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pd capture processes at various energies have been analyzed based on solutions of thre¢ai)eleon
Faddeev equations and using mod&rN forces. The application of the Siegert theorem is compared to the
explicit use ofw- and p-like exchange currents connected to the AWBI interaction. Overall good agree-
ment with cross sections and spin observables has been obtained but leaving room for improvement in some
cases. Feasibility studies for three-nucleon for@¢F's) consistently included in the 3N continuum and the
3N bound state have been performed as well.

PACS numbes): 21.45+v, 24.70+s, 25.10+s, 25.40.Lw

I. INTRODUCTION processes is the nuclear electromagnetic current operator. Its

Recently new nucleon-nucleoiN{) potentials have been dependence on the electromagnetic nucleon form factors in
worked out, which describe the ri¢iiN data base below the the case of the single nucleon current and its consistency to
pion threshold perfectly well. This set of new potentials, of-the chosen nuclear forces are of central interests. Thus the
ten called a new generation of interactions, comprises Nijm huclear matrix elements depending on the electromagnetic
and Nijm 11 [1], AV18 [2] and CD-Bonn(3]. Used in three-  current operator allow access to the electromagnetic neutron
nucleon(3N) scattering calculations they describe many ob-form factors in the case of polarizéde target§10-12 and
servables rather well, especially at lower nucleon lab enermesonic exchange current§IEC’s) provide important in-
gies below about 100 Me¥4]. An important insight thereby sight into the nuclear dynamics.
is the robustness of that picture: the fdiN force predic- In this paper we concentrate on effects of MEC'’s for the
tions are very close together. This allows, in case of discrep3N system, which for the bound and scattering states is fully
ancies to data, to think that very likely one will see three-treated by solving corresponding Faddeev equatiéBsl4].
nucleon force (3NF) effects. Indeed there is increasing Our techniques to handle MEC'’s adapted to our general for-
evidence that certain discrepancies of data &d force  malism is described ifi15]. For low photon momenta and
predictions can be cured by adding 3NKS|. Good ex- processes with real photons the Siegert theorem in a long-
amples are the minima of the differential cross sections inwavelength approximatiofi6] is quite popular and includes
elasticpd scattering at intermediate energ[€8 or the deu-  some of the two-body currents. We shall also use it in a form
teron vector analyzing power in the same prodé€§sThere  which does not rely on such an approximation and we shall
are also counter examples which clearly demonstrate that théompare those results to calculations using directly MEC's.
correct spin structure of 3NF’s has not yet been fully estabAs expected the comparison will look different for low and
lished. A most prominent example is the analyzing power inhigh energies.
elasticpd scattering at low and intermediate enerdig$]. In the long-wavelength approximation the Siegert theo-
In any case these results form a solid basis to study electrof@m allows one to write the interaction Hamiltonian in terms
scattering and photodisintegration &fle or thepd-capture  of the strengths of electric and magnetic fields, i.e., in a
processes, since the dynamics before and after the photon hgsuge-independent form. The Siegert theorem has been ex-
been absorbed is fairly well under control. Though 3NF ef-tended beforg¢17] beyond the long-wavelength approxima-
fects are of great interest and very likely certain signaturesion. Diverse aspects and properties of the Siegert-like trans-
have already been identified as pointed out, by far the mosbrmations are studied in the above-mentioned references
3N observables can to a large extent be well described bgnd in[18].
NN forces only. Also in view of applications to electromag-  We compare our theory to several recent and older data.
netic processes it is very important to say that the bound ~ Among them are precise analyzing power data taken at the
state as well as theNBscattering states can reliably be cal- Kyushu University tandem accelerator laboratory by using
culated for one and the same Hamiltonian based on that seh intensed beam and a hydrogen gas target of fairly high

of new realisticNN forces. pressure and by detectintife particles instead of rays in
Now the new dynamical ingredient for electromagneticorder to simultaneously measure the whole angular distribu-
tion [19].

In theory this field has been actively investigated before
*Present address: Institutrf@trahlen- und Kernphysik der Uni- by many groups. For the older calculations we refef20|
versita Bonn, Nussallee 14-16, D-53115 Bonn, Germany. for an overview. More recently Torrg21] performed for a
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. . L FIG. 3. Same as in Fig. 2 far, .
pd capture reaction a very advanced calculation treating ini- g P

tial and final 3N states correctly and including MEC's. Ish-
ikawa and Sasakaw&2] even included R forces for such a our way to include a 3NF force intpd capture calculations.
process. Further, based on finite rank approximatiori$éf  The broad set of numerical results compared to data is shown
forces Fonseca and Lehmg28] studied intensively various in Sec. V. In a future work we shall compare the different
pd capture reactions. At very low energies there exist highlynodernNN force predictions with properly related MEC’s in
advancedpd capture calculations by Friagt al. [24] and ~ order to investigate whether this dynamical scenario is robust
Kievsky et al. [25], which has been reviewed recently in against interchanges of the forces. Finally we summarize in
[26]. More recently new investigations on photodisintegra-Sec. V1.
tion and pd capture appeared for very low energies in
[27,28.

