )],
(4.19

where D{ny_ , are standard rotation matricegl5], and

L=y2L+1 and similarly for/. The angle¢ is defined as ay(0) Taol 9)220 ckPx(cosd), (4.29
that between the direction(which is also taken as the quan-

tization axis of the initial and final nuclear spjrsnd theq

direction. We have adopted a different spin coupling order

between the channel spin and orbital angular momentum of a,(0)P.(0)= E dkPﬁ(cose), (4.23
the initial state with respect to that used in Hdf]. Regard- k=
ing the choice of phase between the electric and magnetic

multipole components of the transverse vector potential, our m . .
definition is equivalent to the choice of the positive sign inWhere Pk (Pi’) are Legendre polynomiakassociated Leg-

Eq. (17) of Ref. [46]. endre functiong and the coefficientsy, b,, ¢, anddy

By evaluating the sums in Eq&.4) and (4.7), and using denote appropriate combinations of electric and magnetic
the product property of th® matrices, the angular depen- multipoles. Expressions for the leading coefficients in the

dence of the unpolarized cross section as well as that of th%xpansio?s above for each Off tEe observablesk considered
vector and tensor analyzing powers and photon linear coeflere are listed in Appendix B of the present work.
ficient of interest in the present study are made expl{s:

N

V. CALCULATION

au(0)=2, aP(cos), (4.20 o , , ,
k=0 In this section we discuss the evaluation of the electric
and magnetic multipole matrix elements. By using the partial
. . +) .
Tu(0)A(0)= > bkPL(cosd), (421 Wwave _decomposmon of the wave functidi ) in Eq. (4.2,
k=1 we write
PP =472 (30,105SS) 2 IN(SS,LM[IT) YD)y X(a), (5.2)
SS, LMIJ, 3
where
o) = (W27 (@) (@) W52, (5.2

In a frame where the direction also defines the quantization axis for the nuclear spins, the matrix elg'ziﬁ?’éﬁmas the
multipole expansiof44]
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I CEREDY 2 Z(=0/(33,./ = N3og)[ -AM S ) —E-S{q)]. (5.3

We note that the expansion above is different from that given (W |j|w,)=(W{|j(N only)|®l)+(W{|j(A)|Ti),
in Eq. (4.19, since in the latter the quantization axis for the (5.9
nuclear spins was taken as that defined by the relative mo-
mentump direction, andg made an angl@ with p.
Using Eg. (5.3, the ELS? and MLS? are obtained from Wherej(N only) denotes all one- and two-body contribu-
linear combinations of thq;"S”Z matrix elements. We find tions toj(qg) which only involve nucleon degrees of freedom,
" ie., j(N only)=j(N—=N)+j@(NN—NN). The opera-
tor j(A) includes terms involving thé-isobar degrees of
: fr(e;adom, coming g‘r?m the explicih currentsjM(N—A),
0(1/2(1/2) 0(1/2)(1/2)— (1/2) iY(A—N), and jHY(A—A), and the transition operators
Mi (@= \/2_171( e @ &9 UR The operatoij(A) is illustrated in Fig. 3. The terms in
Figs. 3a)—3(g) are two-body current operators. Those in
Figs. 3h)—-3() are to be interpreted as normalization

for example,

L \/—[Jo(fle)/(z?/z)_(llz)(q) corrections to  the  “nucleonic” matrix elements
2 (PL|i(N only)|¥.), due to the presence df-isobar com-
— \[3]03E2E2) ) (5.5 ponents in the wave functions. We note that not included in
V112 (@] .

j(A) are all remaining connected three-body contributions of
The problem is now reduced to the evaluation of thethe type shown in Fig. 4. These are neglected in the present

JLSJJZ matrix elements, which we write schematically as work, since they are expected to be significantly smaller than
Mg those considered in Fig. 3.
Wi w,) I_Each of the terms in Fig_. 3 is expressed as an operator
jn= f . (5.  acting on the nucleon coordinates. For example, the terms in
[(W | Wi )] Figs. 3@ and 3b) have the structurf23]

The initial and final stategl,) (x=i or f) have the form of

Eqg. (2.11). It is convenient to expand these [&8]
E JiA=N) UGN+ URNT(N—A), (5.9

W)= §+§j UIRey+ - - (5.7

which can easily be reduced to operators involving only
and the matrix element of the current operator becomes Pauli spin and isospin matrices by use of the identity

2 i
w ST~AS-B=§A~B—§U-(A><B), (5.10

where A and B are vector operators that commute with
(a) (b) (c) (d) but not necessarily with each other. Expressions for the other

terms in Fig. 3 are obtained in a similar fashi@8].
The normalization of the wave function is given [383]
N VAVA A
(e) () (9 w ‘ .....
VAVA N \VAVAY
"""" (@ (b)
(h) M U] FIG. 4. Diagrams associated with connected three-body terms,

which are neglected in the present work. Wavy, thin, thick, and
FIG. 3. Diagrams included irj(A). Wavy, thin, thick, and dashed lines denote photons, nucleafisisobars, and transition
dashed lines denote photons, nucleafisisobars, and transition correlatlonsUTR respectively, while the dotted line represents all
correlationsuﬁR respectively. two-body current contributions included jff)
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(W|w)= <WN|~PN>+<WN > [20iNMUN+ U TURA

