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Photonuclear reactions of three-nucleon systems
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We discuss the available data for the differential and the total cross section for the photodisintegration of
3He and®H and the corresponding inverse reactions befoy- 100 MeV by comparing with our calculations
using realisticNN interactions. The theoretical results agree within the error bars with the data for the total
cross sections. Excellent agreement is achieved for the angular distribution in the éik whereas foPH
a discrepancy between theory and experiment is found.
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I. INTRODUCTION todisintegration and the inverse processes, i.e., the radiative
capture of protons or neutrons by deuterons, within the inte-
Over the last decades the photodisintegratiorftéé and  gral equation approach discussed below. These calculations
3H and the corresponding inverse reactions have been invegere based on the Bonk, BonnB, and Paris potentials in
tigated experimentally and theoretically with considerableErnst-Shakin-Thale(EST) expansion: BonrA (EST), Bonn
interest. There have been a lot of experiments using differer (EST), and ParigEST) [45,46. We have demonstrated, in
techniques for the photodisintegration®ie[1-21] and®H  particular, the role oE2 contributions, meson exchange cur-
[22—2§ or the inverse reaction, respectively. Despite therents, and higher partial waves. A noticeable potential depen-
many investigations, there are inconsistencies between tiéence was found in the peak region, i.e., Ey<20 MeV.
data up to 30% in the magnitudes of the cross sections. But it was also shown that the different peak heights are
Early theoretical calculations were restricted to phenomstrongly correlated with the different three-nucleon binding
enological interactions and various approximations in theenergies obtained for the potentials employed. The possibil-
bound state wave function and the scattering stditesa list ity of using the magnitudes of the cross sections as an inde-
of references see Rdf29]). The first consistent calculation pendent test of the quality of the potentials, thus, appears
for both the initial and the final state was done by Gibsonrather restricted.
and Lehman [30]. They solved Faddeev-type Alt- The aim of the present paper is to extend the investiga-
Grassberger-Sandh#aGS) equations31] using Yamagu- tions of Refs.[42-44 to photon energies from 20 to 100
chi interactions and taking into account only tB& contri-  MeV. Aside from certain energy points there are up to now
butions of the electromagnetic interaction. no other theoretical calculations for the differential and the
Attempts to use realistic interactions are the ones by Autotal cross section available in this energy range using the
fleger and Drechsdl32] and by Cravert al. [33]. In both  full final-state amplitudes, realistic interactions, and taking
calculations higher multipoles were considered, but thdnto accountEl andE2 contributions of the electromagnetic
three-body scattering state was not treated exactly. The urAteraction.
usual energy dependence of the cross section postulated by This paper is organized as follows. In Sec. Il we present
Craveret al. has never been confirmed by any other calculathe theoretical framework of our calculations. The results are
tion. Klepacki et al. [29] also used a realistic interaction, discussed in Sec. Ill. Our conclusions are summarized in
however, in plane wave impulse approximation. Kieigal. ~ Sec. IV.
[13] performed an effective two-body direct capture calcula-
tion with the initial state being treated as a plane wave, or as
a scattering state generated from an optical potential. Il. THEORY

The very-low-energyn-d radiative capture process is  the ampjitude for the two-fragment photodisintegration
dommated.by the magnetic dipol&1() transition, anq has ot 34 or 3He into a deuteromyy and a neutron or proton of
been studied by several authdr34,35 in configuration- ; I

o . : . relative momentung is given by
space with inclusion of three-body forces, final state interac-
tion (FSI), and explicit meson exchange currertddEC).
The_mcluswe reactior{two- and thrge—fragmg)ﬂhas been M(q)= g—)<q;¢d|Hen4quS>S= g—)<\p|Hem|qus>$_ (1)
studied recently by Efrost al.[36] with realistic two-body
interactions and three-body forces as input in the energy
range up to 100 MeV by employing the Lorentz integral Here |¥gs) s represents the incoming three-nucleon bound
transformation method. Other recent theoretical work wastate Whilef{)(q;z/;dl denotes the final continuurfscatter-
devoted to polarization observables foid capture[37—41] ing) state with outgoing boundary conditio ¢, is the elec-
using realistic interactions. A discussion of polarization ob-tromagnetic operator. The antisymmetrized final state can be
servables will be published in a subsequent paper. represented as a sum over the three possible two-fragment