Our aim is to use modern forces, keep at least approxi-Il. SIEGERT THEOREM AND MULTIPOLE EXPANSION
mate consistency between MEC’s and the nuclear forces ac-
;(Ijsrg Igtgirt1(t)e:rrlmeedl?ggaer?et\?;igslr,)t;[:jzﬂbrigzlrf?h;n roerI(?[Is tk?as%ad tool to characterize radiative transitions between the nu-

on Siegert theorem and on the explicit use of MEC's. Wwenerous levels of nuclei. In theNBsystem there is only one

3 .
also do not restrict ourselves to low multipoles as in most Opoun_d state for3He(_ H) and thus no obvious need _for that
the previous work. notation. Also working not only at very low energies very

In Sec. Il we rephrase the Siegert theorem working onlwany multipoles are involved and we hardly used that nota-
in momentum space. We think this is a very transparent anHO” up to NOW, See, howeye[|32]. The.S|egert theorer16]
ioudS embedded in that notation of multipoles and that theorem

algebraic steps usually presented in a configuration spadg very powgrful in the description gfd capture or the phg—
notation[30]. It also does not require long-wavelength ap_todlsmtegrann processes. Therefore in order to apply it we

proximations. In that context we also want to show the convant to .e.Xh'b't the connechon between our partial wave de-
nection between the partial wave representation of Outr*_omp05|t|on[31] and the multipole expansion. At the_same

former work [31] and the multipole expansion. There are time we want to present a short outline leading to Siegert's
many kinds of MEC's. In this paper we concentrate n theorem carried through in momentum space. Work along

. . o this line has been presented beford33,34.
andp-like exchange currents linked to the specific AVUBI . - .
force. This is outlined in Sec. IIl. Then in Sec. IV we show & The nuclear matrix element for photodisintegration of
. L . H

Multipole expansions have a long history and are a natu-
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FIG. 2. Comparison of the form factows, for AV18 (solid line)
and AV14 (dashed ling FIG. 4. Same as in Fig. 2 farf).
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1¥ TABLE |. Proton and deuteron lab energies and corresponding
; photon momenta for the inverse reaction in the lab system for ex-
01 periments analyzed in this work.
§ - Ep Eq Q
< 00lE MeV MeV MeV/c
<) 3
N [ 5.0 10.0 8.8
0.001 8.8 17.5 11.4
E 9.9 19.8 12.1
0.0001 L 14.8 29.6 15.4
0 1 2 @2 m ) 4 5 6 22.5 45.0 20.5
47.5 95.0 37.2
FIG. 5. The magnetic form factor otHe. The solid line in- 100.0 199.9 72.3
cludes MEC(see texx, while the dashed line is based on a single- 150.0 299.9 105.7
nucleon current study. Data are frddb]. 200.0 399.8 139.1

T Q)=(P'¥{)/Q)-](0)|WauPy=€,Q)- 1(Q),

@ =0 el 1 ; I ge A
R Toe (Q)ETJg(Q):_Ef dQ" V5357 33+12(Q)

whereWs,.andW{ ™) are 3\ bound and scattering staté?,
and P’ are the total Bl momenta before and after photon J+1 .

N : S Y5-1(Q) - 1(1QIQ) )
absorption,e,(Q) is a spherical component of the photon 2J+1

polarization vector, ancﬁ(O) is the nuclear current operator.
It consists in general of a single nucleon part and more thag,q
one nucleon parts. The three components of the nuclear ma-

trix elementr((j) can be expanded into spherical harmonics.
Choosing the photon directio@ to point in thez direction T HQ)=TY; ag(Q)— f dQ'Y$,,(Q")-1(]9|Q")
we expand the product of the polarization vecig(f) and 4)

the spherical harmonic¥,,(Q’) into vector spherical har-
monics. This then leads immediately to

which is the usual multipole expansion. Inserting the 14

This separates the magnetlc multipolel™® (1=J) and the
electric mult|polesT (I=Jx1). Now we use the identity

€(2)-1 |Q|z)——2 > V21+1C(113,08) [35]

2\ I=11=33=1

5E (D). 1516 A J+1 J . .
xf dQ'Y5.(Q)-1(I1QIQ") QY,(Q)=- \/ZJHYJHM(QH VagrrVi-1(Q.

) ®)
E—JEJE £V23+1 T3(QD, @

16 ) I ) I I ) I )