‘lfN> + (three-body terms (5.11

and the three-body terms have been neglected consistentjowever, when the isobaric contributions are added to the

with the approximation introduced in E¢.9). cumulative sum, the normalization changes to
The matrix elements in Eqg5.8) and (5.11) are com- ) )
puted by Monte Carlo integration. The wave functions are A+ +A]= (W¢]j(N only)+j(A)|¥;) 6.2

written as vectors in the spin-isospin space of the three [(W W) ]2

nucleons for any given spatial configurati®¥{r,,r,,rs}.
For the given R, we calculate the state vector In the previous equations, the normalization of the initial

[i(N only)+j(A)]|‘lf ) by performing exactly the spin- scattering state |s the same as thatipfip to corrections of
order (volume 1!

isospin algebra with the techniques described in Refs: | its. d 4 with .
[24,47). The spatial integrations are carried out with the We also report results, denoted wit A +APT_’ In
which theA components in the nuclear wave functions are

Monte Carlo method by sampling thB configurations . ; ; )
according to the Metropolis algorithn{48]. Finally, treated in perturbation theory, as discussed in Sec. Il D, and

we note that the statistical errors in the Monte Carloth®i(A) only includes the operators in FigsaBand 3b)
evaluaton of matrix elements of the type (N fact, this approach is most commonly used to study the

(W23 (q) . T(q) | W (1/2)(1/2)1Z> are significantly re- effect of A degrees of freedom in nucl[—ﬁ 18)). In this case,

2+1 the cumulative contribution§lA+---+A are normal-
duced by explicitly enforcing the orthogonality between thej, e 2 in Eq/(6.1). J Pl

initial dN Swave doublet continuum state and the final tri-

As already mentioned in Sec. IV, three-body terms have
nucleon bound state, namely

not been retained in the evaluation of either the matrix ele-
ments (W;|j(A)|¥;) or the normalization, Eq(5.13), as

1/2)(1/2)J, 1/2)(1/2)J, .
|w v, : D= | p R %) they are expected to provide a small correc{i28].

2+1 2+1
_E |‘P;1/2)03><q’(31/2)03|quoilf)(l/Z)J ). A. Thermal nd radiative capture
3 At thermal energies the reaction proceeds through

(5.12 S-wave capture predominantly via magnetic dipole transi-
tions MIW212) gng M9BAG2) from the initial doublet
J=1/2 and quartefl=3/2 dn scattering states. In addition,
VI. RESULTS there is a small contribution due to an electric quadrupole
transitionES (2 from the initial quartet state.

In this section we present our estimates for the cross sec- The calculations have been carried out with wave func-
tion and photon polarization parameter of the thermal neutions obtained from the AV14/VIIl and AV18/IX Hamil-
tron radiative capture ofH, and for theS-factor, vector and  tonian models. The calculated values for tmgi(lﬁ)(l/z‘)
tensor analyzing powers, and photon linear polarization coM0(3/2)(3/2) and E0(3/2)(3/2) reduced matrix elements

efficient of the?H(p,y) *He andp(d,y) *He reactions in the (RME s), which are related to those defined in E§.3) via
center of mass energy range 0—100 keV. In Table Il we give

the results for the two- and three-body bound-state wave ~LlsJ

function normalizationgW |W)/(W | ¥y). X;7=
In Tables IlI-VIII, the impulse-approximatioflA) re-

sults have been obtained by using the “nucleonic” one-are listed in Table Ill. HereX stands for eitheE or M, and

body current in Eq(3.3), while the IA+PS results include in 1, is nuclear magneton. In terms of th&S? RME, the total

addition the leading two-body current contribution associ-cross section is given by

ated with the “model-independent(MI) jp5 term, Eq.

: (6.3

(3.8. The IA+MI and IA+MI+MD results correspond to 2a ¢ 2 |ELSJ| +|ML5J| 6.4)
calculations in which, respectively, only the MI and both the 179 g 4MEL 4 4 '
MI and “model-dependent”(MD) two-body current contri- ,
butions are includedin addition to the 1A contribution Fi- ~ Wherea=e“/4r. _
nally, the IA+---+A results correspond to the complete Inspection of Table Ill shows the following.
calculzfittlon_s includingA-isobar components in the nuclear TABLE Il The wave function normalization ratios
wave function. (V| U)Wy for the two- and three-body systems.
In these tables as well as in Figs. 7—11, the cumulative
nucleonic contributions are normalized as Hamiltonian 2H 3y
(‘I’f |j(N 0n|y)|\I’i > AV14/ VIl 1.004 1.024
[IA+---+MD]= ——r N 6.)  AV18/X 1.004 1.025

[P (PR[P ) T
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TABLE IIl. Reduced matrix elementéRME’s) in fm®? calculated with the AV14/VIll and AV18/IX Hamiltonian models for the
2H(n,7) ®H reaction at thermal energies. See text for notation. Note thalthRME's are purely imaginary, whereas tBe RME is purely
real. The statistical errors associated with the Monte Carlo integrations are less than 1%\qrRME, and about 10% for thE, RME.

