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Complete set of total cross sections for imaginary parts ohd forward scattering amplitudes,
and three-nucleon force effects
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In neutron-deuteron scattering, four total cross sections are shown to form a complete set for the determi-
nation of the imaginary parts of the forward amplitudes by means of the optical theorem. The amplitudes are
decomposed into scalar and tensor components in spin space. Contributions of three-nucledBNéicts
these amplitudes are studied by Faddeev calculations. Significant effects of the 3NF on the tensor components
are predicted.
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In recent years, three-nucle@N) systems have attracted In the nd scattering, we have four nonvanishing indepen-
considerable attention as important sources of information odent forward amplitudef9]. Designating elements of thed
nuclear interactions, because of possible effects of threescattering matrix a¢v;,,vy|M|v,,vy) 9o, Wherev's are the
nucleon forces3NF) in addition to two-nucleon ones. Vari- z components of the related particles’ spins
ous versions of the two-nucleon for¢€2NF) have been ex-
amined as the input toM8 calculations, and have been found M1=<E 1’ M‘E 1>
to be deficient in reproducing empirical data of specific 2’ 27,
physical observablegd]. Improvements have been achieved
by introducing a Zr exchange 3NF in the calculation of the
3N binding energy[2] and the minimum of the proton- B
deuteron pd) elastic scattering cross section between 50 1)
and 200 MeV[3]. However, the prescription is not always
effective for polarization phenomena. In fact, the 3NF cannot _<

i ; Ms=1{ —
explain the proton vector analyzing power between 65 and
200 MeV[4] in pd scattering, and the deuteron tensor ana-
lyzing powers at 270 MeV irdp scattering[5]. Also, dis- M :<E O‘M‘E O>
crepancies in the nucleon and deuteron vector analyzing a2 27 o
powers between calculations and measurements in low en-
ergy neutron_deuteromﬁ) and pd Scatterings St|” remain Then, in principle, four kinds Of independent tOta| Cross sec-
unresolved even when a 3NF is included-8]. tions comple_tely detgrmine the imagi_nary parts of the for-
These indicate that a comprehensive understanding of th¥ard scattering amplitudes by the optical theorem.

role of nuclear interactions, particularly that of their spin D€noting the spin density matrices of the neutrons and the

. . i initi (n) (d) -
dependence, in$ observables has not yet been obtained. Ifi€Uterons10] in the initial Stt%tt?sbg;/il\)/en E:s]d pr, Tespec

the present paper, we considet total cross sections, which tively, the total cross sectio
are specified by spin orientations of projectiles and targets, as 4
a reliable scale for the criticism of the spin dependence of the ~ ®'=a Im{Tr(pWp@M,_)} with a= ~ @
nuclear interactions. Because of the optical theorem, total

cross sections are linked to the imaginary parts of forwardyherek is the magnitude of thed relative momenturk.
scattering amplitudes. In the following, we give a completeone of the independent total cross sections is that for unpo-
set of thend total cross sections to determine unambiguouslyarized neutrons and deuterong’* [11,12, for which the

the imaginary parts of all of thed forward amplitudes. spin density matrices are given by
Since the spin dependence of the nuclear interactions is re-

flected in the scattering observables through the spin struc- (n)_ll(n) (d)_1|(d)
ture of the scattering amplitudes, we decomposentthéor- pro=o b PR
ward amplitudes by spin space tensors, and examine the

relation between these components of the amplitudes anaherel™ andl(@ are the unit matrices. We get from B®)
corresponding nuclear force components. Finally, effects of
3NF on these components of the amplitudes are studied by
3N Faddeev calculations.

()

o
ag°‘=§ IM(M+M,+My). (4)
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Next, we choose the longitudinaAg ) and the transver- 1 0
sal (Ao1) asymmetries of the total cross section for vector- 1o —2 o
polarized neutrons and deuterons, for which noticeable con- P2~ ' (13
tributions of the 3NF have been predictEtB]. When the 0 0 1
neutrons and the deuterons are vector polarized in the same ot
direction along thez axis with polarizationsp(™ andp{®,  We get the total cross sectiarby for ty=1,