Clebsch-Gordan coefficients one gets 12
1y £ !
E % 0.8
0.1 g 0.6
o 3 04
% 0.01 02
B £ 0 [ e
[ 0 20 40 60 80 100 120 140 160 180
0.001 E § [deg]
L | FIG. 7. The photon angular distribution f@rd capture atEqy
0~00010 1 5 n 5 p =19.8 MeV against the c.my-p scattering angle. The single
,/—Q,%?[fm -1 nucleon current prediction is given by the dashed line, including
MEC leads to the solid line, and the dotted line is due to Siegert.
FIG. 6. Same as in Fig. 5 fotH. Data are fron{45]. Data are fron{47].
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which allows us to rewrite the term with$,_,,(Q) in terms beliek;/eg tOﬁbe IesT§haffe]ccte(at Ieaslt fgr éow momenlabyh A
S 2 : = A two-body effects. Therefore a single body operator might be
Of ¥35+11(Q) %ndenlOSt |mporFantIy the t_er@YJf(Q)'_ O 5 reasonable approximation. In this paper we use that as-
the other han®@-1(Q) occurs in the continuity equation for gymption and keep also the first term, however in a single
the electromagnetic current nucleon current approximation. In the result section we refer
. S - > by “Siegert” to such a choice. Thus the identity given in Eq.
—_ /B ()
Q-1(Q)=(P"Wy, '[[H.p(0)]|WapeP) (5) together with current conservation and exabt &gen-
=(P"W{,|(E'p(0)~p(0)E)| WapcP)

states of the HamiltoniaH allowed us to shift the effects of

the unknown current matrix elemen{Q) into p(Q) and
=w<5"1’§7)|;(0)|‘1’3Heﬁ> into higher multipoles. Clearly this is only a first step to-
wards introducing two-body currents.
EQP(@) (6) Now let us indicate in the example of the single nucleon
density operator the connection between our partial wave
with expansion and the multipole expansion. Working in momen-
. tum space and in a partial wave decomposition for three
|IQ|=Q=w. (7)  nucleons we use the badipgg), wherep and q are the
i . ) magnitudes of Jacobi momenta a@d set of discrete quan-
Therefore, we end up for the electric multipoles with tum numbers(orbital and spin angular momenta coupled to

1 5I+ 1 the total 3N angular momentum and isospin quantum num-
T5HQ)=— —f dc‘z'{ V=5 V5en(@)-1(QIQ) - bers 13
A J The density matrix element has the structure

J+1 . A
PN YQDp(RIQ )]- © p(@=% (¥pas) (paplp(Q)¥ad. (O

Another derivation of that formula is presented in the Ap- o o

pendix. Note that the first term in the curly bracket in B&). ~ For our purpose it is sufficient to regard only
is normally neglected in a long-wavelength approximation{pgs|p(Q)|¥sue), which is shown if31] to have the form
The last term is now the density matrix element, which isfor a single nucleon density operator

A aia 1 1 = = - -
<pqﬁ<JM)|p<Q||z)|\Pbound(§M')>=5M,MI6MT,MT,zfjﬁ(—1>S+~7[|<p><t,T.MT>F§’(Q)+|<“><t,T,MT)F2<Q)]

[~ (2N +1)! 2 \h2
X 2 5',"5515’ 5513/ 5t,t’ AL z qu(gQ)
B’ ! !

N FAo=N'

N 1
X D kC()\l,k,)\;0,0,0)J dXPy(x)
k -1

q
J

~ No Ag N I N L
(PAB’|Whound - 2
XTboung \/a C()\'z!klglololo) )\ g k g L, )\'
S

1
X L’ g C(Zg,E;M,O,M,). (10)

N = ™

We also indicated now in the bra vector explicitly the totAl 8hgular momentungZ and its magnetic quantum numbleir.
Here it is assumed th&=z. On the other hand, the part of the electric multipole related to Eq. (8) is

elip— 1 O’ Il Q' o)[eX
Titr=— o [ 40\ Y @0(1010"). an

In order to perform the integral in E¢L1) we need the generalization of E4.0) to an arbitraryQ direction. This is easily
achieved by replacing in Eq10) 8y »+C(7,9,5:M,0,M") by
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4 ~ 1
?Yg,Mum(Q)C JQ,E;M,M’—M,M’ : (12

Then the integral can be performed and one ends up with

Tste=X (¥ |pag) (pasl@sy”), (13
Where(pq,8|(l>e' Py is given by
J

I N L
J L A\ L’

< NTVL(= DS T T M) FRG) 1O TMDFIO)TS, 61080 Sss See VAL

11 J+1 1
(paBl®s*)= 5MTMT4f —(-DFC[ T M —EM

N| =

BI
(2N +1)! 2 \r2__
X > \|————q=Q| > kC(\1,k\;0,0,0C();,k,J;0,0,0
)\l+}\2:)\’ (2)\1)‘(2)\2)‘ 3 k
)\2 )\1 A <paﬁ’|q’bound>
X A dX k(X)T. (14)
q
|
As a consequence the varialgen Eq. (10) has to be iden- 51§|21, —|Z1
tified with J—the multipole order of Eq(14). A correspond- ’
ing relation can easily be worked out for the remaining parts R
in Egs.(8) and(4). po=k," —kK,. (16)
IIl. MODEL OE MESON EXCHANGE CURRENTS Further FY is the isovector electromagnetic nucleon form

factor. In the case of just a pion exchange and dropping the
The study of meson-exchange currents has also a longrong form factors .(p) is given as

history. We follow the scheme adopted by the Urbana-
Argonne Collaboratiof26], based on the Riska prescription 2

[29]. Dominant contributions arise from the and p ex- v (p)= waN 1 (17)
changes, to which we restrict ourselves in this paper. Fhe O m m +p?’

