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Radiative nucleon-deuteron capture and two- and three-body photodisintegration of the three-nucleon bound
state are described. The description uses the purely nucleonic charge-dependent CD-Bonn potential and its
coupled-channel extension CD Bon #The A-isobar excitation yields an effective three-nucleon force and
effective two- and three-nucleon currents beside othésobar effects; they are mutually consistent. Exact
solutions of three-particle equations are employed for the initial and final states of the reactions. The current
has one-baryon and two-baryon contributions and couples nucleonidAwgbbar channelsA-isobar effects
on the observables are isolated. Shortcomings of the theoretical description are discussed and their conse-
guence for the calculation of observables is estimated.
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I. INTRODUCTION expansion of the two-baryon transition matrix as interpola-
dipn technique; that technique is found highly efficient and
systematic. In this paper, the technique of R&. is also
. . ; used for the description of photoprocesses in the three-
available energy stays below pion-production thresholdhucleon system. In contrast to R¢#) the underlying purely

Fhus, the excitation of tha isobar remains v_wtug[. T_hA nucleonic reference potential is charge-dependent CD Bonn
isobar is therefore considered a stable particle; it yields a%

. ; 9]. Furthermore, the coupled-channel extension of CD
effective three-nucleon force and effective exchange curren

. ; : onn, called CD BonnA and employed in this paper, is
beside _otherA-|sobar EﬁeCt.S‘ The effective three-r_]ucleonﬁtted in Ref.[10] to the experimental two-nucleon data up to
force simulates the two-pion exchange Fujita-Miyazaw

o L 4350 MeV nucleon lab energy; it is as realistic as CD Bonn.
}Cgr(;e [fle]d?lré?bﬁgeet:reigy?:joenpgggepr?trtfg];rt: e'ﬂﬂ?iﬁ?&% ex-T hus, this paper updates our previous calculati@®of tr!-
change currents are of two-nucleon and ihree-nucleon naturnude.0 : photoreactlons._ Compared to Rél, the descrip-
Since the effective nucleonic forces and currents are buil on 1 e_xtende_d to higher energies, and _thr_ee-nucleon
from the same two-baryon coupled-channel potential an reakup is glso included. An alternative d(-_zscrl_ptlon .of e.m.
from the corresponding one-baryon and two-baryon Coupled_rocesses in the three-nucleon system is given in Refs.
channel current, they are consistent with each other. Sin 11_.13; Refs. [.1.1_.13 em_ploy a different wo-nucleon po-
the two-baryon ,coupled-channel potential is based 'on tht ntial, an explicit irreducible three-nucleon force, and a Q|f-
single exchanges of the standard isovector mesot)@ind erent e.m. current; neve_rtheless, the theoretical predlct_lons

. . of Refs.[11-13 and of this paper will turn out to be quali-
rho (p) and of the isoscalar mesons ome@a and sigma

th h tained in the eff t_tatively quite similar.
(0), the same meson exchanges are contained in the effective ggction |1 recalls our calculational procedure and espe-

nucleonic forces and in the effective nucleonic currents. E.g.gjg|ly stresses its improvements. Section Ill presents charac-
beside thew exchange of Refs[1,2] also p exchange is aristic results for observablea:isobar effects on those ob-
included in forces and currents. servables are isolated. Section IV discusses the technical

_ The exact solution of the three-particle scattering equaghortcomings of the given results. Section V gives a sum-
tions is used for the description of the initial- and fmal-statemary and our conclusions.

interactions; the coupled-channel formulation for nucleon-

deuteron scattering is developed in Ref3-5]; radiative Il. CALCULATIONAL PROCEDURE
nucleon-deuteron capture and electromagnggien) two- . The calculational procedure, including the notation, is
body breakup of the three-nucleon bound state are descrlbqg

in Ref. [6]. Wh bl . f the Pari ken over from Ref[6]. We remind the reader shortly of
In ReL. [ ]_‘ ereas a separable expansion ot the Faris pgy, procedure in order to point out changes and to describe
tential [7] is used in those early calculations, REd] solves

the three-particle scattering equations exactly by ChebYShegisiﬁt?: SRIZ?[G;]O three-body photodisintegration, not  dis-

Photoreactions in the three-nucleon system are describ
allowing for the excitation of a nucleon to & isobar. The

A. Nonrelativistic model for the electromagnetic and hadronic

*On leave from Institute of Theoretical Physics and Astronomy, interaction of baryons

Vilnius University, Vilnius 2600, Lithuania. Electronic address:  The e.m. current acts in a baryonic Hilbert space with two
deltuva@itp.uni-hannover.de sectors, i.e., one sector being purely nucleonic and one in
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FIG. 1. One- and two-baryon processes contained in the used FIG. 2. One- and two-baryon processes contained in the used
e.m. current. In this figure only the purely nucleonic processes are.m. current. In this figure processes are depicted in which one
depicted; the nucleon is indicated by the thin solid line, the photomucleon is turned into & isobar, indicated by a thick line. The
by the wavy line, and the instantaneous meson exchange by th@ermitian adjoint processes are taken into account, but are not dia-
dashed line. In nonrelativistic order the one-nucleon process corgrammatically shown. In nonrelativistic order the one-baryon and
tributes to the charge density and to the spatial current, the twotwo-baryon processes contribute only to the spatial current. In the
nucleon processes only to the spatial current. The diagonal isoveene-baryon current only the magnetic dipole transition is kept. The
tor 7 and p exchanges are taken into account in the two-nucleordiagonal isovectotr andp exchanges are taken into account in the
processes as well as the nondiaggmaly and w7ry contributions. two-baryon processes as well as the nondiagenay and wmy

contributions.

which one nucleoriN) is turned into aA isobar. The current
operator is employed in its Fourier-transformed faiiQ) sponding 7 and p exchanges in the employed two-baryon
and in a momentum representation, based on the Jacobi mmteractionH, of CD Bonn and CD BonnA. The spatial
menta(pgK) of three particles in the definition of Reff3], current is systematically expanded up to first order in
ie., k/my, k being a characteristic baryon momentum ang
the nucleonic rest mass. The charge density is used in
(P'q’K’[I4Q)|pgK) = &K' -Q -K) zeroth order ink/my for the standard calculations of Sec.
R I1l; even photoreactions require the charge-density opera-
X(p'a'li*Q.Klpa). (1) tor, i.e., for the Siegert form of the current.