In Refs.[42—44, we have treated théHe andH pho-  partitions 3
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1 TABLE I. Ranks of the two-body partial waves of the Paris,
‘(97)<Q?l//d| :g*)<qf| — E (*)<\p3|_ 2 Bonn A, and BonnB potentia_ls in EST rt_apresentation used for the
\/§ B bound-state and the scattering calculations.

The scattering staté /(W 4| can be obtained from the free partial wave  BonmA (EST)  BonnB (EST)  Paris(EST)
channel stated 4 = ((,B)qf((ﬂ) Wyl via the Mdler operators

Q) ie, W | =(D,]Q5)T It can be showa7] that .o 5 5 5

L o f oeratore sati : 35,-3D 6 6 6
the adjoint Mdler operators satisfy the relation e 1

D, 4 4 5

05 T=65,+Up,(Eg+i0)G,(Eg+i0), (3) iDZ 4 4 5

P 4 4 5

whereU g, are the usual AGE31] operators, an@,, is the 3Pi 4 4 5

resolvent of the channel Hamiltoniath,=Hy+V,. In this 3P, 4 4 5

notationV,= Vg, denotes the interaction between the par-3p ~3F, 5 5 7

ticle 8 and vy, while H, denotes the free three-body Hamil-
tonian. In order to find a set integral equations for the adjoint
Mdller operators we multiply the AGS equations For more details of this construction we refer to Refs.
[45,46. The ranks for each partial wave used in this paper
Uga=(1- 5ﬁa)(361+2 (1~ 85)T,GoU e (4) for the bound-state and the scattering calculations are con-
Y tained in Table I. With proper normalized form factors the
deuteron wave function is given by

from the right withG, and addég,, on both sides. Reorder-
ing terms, using the relatiom,G,=V,G, and Eq.(3) we

end up with |‘//d>:2| Go(Eq)|g7). (10
QE}*)T:;LJFE (1_5[37)1-7@09(;”_ (5) Equation(5) will be treated numerically in momentum
Y space, employing a complete set of partial wave states

|palbI’'M ;1M ). The labelb denotes the set7#SKL) of

) r’@.Ilantum numbers, whekeandL are the channel spin of the
state (P and the stateHen] Wgs), go over into a set of a0 nucleongwith the coupling sequencg$)K] and the
effective two-body equations when representing the inpufgative angular momentum between the two-body sub-
two-body T operator in separable form. In order 0 accom-gystem and the third particle, respectively. The in8éx the
plish this, we use the separable expansion method proposgilin of the third particlel” is the total angular momentum
by Ernst, Shakin, and Thalgdg] for representing a given (o)15ing from the coupling sequenc& ()T, the total isos-
NN interaction. In this scheme the original potential is ex'pin | follows from the coupling ()1, wherer is the isospin
pressed as a sum over separable terms of the third particle. The required antisymmetry under per-

N mutation of two particles in the subsystem can be achieved
V7, = E |93|>AZV<92|'|: (6) ?y )(lzbts)i)tsing 1onIy those states which satisfy the condition
w,v=1 — =—1.
) ) Using the above defined states, the partial-wave decom-
whereN is the rank of the separable representatibp, are  position of the channel state (P

the coupling strengths, anid”l) are the form factors. Here =((B)aSMs; 7™ |((B) ¥ "m; ;m| reads
and |’ are the orbital angular momenta. The total angular
momentumj is obtained from the coupling sequends)(,

with s being the spin. The collective index stands for the <‘DB|ZF% % MEM % Yim (@) (Jm;SMgKMy)
guantum numberss(;t), wheret is the isospin. Using this : e
representation for the potential, the two-bodlyoperator X(KMgLM|TMp)tmrm,[IM )
reads s o
X((B)g19bI'M;IM||Go(Eg+39°+i0), (11)
TI(E+i0)=2 |gZDAZ(E+i0Ng/l’|, (1) with
v

with ((B)g1GbI'My;IM |

AY(E+i0)=[(A") 1= Go(E+i0)] (8) -2 fo dppX(B)pgIbI M ;1M |g7é(p),
and (12)