the corresponding cross sectioti®'(p{™ ,p!?¥) is obtained
o

by Eqg.(2) with the spin density matrices 05%123\/5 IM(M,+M,— 2M,). (14)
(n)—i (n) (d)—l (d) . . .
pr=5P 07, pU=5P Py, (5) Solving Egs.(4), (10), (11), and(14), the imaginary parts
of M;—M, are obtained:
where
1 1
1 0 O alm(M1)=0'E)°t+ Eatz%t—zAaL,
P,=|0 0 0. (6)
00 ! a’lm(Mz):U'g)t‘i‘— tz%t+%A0'|_,
On the other hand, when the neutrons and the deuterons are V2
vector polarized in the same direction perpendicular tozthe (19
axis with polarizationsp{" and p{”, one can choose the
axis as the polarization direction. Then the corresponding alm(M3)=——=Aor,
cross sectiow'(p{" ,p!?) is obtained by Eq(2) with the V2
spin density matrices
P Y alm(M,)= O'BOI— \/E(th%t.
fO=ZpMg, = pOp, (7 Byth t determine the imagi ts of
5Py 9y 2Py Py y these equations, one can determine the imaginary parts o
the scattering amplitudes;—M, unambiguously when
where ot, Ao, Ao, andasy are measured. The present choice
) of the set of the independent total cross sections is not
0 —-i 0 unigue. However, different choices will produce the informa-
p :i i 0 —il. (8) tion of the scattering amplitudes equivalent to the present
Y J2 0 i 0 one, since the independent amplitudes are restricted to four

ones.

The cross section asymmetries are defined as the cross sec-" ©rder to get deeper insights into the spin dependence of

tion difference provided by the reversal of the deuteron spirf’€ interactions, we decompose the scattering matriky
direction: spin space tensors of rafkwith z componentx, S, ,

AO’L:(TtLOt(+1,_1)_0'|t_0t(+1,+1), M:E (_)K&*KRKKY (16)
Kk '
Aor=0oP(+1,-1)—oP(+1,+1), 9 _ . .
where Ry, is the counterpart, a tensor in the coordinate
which are equivalent to the asymmetries in R&8]. Using  space. The matrix element ™ for a reactionA(a,b)B is
Egs.(2) and(9) with Egs.(5), (6), (7), and(8), we obtain given in terms of invariant amplitudg44]:

AO’L:_CEIm(Ml_Mz), (10) <Vb,VB;kf|M|Va,VA;ki>

and
:S;K (SaSAVaVA|Si Vi)(SbSBVbVBlstf)
Aogr=— a2 Im(Mj). (12) !
, ) X (sisevi, — vi|Ki)(—)S "
As the last one, we consider the total cross section for the
scattering of unpolarized neutrons by tensor polarized deu-

K
L — i K
terons. For the unpolarized neutrons andtthgensor polar- x 2 [C(k)aC —ici (k) T5F(sisiKI),

ized deuterons along theaxis, li=K-K
17)
(n) 1 (n) (d) \/5 . . . e
p=51" P =Py, (12 wherek;(k;) is the relative momentum in the initidfinal)
state,s’s (v's) denote the spinsz(components and K=K
where for evenK andK+1 for oddK [15]. The quantum number
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s;(s;) is the channel spin for the initiaffinal) state. The 1 1
quantity k;(k;) is the solid angle ok;(k;) and C;,(k) is So=3| Us+t Eul
related to the spherical harmoni¥s,(k) as usua[16]. In

Eq. (17), the geometrical parts of the matrix elements of the 1
tensors are given by the Clebsch-Gordan coefficients and SU=§(U3— J2U,),
[C\.(k)@C) (k)]s and their physical parts are included in
F(s;s¢Kl,), the invariant amplitude, which is a function of 1
the scattering angle and the center-of-mass energy, although Wp=5(Ts=2Ty),
omitted for simplicity. The amplitudé-(s;s¢Kl;) describes
the scattering by the tensor interaction of ratlkn the spin Wy=T3+ T,
space: for examplé& (s;s;K=0I;) represents the scattering
by scalar interactions, that is, central interactions in the sensshich lead to the following equations:
of effective interactions, which include any higher order of ot
the interactions as long as it forms a scalar in the spin space. alm(S)=oq
More details are given in Ref§l4,15.

In the present casé; =k;=k andz||k, we have two non-
vanishing scalar amplitudes),; and U3, and two tensor
ones,T, and T3, defined as (22

(21)

1
alm(S,)=— §(A0'|_+2A(TT),

3
alm(Wp)= tot

U,s=F(s200), Ef’zo,
T,.=F 3 20)+\FF(3 21|+F 3 22) 18 aimin) == (oo,
a ES 3 ES ES (19 If we consider a folding potential between the neutron

and the deuteron neglecting antisymmetrizations and other

wheres=1/2 (the doublet stateand 3/2(the quartet staje reaction mechanisms, the relation between the amplitudes,
From Egs.(15) and(17), we obtain Sy, S, Wp, and Wy, and nuclear force components
' ’ turns out to be rather straightforward. Let us assume the

nuclear force between nucleonsandj to consist of spin-
independent, spin-spin central forces, and a tensor one as