In the perturbative spirit for the evolution of photopro-
esses, the e.m. interactietfy ™ acts only once, whereas the
adronic interactiorH, has exactly to be taken into account

up to all orders. We use hadronic channel states, seen in the
initial and final stategiP;) and |fP;) of the photoreactions
with total momentaP; andP; in the form

In Eq. (1) Q is the three-momentum transfer by the photon; it
will take on particular values depending on the considere
reaction; in the photoreactions of this paper it is given by th
photon momentumk,. A total-momentum conserving

function is split off; the remaining current operator
i*(Q,K,) only acts on the internal momenta of the three-

baryon system with a parametric dependence on the combi- |PgK) =|B)|K), (2a)
nation K,=K’+K of total momenta. Since all meson de-
grees of freedom are frozen, the operator has one-baryon and 1B,(q)v,K) = |, (@) v )|K) (2b)

many-baryon pieces. Beside the standard nucleonic-current

part there are additional parts involving theisobar which

then make effective two- and three-nucleon contributions to |Do(pq) voK ) = |o(pQ) ve)|K ), (20)
the exchange current, the contributions being consistent witlyit, the energies

each other. We take one-baryon and two-baryon contribu-

tions into account, shown in Figs. 1-3 and described in detalil K?2

in the respective figure captions. The explicit forms of the Ep(K)=Eg+ 6me’ (33
considered contributions are collected in Appendix A. The N

horizontal lines in the diagrams indicate that the meson ex- 32 K2

changes are instantaneous. The dominant meson-exchange Ea(qK):ed"'i"'_v (3b)
contributions arise fromr and p exchanges; note that those 4my  6my

are the only contributions of two-baryon nature taken into

account in the calculations of Refd1-13. In our calcula- p? 392 K2

tions also the nondiagonalry and wmy contributions are Eo(paK) = my + amy + 6my,’ (3¢c)

taken into account for the currents of Figs. 1 and 2. The

current of Fig. 2 couples purely nucleonic states with statesny, €4, andEg being the average rest mass of the nucleon,
containing oneA isobar. In contrast to Ref6], the contri-  the deuteron, and the trinucleon binding energies; in contrast
butions betweer\-isobar states of one- and two-baryon na-to the notation of Ref{6], but consistent with our notation of
ture are kept as shown in Fig. 3, though the correspondinadronic reaction$3,8], the rest mass of three nucleons is
two-baryon contributions will turn out to be quantitatively removed from the energies of Eq&). The internal tri-
entirely irrelevant; we therefore take only the diagomal nucleon bound state i8), which is normalized to 1. The
contribution into account. The current is derived by the ex-product nucleon-deuteron and breakup channel states in the
tendedS-matrix method of Refs[14—17; however, it satis- three-nucleon center-of-magsm,) frame are ¢,(q)v,) and

fies current conservation only approximately with the corre-|¢q(pq)wp) in the notation of Ref[3], », and v, denoting all
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FIG. 3. One- and two-baryon processes contained in the used e.m. current. In this figure processes are depicted which connect states with
a A isobar. In nonrelativistic order the one-baryon process contributes to charge density and spatial current, the two-baryon processes only
to the spatial current. Only the diagonal isovectoexchange is taken into account in the two-baryon processes.

discrete quantum numbers. In both cases the c.m. m{ipbn also defines the employed notation for the individual particle
is explicitly added to the internal motion; in the three- momenta of the trinucleon bound state, deuteron, a nucleon,
nucleon channel with a photon, the total momentBnis  the three-nucleons of breakup, and the pholgnky, Ky, ki,
different from the total momenturd of the three nucleons, andk, are on-mass-shell four-momenta. The corresponding
bound in the trinucleon bound sta®); in the channels with-  particle energies are the zero components of those momenta,

out photonP=K . i.e., k3c, K, ke, ke, andk‘;c; they are relativistic ones with
The matrix elements of the e.m. interaction require fullythe complete rest masses in contrast to those of the nonrela-
correlated hadronic states, i.e., tivistic model calculation of baryonic states in Eg3).
. . We give various alternative forms for ti&@matrix ele-
|(I)BK>: ti0 G(EB(K)1|0)|B>|K>1 (48) ments:
WS (@)rK) = +i0 G(E,(qK) +i0) (fPy{SiP) = —i(277)*oky + ko + ks — k, — kg)(i[M[s))
1 X (2mrh) 54 2k3c 2kge 2kie 2k3e 2ke] 2,
X_’é(l + P)|(Da(q)VaK>l (4b) (7a)
v

(fP(|SiP;) = - 2mi 8(En(ky) + En(ky) + En(ks) - k?,C

1 - Eg(kg)) d(ky + Kk, + k3 —k,—Kp)
XE(l +P)|®p(pq) vK , (4c) (4m)V2%

>< e —
(Zﬂ'ﬁ)alz(Zk?/C) 1/2

X (e vorli*(k K ) e, (k V)B). (7b)
o ) , Equation(7a) introduces a covariant form, whereas Egb)
the free HamiltoniarH, contains the motion of the center of 5 the noncovariant quantum mechanical realization of it.

mass, but the rest mass of three nucleons is taken out, COR (k,\) is the polarization vector of the real photon with
sistent with Egs(3); the permutation operatdP symme-  pajicity )\ (5|M|s) is the singularity-free matrix element for
trizes the product states; the individual kinetic energy operag, .o nucleon photodisintegration, from which the differen-
tors are of nonrelativistic form; they yield the eigenvalues oftial cross section ’

Egs.(3). The hadronic state@h) and(4c) are normalized to

&-functions without additional normalization factors. Since _ ,dLips(k,, + kg, Ky, Ky, K3)

the hadronic interaction Hamiltonian, acts on relative co- doj_ = [(s|Mlsy)| 4c? kg -k (8)
ordinates only, the full resolvent reproduces the bound state 7

IB) and correlates the scattering states only in their interndf obtained. Its dependence on the helioityf the photon
parts, i.e., and on the spin projectioM g of the trinucleon bound state

WO () v, K) = [4E(Qr)K), (6a) k, ks kn ka ki ke ks

W (pa) voK ) = %10 G(Eg(pgK) +i0)

with the full resolvent

G(Z)=(Z-Ho—H)™ 5

W5 (pa) voK ) = [4§ (pa) ) K ). (6b)

B. S matrix for three-body photodisintegration of the
trinucleon bound state

The S matrix and the spin-averaged and spin-dependent
cross sections for radiative nucleon-deuteron capture and for . kn ks ks ks k-
two-body photodisintegration of the trinucleon bound state
are given in Ref[6]. We add now the corresponding quan-  FIG. 4. Schematic description of all considered three-nucleon
tities for three-body photodisintegration. The kinematics ofphotoreactions. The lines for the two-baryon and three-baryon par-
all considered photoprocesses is shown in Fig. 4. The figurécles are drawn in a special form to indicate their compositeness.
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in the initial channel, collectively described By and on the  (6;, 6>, ,—¢1), and the arclengtl$ along kinematical curve
spin projectionsnSf of nucleons in the final channel, collec- are chosen as independent variables. The lab cross section
tively described bys;, are explicitly indicated(s{M|s) is  therefore takes the compact form

Lorentz invariant in a relativistic description and can there- . .