[Go(E+i0)],,= > (9,l|Go(E+i0)|g,l). (99  Where we have used E@LO) for the representation of the
A : deuteron wave function. These states can be generalized to
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arbitrary rank by replacingg,| with (g,|. As the quantiza- TABLE Il. Calculated binding energies for the three-nucleon
tion axis we have chosen the direction of the incoming phobound state. The total angular momentum of the two-body sub-
ton. system was restricted fo<2.
To derive an integral equation for the photodisintegration -
amplitudes we multiply Eq(5) from the left withG, and the ~ BonnA (EST) BonnB (EST) Paris(EST)
generalized states of E_c{12), and from the _right with g ogy —8.088 _ 73688
Herl Was)s. After summing over the cluster indeg we
obtain
Tl b 342 n
AMM(qud+4q ) FlABZ(q,E):\/EE fdppz gm(p)
=" AB}(q,Eq+ F07) | E—p®-70%+i0
+§ Zp L q'#"AVRS (0.9" Eq+ §0?) X(pQIbL; 1 [Hen] Wgs)s. (17)
XAZ;(EdJr%q2—%q’Z)F'AMgr(q’,Eﬁ%qz) Our treatment of the three-nucleon bound sthfes)
(13) which is contained in the expression for the Born amplitude
is described in Ref§52,53. The obtained binding energies
with for the three potentials used in this paper can be found in
Table Il. As shown in[53] these values are practically the
1 same as those for the original potentials. For the present
HAM Z(q,E) =— 2 ((B)g,qbl;l |Go(E+i0) calculation of the Faddeev components the total angular mo-
V375 mentumj of the two-body potential was restricted j&=2

(14) (18 channels while in the full state all partial waves with
j=<4 (34 channelshave been taken into account. With this
number of channels converged calculations of the observ-
ables for the photoprocesses in this paper were achieved,

1 incorporating 99.8% of the wave functiop42,43. For more

F'ABZ(q,E): —=> ((B)g,99bl';1|Go(E+i0) details concerning the properties of the wave functions and

V3 B their high quality we refer to Ref53].

The relevant electromagnetic operator in the total cross
section at low energies is a dipole operator. In the differential
cross section and at higher energies also the quadrupole op-
erator is relevant. In order to take into account meson ex-
change currents we use Siegert’s theoilé], then these
operators are given biyb5]

XQ(ﬁ_)THerr]‘I’Bs>s

and

XHer Wag) s, (19

where we have used the separable expansion of Bdor
the T operator. HereF'ABz represents the so-called plane-
wave (Born) amplitude andr'AMz denotes the full final-
state amplitude. The effective potentidlAV2® entering Eq.
(13) is given by 5
HO = — A/A 14_7T'E 2 v .

i bb’ B ] . em— 3' v & &Y (i, i) (18
AV (GE) =2 (1= 83,)((8), BT | Go(E+i0) =

xXg,q'b'T";1"(y)). (16  and
The recoupling coefficients entering this equation can be ) 3
found in Refs[49,50. In Egs.(13)—(16) we have used the @) 4w EY )
fact that the Born term, the effective potential, and therefore Hen=NV 3 20 Zl eriYa(9i,¢i), (19
the full amplitude are diagonal in the quantum numbeys
Mr, I, andM, .