current consists of the so-called seagull and pion in flight
parts, which in case of a true pion exchange are displayed in

Fig. 1. The well-known expressions are where f yn @and m_ are the pseudovecto#rNN coupling

constant and the pion mass, respectively. Similarly ghe
current is given as

jsea0ul( 5, 5,)=i[ 7(1)X 7(2)],F V[0 (P (3(1) - pr)o(2)

0, (P)((2) PG (D)), =Tt o T Ty, 19
jPionie(py,po) =i[7(1) X 7(2)],FY(P1— P2 (1) - py] Jp,l<p1ypz>EI[T<1>xr(2>]ZFY<QZ>p§_p
1 2
X[a(2)-p J% (15) X[v3(p2)—v (P11,

I e . C Ten(prp)=—i[ (D)X 7(2)1FY(Q)[v,(p2) o(1)
wherep; andp, are defined in terms of the initial and final R R R _ _
momenta as X(0(2)Xp2)—v,(p1) 0(2) X (a(1) X py)],
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(=23 o] —

o
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FIG. 10. The same as in Fig. 7 B,=100 MeV. 6 is the c.m.
FIG. 8. The same as in Fig. 7 By;=29.6 MeV. Note that the ,.p scattering angle. Data are fro9].
calculations are foE4=29.2 MeV. Data are fronj47].
in the givenNN potential and using the continuity equation
Jpan(P1,p2)=—i[7(1)X T(Z)]ZF}/(QZ) finds a Imkage of the potential to the exchange currents. The
procedure is as follows:

vp( p2) - Up( pl)

X p2—p2 v A(K)—vpg(k)=20"(k)—v77(k), (20
X[((1)XPy)- (7(2) X PN (P1~P2) vp(k) = ov(k) =vt (k) ok, @)
) and
- . - - - v,(P2)—v,(P1
Jp,uv(pl,pz)f—l[r(l)x7(2)]ZFY(Q2)W vS(k)—vi(k)=v7(k), (22)
X[0(2)- (p1X Po)(a(1) X py) where the functions pg(k), vy(k), vi(k) are evaluated as
7(1)- (P1X P2)(0(2) X po)]. =
+0(1)-(P1Xp2)(0(2) X p2)] ”M("):%fo gk - 1071, (23
Again for just ap exchange one would have
4 ©
. _(gpNN)2(1+K)2 v“(k):ki;f drrja(kr)o'(r), (24)
0p(K="{ 5, mZ+ k2’ 0
o o vT(k):47Tf drr?jo(kr)v(r). (25)
Up(k)_gpNNW! (19) 0

The functionsv?7(r), v'7(r), v™(r) are taken from the
whereg,yy, «, andm, are the vector, tens@NN coupling ~ AV18 potential and are the radial functions accompanying
constants, and the meson mass, respectively. Now accord-the spin-isospin, tensor-isospin, and isospin operators, re-
ing to Riska’'s prescription one identifies- andp-like parts  spectively. It is interesting to look at the potential-dependent

0.6

0.5

0.4

0.3

do [ dS2 [ub/st]

0.2

0.1

0 20 40 60 8 00 120 140 160 180 0 20 40 60 8 100 120 140 160 180
3 [deé] 3 [deg]0

FIG. 9. The same as in Fig. 7 B;=95 MeV. @ is the c.m.y-d FIG. 11. The same as in Fig. 7 B,=150 MeV. ¢ is the c.m.
scattering angle. Data are from8]. v-p scattering angle. Data are froj#9].
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0.16 16 T T T T T T T T
0.14
012 —
= o1 £
= =
o 0.08 I}
=1 =1
o 006 N
= 004 =
0.02
0
2 4 1 120 140 1 1 2 4 120 140 1 1
0 0 0 60 89 [ deg]00 0 0 160 180 0 0 0 60 sg [ deéoo 0 0 160 180
FIG. 12. The same as in Fig. 7 B, =200 MeV. 6 is the c.m. FIG. 14. The®He angular distribution fopd capture atEg4
v-p scattering angle. Data are frgm9]. =17.5 MeV against the c.n?He-d scattering angle. The curves

describe the Siegert prediction without 3N&otted, the Siegert
functionsvpg(k), vy(k), andvy(k) for differentNN poten-  prediction including 3NFdashed-dotted the single nucleon plus

tials. In Figs. 2—4 we compare them for the AV[i36] and  MEC without 3NF(dashegi and the single nucleon plus MEC in-
AV18 [2]. cluding the 3NFsolid) predictions.