fore be calculated in any frame. However, in our model it is Ao = [(s|M|s)|*fps dS dk, d%k, (103

calculated in the framework of nonrelativistic quantum me- o )
chanics and therefore loses the property of being a Lorent¥ith the abbreviation fps for the phase-space factor in the lab

scalar; equating Eq$7a) and (7b), (s{M|s) is defined by frame, resulting from integrating out the four-dimensiosal

function, i.e.,
—
(sIMIs) = 27 2 2K 2K 22 fps = e Al + k)
c (2711)°32c"KImg
(-) i ~
Xl (pratp) vorl (kK ) ek M)[B). - (9) ~ KBk, - (k= k) T2+ K2 Kal 1 + kD)
We calculate that matrix element in the c.m. system of the %K - (k= k)22 (10b)

final hadronic state using the following computational strat-

egy. The strategy is nonunique, since the model calculationd,he cross sectiorf10g is still spin dependent. The spin-

due to dynamic limitations, miss the trinucleon binding en-averaged fivefold differential cross section is

ergy; the necessary correction for that miss has arbitrary fea- 5 5

tures. In contrast, th8 matrix of Eq.(7a) is based on proper _ de = 1 _ Qo

relativistic kinematics with experimental rest masses. dsS dy; dQ, 450, mgmoms dS &k, dZ;QZ'
(1) The experimental photon momentuky, in the lab

frame with kz=0 determines the total momentuR}y and  Spin observables are defined as in Réfs5]. The experi-

energyEq(p;q:K;) of the final three-nucleon system in the mental setup determines the isospin character of the two de-

lab frame, i.e.Ps=K =k, and Eo(p;q¢K)=Eg+|k,|c. This  tected nucleons 1 and 2.

step is done using the experimental trinucleon binding en- The calculational strategy of Eq&) and (10) is in the

ergy. The resulting enerdy,(p;q:K ;) of the final state is the spirit of Ref.[6]; it chooses the kinematics differently for the

true experimental one. Thus, the experimental two-body an@ynamic matrix elements/|M|s) on one side and for the

three-body breakup thresholds are exactly reproduced. Iphase space Lips(k,+kg,k;,k;,ks) and the factor ész-ky

nonrelativistic approximation for baryon kinematics, the in-on the other side. That strategy can be carried out with ease

ternal three-nucleon kinetic energy part of the final state igor the observables of exclusive processes. However, when

pf/mN+3q$/4mN:Eo(pquKf)—Kf/6mN. total cross sections in hadronic and e.m. reactions or inelastic
(2) The matrix elements;|M|s) is calculated in the c.m. structure functions in electron scattering are calculated as

system ason-energy-shell elemenunder nonrelativistic ~described in Appendix B for the total photo-cross-section,

model assumptions. Under those assumptions the internal efle energy conserving function is rewritten as imaginary

ergy of the initial state is |ky emlc+Eg+ ki om/6My part of the full resolvent and has to be made consistent with

=Eo(praK ) —K2/6my,k, . m. being the photon momentum the employed nonrelativistic dynamics. Thus, as described in

in the c.m. system, in which the trinucleon bound state ig*PPendix B, the split calculational strategy, developed in
moving with momentumkg=—k. .. thus, K.=—K. o Ref. [6] and so far here, cannot be carried through for total
Yy c.ma 1 Yy c.m:

Taking the computed trinucleon model binding ene@/ cross sections and inelastic structure functions; furthermore,
and the average nucleon massn, i, MyC as discussed in Ref5] for the hadronic reactions, such a
=938.919 MeV, the magnitude of the p1hot0n,momentumSp"t calculational strategy would also be inconsistent with
[k, cm| to be used for the current matrix element results (€ fit of the underlying baryonic potentials.

Since the model binding enerdsk is not the experimental We shall therefore use nonrelativistic kinematics in the
one, neither foPHe nor for3H, and since the c.m. contribu- ramework of guantum mechanics throughout. The corre-

tion to total three-nucleon energies is assumed to be nonrefPONding expressions, derived from quantum mechanics di-

ativistic with mass &y, and to separate from its internal part [€Ctly, can also be obtained formally from E¢8) and(10)

that photon momenturk, ., does not have the experimen- by geplacing_ the hadron energiéic by their rest masses
tal value o m;c” and using nonrelativistic energies for the energy con-

In contrast to the matrix elemeris|M|s) which carries ~ S€Tving 8 functions and for the definition of the kinematic
the dynamics, the kinematical factors in E®), i.e., the Il:?cilljdsiﬁThlfl Iatk) crioss ?ﬁctln(zntlrsixcolnsr:ug:?d from the following
standard Lorentz-invariant phase-space elemdirips(k, uliding blocks, 1.€., the matrix element.
+kg, Ky, Ko, k) [6,18 and the factor € kg-k,, which con- .

11

tains the incoming flux, the target density, and projectile and (sf|M|s)) = ﬂ(Znﬁ)3[2chZ(2mch)3]l’2
target normalization factors can be calculated relativistically. ¢
As in Ref. [5] for hadronic nucleon-deuteron breakup the ><<¢,g—)(pqu),,0f|j#(k7 emi—Ky em)
scattering angles of two nucleons with respect to the beam
direction, i.e.(6;, ¢;) and(6,, ¢,), notationally shortened to X€,(Ky cmM)|B) (129
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and the phase-space factor fps of Ed€) which takes the |B) and for the scattering states are solved as in f3f.in

following changed form: fact, the scattering states are calculated only implicitly as
described in Appendix B. The resulting binding energies of

fps = 1 k2k2{k2[2|k |_|2 (k- k)2 ®He are -7.941 and -8.225 MeV for CD Bonn and CD
(2mh)®32cHomymg - 2 A e Ty Bonn+A, respectively. If the Coulomb interaction were

. taken into account, as proper féide, the binding energies
+k3[2lk |-k - (k,—kp 132, (12b)  shift to —7.261 and —7.544 MeV, whereas the experimental
. A . value is —7.718 MeV. Nevertheless, we use the purely had-
Section IV will discuss the differences between the presentynic energy values and bound-state wave functions for con-
fully nonrelativistic calculational scheme of cross sectionssistency when calculating the current matrix elements, since
and that of Eqs(9) and(10) with some relativistic features. \ye are unable to include the Coulomb interaction in the scat-

tering states.

Whereas the hadronic interaction is considered up to

IIl. RESULTS =4, the e.m. current is allowed to act between partial waves

We present results for spin-averaged and spin-dependeHP © ! =6, the higher partial waves being created by the

observables of nucleon-deuteron radiative capture and geometry of antisymmetrization. The e.m. current |s_taken
over from Refs[14,2]] with some necessary modifications.

three-nucleon photodisintegration; results of two-body pho- (1) The e.m. current is richer than the oné used in G,

tqdlslntegratlon are transformed to correspondlng_ ones Of. r"’H'agonal two-baryon currents connecting states wifkobar
diative capture. The results are based on calculations derive

from the purely nucleonic CD-Bonn potenti§®] and its are taken into account.

purely . n p ] : (2) Values for the e.m. couplings of tieisobar are taken
coupled-channel extensiofil0], which allows for single from Refs.[22,23
A-isobar excitation in isospin-triplet partial waves. The o

isobar is considered to be a stable particle of spin and isospi (3) Meson coupling constants, meson masses, and had-
3 5 P P Pfdnic form factors used in meson-exchange currents are cho-
> Wwith a rest massn,c” of 1232 MeV. In contrast to the

sen consistently with the employed hadronic interactions CD

coupled-channel potential constructed previously by the SUbBonn and CD Bonn4; they are listed in Refg9,10]. The
traction techniqug19] and used in the calculations of Ref. employed contribution’s to the e.m. current aré collected in