In order to be able to solve E¢L3) numerically an off- where E, denotes the photon energy. Heng, are the
shell extension is required. This can easily be achieved byucleon coordinates; the electric charges, and==*1 is
replacingE4+ 22 with the energy parametd®. The solu- the polarization of the photon. The normalization factdr
tion of EqQ.(13) is obtained on the real axis by expanding thecontains the quantization volume and is canceled out in the
solution in cubicB splines[51] and solving a system of calculation of the cross sections. For the calculation of ma-
linear equations for the unknown coefficients. trix elements of these operators with initial and final state

In the Born amplitude one finds that the terms in the sumthey need to be transformed into the three-body center-of-
mation are independent from the partition, i.e., the summamass system. Expressions for the matrix elements can be
tion over the different clusters can be replaced by a factor ofound in Ref.[56].

3. Using the generalized states of Efj2) we obtain The on-shell amplitudes can be obtained from
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(_) . 1 ! T T T T T —
s (aSMs; gim;|Hepd Wasl' ' M) s il ggmgzggg ________ ]
5/2 Paris (EST) -
S SIS Vi @mSMIKM) itk "Baetar —— |
= LM Jmjo Mgl K ¥ K I
F=12 Mp b MMy : :':,"’ Té(}k%?glﬁgig: —e—
b o 08 r opik etal. —=—
X(KMLM[TM )" AM2(q,Eq+30%). (20) E e ng etal. —e—
06 511 Skopik et al.

In the summation of course only those channels contributé:s- Warren et al.

that have a deuteron as their subsystem. With these ampli =~ ,, |
tudes the unpolarized differential cross section for the pho-

todisintegration process is given by ozl i
do qE, 1 0
d—Q(q,e)szﬁﬁ(qu)ﬁ 5 10 15 20 25 30 35 40
E, MeV]
(=) Sim:
XM%J }%, s <qSMS’¢dJmI|He”J FIG. 1. Total cross section for the photodisintegration’He.
r The data are from Ref$§2—4,8—10,12—14,20

XWgsl'Mpr)gl?. (21

curves there is a correlation between the three-body binding
The differential cross section is usually expanded in terms Oénergy and the peak height of the cross section for the pho-
Legendre polynomials todisintegration[42,43, i.e., the higher the binding energy
q 4 the lower the cross section at the peak. Above 12 MeV the
_vo _ mentioned discrepancy of the experimental data declines.
o(9,0)= dQ (4,6)=Ao 1+k21 acPy(cos) | (22) Due to the large error bars it is not possible to draw further
conclusions.
The coefficientsA, and a, can be calculated analytically In Fig. 2 we present total cross section calculations of
from Egs.(20) and(21). The total cross section is obtained photodisintegration of’He betweenE,=40 MeV andE,
by integrating Eq(22) over the angled between the incom- =100 MeV compared to the measurements of Fetisiol.
ing photon and the outgoing proton or neutr@r 47A,. [4], Kunduet al.[9], Ticcioni et al.[10], and O’Fallonet al.
The cross section for thp-d or n-d capture process is [16]. For energies abovE,=60 MeV the measured points
obtained from the corresponding photodisintegration expredie slightly above our curves, computed by employing Bonn

sion by using the principle of detailed balari@S] A, Bonn B, and Paris potentials. However, our curves agree
with the tendency of the data.
do® 3 k? do°® We would like to point out that especially in this energy
a0 "2 & T (23 range a high rank representation of té&l potentials is re-

quired in order to get converged results. Belgy=40 MeV
Here,k andQ are the momenta of the proton and the photon,the improvements with respect to a low rgnk calculation are
respectively. In the present treatment no Coulomb force&f the order of 1-5%. In view of the experimental error bars
have been taken into account, in other words the matrix eleiS change is of course not relevant. Abdig=40 MeV
ments of Eq(1) for p-d capture differ from the correspond-
ing n-d expression only in their isospin content. 03

BonnA (EST) ——
BonnB (EST) -------
Paris (EST) - |
Fetisov etal. ——
Kundu et al. —#—