AV14/VIll AV18/IX
M(l)(llz)(llz) “7'2(3/2)(3/2) E 2(3/2)(3/2) mg(llz)(l/a Mg(a/z)(s/z) E g(a/z)(s/z)
1A -10.7 13.2 -1.3 -10.7 13.4 -0.17
IA+PS -19.3 12.4 -1.0 -18.3 12.6 -0.16
I1A+Ml —-22.2 12.3 -1.0 -21.6 12.6 -0.13
IA+MI+MD -22.5 12.1 -1.0 -21.8 12.5 -0.14
IA+ .- +Apy -26.6 11.6 -1.0 -25.9 12.0 -0.14
IA+---+A -25.1 11.8 -1.0 -24.4 12.2 -0.14

(1) As expected, the electric quadrupole,J RME is and AV18/IX Hamiltonians overestimate the experimental
much smaller, in absolute value, than both the doublet anslalue by 18 and 14 %, respectively. It should be noted, how-
quartet magnetic dipoleM ;) RME. ever, that the common perturbative treatmentAsfsobar

(2) In IA the quartetM; RME is, in absolute value, about degrees of freedorfrow labeled IA+ - - -+ Apq) leads to a
23% larger than the doubl#&t ;. However, two-body current significant increase of the discrepancy between theory and
and A degrees of freedom contributionisow labeled 1A  experiment.
+...4+A) are large and interfere constructively with the IA  The photon polarization parameter is very sensitive to
contribution for the doublel ;, while they are much smaller two-body currents. For example, for the AV18/IX Hamil-
and interfere destructively with the IA contribution for the tonian their inclusion produces roughly a sixfold increase, in
quartetM,. Consequently, the 1A ---+A doubletM, is  absolute value, of the IA predictiofrows labeled IA and
found to be larger than the quartdt; by more than a factor IA+MI+MD in Table IV). Contributions associated with
of 2. A components in the nuclear wave functions lead only to a

(3) In 1A both the doublet and quartéd;, RME are found  further 7% increaséabsolute valugof the IA+MI+MD re-
to be rather insensitive to the Hamiltonian model used; howsults. More interesting is the sensitivity displayed Ry to
ever, in the IA+PS calculation, the AV14/VIII prediction for the smallE, RME, particularly for the AV14/VIIl Hamil-
the doubletM; RME is, in absolute value, about 5% larger tonian. In S-wave capture this matrix element is predomi-
than that obtained with the AV18/IX Hamiltonian. Theg nantly due to transitionsS(*H)— D(®*H) and D(°H)—
has a weaker tensor force than thg, leading to a weaker S(®H), whereS andD denoteS- andD-wave components in
PS current(the dominant two-body currentHowever, the the bound-state wave functions. In the case of the AV18/IX
AV14/VIll result for the doubletM; RME is only 3% larger Hamiltonian, the contributions associated with these transi-
than the AV18/IX result in the approximation #A. - - +A. tions interfere destructively, thus producing a smgl

(4) The predicted values for thE, RME, in contrast to RME; in contrast, for the AV14/VIIl Hamiltonian the inter-
those for theM; RME, are found to be very sensitive to the ference between these contributions is constructive. This is
Hamiltonian model used, even in IA. The reason for suchmost clearly seen by considering the function
sensitivity is discussed below. EJCG2 ¢,y such that

The results for the cross section and photon polarization
parameter are presented in Table 1V, along with the experi- F032(312 () = * dr . 032@2 ¢ 6.5
mental data. The cross section in IA is calculated to be ap- 2 () 0 fanE2 (G an), '
proximately a factor of 2 smaller than the measured value,
while the IA+ - - - + A calculations based on the AV14/VIIl wherer 4, is thedn relative distance. This function is easily

TABLE IV. Cumulative contributions to the cross sectiin mb) and photon polarization paramet@g of the reaction?H(n,y) *H at
thermal energies calculated with the AV14/VIIl and AV18/IX Hamiltonian mod&gM,) [R.(M;+E,)] has been calculated without
(with) inclusion of the electric quadrupole contribution. See text for notation. The statistical errors associated with the Monte Carlo
integrations are less than 2%. The experimental valuesfaand R, are from Refs[5,8], respectively.

o R:(M;) R(M1+Ey)
AV14/NVI AV18/IX AV14/VII AV18/IX AV14/VI AV18/IX
1A 0.225 0.229 -0.089 -0.083 0.029 -0.068
IA+PS 0.409 0.383 -0.422 -0.397 —-0.345 -0.385
I1A+MlI 0.502 0.481 -0.460 -0.446 -0.389 -0.437
IA+MI+MD 0.509 0.489 -0.464 -0.452 -0.394 —-0.442
IA+ .-+ Apy 0.658 0.631 —-0.492 -0.487 -0.430 -0.478
IA+---+A 0.600 0.578 -0.485 -0.477 -0.420 -0.469

Expt. 0.508-0.015 -0.420.03
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TABLE V. RME in fm®?2 calculated with the AV14/VIIl and AV18/IX Hamiltonian models for the reactfdfi(p,y) *He at zero energy.
See text for notation. Note that thd, andM, RME's are purely imaginary, whereas tke andE, RME’s are purely real. The statistical
errors associated with the Monte Carlo integrations are less than 1% fb4 ttend doublete; RME, about 5% for the quartéi; RME,
and of the order of 1950) % for theE, (M,) RME.

AVL4/VIII

IA IA +PS IA+MI IA +MI+MD A+ +Apr A+ +A
M 9212 -18.7 -30.4 -32.7 -336 -39.1 -36.1
M 932372 27.2 25.7 24.9 25.0 24.1 24.4
Eo@2(32 0.86 1.12 1.07 1.08 1.08 1.06
Elamam -19.2 -19.7 -20.2 -20.2 -20.2 -19.9
El@2a2 -1.30 5.85 4.21 4.27 4.27 4.20
ELv2(32 28.3 315 32.4 32.4 32.4 31.9
EL32(32 -0.01 3.73 3.07 3.10 3.11 3.06
M9 -0.14 -0.14 -0.12 -0.12 -0.12 -0.12
MOE2(E2 0.20 0.20 0.19 0.19 0.19 0.19