[6], the new one of Ref[10] is fit_ted pfope?'y to data and ppendix A. The current is expanded in electric and mag-
accounts for two-nucleon scattering data with the same quag e multipoles as described in Ref§,21]. The technique
ity as the orlglnaI_CD-Bonn potent|al..We describe first thefor calculating multipole matrix elements is developed in
standard calculational proceduradopting the strategy of L. [21]: a special stability problerfé] arising in the cal-

Se;:_.hll BH dronic i . . | leoni qi culation requires some modifications of that technique as de-
€ hadronic interaction in purely nucleonic and N ge e i Ref[18]. The magnetic multipoles are calculated
nucleond partial waves up to the total two-baryon angular ¢, the one- and two-baryon parts of the spatial current.

momentuml =4 is tal_<en into account. The calculations omit The electric multipoles use the Siegert form of the current
the Coulomb po.tent|al bet.wgen .charged baryons. Neverth%thout long-wavelength approximation; assuming current
Ies_s, the theoretical description is charge dgpende_nt. For r€onservation, the dominant parts of the one-baryon convec-
actions on’He 'the pp and np parts of the interaction ar€ tion current and of the diagonat- and p-exchange current
used, for_ reactions ofiH the nn_and np parts. Assuming e taken into account implicitly in the Siegert part of the
charge independence, the trinucleon bound state "ange i myltipoles by the Coulomb multipoles of the charge
nucleon-deuteron scattering states are pure states with totgh - the remaining non-Siegert part of the electric multi-
isospin 7=3; the thr3ee-nuc|eon scattering states have tota)yjes not accounted for by the charge density is calculated
isospin7=35 and 7=3, but those parts are not dynamically ysing explicit one- and two-baryon spatial currents. The
coupled. Allowing for charge dependence, all three-baryorgharge density contributing to the Siegert term has diagonal
states have7=3 and 7=3 components which are dynami- single-nucleon and singla-isobar contributions only; the
cally coupled. For hadronic reactions that coupling is founchycleonA transition contribution as well as two-baryon con-
to be quantitatively important in thés, partial wave[20]; in  tributions are of relativistic order and are therefore omitted in
other partial waves the approximative treatment of chargehe charge-density operator when calculating Coulomb mul-
dependence as described in REX0] is found to be suffi- tipoles.
cient; it does not couple total isospifi=3 and § channels The number of considered current multipoles is limited by
dynamically. The same applies for photoreactions considereghe maximal total three-baryon angular momentymy.
in this paper. The effect of charge dependence is dominated2 taken into account for the hadronic scattering states. The
by the 'S, partial wave; it is seen in some particular kine- results for the considered photoreactions up to pion-
matics of radiative capture and of three-body photodisinteproduction threshold appear fully converged with respect to
gration; we do not discuss it in this paper. Furthermore, thfhigher two-baryon angular momenta with respect to
calculations of e.m. reactions require total isosﬁmg com-  A-isobar coupling and with respect to higher three-baryon
ponents of scattering states afl considered isospin-triplet angular momenta’ on the scale of accuracy which present-
two-baryon partial waves, since the e.m. current couples théay experimental data require.
T:% and ng components strongly. That is thestandard calculational procedure&section IV
The three-particle equations for the trinucleon bound statelescribes the shortcomings of that standard description. In
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FIG. 5. Differential cross section and analyzing powers of proton-deuteron radiative capture at 100 MeV nucleon lab energy as a function
of the c.m. nucleon-photon scattering angle. Results of the coupled-channel potentiAtiadthar excitatior(solid curve$ are compared
with reference results of the purely nucleonic CD-Bonn poteritiashed curvgs The experimental data are from Rg24] (circles and
from Ref.[25] (crosses

the rest of this section we focus dnisobar effects in sample with our results including thé isobar. However, there is a
observables. clear disagreement between theoretical predictions and ex-
perimental data at small scattering angles getting more pro-
nounced at higher energies; one possible reason for that dis-
A. Nucleon-deuteron radiative capture crepancy is discussed in Sec. IV C 3. There is also a modest
Figures 5 and 6 present results for spin-averaged anbeneficialA-isobar effect on the deuteron vector analyzing
spin-dependent observables of radiative nucleon-deuterdpowerA,(d). The theoretical prediction for one-deuteron ten-
capture at 100 and 150 MeV nucleon lab energy; a result foor analyzing power, i.eA,, is also given in Fig. 5; our
200 MeV will be shown later in Sec. IV C 3. Results for the motivation for showingA,, is the fact that an experiment
time-reversed two-body photodisintegration of the trinucleordetermining deuteron tensor analyzing powers is in progress
bound state are not shown separately. The energies are wéh4].
above those of Refl6], but remain below pion-production Our results are qualitatively consistent with those of Refs.
threshold. Control calculations at lower energies indicate thafl1-13.
the results of Ref[6] do not get any essential physics
change, though the hadronic interaction and the e.m. current . ,
are improved compared with ReB]. B. Three-body photodisintegration of three-nucleon
There are noticeabld-isobar effects on the considered bound state
observables, especially on the nucleon analyzing power Experimental data for three-nucleon breakup are much
A/(N); it is described rather well with the inclusion of tde  scarcer than for two-body photodisintegration. To the best of
isobar. Referenci4] presents new experimental data for the our knowledge, there are no fully exclusive experimental
differential cross section and deuteron vector analyzinglata in the considered energy regime; we therefore show in
power at 200 MeV deuteron lab energy, corresponding td-igs. 7-9 our predictions for inclusive and semiexclusive
100 MeV nucleon lab energy. There is a discrepancy beebservables and compare them with existing experimental
tween new[24] and old[25] differential cross section data in data. Figure 7 shows our results for the toti three-
the maximum region; the new data are in good agreementucleon photodisintegration cross section in the low energy
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FIG. 6. Differential cross section and nucleon analyzing power of proton-deuteron radiative capture at 150 MeV nucleon lab energy as
a function of the c.m. nucleon-photon scattering angle. Curves as in Fig. 5. The experimental data are fi{@%].Ref.

region; there is no significank-isobar effect. In contrast, action and to the e.m. current, and with respect to the scope
Ref. [13] sees a larger three-nucleon force effect for thisof applications a substantial improvement compared with
observable; this discrepancy is partly due to a larger threeRef. [6]. But it is still not a unique and in itself consistent
nucleon force effect on trinucleon binding and subsequengiescription. We are unable to repair the existing deficiencies.
scaling and partly due to a different computational strategyHowever, this section points those shortcomings out and tries

as discussed in Sec. IV B 1. Figures 8 and 9 show semieXgt |east to estimate their size. We identify three different

clusive fourfold differential cross sections @fle photodis- problem areas.

integration at higher energies; they are obtained from the

fivefold differential cross sectiofill) by integrating over the

kinematical curveS. Again, theA-isobar effect for those par-  A. Shortcomings of the theoretical form of the cross section

ticular obslervables appef;\]rs ratherlsmzll, smaller thar;)the eX- ur standard strategy uses the nonrelativistic ff®)
erimental error bars. There is also disagreement between . . ; . .