IIl. RESULTS 0.25

Ticcioni et al. —=—
O'Fallon et al. —=—

It should be pointed out that we have shifted all theoreti- 0.2
cal cross sections to the experimental threshold for a mean@’ ;
ingful comparison. All calculations are done with the theo- = ¢ 45 ’
retical binding energies. w

In Fig. 1 we show our theoretical results for the total cross ©
section of *He photodisintegration compared to most of the
available experimental daf2—-4,8—13 up to E,=40 MeV. 0.05
Not shown are the data by van der Woueleal. [15] and
Changet al.[17] who found evidence for an excited state in
their measurements. This resonance behavior has never bet 40 50 60 70 80 90 100
confirmed by any other group. It can be seen from Fig. 1 that E, [MeV]
there are large discrepancies between the different data sets
aroundE, =11 MeV. The theoretical curves lie in between  FIG. 2. Total cross section for the photodisintegration’sie.
the data sets. It should be emphasized that for the calculatéthe data are from Ref§4,9,10,16.
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BonnA }EST'{ — ' ' ' ' ' BonnA (EST) —

120 | BonnB (EST) - 1 r BonnB (EST) - 1
Paris (EST) - . : Paris (EST) -
Berman et al. —— 12 b Beltetal. —e— |
100 | Ticcionietal. —— 4 | A King et al. —=—
Kundu et al. —*— Matthews et al. ——
= Stel\zlart et a:. —s— 10 A Shkopi&( et a:. ——
L ingetal. —=— | b~ nghinolfi et al. —e—
= 80 Skopik et al. —e— 'g_ Pitts et al. —e—
&~ Chang et al. —e— = 8r Wolfli et at. —x—
o 60 ] 1 Belt et al. J Ty S Griffith et al.
23 ': g™ B 6
e}
40 + B
ab - h 33 T
20 + 2
0 . . . . . . o L . . ) ) . .
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
E, [MeV] E, [MeV]

FIG. 3. Differential cross section at 90° for the photodisintegra-  FIG. 5. Total cross section for the capture of protons by deuter-
tion of ®He. The data are from Reff2,5,8—13. ons. The data are from Refd,6-8,12,13,18,19,31

the low rank calculations yield a cross section which issured by Bschet al. [22], Kosiek et al. [23,24), Faul et al.
5-15% lower than the high rank calculations presented i25], and Skopiket al.[26]. In Fig. 4 we display these data
this paper. compared to our theoretical calculations. Also shown in this
The differential cross section calculations at 90° for thefigure are the transformed results by Mitev al. [27] and
photodisintegration ofHe up to an energy dE,=40 MeV  Mosneret al. [28] obtained from radiative-d capture mea-
are illustrated in Fig. 3 in comparison to the corresponding
experimental datd2,5,8—13. The EST representations of , , ,
the potentials Boni\, BonnB, and Paris are employed. As 1.6  Ex=26.81 MeV
in the previous figures, we cannot observe any significant 14 |
difference for energies abové,=20 MeV, whereas the
peak region shows a considerable potential dependence, & 121
discussed for Fig. 1. The data by Bernetral. [5] are below B, 1

the calculated curves, however, they do agree with the ten: < o8}
dency in the peak region. There is a remarkable discrepanc' =

(a

=

Paris (EST) —— -
Anghinolfi et al. —e—

=
between these data sets and the data points measured |'& 06
Kundu et al. [9], but they coincide with the theoretical 04 |

