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Abstract. An interaction of a photon witAH is invstigated based on a three dimensional Faddeev approach.

In this approach the three-nucleon Faddeev equations with two-nucleon interactions are formulated with consid-
eration of the magnitude of the vector Jacobi momenta and the angle between them with the inclusion of the
spin-isospin quantum numbers, without employing a partial wave decomposition. In this formulation the two
body t-matrices and triton wave function are calculated in the three dimensional approach using AV18 potential.
In the first step we use the standard single nucleon current in this article.

1 Introduction position are two-body f6-shell t-matrices, which depend
on the magnitudes of the initial and final Jacobi momenta

Since the early days of the study of the nuclear physics so@nd the angle between them. Fachruddin et al. have cal-
many eforts have been performed on 3N systems consider-cmate‘_j the l_\IN bound and scattering states in a _3D repre-
ing real or virtual photon interactions [1]-[2]. Also several Sentation using the Bonn-B and the AV18 potentials [15]-
studies on the behavior of 3N bound states in real or virtual [16]- Recently there has beefi@ts to do the same calcu-
photon absorbtion have been reported|[3]-[4]. Before six- lation using chiral potential [23]. our aim in this work is
ties variational approach was used for these calculationst0 formulate photodisintegration &H in a three dimen-
and works using this approach are still continuing. After Sional Faddeev approach. In the first step we ignore three
introducing Faddeev formulation for three body systems P0dy forces and we just use the single nucleon current. We
[5]-[6], new efforts using this scheme were started. As an will use AV18 pot_entlal and triton wave function which has
example one can point out the early calculations of elec- P&en calculated in our previous work [20]. _
trodisintegration [7] and photodisintegration[8] withie ~ This manuscript has been organized as follow: in sec-
and3H. An improvement in the photodisintegration calcu- tion 2 we explain our basic states and we evaluate all of
lation of the bound and 3N continuum with the same 3N the matrix elements in these basis. In section 3 we intro-
hamiltonian have been performed [9]. There are also otherduce our singularity problem and its solution. We finish in
approaches to calculate electromagnetic interactions withSection 4 with a summary and outlook.

light nuclei such as Green-function-Monte-Carlo method

[10], hyperspherical harmonic expansions[11], and Lorentz

integral transform (LIT) method [12]. There is a very good 2 |ntegral equation of nuclear matrix

review of Faddeev _caglculatlons on t_he interaction of_ real elements without partial wave

or virtual photon with°He [13]. In this work like previ- .
ous calculations the partial wave decomposition has beerﬁecompos't'on

used. In PW approach one should sum all PW to max-

imum angular momentum where the calculation is con- To calculate the photodisintegration observable we first
verged. The problem is that in higher energies this max- need to calculate nuclear matrix elements in the Faddeev
imum angular momentum increases and we should solvescheme. For more details see Ref.[13].

more complicated equations. To avoid this complexity one

should use vector momentum as basis states [14]. To this 1

aim in the past decade the main steps have been taken N = 2<¢0l(1+tGO)PIU> @)
by Ohio-Bochum collaboration (Elster, Glockle et al.) and

Bayegan et al. to implement the 3D approach in few-body Uy = (1+ P)JJy) + tGoP|U) )
bound and scattering calculations (see for examples Refs.

[15]-[22]). It should be clear that the building blocks to the In above equations is NN t-operator which obeys

few-body calculations without angular momentum decom- Lipmann-Schwinger equationSy is free propagator is
permutation operatojy) is three body bound state afudl)
2 e-mail:bayegan@khayam.ut.ac.ir is an axillary state. Three body forces have been ignored.
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|poy is a subsection of the fully antisymmetric free state, Where:

|@o), in which nucleons 2 and 3 are in subsystem. 1, 1 ,
m=q+3q m=3q+q (10)

Do) =(1+P 3 . . .
_ | 0>_ ( )Ibo) . 3) ~ Now with respect to above relation and symmetry consid-
[$o) is also our basic state to solve the integral equation erations we can evaluate equations (7) and(8) as follow:
(2) and is antisymmetric under permutation of nucleons 2

1 1 3 1
and 3. N = §{<—§P 24P~ 34 MMMy v2v3vi|U)

I¢o) = [PaMuMeMsy1y2v3)® ) <—%p + gq, -p- %q MeMmyMyvav1v2|U)}
In equation (4)p andq are jacobi momenta and m'’s 1
andvy’s are the spin and isospin of the individual nucleons + Z fd3qa(p mzn'bV21/3|t|§q +q’, mymGy5vg)?

respectively. m,
Orthonormality and completeness relations of these ba- Ny
sic states can be considered as bellow: 2 i

1 ’ ’ / ’ ./
£ sy 2% % 4 MMyl (L)
pamiMeney1vovslp’q Moy vovs)® "
1 ,
= 516(p = P'Yormomy Ot 82, v, (Pq, MMMey1v2vs|U)

= (pq, MMpMav1vov3l(1 + P)Jly)

—(5(]1) + p,)éﬁb"‘gén‘cm’zévzvé(smv’z }6((1 - q,)‘sﬁhm’l(svw’l (5) 1
+ Z fdgqa@ mzm3V2V3|t|§q +q', mymGyv5ve)?