Itoheoretical predictions and experimental d%ta in some kine%-or cross sections; this choice appears to be consistent with

matical regimes which in part may be caused by experiment—he underlying two-baryon dynamics, though inconsistent

tal conditions, e.g., by finite geometry, not taken into accounwith the experimenta] relativistic kinematics. we therefore
in our calculations. compare results obtained from E@$2) with corresponding

Finally, in Fig. 10 we show fully exclusive sample five- ones obtained from the relativistic form of the cross section

fold differential cross sections of three-nucleon photodisinte{10) Which uses relativistic kinetic energies for the Lorentz-
gration at 120 MeV photon lab energy for two kinematical Nvariant phase-space element and the kinematic locus com-
configurations which were shown semiexclusively in Fig. 9;Pined with the nonrelativistic matrix eleme(d). The com-

even at that higher energy tieisobar effect is rather mild. Parison is possible for observables in fully exclusive
reactions.

IV. SHORTCOMINGS OF THE DESCRIPTION The difference between those aspects of relativistic and

The present description of photoreactions is with respeclilonrelativistic kinematics is minor for all considered observ-

to the dynamic input, i.e., with respect to the hadronic inter-

80
1.2
10t 60
<2
2
08 r 2
g 0.6 s W
z g
© ©
04} Y5 20
02r i3
0.0 . . . . 120 140 160 180 200 220
5 10 15 20 25 30 Opening Angle 6, + 6, (deg)

E, (Mev)
FIG. 8. The fourfold differential cross section of the
FIG. 7. Total®H three-nucleon photodisintegration cross section3He(y, pn)p reaction at 85 MeV photon lab energy as a function of
as a function of the photon lab energy. Curves as in Fig. 5. The the pn opening angle at,=81°. Curves as in Fig. 5. The experi-
experimental data are from RéR6]. mental data are from Ref27].
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E, (MeV) the shortcomings of nonrelativistic calculations. In the light
of the accuracy of present-day data, this shortcoming of the
FIG. 9. The fourfold differential cross section of the theoretical description is rather inconsequential.

3He(y,pp)n reaction as a function of the photon lab enemgyin
various kinematical configurationg81.0°,81.3°,180.0F (top),
(92.2°,91.4°,180.0¢ (middle), and average of(81.5°,90.8°,
180.0° and (91.7°,80.9°,180.0y (bottom). Curves as in Fig. 5. 1. Nonunique choice of kinematics
The experimental data are from RE23].

B. Shortcomings of the dynamics

Our computational strategy in choosing the kinematics for

ables of radiative capture, i.e., less than 1%, but more sigh® matrix element(s;|M|s) is described in Sec. IIB.
nificant, i.e., up to 10%, for three-nucleon photodisintegra<st[M|s;) is calculated in the c.m. system. We opt to let the
tion as shown in Fig. 11. In all considered cases, theexperimental beam energy determine the energy of hadronic
relativistic and nonrelativistic kinematical curves are verynucleon-deuteron state in radiative capture and the energy of
close to each other, e.g., for the configuration of Fig. 11 théhe hadronic two-body and three-body final states in photo-
distance between them in tHe-E, plane is 0.5 MeV at disintegration exactly. Since the trinucleon model binding
most, and their total arclengths are 140.2 MeV andenergy is not the experimental one and the kinematics is
142.0 MeV, respectively. For the comparison the nonrelativnonrelativistic for baryons when calculatifig|M|s), the en-
istic results in Fig. 11 are scaled down to the relativisticergy of the photon does not have the experimental value
arclength by the factor 140.2/142.0; the shown change, howwhen assuming energy conservation. At very low energies
ever, is due to the difference in the phase-space factors fps tifie deviation can get as large as 10%, whereas at higher
Egs.(10b) and(12b). energies considered in this paper it remains around
We emphasize that the effect indicated in this section doe$%-2%. In contrast, in a second option we could let the
not represent the true difference between nonrelativistiexperimental beam energy determine the c.m. photon energy
guantum mechanical and fully relativistic quantum field the-exactly; then the energies of the hadronic nucleon-deuteron
oretical results, but it may indicate the order of magnitude ofand three-nucleon states are not experimental ones. A third
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FIG. 11. Differential cross section of three-nucleon photodisin-  F|G. 12. Differential cross section of proton-deuteron radiative
tegration at 120 MeV photon lab energy as a function of the arcapture at 19.8 MeV deuteron lab energy as a function of the c.m.
clength S along the kinematical curve for configuration nucleon-photon scattering angle. Results of the coupled-channel po-
(91.7°,80.9°,180.08 Results of the coupled-channel potential tential with A-isobar excitation derived from the standard approach
with A-isobar excitation based on nonrelativistic phase sps@éd  (solid curve are compared with results of option three which uses
curve) according to Eqs(12) are compared with results based on experimental energies for both initial and final states, but the matrix
relativistic phase spadelashed curveaccording to Eqs(10). element(123 is off-shell (dashed-dotted curyeThe results of op-

tion two are rather close to the solid curve. In order to appreciate

option may use experimental energies for both initial andhe effect of the nonunique choice of kinematics in relation to the
final states, but then the matrix element determining physicaifize of theA-isqbar effect, results Qf a standard_ calculation with the
amplitudes is slightly off-shell; this is the computational purely nuc]eonlc reference potential are also given as dashed curve.
strategy of Refs[12,13. The difference in results between The experimental data are from R¢29].

those three choices is minor at higher energies, i.e., above

100 MeV nucleon lab energy, for all considered observablegurrent employed in a local nonrelativistic form as given
in all considered kinematical regimes. However, there argxplicitly in Appendix A. The various sources of current
differences up to 10% for observables at low energies. Therglonconservation area) the explicit nonlocality of the em-
the observed\-isobar effect depends strongly on the choiceployed potential structureg) the implicit nonlocality due to

of computational strategy. An example is shown in Fig. 12. the general partial-wave dependence of meson exchaimyes,
the neglect of spin-orbit currents due o w, and o ex-

2. Omission of Coulomb interaction between protons changes and the neglect of additional contributions to the

We are unable to include the Coulomb interaction in the?-€Xchange current, angl) the charge dependence of the
three-nucleon scattering states. In contrast, the selected ifMPloyed potentials. As measure for this deficiency predic-
clusion of the Coulomb interaction in the trinucleon boundtions are compared based on two different approaches for the

state is easily possible, but this inclusion creates an addi-
tional inconsistency: Initial and final hadronic states become
eigenstates of different Hamiltonians, and, strictly speaking,
the Siegert form of the current operator is not applicable.
Nevertheless, we do such an inconsistent calculation which
Refs.[12,13 chooses to do as standard calculation, in order
to estimate the effect of the omitted Coulomb interaction at
least partially. The inclusion of the Coulomb interaction in
the trinucleon bound state systematically reduces the spin-
averaged cross sections; in contrast, spin observables appear
to be almost unaffected. A characteristic result is shown in
Fig. 13. Even at higher energies the observed Coulomb effect
may be of the same order of magnitude as the Aulsobar
effect; however, it is not clear whether the indicated effect
represents a true Coulomb effect or just the inconsistency
between bound and scattering states. FIG. 13. Differential cross section of proton-deuteron radiative
capture at 95 MeV deuteron lab energy as a function of the c.m.