curves for energies above 25 MeV. We find again that the

. 2 02 F
theoretical results lie in between the data, though there are¢

iscrepanci ween th nd, moreover, the err 0 \ : ' \ ' ' ' '
discrepa cgsbet een the data sets and, moreover, the e 0 20 40 60 80 100 120 140 160 180
bars are quite large.
The two-body photodisintegration ofH has been mea- 8c.m. [deg]
1.2 . : : : . - ® e Csmmey BonnA (EST) ——
BonnA (EST) —— =2l
BomB (EST) 06l BonnB (EST) -~ ]
1L Iggwish(EtS'l'l) --------- i Paris (EST) -
Osch et al. —e— - e
Kosiek et al. —— 05 Pitts et al. ]
0s s | %
8 opiketal. —&— A 2
ey Mi’Eav etal. —e— g 04
= Mbosner et al. —=— =
— 06} o 03
= 5
04 55t 543 02
S 01 [ -
02| 4 t ﬁ% e
J % 0 ) ) . ) . ) ) .
0 0 20 40 60 80 100 120 140 160 18(
5 10 15 20 25 30 35 40 0., [deg]

E,[MeV]
FIG. 6. Angular distribution and differential cross section for
FIG. 4. Total cross section for the photodisintegration®: the capture of protons by deuterons. The data are from Refs.
The data are from Ref§22-28. [19,21].
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@ | g[E-600Mev " Paris (EST) —— | e T Ene —
6 O'Fallon et al. — | 1.4+ { . E2 %30 .
Interference
14 12 Mitev et al. —e— |
T o
5, 1.2 P
1 8 o8
< g
@ 0.8 8 0.6
© 06 © o4
0.4
0.2
0.2
0 1 1 1 1 1 1 1 1 O
0 20 40 60 80 100 120 140 160 180 02 . \ \ . \ \ . \
0 20 40 60 80 100 120 140 160 180
6¢.m. [deg]
0¢.m. [deal
b . : . —— .
(b) 1.8 | Ey=[100.0 MeV O’Falrlls (EtSTI) — - FIG. 9. Differential cross section for the capture of neutrons by
16| afon etal. | deuterons aE™®* = 10.8 MeV for the BonrB potential. The data
14l | are from Ref[27].
oo
3, 12 peak region, the curves for the Bom and the BonnB
< Tt potentials cover the experimental data in between the error
= o8¢ bars better. For energies above 20 MeV there is a large dis-
T 06| crepancy between the data sets by Kosekl. and Skopik
04 L et al, although the tendency of the data is similar. This in-
o2 | | dicates a normalization problem.
'o In Ref.[44] we discussed the available data fod cap-

FIG. 7. Angular distribution and differential cross section for

0 20 40 60

80 100 120 140 160 180
6c.m. [deg]

the photodisintegratiodHe. The data are from Ref16].

surement by Meneret al. is in excellent agreement with the
theory. We notice that for low energies, e.g., u
MeV, the calculated curves for the different potentials sho
a different behavior, whereas for higher energies all thre
calculations do not yield any significant difference. In the

1.6

15

ture belowE,=20 MeV. It was shown that only the coeffi-
cient A, of the expansion in Eq(22) has some potential
dependence, whereas the coefficiemtare almost indepen-
dent from the interaction. Also in this case there is a corre-
lation between the peak height and the binding energy, i.e.,
the lower the binding energy the lower the peak height. It
should be pointed out that this is the inverse of the relation
fbund in case of the photodisintegration. We also have dem-
onstrated that there seems to be a normalization problem in
the experimental data. It can be seen in Fig. 5 that the data by

Wwolfli et al.[6,7], Matthewset al.[18], and Anghinolfiet al.
?19] are too low compared to those by Kimegal.[13], Pitts

et al.[21], and Beltet al.[8] which agree with our theoreti-
cal curves. This indicates a calibration problem of the mea-

E1+E2 — surements. It was also shown in Rpd44] that after renor-
1.4 + 3 E1 -
E2X 10 woren
12} IntKe_rferenc? e 1.8 T T T T T
ing etal. —s BonnA (EST) —— E® _ 9.0 MeVv
1 1.6 - BonnB (EST) -~ 1
= Paris (EST) -
R 1.4 Mitev et al. —e—
% ...........
06 — 12
D 04 o
5] g 1
02 F  f7 eI e =
. : ~ 08
0 F %
-0.2 06
-0.4 : - . s . 0.4
0 20 40 60 80 100 120 140 160 180 02
9. [dedl .