Here Gy is the free Bl propagatort is the off-shellNN t
operator, and¢ is a product of the deuteron state and a
In this section we would like to demonstrate our methodmomentum eigenstate of the spectator nucladfy results

of including a three-nucleon force pd capture calculations.  from the decomposition of a 3NF into three pa\f@ , which

For the 3\ bound state it has been don€ i8] and also fully  individually are symmetrical under the exchange of particles
converged calculations are available for elastic and inelastifandk (j#i andk#i):

nucleon-deuteron scatterifg,6,7.
We apply the method proposed [i87] and start directly V,=VP+ V@ v, (29)
with the nuclear matrix element for thpged capture process:

IV. INCLUSION OF A THREE-NUCLEON FORCE

— . s oo - Introducing the amplitudd, which obeys the equation
TR =(VouP|edQ)- JOIP' (D). @8 37 ¢ P vs e

The scattering stat®{") is then split into three Faddeev

= ) -
components, which for a system of identical particles reads T=tP¢+(1+1G)Vi (1+P)p+tPGoT+(1+1G)

(1) T
W = gy + ot h3= (14 P1oPost P1gPog) hy =(1+P) gy . XV (1+P)GoT, (30
2
@) we end up with
The Faddeev componerit fulfills the following equation
(we drop the index )t y=p+GgT. (32)

Y=+ GotPy+(1+Gt)GoV(L+P)y.  (28) Equation(30) reduces to the form

16 T T T T T T T T 1.6 T T T T T T T T
14 -
_ _ 12 -
= = 1f -
= =
c o 08| -
=1 =1
~ ~ 06} -
=3 =}
= = 04} 7
02 -
0 1 1 1 1 1 1 1 1
0 20 40 60 8 00 120 140 160 180 0 20 40 60 8 00 120 140 160 180
3 [deé] 3 [deé]
FIG. 13. The®He angular distribution fopd capture atEg FIG. 15. The®He angular distribution fopd capture atEg4

=17.5 MeV against the c.ntHe-d scattering angle. The curves =17.5 MeV against the c.nHe-d scattering angle. The curves
describe the single nucleon currédashed the single nucleon plus describe the Siegert predictions based on diffeNdNtforces: Nijm
the m-MEC (dashed-dotted the single nucleon plus the- and | (dotted, Nijm Il (dashed-dotted CD Bonn(dasheg, and AV18
p-MEC (solid), and Siegerfdotted predictions. (solid).
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04 I I I I I I I I R
0.35 |- Y

<t
®
0 1 1 1 1 1 1 1 1 0.4 1 1 1 1 1 1 QI 1
2 4 1 120 140 1 1 0 20 40 60 8) 100 120 140 160 180
0 0 0 60 83 [ deg]oo 0 0 160 180 3[ deg]o
FIG. 16. The proton analyzing powe,(p) at E,=5 MeV FIG. 18. The same as in Fig. 16B{= 150 MeV. Data are from
against the c.my-p scattering angle. Curves as in Fig. 7. Data are[49].

from [46].

the data when including the MEC's. In this paper we restrict
T=tP$+tPG,T, (32 ourselves to relatively low photon momentsee Table )l
therefore we are not concerned about the discrepancies at the
when the Hamiltonian contains onMN interactions ¥,  higherQ values in Figs. 5 and 6, where also relativity should
=0). play some role. In relation to the high@rvalues we refer to
In such a way we study 3NF effects by choosing eithe26,39, where theory has been pushed further including ad-
just the solution of Eq(30) or Eq.(32), inserting it into EQs.  ditional MEC’s andA admixtures.
(31) and(27) and applying the nuclear current operator to the  Now we come to the main results and regard first the
proper 3N bound-state wave function. photon angular distributions fqrd capture reactions. For the

Thus the nuclear matrix element for thel capture pro- ¢, rrent matrix elemeny,(Q) defined in Eq.(1) the unpo-
cessJ(Q) can be split into the plane wave part and the pariarized cross section in the total momentum zero frame

containing all initial-state interactions (c.m) is given as
Te(Q)=(WscP|e-(Q)-[(0)|(1+P)pP’) 11
+(WapePe(Q)-[(0)|(1+P)GoTP). (33) d"c'm:(”)zawd—z?pl © 6 my w11
V. RESULTS x| 7:(Q)|2Q*d Qo 8( mﬁHeJr Q*+Q—1s),
Let us first repeat calculations performed before by sev- (34)

eral groups for the magnetic form factors e and®H. In
Figs. 5 and 6 we compare the single nucleon current predic- - - i
tion with the one including ther- and p-like exchange cur- WNheré &, vq, vy, andw are the fine structure constant
rents. We use the AV18 potenti&®] without the various (=~1/137), the velocities of thg incident deuteron gnd p.roton,
electromagnetic parts. Therefore, the result of a Faddeev caind the energy of the outgoing photon, respectively.is
culation for the®H binding energy is only 7.623 MeV. The the total energy of th@+d and *He+ y systems (s=Eq
electromagnetic nucleon form factol6¢ andG,,) are from  +Ep=Esnet Q). The differential cross sectiord§/d{1q)
[38]. We see the well-known strong shift of theory towardsis then obtained as

0.3 H I I I I I I I 0.3

—
~~.

o2k /T . 0.2

0.1

-0.1
-0.2

-0.3

e 5 $
0.3 1 1 1 1 1 1 1 1 0.4 1 1 1 1 1 1 1 1
0 20 40 60 8) 100 120 140 160 180 0 20 40 60 8) 100 120 140 160 180
8[deg]0 3[deg]0