C. Shortcomings of the e.m. current nucleon-photon scattering angle. Results of the coupled-channel po-
tential with A-isobar excitation derived from the standard approach
(solid curvg are compared with results including the Coulomb in-

The continuity equation is not fulfilled for the nonlocal teraction in the three-nucleon bound stédashed curve The ex-

potentials CD Bonn and CD Bonni+together with the e.m. perimental data are from Rdf30].
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1. Lack of current conservation
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0.2 - ; ; ; - The two frames differ by the three-nucleon total momentum
and by the photon momentum. However, we found that for
the observables considered in this paper the frame depen-
dence is minor and at present of no real theoretical concern;
we do not document that finding, since the differences are
only hardly seen in plots.

3. Higher order contributions to the current operator
in (k/my) expansion

do/dQ (ubi/sr)

In the standard calculational scheme the Siegert form of

) Y the current operator is used together with explicit meson-

0.0 : : : ) n = - .
0 30 60 90 120 150 180 exchange contributions not accounted for by the Siegert part.
Scattering Angle (deg) The charge-density operator in the Siegert part is of one-

baryon nature and is taken to be nonrelativistic in the stan-
FIG. 14. Differential cross section of proton-deuteron radiativedard calculations. However, the one-baryon purely nucleonic

capture at 190 MeV nucleon lab energy as a function of the c.mcharge-density operator has relativistic corrections of order
nucleon-photon scattering angle. Results of the coupled-channel pgk/my)?. Contributions to the nucleoA- transition charge
tential with A-isobar excitation derived from the Siegert approachdensity and to the two-nucleon charge density, used in Ref.
for electric multipolegsolid curve are compared with results based [17] for calculation of trinucleon elastic charge form factors,
on the explicit use of meson-exchange currgdished curve In gre also included; both are of the relativistic ordletmy)2.
order to appreciate the size of the two-baryon current contributionype resulting special relativistic corrections, taken into ac-
the results of a non-Siegert calculation with one-baryon currents o int in this paper, reduce the cross sections; they appear
only are also given as dashed-dotted curve. The experimental daﬁ’eneficial; a characteristic result is shown in Fig. 15. The
are from Ref[31]. effect shown there is dominated by the one-nucleon charge-

density correction; the two-nucleon charge-density shows
electric mUltipOleS, |e(1) the standard calculation with the noticeable effects in some Spin Observab|e3, whereas the
Siegert operator accounting for the two-baryon currents imnycleona transition charge appears to be insignificant for all
plicitly by assumed current conservation a@l the explicit  calculated observables of this paper. Correspondingly large
use of the meson-exchange currents for all of the electrigorrections of the same origin were also found in photoreac-
multipoles. The discrepancy between those two calculationons on the deuterof2]. Thus, the results of this section
measures the importance of the existing lack of current congre not surprising. The current corrections of this section

servation; indeed the violation can be significant as Fig. 14hould be included in future calculations of e.m. reactions.
proves. Furthermore, the size of contributions arising from

nonstandard additional exchange currents in both approaches V. SUMMARY AND CONCLUSIONS
(1) and(2) is checked.

Details of the rather involved investigation can be found The paper improves our preliminary description of photo-
in Ref. [18]. The conclusion is that the nonstandard addi-reactions in the three-nucleon systd#]; the present de-
tional exchange currents arising from the shortcomifys
(d) make rather insignificant contributions when the Siegert 0.2
form of the current is used, but some of them are important
for calculations based fully on explicit exchange currents. In
contrast, the explicit nonlocalitya) of CD Bonn and CD
Bonn+A, also responsible for current nonconservation, is of
serious concern; its consequence on the non-Siegert parts of
the current could not be estimated yet in the study of Ref.
[18]. Still, we believe that our standard calculation, based on
the Siegert form of the current, effectively corrects the cur-
rent nonconservation and is therefore quite reliable for the
observables of photoreactions considered in this paper.

do/dQ (ubi/sr)

0.0 : : : : :
2. Lack of covariance 0 30 60 90 120 150 180

If a fully covariant description of dynamics were avail- Scattering Angle (deg)

able, the current matrix elememf|M|3> were a Lorentz FIG. 15. Differential cross section of proton-deuteron radiative
scalar and could therefore be calculated in any frame withapture at 200 MeV nucleon lab energy as a function of the c.m.
identical results. However, our description of hadron dynamnycleon-photon scattering angle. Results of the coupled-channel po-
ics is nonrelativistic, and the results therefore are frame detential with A-isobar excitation derived from our standard approach
pendent. We investigate that frame dependence calculatingolid curve are compared with results including relativistic one-
the same matrix elements in lab and in c.m. frames, i.e., imucleon charge correctior{sashed curve The experimental data
the rest frames of the initial and final three-nucleon systemsare from Ref[25].
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scription includes three-body photodisintegration. The hadthree-particle Jacobi momenta is straightforwg@d] and not

ronic interaction is based on CD Bonn and its realisticrepeated here. The objective of this appendix is the definition

coupled-channel extension CD BonA+The initial and final ~ of the used input for the current.

hadronic states are calculated without separable expansion of

the underlying interaction. The contributions to the e.m. cur-

rent correspond to the hadronic interaction, though full cur-

rent conservation could not be achieved. The momentum-space matrix elements of the one-baryon
The paper isolates th&-isobar effects on the considered current operator have the general form

observables. Besided-isobar effects of effective two- 1]

nucleon nature tha isobar yields an effective three-nucleon (k'b'[JH(Q)|kb) = 8k’ = Q = K)jp L (Q,k" k),

force of the Fujita-Miyazawa type and of the lllinois pion- (A1)

ring type; meson exchanges other than pion exchange are

included. The exchange currents mediated by Ahisobar  with k’(k) andQ being the final(initial) single-baryon mo-

are of effective two-nucleon and three-nucleon nature; theynentum and the three-momentum transfer by the photon,

are structurally consistent with corresponding hadronic conrespectively, and’(b) beingN or A depending on the bary-

tributions; they are predominantly due to the transition congpic content of the finalinitial) state. All components of
tributions of Fig. 2 and due to the one-baryon part of Fig. 3;:[1]ux

the diagonal two-baryon contributions of Fig. 3 connect!b’d (Q,k”,k) are siill operators in spin and isospin space;

small wave function components and are found to be quart!'® SPin(isospin operators of the nucleod isobar, and the
P 9 ucleonA transition are denoted hy(7), ox(7,), andS(T),

titatively entirely irrelevant. In the considered observables’ X ; ;
the hadronic and the e.mh-isobar effects are intertwined: "€SPectively. The one-baryon charge-density and spatial cur-

they are not separated; their total effects are not very impor€nt operators, diagrammatically defined in Figs. 1-3 and
tant given the scarcity of data, often still carrying large errortSed in the calculations of this paper, are listed below:
bars. TheA-isobar effects are more pronounced at higher Lo

energies; they are somehow smaller than the irreducible PR(Q.K' k) = e(Q?), (A23q)
three-nucleon force effects of Reffl2,13; nevertheless,

qualitatively both effects are quite similar. In contrast to the 1] . 1 _— .
three-nucleon force effects of Refgl2,13 we see very Jnn(Q .k ,k):%{e(Q )K" +k]+ w(Q)lio X Ql},
small A-isobar effects at low energies; the reason, at least in N