100 120 140 160

20 40 60 80

180

FIG. 8. Differential cross section for the capture of protons by
deuterons aE2° = 10.93 MeV for the BonrB potential. The data
are from Ref[13].

FIG. 10. Differential cross section for the capture of neutrons by
deuterons. The data are from RE17].
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TABLE lIl. Coefficients for the expansion of the differential jn case ofp-d capture aE',;"‘b= 10.93 MeV are shown in Fig.
cross section fon-d capture for the Parig=ST) potential. 8. The pureE2 contributions are very small and enter the

E [MeV] A, [ub] a, a, as a, differential cross seption essentially through Eﬂ;—EZ in-
terference term, which leads to the asymmetry, i.e., the curve
21.47 0.579 -0.071 -0.88 0.069 -0.0021 is shifted to smaller angles. With the inclusionE2 transi-
24.14 0.517 -0.065 -0.84 0.064 —0.0023 tions there is an excellent agreement with the data by King
26.81 0.464 —-0.057 -0.81 0.056 —0.0026 et al.[13]. The only measurement of the angular distribution
29.47 0.421 —0.047 -0.78 0.047 -0.0028 of the differential cross section fan-d capture has been
32.14 0.383 —0.035 -—-0.75 0.037 —-0.0030 done by Mitevet al.[27]. The different contributions for the

E1 andE2 terms are shown in Fig. 9 fd°=10.8 MeV.
Due to isospin selection rules t contribution, and hence
malization the data sets by Mattheesal. are in agreement the interference between th&l and theE2 term, is much
with those by Kinget al. and the theoretical curves. At en- smaller compared t8He. It should be noted that in this case
ergies abovés,, = 20 MeV we encounter a similar problem the maximum of the differential cross section is shifted to
and compare in Fig. 6 the differential cross section dividedarger angles. This observation was also made in [&sf
by A. It can be seen that the agreement between theory arfgr the Born approximation. A comparison to the theoretical
the experimental data by Anghinokt al. is very good. A calculations aE®*=9 MeV is shown in Fig. 10. It can be
comparison of the expansion coefficients obtained by Angseen from Figs. 9 and 10 that the peaks of the experimental
hinolfi et al. and our theoretical values for the PafsST)  gata tend to have a bigger asymmetry than the theoretical
potential is given in Table IV. There are discrepancies¥er  curves. It is remarkable that this circumstance is independent
which are connected to the normalization problem mentioneg the potential choice. This indicates either a stronger con-
earlier. Despite the relatively big experimental error bars fokripytion of a higher multipole, not present in our theoretical
the expansion coefficients, there are considerable good calculations, or an error in the data. To the best of our
agreements. ] knowledge there are no other differential cross section data
Also shown in Fig. 6 are the data by Pisal. [21]. In for 3H photodisintegration or the inverse reaction available.
this case there is also excellent agreement for the absolufghere are also no experimental data available for the Leg-
cross section, particularly by employing the BoAmoten-  endre coefficients, . Nevertheless, we show for comparison
tial. There are two additional data sets by van d_er Woudg, Taple 1l corresponding calculated values ferd capture
etal. [15] at E,=19.2 MeV andE,=20.6 MeV which are gt the same energies as the available datapfar capture
not shovyn here because of the measured resonance behaviggm Table IV. It can be seen that ford capture the angu-
as mentioned above. . lar distribution is dominated by tha, coefficient, i.e., the
In addition to total cross section data, O'Fallenal.[16]  E1 transitions, whereas in casefd capture there are big-
have also measured data sets of the differential cross secti%r admixtures oE2 contributions.
for photodisintegration ofHe up to an energy o, =140 One observable of particular interest in the context of an-

MeV. As can be seen in Fig. 2 their total cross sections argyjar distributions is the so-called fore-aft asymmetry. This
slightly higher than the theoretical predictions. For a meanqantity is defined by

ingful comparison with our calculations we illustrate in Fig.
7 two of their data sets for the differential cross section nor-
malized with Ay. Within their error bars they agree quite
well with the theoretical calculations.