Z fd p d® qlpgmuimamgyyvovs)? Vo V3
my My Mg 1 1 ’ 7 ’r o
Vi V2 v3 £ Gy (=34" - ¢, 4’ Memsmyyzvav|U) (12)
m

a =
Xpamumemyyavzvsl = 1 ©) The firs term in the equation(12) can be evaluated as:

Considering these properties we can rewrite the integral (pq, MMpMey1vaval(1+ P)JJw)
equations (1) and (2) in our basic stats.
— ZdeP/dSq/
m.,y

1
N = z a(pqmlmgnh\/]_l/z)/gl(l + tGo) PlU) ’
%pq, Mmmmev1vevsl(1+ P)Ip'q’, mimomgy;v5vs)?

1
=5 A pgmempmgy1vovs|PlUY x(p'q’, M mLmLy,vovaly) (13)
1, {GPIU 7 Now we concentrate on the elements of these equationsi.e.
5 (PAMMeMey1v23ltGoPIU) (") current, two-body t-matrix and triton wave function, more
precisely.
*pamimemey1vovs|U)
= (pgmyMmpMgv1vovs| (1 + P)Jly) 2.1 current
+X(pqmumemev1y2vsltGoPIU) (8)  Considering the symmetry properties we have:
The dfect of permutation operator on our basic states 3(pq, MMpMay1vova|(1 + P)ISN|y)
can be considered as follow: = 33%(pq, MMeMev1vaval(L+ P)ISN (L))
(PAMuMeMsy1v2y3|Plp' g’ mymymsy;vovs) (14)
~5(p + 1..3 Ns(q-p' + 1 9 Matrix elements of single nucleon current can be evaluated
BRAIPLERIVE R LAY as follow:
ommOmm O Ou Ot *(pa, MuMeMv12v3lI(LP'q's M mHG Y v5%)
IV ’ P , 2
+o(p+ 5P~ 74)0(@+ P + 54q) =50’ ~q+5Q)
XOmy i, Ormpmy Omem, Ov1v0v,v; Oy, 1 /
=6(p + m)d(p’ — m1) Xi[é(p -P )6%%6%%61/21/’261/31/’3
X(Smﬂ'f‘é6”‘2”&6Wtsm'161’1v'261’zv’36v3v’1 - 6(p + p/)éﬁbﬁg(sﬁbmzévzvé(smv’z] xJ my rr(l (Q, Q)
+6(p — m2)o(p” + 1) vi V)
X(Smlrrg5mzm’16mgm’26v1v’36vzv’l51/3v’2 (9) (15)
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In above equatioR) is the momentum of photon. We need
to rewrite the single nucleon current operator in a form
which is suitable for our basic states. The current opera-
tor which we will use is:

k1+k/

MmN

i ,
J=Ge(Q) + 5 —Gu(Qo x (ki — ki) (16)
MmN
Which is summation of convection current and spin cur-
rent.Ge(Q) andGy (Q) are electric and magnetic form fac-
tors respectively. For the convection part we have:

2
q+Q+ §K a7)
As we will show we have to choose coordinate system in
which thez axis is along theQ vector and we also need
tensor component of current so the second and the third

terms of the right hand side of equation(17) will vanish.
Thus for the convection current we have:

G (Q)q*1

\]COI"IU&I

(18)

And the tensor component of spin part can also be eval-
uated as:

\/EQ

Spin _
e

Gm(Q)S. (19)

G cos@)-VX/SAt(p p.6)
5 [orp” f d(cost) I (01 .. 6")Go (')
(0 p.0")
v 5 [drp f d(cost) I35 (01, 7., 6")Go (")
6 (0 p.0") 22)
Where
AP, B0 = f do"e VIS, (o, p)

(23)

2.3 triton wave function

For evaluating the Triton wave function we need to make

a relation between this wave function in our basic states
to the one which has been calculated in the following ba-

sis[20]:

2.2 two-body t- matrix

Two body t-matrices can be related to the one which cal-
culated in helicity basis:

1 1
(Pa(s5)SMe()Tmrly) = (PG, Xpeoald)  (24)

We can relate these states to our free spin and isospin states

with Clebsch-Gordan coegients.