FIG. 17. The same as in Fig. 16@f=100 MeV. Data are from FIG. 19. The same as in Fig. 16@{=200 MeV. Data are from
[49]. [49].
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FIG. 20. The deuteron analyzing powdr;; at E;=10 MeV FIG. 22. The same as in Fig. 21 B;=95 MeV. 6 is the c.m.
against the c.my-p scattering angle. Curves as in Fig. 7. Data are y-d scattering angle. Data are fro8].
from [46].
strong decrease of the peak height by including the 3NF in

do |&™ , 1 . EpEdEaQ the case of the Siegert approach and a less pronounced shift
dQq =(2m) *s md; " §:Etl | 7(Q) sp, in the same direction when using MEC's. [41] it has been
s argued(see also[42]) that this fact is related to théHe

35
39 binding energy. Apparently this can be more subtle due to

wherep,, is the magnitude of the proton momentum. Notethe interplay with the current operator used. Finally, we dis-
that we use the relativistic phase-space factor. play the theoretical uncertainty arising from the fact that the
The photon angular distributions fopd capture are variousNN forces do not yield the same resuifsig. 15.
shown in Figs. 7—12. The single nucleon current predictionThis spread is relatively lows¢5% in the maximury which
is compared to the calculations including the Siegert theois satisfying in the Siegert approach. It will be very interest-
rem, to the results adding the- and p-like exchange cur- ing to see in the future, whether differeNtN forces taken
rents to the single nucleon current, and to the data. We sd@gether with consistently applied MEC'’s will lead to a com-
that the single nucleon current prediction underestimates thearably small spread. Only if such a robustness can be dem-
data. Siegert and explicit MEC’s are close to the data and t@nstrated can one have some confidence in this dynamical
each other, but still leave room for improvement. At thescenario.
higher energies whei,= 100, 150, and 200 MeVH,> 70 Let us now regard various spin observables. Nucleon ana-

MeV) one may note a slight superiority of the explicit MEC lyzing powersA,(p) are shown in Figs. 16-19. At the low-
prediction over the Siegert approach. est energy of 5 MeV all three theoretical predictions are

In Fig. 13 we show predictions for théHe angular dis- close together and near the data below 100 degrees, but at
tribution in the pd capture process for different choices of extreme forward and backward angles the two calculations
the electromagnetic current operator at a low energy. Apparncluding two-body currents show strong enhancements,

ently the Siegert choice is not fully exhausted by the electrigvhich are not seen in the data at the backward angles. Very
multipole parts of ther- and p-like MEC'’s but we see that Precise data especially at those extreme angles would be of

the -exchange MEC is the dominant one of the two. Aninterest to put higher pressure on the theory. At the three

interesting insight into 3NF effects is shown in Fig. 14. Wehigher energies the explicit use of MEC's is clearly much
use the Tuscon-Melbourne for¢é0], which has been ad- closer to the data than the Siegert approach and clearly the

justed to the®He binding energyi13]. We see a relatively ~Single nucleon current alone is not acceptable.

0 ! | I o I I g I' 1 I 1 1 1 1 1 I
o0k © °...--------_-_-=-,_, o 00 0.04 1 i
L e —.. ; A
0041 e Ny o ] ;
‘\'_1’ ‘3}\ l’: 002 I~ =
-0.06 [ RN /F &
= NS\ S = ]
= 008 NN\ - o ! -
T N ' B H
01f Voo :
R -0.02 ! .
-0.12 [ - 00 A e I Sint: SITTO,
-0.14 | ‘.‘ :'_ -0.04 :' -
-0.16 1 1 1 1 1 1 1 Y I 1 1 1 1 1 1 1 A
0 20 40 60 8 100 120 140 160 180 0 20 40 60 8 100 120 140 160 180
8 [deg]0 8 [deg]O
FIG. 21. The deuteron analyzing pow&y(d) atEy=17.5 MeV FIG. 23. The tensor analyzing powér,, at E;=10 MeV

against the c.m®He-d scattering angle. Curves as in Fig. 7. Data against the c.my-p scattering angle. Curves as in Fig. 7. Data are

are from[19]. from [46].
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FIG. 24. The same as in Fig. 23 for the tensor analyzing power
T,,. Data are fron{46].

FIG. 26. The same as in Fig. 23 B;=19.8 MeV. Data are
from [50] (circles and from[51] (squarep

Our results for the deuteron vector analyzing poifley; ~ change provides the_strongest shift in .r.elation to the sjngle
or A,(d) are shown in Figs. 20-22. The agreement with thehucleon current prediction, but an additionakxchange is
data is in general only fair. At the lowest energy the extremeh@eded to bring the theory into the data. Also Siegert gives
enhancement at large backward angles of the predictions irgssentially the same quality of agreement. Remarkable are
cluding MEC or Siegert is clearly ruled out by the one data@dain the strong enhancements at extreme forward and bapk—
point. At Eq=17.5 MeV the MEC prediction appears to be ward angles which unfortunately cannot be checked by avail-
reasonable, if there were not that enhancement at the largle data.
angles. AtE4=95 MeV Siegert and the explicit MEC are ~ We would like to add the remark that event=17.5
comparable, but are missing the data at backward angles. MeV all'states for two-nupleon total angular momenta up to