AV18/IX

IA IA +PS IA+MI IA +MI+MD A+ +Apr A+ +A
M 922 -19.4 -30.1 -32.1 -32.9 -38.4 -35.4
Mo 28.1 26.7 25.9 25.9 25.1 25.3
Eo@2(32 0.85 1.10 1.06 1.07 1.07 1.05
Ela2a2 -21.1 -21.8 -22.2 -22.2 -22.2 -21.7
E1@2a2 -1.27 5.32 3.74 3.79 3.79 3.71
E10232 29.5 32.6 33.3 33.3 33.3 32.6
E1@232 -0.01 3.43 2.84 2.87 2.87 2.81
M 92312 -0.15 -0.14 -0.15 -0.15 -0.15 -0.15
M 932372 0.26 0.28 0.28 0.29 0.29 0.28

obtained by binning the appropriate combinationjﬁ)lf”z However, no such cancellation is obtained for the AV14/VIII
matrix elements as function of;,, in the Monte Carlo cal30u- model. Thus, théz, RME appears 1o be very sensitive upon
lation [49)] n the D-state content of the two- and three-nucleon bound-
=023 ) _ state wave functions and,_therefore, upon the strength of the
The functionsE; \a:rgn), as obtained in 1A, are tensor force, as reflected in the large difference between the
shown in Fig. 5 by the solid curves for the AV14/VIll and AV14/VIIl and AV18/IX predictions. It is unfortunate that,
AV18/IX Hamiltonian models. We also show the results ob-due to the large two-body current contributions affecting the
tained by switching off either the deuteron or tritium photon polarization parameter, the sensitivity displayed by
D-state components. By inspecting Fig. 5, we see that for théhis observable to th&, RME cannot be exploited to gain
AV18/IX model theE, RME results from the delicate can- information on the tensor interaction.
cellation between positive and negative contributions associ- Finally, we note that the AV14/VIIlI prediction for the
ated, respectively, with the deuteron and tritildnstates.  cross section in the approximation+#S+Aptis 0.545 mb.

TABLE VI. Doublet and quarteE; RME in fm®? calculated with the AV14 and AV14/VIll Hamiltonian models for the reaction
2H(p,y) 3He at zero energy in IA and in the approximationsHiI and LW. See text for notation. Statistical errors associated with the
Monte Carlo integrations are in the range 1-5 %.

AV14 AV14/VINI
IA IA +MI LW 1A IA +MI LW
'E'%EZIIZ)(UZ) -24.1 -25.5 -27.7 -19.2 -20.2 -23.5
Ei(c3/2)(1/2) -0.9 4.6 3.0 -1.3 4.2 3.1
E%(CIIZ)(SIZ) 325 36.5 37.1 28.3 32.4 33.5

EL(32(3/2) -0.6 25 1.3 -0.0 3.1 1.4
1C




546 M. VIVIANI, R. SCHIAVILLA, AND A. KIEVSKY 54

TABLE VII. Cumulative contributions in eV b to th&- and _
P-wave capture zero enerdy factor of the reactiorfH(p,y) *He X>EJ= \/
calculated with the AV14/VIll and AV18/1X Hamiltonian models.

See text for notation. The statistical errors associated with the S VARS . C
Monte Carlo integrations are less than 2%. The experimental value-gl'",a quantities< /¢” are easily shown to remain finite in the

Urel \/677 LSJ
o exr(Zwa/vrd)M\Mﬂ'X/ . (6.7)

are taken from Ref(11]. limit v,—0; in terms of these th& factor is written as
Ss S S(E 0) T, 9 S BN+ [ MLSY2
P m=0)=ga ur-—5 , )
AVI4NVIIl  AVISIX AV14NVII  AVIS/IX em 9" Tam’ A4, ¢ c
(6.9
1A 0.0605 0.0647 0.0650 0.0731
IA+PS 0.0880 0.0900 0.0794 0.0876 whereu is thedp reduced mass.
IA+MI 0.0939 0.0943 0.0822 0.0900 The predicted angular distributions of the differential
IA+MI+MD 0.0971 0.0972 0.0824 0.0901 cross sectiono,(#), vector and tensor analyzing powers
A+ +Apr 0.117 0.117 0.0824 0.0901 Ay(#) andT,(#), and photon linear polarization coefficient
A+ +A 0.105 0.105 00800  0.0865 P.(6), obtained for th?H(p,y) *He and*H(d,y) *He reac-
Expt. 0.109-0.01 0.073-0.007 tions are compared with the experimental data[4f] in

Figs. 8—11. The calculations are based on the AV18/IX
Hamiltonian. For selected observables, however, results cor-
l?esponding to the AV14/VIIl Hamiltonian will also be
shown. The observed linear dependence upon the energy of
the S factor and the observed angular distributions of
ay(0), Ay(0), Too(6), andP () indicate that the reaction
proceeds througl- and P-wave captures. The contributing
RME in the limit of zero incident energy are listed in Table
. We note thatM, transitions from the.,S,J=1,3/2,5/2
initial dp continuum state have been neglected. As in the
dn capture, the effects due to two-body currents ande-
grees of freedom are large on tive; RME, particularly the
doubletM,. The E, RME is very small, and the calculated
value appears to be rather insensitive to the model Hamil-
tonian used.