1. One-baryon operators in nonrelativistic order

part, is due to the different choice of kinematics for correct- (A2b)
ing the theoretical failure in accounting for three-nucleon
binding. 1
iBQk K=o —di{(QISX QIT,,  (A20)
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(A2) are the Sachs form factors, which @=0 are the
APPENDIX A: COUPLED-CHANNEL CURRENT charge and the full magnetic moment of the nucleon, but
OPERATORS they can alternatively be parametrized in terms of the Dirac
Equation(1) defines the general momentum-space formand Pauli form factor$,(Q?) andf,(Q? which atQ?=0 are
of the e.m. currentg*(Q) in the Jacobi coordinates of the the charge and the anomalous magnetic moment of the
three-particle basis. In contrast, this appendix gives its emaucleon. The nucleonic e.m. form factors are isospin depen-
ployed one-baryon and two-baryon parts, i.d4Q) dent, e.g.,
=J1(Q)+J@¥(Q), in respective one-particle and two-
particle bases. We keep the three-momentum trai@@fand &(Q?) = 3[e5(Q?) + (@) 7], (A3q)
not the four-momentum transf& as independent variable
since usuallyQ, is determined by the three-momenta of the With the superscript$ andV denoting the isoscalar and is-
involved baryons. Despite that strateg}z;Qz—Qé is the ovector parts, respectively. The e.m. form factors related to
magnitude of the full four-momentum transfer to the nucleushe A isobar are normalized &°=0 according to Refs.
in the e.m. form factors; thus, it is taken to be zero in all e.m[19,22,23 by gVa(0)=puan,05%0)=3(1+7,,), and gi*(0)
form factors for photoreactions. The step from the single=(my/6my)us1/2(1+7,,) with the parameterguy=>3uy
particle representation of the current contributions to theand u,=4.35uy, uy being the nuclear magneton.
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2. Two-baryon operators in nonrelativistic order with k{ (k;) being the final(initial) single-baryon momenta;
The matrix elements of the two-baryon current operatore denotes the exchanged meson or the two mesons in case of
have the general form nondiagonal currents; the baryonic conteBtsand B being
N(A) correspond to the two-nucleonucleonA-isoba)
.[2 ! ! 1
<kiké|3’|J§]“(Q)|k1k25>:§(ki +ky-Q -k —ky) states. All componentéaé’,‘B(Q ki—ki,k;-k,) are still op-

o i[2m (Q.K! — Ky Kb~ k%) erators in spin and isospin space. The two-baryon spatial
Japrplte K1 7KLKo ), current operators, diagrammatically defined in Figs. 1-3 and
(A4) used in the calculations of this paper, are listed below:

j[vflllN(Q:plva) =-eY(QA){[im X Tz]zFfT(r)\TN(pg)(pz cop) o+ (1 2+ e (QH[im X Tz]szil(pipi)
X(p1 - o) (P2 o) (P1~ P2, (A5a)

J2NQ.P1.p2) = = € (Q){[imy X T FEPI[(02 X py) X o]+ (1 2+ Q)i 7y X ml Flen(p3,p3
X[(p1 X 1) - (P2 X 0)](p1 = p)+ €' (QA)[i 7y ¥ T2l F NN p3.p3)(P1 = P2)

— " (@)i7y X Tl F NP5 PQ X [(p1 X ap) X (p2 X 0)], (A5b)
I NQ.P1.P2) = =, (QD{(71 - T FIS(PZ,PD) (P2 - 0)[ips X Po] + (1 2)}, (A5c)
i N(Q.P1.P2) = = f o QO o F o (P2, P2 (P2 - )ipy X pal + (1 2)}, (A5d)

J'ETZAN(Qa P1,P2) = —€(QA[i 7y X Tl FANP (P2 Sp oy + (L 2)}- €(QA{[iT1 X 7 FAN(PS) (P2 02)S; + (1 2)}
+ e (Q{[im X TLFIaNPL P (P1 - 0)(P2 - SH(P = Po) + (1 2)}, (A6a)

JANQ.p1p2) = = Q[T X TLLFRNPDIS, X po) X o] + (1 2)}= Q[ Ty X T FaN(PH)(02 X pp) X S]
+ (L 2+ (@i X THLFIa(PZp3)[(p1 X @1) - (p2 X S)1(p1 = P2 + (1 2)}

— eY(Q[imy X TLFTEP2,p2Q X [(py X 01) X (py X )]+ (L 2)}, (A6b)
I N(Q.p1.P2) = = F QD71 - T FSes (P2, PD (P2 - SHips X Pal + (1 2)}, (A6C)
i \N(Q.P1P2) = = o QT2 FO NPT P2 (2 - SHLiP1 X P2l + (1 2)}, (A6d)

JALQ,p1p2) = = (QA{[i71 X 7 2L FSAL (P (P2 - 4 Do+ (1 2= (QA{[i7y 1 X T FAL(pD (P2 - 0)0n 1
+ (1 21+ e (Q[i71 X 75 21 Fea (05,5 (P1- 0D (P2 05 2)(P1=P2) + (1= 2)}
- " (QA{[IT] X TLFSE(P2) (P2 - S)S] + (1 2)}- e (Q@U[iTy X TILFXE(P(p2 - SHS, + (1 2)}
+eY(QA{IT] X Tl F I (p%.p2) (P1 - SH(P2 - SH(P1— P2) + (1 2)}. (A7)

The e.m. form factors of the meson-diagonal contributiongA5b), is not contained in the standard collection of ex-
are often usefl15] in a form in which the Sachs form factor change currents of Reff5,14,17,2], used by us till now in
e(Q?) is replaced in nonrelativistic expansion bY(Q?); in  the context of other potentials; it is necessitated in this paper
photoreactions there is no difference between those choicelsy the full form of thep exchange implemented in the CD-
since e(0)=f,(0). The e.m. form factors of the meson- Bonn potential. Other contributions arising from the fgll
nondiagonal contributions @*=0 have the value$,,(0)  exchangg15] are of higher order compared EJi5 tpi,p?)
=g,,,=0.56 andf,,,(0)=g,,,=0.68 according to Ref. and therefore are neglected in our standard calculations; their
[33]. effect is discussed in Sec. IV C 1.