Last but not least, we regard a rich set of tensor analyzingt leastj=2 have to be included. All our calculations are
powers in Figs. 23—29. AE,=10 MeV Siegert and MEC gsed on up t¢=3 contributions, which at the higher ener-
predictions agree fof ,, and T»; and the data. For th&,,  Ji€s might be not fully converged. In Figs. 33—36 we display
this is different and the data scatter a lot. We would like tothe effect of adding the Tuscon-Melbourne 3igjusted to
point to the very different behavior of the MEC and Siegertthe *He binding energy For all observables the effect is
predictions at large angles fdr,,. The reason for that un- negligible if taken together with the Siegert apprqach. In the
acceptable behavior is right now open. B;=19.8 Mev  case of MEC’s, however, the shifts are quite nqtlceable and
this quite different behavior for MEC and Siegert predictionsmoVve the theory somewhat away from the data in the case of
appears at extreme forward angles. Otherwise both predidyy ?”dAzz- o .
tions agree with each other and the data.EAt=29.2 MeV Finally, we demonstrate in Figs. 37-40 that the dn‘ferent
our results(0.0326 for Siegert and 0.0315 for ME®r the NN forces taken together with the Siegert approach give es-
singleA,, data point ¢=96°) of [21] agree with the calcu- sentially the same predlqtmns, which is a feature of robust-
lations by Torreg[21] (0.0339, although in his case the Reid Ness of that dynamical picture.
soft-core potential43] was usedA,, is fairly well described
for E4=45 MeV andE =95 MeV. The data aE =45 MeV
have been analyzed by us before using the Bonn-B potential
together with the Siegert approag32].

At E4=17.5 MeV we show again in detail the various
predictions. From Figs. 30—32 one can infer that thex-

VI. SUMMARY

We have analyzed the angular distributions and some po-
larization observables in the proton-deuteron radiative cap-

0.04 I: I I I I I 1 I
i
0.02 I I I ) I I 1 I i
o015 T e 4 0.035 - 1
oot | T \\ _
0005 | e R 2 oosf |
T ol
8 .0.005
= 0.025 | i
-0.01 4
-0.015 - i
0.02 |- 4 0.02 L L L L L L 1 L
- . ; | . | | | | 0 20 40 60 8 100 120 140 160 180
-0.025
0 20 40 60 180 6 [deg]

83 [deé]OO 120 140 160

FIG. 27. The tensor analyzing powéy,,
FIG. 25. The same as in Fig. 23 for the tensor analyzing powergainst the c.my-d scattering angle. Curves as in Fig. 7. The data
T,,. Data are fron{46].

point is from[21].
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FIG. 28. The tensor analyzing powek,, at E4=45 MeV FIG. 30. The tensor analyzing powd, at E;=17.5 MeV

against the c.my-d scattering angle. Curves as in Fig. 7.

Data areagainst the c.m3He-d scattering angle. Curves as in Fig. 13. Data
from [32].

are from[19].

ture at low and intermediate energies. The correspondingule that out or possibly justify it. In any case if the MEC and
photon lab energy for the inverse photodisintegration procesthe Siegert predictions are opposite, the reason for that
could range from 10 to 140 MeV. We compared the explicitshould be clarified.
use of MEC's to the use of Siegert’'s theorem. The MEC’s We consider it to be an important result that the different
were restricted tar- and p-like exchanges as derived from new generatiofNN force predictions together with the Sieg-
AV18 according to Riska’'s prescription. Théd®ound and ert prediction are very close together, which demonstrates
scattering states are rigorous solutions of the adequate Fatihe stability of that dynamical picture. It will be important to
deev equations. The calculations are practically convergethvestigate in future studies, whether this is also true, when
with respect to angular momentum states except possibly &xplicit MEC’s are used consistently on thiN forces. Here
higher energies. At the lower energies the Siegert and ME@ve restricted ourselves to just one case, when working with
predictions are rather close together. Thdike MEC pro- MEC, the AV18 potential.
vides the strongest shift in relation to the single nucleon Finally, we mention that the inclusion of 3NF’s in the
current towards Siegert’s result, but tpeike piece is im-  form of the Tuscon-Melbournes exchangdadjusted to the
portant as another shift. At higher energies the Siegert theo®He binding energyhas only a minor effect in conjunction
rem and MEC's differ in general, which is to be expectedwith the Siegert approach, but a noticeable dime some
since the Siegert approach is mainly active for the lowercase if used together with MEC's. Clearly consistency re-
multipoles. quirements will probably play an essential role and are not
The agreement with the data is mostly good but there ishe subject of this paper.
some room for improvement. Definitely new measurements
are needed to improve on certain data sets and to put stronger
constraints on the behavior of theoretical predictions at ex- ACKNOWLEDGMENTS
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tions have been performed on the Cray T90 of the NIC inWe define
Juich, Germany.
[52(Q) =15, 1(Q)VY35 11 Q) +15,. 1(Q V35, 14(Q)
APPENDIX: AN ALTERNATIVE APPROACH (A4)
TO THE MULTIPOLE DECOMPOSITION