In Tables V and VI we present the results for the zero- Among theE; and M, RME from P-wave capture, the
energy RME and in Fig. 7 and Table VII the results for theleading RME are the doubl&l¥2¥ with J=1/2, 3/2. The

1
aStl’OphySicaS factor of thezH(p,y) 3He reaction. The latter quartetE%(e’/Z)‘] (M%(3/2)J) are about 1 orde(2 Order$ of

quantity is defined as magnitude smaller(in absolute value than the EX(M?Y
E. V=E E. )e2malvre 6.6 While two-body current contributions for the doubtet are
S(Eem)=Eemor(Eem) 6. small and have the same sign as the IA matrix element, they
where o1(E. ) is the total cross section. We note that in are found to be large, in fact dominant, for the quakef
Table V, the zero-energy RME are related to those defined iand of opposite sign than the IA contribution. Effects due to
Eq. (5.3 via A isobar degrees of freedom are small, since the associated

This result is about 15% smaller than that reported by Fria
and collaborator$3] for the same Hamiltonian. The differ-
ence, however, is mostly due to the different value used fo
the N—A transition magnetic moment. we USg,na
=3un, While Friar et al. used u,ny=3.993uy from the
quark model. Indeed, if we use the latter value &k, , our
result becomes 0.630 mb, in much better agreement with th
reported in Ref[3]. As a last remark, we note that tif
parameter, obtained in the ¥PS+Apr approximation by
only including theM ; RME, is calculated to be-0.49, again

in excellent agreement with the value obtained in R&¥.

B. Thermal pd radiative capture

TABLE VIIl. Leading coefficientsa,, by, ¢, anddy in nb in the Legendre expansions of,(6), A, (), T,(6), and P,(6),
respectively, for the?H(p,y)3He capture reaction. The coefficients have been calculated with the AV18/IX Hamiltonian model at
E,=10, 25, 45 80, and 150 keV.

Ep
10 25 45 80 150

ao IA 0.0946 1.81 6.48 16.2 35.4

IA+..-+A 0.130 2.44 8.49 20.7 45.2
a,/ag IA -0.619 —0.686 -0.769 —-0.842 —0.900

IA+---+A —0.536 —-0.604 -0.694 -0.777 —-0.850
b, /ag IA 0.438 0.346 0.258 0.182 0.124

IA+---+A 0.145 0.114 0.0838 0.0575 0.0429
Colag IA 0.0257 0.0266 0.0307 0.0328 0.0353

IA+---+A —-0.0814 —0.0908 —0.104 -0.117 -0.127
Cy/ag IA 0.242 0.192 0.131 0.0781 0.0297

IA+---+A 0.361 0.328 0.284 0.245 0.213
d,/ag IA 0.309 0.343 0.384 0.421 0.450

IA+---+A 0.269 0.303 0.347 0.389 0.426




IA(no D in °H)
AV14/VII
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Ez(fm"z)
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r(fm)

FIG. 5. The functionsE 32 (q;r ) calculated with the
AV14/VIll (top panel and AV18/IX (bottom panel Hamiltonian
models in the IA(solid lines. The functions obtained by switching
off either the deuterortdot-dashed lingsor tritium (dashed lines
D states are also displayed.

currents illustrated in Fig. 3with the exception of those
arising from Figs. &) and 3h)-3(1)] are transverse.

We show in Fig. 6 the functionsE}2M2(q;ry)
and E}C2M2(q;r ) (defined as in the previous subsec-
tion): the empty(solid) symbols correspond to the I4A
+---+A) results. The doublel=1/2 E; function is long-

THEORETICAL STUDY OF THE RADIATIVE CAPTURE . ..

547
1 L
0 tuge annazs e
L R
— %0, .-"".
Sl
E .
w o - S AR, A
. (112,1/2), IA+...+A
. - (3/2,1/2), IA
3| o - (312,1/2), |A+..+A
g8
-4 A . s .
0 3 6 9 12 15
g (fM)

FIG. 6. The functionE{*(q;r ) and E3¥AM(q;r o)
obtained with the AV18/IX Hamiltonian model in |[Aempty sym-
bolsg) and in the IA+ - - - + A approximation(solid symbol$.

Table VI the results for th&,; RME in the LW approxima-
tion are compared with those obtained by direct evaluation of
Eq. (5.2). The two sets of results listed in Table VI corre-
spond to the AV14 and AV14/VIll Hamiltonian models. The
MI two-body currents, by construction, exactly satisfy cur-
rent conservation with the AV14 interaction. Therefore, the
degree of agreement between the LW and+tMl AV14
results simply reflects the extent to which the present varia-

ranged, and is little affected by two-body current contribu-tional wave functions are truly exact eigenstates of the AV14

tions. In contrast, the quartgt=1/2 E; function is fairly

Hamiltonian. While the LW and 1A MI predictions for the

short-ranged, and changes sign when two-body currents afoubletE; RME are quite close, those for the quartet

included. Similar features are exhibited by the doublet andRME are significantly different. Finally, as can be seen from
quartetJ=3/2 E; functions. The quartef,; RME are there- Table VI by comparing the AV14 and AV14/VIll results, the
fore sensitive to the short-range part of the nuclear waveffect of the three-nucleon interaction is not negligible. It is
functions, which is presumably the least accurately deterinteresting to note that the continuity equation requires, in
mined in the present variational calculations. Furthermore, aprinciple, the presence of three-body currents associated with

can be seen from Table V by comparing theHRS and
IA+MI results for the quarteE; RME, the MI two-body

it. The lack of these three-body currents is presumably par-
tially responsible for the differences between the LW and

currents of shorter range, particularly those associated witha +MI results, obtained with the AV14/VIII Hamiltonian.

the momentum dependence of tR& interaction, give sig-

We note that the numerically uncertain values of Ehe

nificant corrections. The precise form of these currents iIRME impact our predictions for th&-factor and polarization

rather uncertaih24].
To check the calculation of the; RME, we have evalu-

ated the appropriate combinationsj«ﬁﬁjJZ matrix elements

making use of the identity valid in the long-wavelength
(LW) approximation(which is justified in the energy range
under consideration here

.LSJ

L
J)\o'3

dxe* (q)- XV -j(x)| W57k

12)o
Jz(q;LW):<\Pglz> 3|_f 2+1

. 1/2) o
:l(Ef—Ei)<‘I’(3 73|

_LSJJZ>

Q) xp(X)|W57) (6.9

Xf dxe* (

wherej(x) andp(x)==;8(x—r{)(1+ 7,;)/2 are the current
and charge density operators, with=r;— R. ., , andE; and

observables at the 10% level. For examples at, =16 keV
and #=30° the proton analyzing power is 0.095 or 0.086,
depending on whether the HA---+A or LW values are
used for these RME’s.