’ 7./ 1
Apmumenvyvoltp’ mympy v2>a = Zé(ylm) 4+7y)

el(/\0¢p Adp) Z(l 777r)C( t V1V2)C( t VlVZ)

C(E éS, mlmon)C(é 55, m;m,Ag)

% @NORIdR (0p)aR  (67)
d/S\/A(HPP’)

Z A5, (Bp)d, 1 (07)

t”S‘(p, p’, COSOpp » 2) (20)

In the above relatioz = E — i—ﬂi is the energy of subsys-
tem. As we know two-body function has a singularity in
the energy of deuterorz,= E4. To remove this singularity
we should consider t-operator as follow:

&pmumpnyyvoltip’ mympyyvs)2
A pmumpnyyvolflp’ mumpyyv;)?

z-Ey (21)

Two body t-matrix in helicity basis has been calculated
before[15].

= (yla) (25)
Where
1 1
la) = |(5§)Sms, (té)Tmﬂ
ly) = [mmpmgyyvova) (26)

It is very important to mention that the spin of the nucle-
ons is quantized in the direction of tkexis which in the
calculation of wave function it has been chosen to be in the
direction ofq. But we have to consider ttmaxis along the
direction of incident photoiQ. So we should first rotate
the spin of the nucleons in our basis to be settled in the
direction ofq axis. Then we should use Clebsch-Gordan
codficients to obtain the wave function in the calculated
basis mentioned in the equation (24):

(PqMMeMay1vovalyr)
Z Z Drmym, (6> #q) Dy, (6g, $q) Dimer, (09> $0)9a
mmnt @

X{PA, Xpg, ) (27)
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3 Singularity problem

In order to consider the singularity problem we can rewrit-
ten the equation (11) an (12) in a unified form ignoring
isospin dependent which is similar to spin dependent.

Umlmsz‘G (p’ q, Q) = Ur,nlmzms(p’ q, Q)

v Y [ g Smmmrz 4" @ B, (P 712

¢ AT g, _ %

mlzn% m € d am
(28)

To solve this integral equation we should evaluate singular-

ity in the denominator of the propagator which is a func-
tion of g’ and angle betweeg’andqg. So instead of sin-
gular point we have a region of singularitydgr- q” plane.
There is a solution to this moving singularity in Ref.[24].
For using this method we have to paxis along they.
But because of simplification in current operator and final
cross section we should choose thaxis in the direction

of the momentum of the photoQ. So in order to evaluate

the singularity we should use another method which is in-

q/2+q”
dp' pG(a. . P) f dg's(<” - x0)

la/2-q”|
Ungmgm, (P

/!

2, q//7 Q)farirbrrbngng(p7 p/ﬁ'l’ Z) (31)

In the above equatioB which is always positive is defined
as:

1

G(a.q".p) = (32)

X” = cos#” indicates the angle betwegrandq” and
Xo is introduced as follow:

//2_1‘
4

/2_}
4

q//2 _ q2)
(33

4£%p

1 2 "2\ _
(p g -q7) O

Xo =
qqn

4 Summary and outlook

troduced in Ref.[25]. Therefore one should separate angle

part of delta functions as follow:

_o(p = 1) 6(p” — 1)
- p/2 p//Z
6(p” + 71)6(p” — 1)
o(p’ = m) 6(p” — ma)
p/2 p//Z
o(p’ —7)s(p” + 1)  (29)

And then the integral equation can be rewrite as follow:

o(p” + m)o(p” — m1)

o(p" — m)o(p” +m1) =

Umlmzn’b(p, q.Q) = Ur/nlmzm3 (.9, Q)
+ Z deq//dp/dp//
m,m,

Umzngml(ﬂz, q’,Q) f?mrrhngng(p’ 71,2)
E- (02 + 302 E+ie-Eq— X

(30)

After some simplification the integral equation transforms
to this equation:

Umlmzn’b(pv q,Q) = Ur/nlmzm3 (p.q,Q)
1

>
+— dp'p’ —

q”;%o E+ie— 2(p2+ 2P
a/2+p’

f quIqIIG(q’ q//’ pl) qullé(x// _ XO)
la/2-p'|

Um’ZfTEml(p//ﬁz’ q/,’ Q)fﬁb%%% (p’ p/ﬁ'l, Z)

2 \f 1
_ quIqII :
Q%O E+ie— d_i_?;
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In this paper we have formulated the Faddeev integral equa-
tions for calculating the photodisintegration observable of
triton in a three dimensional approach. To this aim we in-
troduced our basic states which contains jacobi momenta
in vector forms as well as individual spin and isospin of
each nucleon. So we have avoided to decompose angle
states in terms of angular momentum states (partial wave
approach) which is traditionally used to solve these kind of
equations. The final integral equations are less complicated
than the PW ones and are unique in number of the equa-
tions in all energies. We have also explained about over-
coming of the moving singularity in our work.

The calculation of this observable using the AV18 po-
tential is underway and the results will be published soon.

Adding two and three body currents as well as three
body forces in our calculations are other future major works.
The same calculation for radiative capture is also under
consideration.
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