Here we would like to present an independent derivationand
of Eq. (8), which differs substantially in technical tools from

the one given in Sec. Il I7224Q) =15,(Q)Y35(Q). (AS)
The nuclear matrix element$Q) can be expanded in a .
series of vector spherical harmonics In Egs. (A4) and (A5) we separate terms of electric and

magnetic type containing the vector spherical harmonics
with parity (—1)” and (- 1)U "1, respectively,

Q=2 15(QY5ia(Q). (A1)
Q) — el R rmag; A
where Q=2 [IFQ+F4Q]. (AB)
I§|(Q): J' dQ'r(Q')\?§|1(Q')- (A2) Then we use the following relatiorig4]:
- - P ~ J . N
We denoteQ=|Q|=|Q’|. Sincel may take the values$ QX Y5, 14(Q)=i \/mYﬁn(Q), (A7)
=|J-1],J,J+1 in Eq. (A1), we have
e ¢ GRE (A€ k£ (A B vt (i L G o
I(Q):JZ§ [155-1(Q) Y35 12(Q) +155(Q) Y3 ;1(Q) QXY35;(Q)=i mYJJfll(Q)
+1§ YiE (D)1 A3 . J . A
§1(QY3 Q)] (A3) o \/2J+1Y§J+11<Q)' ~8)
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FIG. 33. The tensor analyzing powéy,, at E;=17.5 MeV
against the c.m®He<d scattering angle. Curves as in Fig. 14. Data  FIG. 35. The same as in Fig. 33 for the tensor analyzing power
are from[19]. A, . Data are fron{19].
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. R /J+ «
QXYgJ—ll(Q):i 2J+l JJ:L(Q) (A9) IJJ 1(Q)*J'dQ I( Q )YJJ 11(Q’)

A A J . . J+1 J'dQ{\/ZJ-HL[Q, |(Q )]ng( ")
QYiQ) =\ 57 Yi-u(Q) - Y550 11(Q),
i

2J+1 ZJ 1
(A10) 23+1[Q x1(Q")1-Y5,(Q" |,
to derive the following identities: (A13)
- I+1 3 . e A
Y35:1Q)=— 2J+1QYJ§(Q) 23+1Q IJJ+1(Q)ZJ dQ'1(Q")Y5;5411(Q")
s a
Q) (ALY - [ dé'{— VA e 1@ v,
J¥ _ \/ J .,
Y55-1(Q)= 2J+1QY35(Q) 2J+1QXYJJ1(Q) +i 2J+1[Q XT(Q")1-Y5,(Q")|.

(A12) (A14)

We use the identitie§A11) and (A12) in the angular in-

tegrals of Eq(A2) and get Inserting Eqgs.(A13) and (A14) into Eq. (A4) and making

use of Eqs(A8) and(A10) leads to
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FIG. 37. The tensor analyzing powéy,, at E;=17.5 MeV
against the c.m3He-d scattering angle. Curves as in Fig. 15. Data  FIG. 39. The same as in Fig. 37 for the tensor analyzing power
are from[19]. A, . Data are fron{19].
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l“(Q)-QYJg(Q)fdQ [0 1(3")] Y(O")

—[?ﬁﬁ(@x@]f dQ'[Q xY5,,(QH11(Q")
=Q Y3(Q) 47TSLQ;long) +i [Y3£(Q)x Q]
X 47 TSL(Q;transy). (A15)

In such a way we introduce the electric transverse

TS“le(Q;tranS\me dQ'[Q" X Y51(Q)]-1(Q"),
(A16)

and the electric longitudinal multipoles

TSHQilong = 5 [ 4@ (@ T(@DYse@").
(A17)

The magnetic multipoles are defined accordingly

TIEQ)= o [ 4R V@) T@). (A1

PHYSICAL REVIEW C 62 054005

Note that the magnetic multipoles are transverse since

Q-Y5,,(®)=0. The electric longitudinal multipoles
Tﬁé(Q;Iong) do not appear in our studies of processes with
real photons. With the help of the identity

\/ é Y14Q)
\/ QYJHl(Q) (A19)

one can introduce a longitudinal term into the expression for
the transverse electric multipoles. The aim of this transfor-
mation is to get a contribution, which can be associated via
the continuity equation

QxY

Q-1(Q)=(P"¥{7|[H,p(0)]|¥s;cP)
=w(P'W{)]p(0)|WspP)=Qp(Q) (A20)

with the matrix elements of the charge den$i()6). So, the
electric multipoles can be cast into the form

1 ~ n -
ToUQ)=— Tﬁf 4O [VITIY;(0)p(3")

+23+1Y5 5, 14Q)-1(Q)],  (A2))

which is identical to Eq(8).
Finally, choosing the direction of the axis along the

photon momentum we get for the transverse components of
the nuclear matrix element

[1(Qe)],=— J_Z V2I+1[TSUQ)+£TTAYQ)],

(é==1), (A22)

which coincides with Eq(2).
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