The calculate®- andP-wave capture contributions to the
zero-energ)ys factor are compared with the most recent ex-
perimental determinations[11] in Table VII. The
S¢(E . m=0) is found to be 0.105 eV b, in good agreement
with experiment, SS*(E, ,=0)=0.109-0.01 eV b, and
with the value reported in Ref18], 0.108 eV b. However,
the experimentalP-wave S factor, SS*{E. ,,=0)=0.073
+0.007 eV b, is 1510) % smaller than calculated with the
AV18/IX (AV14/VIIl') Hamiltonian.

Results for theS factor in the energy rangé,=0-150
keV (E.,=0-100 keV are shown in Fig. 7, where they are
compared with the recent TUNL daf41,13 and the much
older data of Ref[12]. Both the absolute values and energy

E; are the c.m. energies of the initial and final states. Independence of the TUNL data are well reproduced by the IA
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FIG. 9. The energy-integrated vector analyzing powers of the
2H(p,y) 3He reaction, obtained with the AV18/IX Hamiltonian
model in the IA(dashed lingand in the IA+ - - - +A approxima-
tion (solid line), are compared with experimental results from Ref.
[112].
+---+A calculation. The enhancement due to two-body
current andA-isobar contributions is substantial: the ratios the target thickness, for the purpose of comparing them with

[SIA+---+A)=S(IA)/S(IA) for the S- andP-waveSfac-  experimen{50]. However, it should be emphasized that the
tors are found to be, respectively, 0.62 and 0.18 at 0 kevenergy dependence of these observables is anyway rather
and increase to 0.75 and 0.22E$=150 keV. The Griffith weak.
et al.data[12] have large errors, and appear to be at variance The overall agreement between theory and experiment is
with the TUNL data. satisfactory for all observables with the exception of
The angular distributions of the energy-integrated relativeA,(¢). This latter observable is particularly sensitive to two-
cross section, vector and tensor analyzing powers, and phé#ody current contributions: their effect is to reduce the re-
ton linear polarizatiofi11] are compared with theory in Figs. sults obtained in IA by about a factor of 3, bringing them
8-11. As discussed in ReffL1], the energy binning of the into better agreement with the data. Howewes; 30% dis-
data would substantially increase the statistical errors. Acerepancy between the predicted and measuxgdemains
cordingly, we have integrated the theoretical calculationspnresolved. It is important to recall here that these observ-

weighted by the energy dependence of the cross section amdles, unlike thermal cross sections, are independent of nor-
malization issues in both theory and experiment.

The relative cross section and polarization observables
appear to be rather insensitive to the Hamiltonian used. This

FIG. 7. TheS factor of the?H(p,y) *He reaction, obtained with
the AV18/1X Hamiltonian model in the IAlong-dashed lingand in
the 1A+ .- - +A approximation(solid line) is compared with ex-
perimental results from Reff11-13.

2.0 , ;
2 3
H(p.)He
E_=40-0 keV : — —
15 P i T T T T T
K 1 3
A 77770 :iATA H(d,'Y) He ///_
3 RN At...+A E,=80-0 keV | /
=107
©
¢ (p,y) DATA —_ . ]
o (d,y) REFL. DATA @ 03%
05 » <
IA+..+A o [T
2= -——- 1A ~]
0.0
0.0 : : : : :
0 30 60 90 120 150 180
68(deg)
-0.3 I | L L L L
FIG. 8. The energy-integrated relative cross sectien(®)/a, 0 30 60 (go ) 120 150 180
0(deg

(4ma, is the total cross sectipn obtained with the AV18/IX

Hamiltonian model in the IA(dashed ling and in the IA _ _
+ ...+ A approximation(solid line), are compared with experi- FIG. 10. The energy-integrated tensor analyzing powers of the

mental results from Refl11]. Note that this plot only shows data lH(a,y) 3He reaction, obtained with the AV18/IX Hamiltonian
with E,=0-40 keV €, =0-27 ke\j. This is done to allow the model in the IA(dashed lingand in the IA+- .-+ A approxima-
(d,y) data withEy=0-80 keV E.,,=0-27 ke\j and the 0,y) tion (solid line), are compared with experimental results from Ref.

data to be shown in the same grdp¥ith the (d,y) data reflectefl [11].
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FIG. 11. Same as in Fig. 9, but for the photon linear polarizationerSFIG' 13. Same as in Fig. 12, but for the tensor analyzing pow-

coefficient.

is shown in Figs. 12 and 13, where the vector and tensomagnetic current operator consisting of one- and two-body
analyzing powers calculated with the AV18/IX model areparts. The wave functions include both nucleon and
compared with those obtained from the AV14/VIIl model. A-isobar degrees of freedom. The one-body currents contain
However, these observables, in particular g 0), are  N—N, N—A, andA—A couplings, while onlyNN—NN
found to be sensitive t®-state components in either the terms have been retained in the two-body currents. The latter
initial or final states. This is shown in Figs. 14 and 15 for thesatisfy, by construction, current conservation exactly with
Ay(0) andT,o(#) by switching off theD-state componentin the NN interaction.