We note that the contribution to the two-nucleon TheF functions used in the above expressions are poten-

p-exchange current, proportional tGL“,ﬁ,f, J(pi,pg), Eq. tial dependent. For meson-exchange potentials they are built
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from meson-baryon coupling constants, hadronic form fac
tors, and meson propagators. For contact currentt fioac-
tions have the following forms:

1 &P

FCOn 2 = , A8
WNN(p ) 87sz,2\l47T m127+p2 ( a)
1 gi1+1)9,)” Fonn(P?)
[FCon (2) = p p p A
pNN(p) 8'7sz§ 4 m’%+ 2 1 ( 8b)
FCOH ( 2) - 1 g_fo‘ITNA waN(pz)fﬂrrAN(pz)
AN p 8ﬂ2rnﬁ4ﬂTfWNN nfi+'p2
(A8c)
FCOn (pZ) — 1 gi(l + fp/gp)ziwprN(pZ)prN(pz)
pAN 877'2m§ 4 prN mi + p2
(A8d)
Fcond(pZ) - 1 g_ifwAA Fann(P?) Fraa(p?)
Al 8772m§ 47 fﬂ'NN n']i_ + p2 ’
(A8e)
1 2 f2 in 2
Foas(p?) = Ga Fara FoanP) g

87T2m12\1477f37NN m,27+p2 .

For meson-in-flight currents the corresponding expression
are

1
Fres(P1py) == —— pz[Fz"BrIBmi) - F.(p2)],
1 2
(A9a)
my
mes 2 2 mes 2 2
pY)=—N 09, (A%
pNN ](pl p3) 1 +fp/gp)2 pNN(pl p3) ( )
1
Frea®®(pfpd) = - == pz[F?T"A“A'“‘E)(pi) - FEX™(p2)].
1 2

(A9c)
Finally, the functions for nondiagonal meson-exchange cur
rents(also called dispersion curreptare defined to be
1 gagﬁmFaNN(pi) Fonn(p3)
4y 4w m, mi+p; mG+p3
(A10a)

ngZ)NN(pipg) =

dis
aAN

1 9,95 o My Fann(PD) Faan(pd)
4772mﬁ 47 quNNma mi+ p% m%+ pg '
(A10b)

=

(pLpd =

The meson-nucleon coupling constagsandf,, are listed in
Table | of Ref.[9], whereas other hadronic parameters, i.e.,
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coupling constants g5, meson masses),, and hadronic
form factorsF,g g(p?) are those of Ref{10].

Operator corrections of lowest relativistic order

Sample operator corrections of relativistic order for the
charge density are given. They are of one-baryon and of
two-baryon nature:

2u(Q%) - e(Q?

2
8my,

Q)
8m3
X[iox (k" +Kk)]-Q,

PINQ.K' k) == —5Q -

(Alla)

ple(Q k'’ k) = - IQ@ISX (k' +K)]-Q T,

4mymy
(A11b)
1
pgrzlllrl(\:l(Q!plapZ) = om [ff(Qz) ) + fY(QZ)Tz L-l
N

X FENP) (01 Q) (075 - o) + (1= 2).
(A110)

The contributiongA11) are the Darwin-Foldy and spin-orbit
corrections of the one-nucleon charge density, the one-
baryon correction due to nucledntransition, and the two-
nucleon correction due taer exchange, respectively. The
Darwin-Foldy term in Eq(A11g) is used in the form of Ref.
E34]? there Q2, in contrast to the general strategy of this
paper, is interpreted as the square of the four-momentum
transfer to the whole nucleus and is zero for photoreactions.
The two-nucleon contributiofA11c) is local and in electron
scattering often usefd 4] together with the Dirac form factor
f1(Q?); it is the only two-nucleon contribution used in Sec.
IV C 3 for the Siegert form of the current; however, there are
other nonlocal two-nucleon contributions of the same order.
Since the contributiong§Al1l) are relativistic corrections,
they violate current conservation in the considered order.
However, the calculated trinucleon elastic charge form fac-
tors need all three contributions in order to become almost
guantitatively consistent with the experimental dgit@].

APPENDIX B: INTEGRAL EQUATION FOR CURRENT
MATRIX ELEMENT

This appendix calculates the current matrix elements of
two- and three-body photodisintegration of the trinucleon
bound state, i.e.,((ﬂg)(qf)vaf““(ky,K+)eﬂ(ky)\)|B) and
(W5 (pran) wo i#(K . K )€, (K N)[B).

The antisymmetrized fully correlated three-nucleon scat-
tering states of internal motion in nucleon-deuteron channels,
ie., <¢S)(qf)vaf|, and in three-body breakup channels, i.e.,
<¢//g‘>(pqu)v0f|, are not calculated explicitly; they are calcu-
lated only implicitly when forming current matrix elements.

We introduce the statfX(2)), defined according to

IX(2)) = (1 +P)j*(k,K1)eu(kN)[B) + PT(Z)Go(2)[X(2)),
(Bla)
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* disintegration cross sectiom, the integration over all final
IX(2)) = > [PT(2)Gy(2)]"(1 + P)j“(ky,K+)eM(ky)\)|B>, states can be performed implicitly, i.e.,
n=0
27h)? 1
B o= S B KN ~Ho-H)

as intermediate quantity witlz=E;+i0 being the three- . Meh
particle available energy arkiZ) being the two-baryon tran- Xj#(k,, K e,k N)B), (B33
sition matrix. Equation(Bla) is an integral equation for
|X(2)), analogous to that for the multichannel transition ma- (27h)? .
trix U(Z) of Ref. [8]: Both equations have the same kernel, =" A5 c2K0 MEA Im{(BI[j*(k pKeKN)]
only their driving terms are different. We therefore solve Eq. 7B
(Bla) according to the technique of RgB], summing the XG(E; +i0)j#(k,,K,) e, (k \)[B)}. (B3b)

Neumann serie@B1b) for [X(2)) by the Padé method. Once
[X(2)) is calculated, the current matrix elements required for
the description of two- and three-body photodisintegration o

The auxiliary stateG(E;+i0)j*(k,,K )e,(k )\)|B> of Eq.
{B3b) is related toX(E;+i0)) accordmg to

the trinucleon bound state are obtained according to G(E; +i0)j#(K, K ), (k \)|B)
(W (@) v li*(k,, K+)eﬂ(kyk)|B>:\,—1§<¢a(qf)vafIX(Z)>, ::—1(1 +P)Go(E; +i0)[j#(k,,K )€, (k\)[B)
(B2a) +T(E; +i0)Go(E +i0)[X(E +i0)].  (B30)
O Pra v K ek B The total cross se(;tion is then obtained in the form
:715<¢o<pqu>vOf|<1 +P)[#(K KD e, (k MIB) o=" 1(21141)2@%' m{(BI[j" (K, K€, (k \)]'
S T@CLDIXD)]. (B2b) X (L1 +P)Go(E; +i0)[ (kK )€, (k,\)[B)
+T(E; +i0)Go(E; +i0)|X(E; +i0))]}. (B3d)

The current matrix element required for the description of
radiative nucleon-deuteron capture is related to that of twowWe note that Eqs(B3) perform the integration over all final
body photodisintegration by time reversal as described irstates implicitly using the nonrelativistic Hamiltonian in con-
Ref. [6]. When calculating total two- and three-body photo-trast to the strategy of Eq&9) and (10).
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