The different contributions for thE1 andE2 transitions

 0(54.7°) — 0(125.39)
 0(54.7°+ 0(125.3%

(24)

S

TABLE 1IV. Coefficients for the expansion of the differential cross sectiongdfed capture. For each
energy the first row corresponds to the theoretical results obtained with the(P&iis potential, and the
second row contains the data from Rf9].

Ex [MeV] Ao [ub] a; az az as
21.47 0.575 0.42 —0.83 —0.41 —0.05
0.51+0.03 0.28:0.1 —0.82+0.13 —0.38+0.15 —0.07+0.1
24.14 0.517 0.44 —-0.79 —0.43 —0.05
0.42+0.04 0.34:0.1 —0.86+0.12 —0.35£0.15 -0.12+0.1
26.81 0.467 0.46 -0.75 —0.44 —0.06
0.38+0.03 0.410.1 —0.86+0.13 —0.39+£0.15 -0.11+0.1
29.47 0.425 0.47 -0.72 —0.45 —0.06
0.33£0.03 0.39:0.1 —0.77+£0.10 —0.42£0.15 —0.12+0.1
32.14 0.389 0.48 —0.68 —0.45 —-0.07
0.33+0.03 0.33£0.1 —0.79+0.12 —0.36x0.15 —0.08+0.1
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FIG. 11. Fore-aft asymmetrg, for 3He as defined in the text. FIG. 12. Same as Fig. 11 but fH. The data are from Refs.
The data are from Ref§6-9,12,13,18-2p [22,26,21.

In terms of Legendre polynomial expansion coefficients ofresponding inverse reactions beldsy =100 MeV by com-
Eq. (22), this can be written as paring with our calculations using realistéN interactions.
We have shown that the theoretical curves agree with the

a,— E as experimental data for the total cross section within the error
3 bars. Moreover, in many cases the measured differential

as= 7 (25 cross sections fop-d capture(aside from a normalization
V3| 1- 184 factor) can be explained theoretically over a large energy

range. In Ref[44] it was already shown that a similar nor-
In Figs. 11 and 12 we compare our results with the availablénalization problem exists for the data beldwy=20 MeV.
data sets. The theoretical curves ftHe agree quite well There, it was also shown that the angular distribution is in-
with the data[6-9,12,13,18—2]) whereas the calculated Sensitive to the underlying two-body interaction, whereas
asymmetry for’H is smaller by a factor of 5 than the experi- there is a strong correlation between the three-body binding
mental datd22,26,27. A similar observation was made by €nergy and the normalization constant[42,43. Since the
Skopik et al. [20] using their effective capture calculations, angular distribution is insensitive to the employed interac-
where no FSI effects were taken into account. Since all extion, we do not expect large effects of three-nucleon forces.
perimental data show a consistently higher fore-aft asymmeOn the other hand taking account of them will change the
try, there seems to be something missing in the theoreticdhree-body binding energy and hence the normalization con-
description of this reaction. One possible explanation for thé&tantAy.

discrepancy between theory and experiment was that the FS| Forn-d capture the description of the angular distribution
has not been taken into account properly in previous calcuss less good. For energies above 10 MeV the theoretical re-
lations. In the present calculations we have shown that thigults give a much smaller asymmetry than the experimental
discrepancy still remains when taking FSI effects into ac-data. Hence, the theoretical fore-aft asymmetry shows a large
count. Therefore, it is still unclear where the differences stengliscrepancy from the experimental data, whereapfdrwe
from. TheM 1 term is not likely to solve the problem, since achieve a very good agreement.

it is only expected to have an effect at extreme angles or at

very low energies. Also three-nucleon forces are not ex- ACKNOWLEDGMENTS
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