either the deuteroridot-dashed lineor *He (dotted ling Comparison between the theoretical results obtained with
wave functions. the more recenfand preferrefAV18/IX Hamiltonian model
Finally, in Table VIII we list for completeness the values and data shows the following.
for the coefficients in the Legendre expansion «f(6), (1) The predicted values for the total cross sectignand
Ay(6), To(6), andP,(6). We note that the total cross sec- photon polarization parametBy, of the 2H(n,y) 3H reaction
tion is given by 4ra. are within 15% of the measured values.
(2) The predicted energy dependence of Siactor and
VII. CONCLUSIONS angular distributions of the cross sectiof)( )/ o1, tensor

analyzing powelT,(6), and photon linear polarization co-
Cross sections and polarization observables for thefficient P.(6) for the radiative capture of protons on deu-
2H(p,y) *He and 'H(d,y) ®He reactions belowE,,,=100 terons in the center of mass energy range 0—100 keV are
keV, and for the thermal neutron radiative capture on deutequite close to the experimental ones. However, the observed
rium have been calculated with accurate variational waveyector analyzing poweA,(6) from 2H(5,y)3He measure-
functions obtained from realistic interactions and an electroments is 30% larger than calculated.
The cross sections and polarization observables, in par-
0.4 : : : , : ticular R; andA(#), are substantially affected by two-body
currents, specifically the isovector ones associated with the
IA(V,q) tensor interaction. Th&®; and A (¢) observables are also
03 | Py | sensitive toD-state components in the deuteron aftde
SRS 5 N wave functions, and hence show an interesting interplay be-
© tween two-body current effects aidstate admixtures in the
ozl /f’ Vo ground state wave functions, both of which are induced by
' J © the tensor force.
P ARLHA(Y) B The predictions based on the explicit inclusion of
/ \ A-isobar degrees of freedom in the nuclear wave functions
011, 1] are found to be in significantly better agreement with experi-
I e \ IRAARAAAALA A N ment than those obtained from perturbation theory estimates.
1/ IA+..+A(V, ) N To conclude, the overall, quantitative agreement between
: : theory and experiment suggests that the nuclear dynamics at
play in these complicated low-energy processes is fairly well
understood. The remaining discrepancies between theory and

FIG. 12. The vector analyzing powers obtained with the AVl4/eXperiment, such as the 30% underprediction of the mea-

VIIl and AV18/IX Hamiltonian models in the IA and in the ap- sured vector analyzing power for tHéi(p,y) *He reaction,
proximation IA+- .- +A atE,= 25 keV. indicate that further refinements are necessary in the present

Ay(0)

0.0 ; : !
0 30 60 90 120 150 180

6(deg)
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FIG. 14. The vector analyzing powers obtained with the Av14/  FIG. 15. Same as in Fig. 14, but for the tensor analyzing pow-
VIII Hamiltonian model in the 1A(dashed lingand in the approxi-  €rS-
mation IA+---+A (solid line labeledF) at E,= 45 keV. Also o . .
shown are the 1A - - +A results obtained by switching off the Publication, and S. Rosati for a careful reading of the manu-
D-state components in either deuteffaot-dashed line labeleB script. The work of A.K. and M.V. was supported by the
(no D in 2H)] or 3He [dotted line labeled (no D in 3He)]. Italian Istituto Nazionale di Fisica Nucleare, while that of

R.S. was supported by the U.S. Department of Energy. M.V.

theoretical framework. Examples of these étethe inclu-  wishes to thank the warm hospitality of the CEBAF Theory
sion of three-body current contributions af®l the inclusion ~ Group, where this study was initiated. Some of the calcula-
of additional relativistic corrections of pionic range in the tions reported here were made possible by grants of com-
two-body current operatof$5,56. Work along these lines puter time from the National Energy Research Supercom-
is being vigorously pursued. Furthermore, the measurememuter Center.
of other polarization observables, such as The and Ty,
analyzing powers, which is currently under way at TUNL  APPENDIX A: EXPRESSIONS FOR THE TWO-BODY
[13] will provide a new testing ground for theory. CURRENT OPERATORS

Low-energy reactions remain an important area for study-

ing nuclear dynamics, and a rich field for both theory and_ " this appendix we provide complete expressions for the
experiment. “model-independent” (MI) and “model-dependent”(MD)

current operators. A thorough discussion of them can be
found in Refs[4,24,25.

Thej{?), operators are constructed from tNé\ interac-

We wish to thank B. J. Rice, G. J. Schmid, H. R. Weller, tion. The Argonnev 1, [28] and the charge-independent part
L. Ma, C. Brune, H. Karwowski, and E. Ludwig for discus- of the new Argonne 5 [30] interaction models can be cast
sions and for kindly providing us with their data prior to into the form

ACKNOWLEDGMENTS

vij= > [oP(rij) +vP(rij) 7 7]10F (A1)

1j?
p=c,o,t,s0,s02]l,ll o !

1
op=e- =1, 0j-0;.8;, LS 3loi-LojL+Hel, L% L%00;. (A2)

HereS;;, L andS are the tensor, orbital angular momentum and total spin operators af peespectively. Correspondingly
we write

Jijm= > Jijps (A3)
p=PSVSOSCRLL

wherej;; ps andjj; v have already been given in Eq8.8) and(3.9), and

iy solki k)= = gl PV (k) + 2205k L+ 1) X k=1 -+ )]+ QU0 (ky) + 2P0 (k)

X[(ai+o7) xki=i(pi+p)) 1+ P()[3v°(k) —2m?v®(k) ][0 X g—i(p;+p{) 1 +i=]], (A4)
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1
Jij,soe(@)= g[vsoz(rij)D+(Q)+vs°27(rij)Dir(CI)]Ui'(rij X)X

1
+Z[U302(rij)D—(Q)+USOZT(rij)DI—(q)]{O'i Lo xXrjt+i=], (A5)

1
jij@=["(rij+v"(r;j)e;- o IID_(a)(i|P)rij—r;xL)— ZD+(Q)rij X(rgX )] +[o"(ri)) +0"77(r ) oy o]

1
X D’_(q)(irij—rinL)—ZD;(q)rin(rinq) : (A6)

wherep; andp; are the initial and final momentum of nucleenWe have also defined

L 1+ Tz,i
Pl)=—7—, (A7)
. Ti'Tj+7'z'i
Q(I)ET, (A8)
D.(q)=P(i)e'¥i=P(j)e'", (A9)
DL (q)=Q(j)e'ai=Q(i)e' . (A10)

The momentum-space components of the interaction, in terms of which are defined the current operator&3i6) H§s9),
and(A.4), are given by

v‘”(k>=%J:drrzwkm—1]v”<r>, (AL1)
0= | dr o), (A12)
P(0=ar [ “areigknoPn), p=c.or (A13)
vp(k)=—A%J:drr“"jl(kr)vp(r), pP=S0,S0r. (A14)

The MD two-body current operator consists of the terms associated withstheand w7y contributions:

I (ki KD =Tij oy (Ki K + T oy (K KS) (A15)
with
. . fﬂ'gpgpﬂ'y 0-i'ki Ujkj
otk ) =1 T kK e (e ) () (ke ) | (A16)
. . fTrgwgwﬂ'y agj- ki agj- kJ
Jomtki ) =12 o K ) (i m2) T (e me) () T (ALD

For thepmy, omy, andwNN coupling constants we use the values 0.56 and (fré&n the measured widths @f— 7+ y
[51] and w— 7+ 7y [52]) and 14.6(from the Bonn potential53]), respectively. We introduce monopole form factors at the
pion and vector meson vertices in thery and w7y two-body current operators with ;=0.75 GeV, andA ;= A ,=1.25
GeV. The values used fok , and A, have been taken from a study of thery current contribution to th&(q) structure
function of the deuterohb4].

Finally, the configuration-space expressions for the current operators ifE8)s(3.9), and(A.4) are obtained fronj24]

_ . dk; dki o
]ij,a(q):fdxe'q'x (271—')3 (ij)ge'ki‘“i X)elkJ'(rl X)Jij,a(kiakj)- (A18)
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APPENDIX B: EXPRESSIONS FOR R, AND FOR THE LEADING COEFFICIENTS
IN THE LEGENDRE EXPANSIONS OF THE OBSERVABLES

In this appendix we list the expressions for the photon polarization paramgtand for leading coefficients,, by,
¢y, andd, in the Legendre expansions Eq4.20—(4.23 of the cross section and polarization observables. In the energy
range of interest in the present study, the leading contributions are those associated with electric and magnetic dipole
transitions, while the contributions due to higher order multipoles, although included in the results reported in Sec. VI, are
found to be numerically very small and, therefore, are not explicitly displayed in the formulas below for ease of presentation
(with the exception oR.). We also use the notation

Mosi1 2041~ MESJ, (B1)
P2s+1 2.]+1:EiSJ, (B2)
and

3

12 a q B3
N1 47 9y g AP (B3)
The leading coefficients in the expansion tgy(#) areay anda,, and their expressions are
ag= 01 |Md >+ Mg >+ [p2ol*+ [Pazd * +1P24 %+ [Pad 21, (B4)
1
a= 1—001[ 10y2Re p22P3s) — 25 REP42P%) — 5| Pad 2+ 41pad 2. (BS)
In the expansion for the vector analyzing powsrthe leading coefficient ig,, and its expression is
\/E * 1 *
blzfglRe[ M3 — \8Po+ 4Pas+ Past \20p40) 1+ g‘HRe[ M4 — V8P22— 5Pas+ 10024+ V20p4a) 1. (B6)

In the expansion for the tensor analyzing poweg the leading coefficients ar®, andc,, and their expressions are

2
Co= \[601R€[ 10V2Re( poopiy) — 5|pad®— 25 REPospi) + 4| pad ], (B7)
* 1 2 1 * * 1 * 1 * 1 2
C,=0| —Re(mymj,) + §| My *— gRe( P2sPia) + 2 RE(Pazp3s) + ERG( PasPz4) + ERd P24P74) + §| Paq? |-
(B8)

In the expansion for the photon linear coefficiéhf the leading coefficient isl,, and its expression is

dZZO'l

1 * 1 * 1 2 1 2
—\Re P22P34) + %Re( PazPad) + 7 |p2d®— §| Pad? | (B9)

The photon polarization paramet@g for S-wave capture is given by

1[ (712)|Myq+ VBRE( MM}, + (5/2) | €44+ \24IM( Mz}, — 3IM(mysely)

R=—=|1
¢ 3 IMagl?+ Mgy ?+ |44

. (B10)

Here the contribution of the electric quadrupelg=E 3?2 is explicitly included. Finally, we note a misprint in R¢8],
the interference term Re(,;m},) between the doublet and quarddt, transitions inR. is erroneously multiplied by a factor

J2 rather than/8.
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