Vii=Vo(i.)) +V(i,))(oi- o)) +V(i,])Sp(i.]). (23

2
alm(U,)= ﬁag’#gmaﬁmﬁ),

wor 1 In the first order approximation, it is easily shown that the
alm(Us) =20y — 3 (Ao +2407), scalar amplitudesS, and S,, are provided by the scalar
(19 interactionsVy andV,,, respectively, with the&s-state com-
ponent of the deuteron internal wave function, one of the
1 tensor amplitude$Vp by the scalar interactio with the
__ tot_ — _ D 0 i
aIm(Ty)=—20% 3(A‘7L Aap), deuteronD-state component, and the other tensor amplitude
W5 by the tensor interactiok; with the S-state component.
Therefore the measurements @', Ao, Aoy, and ohy
alm(T3)=\/Ea'tz%t—g(AoL—AO'T). vyould provide pure information on t?oetz _respective interac-
3 tions. From Eq(22), one can see thaty" is given only by

the imaginary part of the spin-independent scalar amplitude,

The amplitudesi,, U, T,, andTs, are general. To con- and ot by that of the tensor one whose origin is considered

nect them with realistic interactions, we consider an explicitas the deuterob state. On the other hand, the cross section
form M,_o, which includes two scalar amplitudes and two asymmetries Ao and Aoy, contain information of the
tensor ones, imaginary part of the spin-dependent scalar amplitude and
that of the intrinsic tensor amplitude. The quantit¥d,
2 2 —Aop) provides direct information of the nuclead tensor
My—0=Sp+ S,(Sh Su) + Wp[s4® Ssulo+ Wrl 1@ 415 interaction.
(20 We calculated numerically the total cross sections for the
complete set at low incident energies by solving the Faddeev
wheres, ands, are the spin operators of the neutrons and theequation, in which the 2NF is fixed to the ArgonnggV
deuterons. Here$, andS, are the space parts of the scalar model(Av18) [17], while the 3NF is the 2 exchange Brazil
amplitudes, andV, and W5 are those of the tensor ones. model (BR-3NF) [18] with the cutoff parameter adjusted so
These amplitudes are related to the invariant amplitudesys to reproduce the empirical triton binding energy. Due to
U, Uz, T4, andTg, as the 27 exchange mechanism, the BR-3NF is expected to
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Cross Sections (b)
Cross Sections (b)
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FIG. 1. The total cross sectionsy”, Aoy, Aoy, andoyy, of FIG. 2. The total cross sections;, and oy, of the nd scat-
the nd scattering as functions of incident neutron energy in Iabora—[ering as functions of incident neutron energy in laboratory system

tory system for AV18(solid lines, AV18+BR-3NF (dashed lin€s  or Av18 (solid lineg, AV18+BR-3NF (dashed lings and AV18
and AV18+GS-3NF(dotted lineg. The dashed lines and the dotted | GS_3NF(dotted lines. The dashed lines and the dotted ones over-
ones overlap each other. lap each other.

contribute to not only scalar nuclear forces but also tensor _ )
ones in the spin space. To demonstrate the role of the tens@rand 3 by Cross sections, =« Im(A), whereAis Uy, etc.
forces, we examine a fictitious spin-independent 3NF of thdn Fig- 2, the effect of 3NF on the scalar amplitude for the
Gaussian form(GS-3NP quartet stateg,, is very small, while that for the doublet
state, oy, is remarkable, particularly at low incident ener-
r21)2 (rsl

e e

2
+(c.p.). (24

Vo=V§ exp[ -

Values of the parameters, which are determined so as to re-
produce the empirical triton binding energy, agg=1.0 fm
andV§=—45 MeV.

The numerical calculations are performed in coordinate
spacd2,19,20, where N partial wave states for which 2NF
and 3NF act are restricted to those with the total nucleon-
nucleon angular momentg<2, and the total Bl angular
momentaJ=<19/2, which have been shown to be sufficient
for the convergence of calculatioj4]. We note that the
results ofof', Ao, and Aoy in the present calculations
agree with those in Ref$11-13 within a few percent.

In Fig. 1, the calculated cross sectiong', Ao\ , Ao,
and oy, are shown as functions of the neutron incident
energy up to 15 MeV. In the figure, the 3NF contribution is

very small fora " but is appreciable foAo, andAo. The

contribution toasy is not clear because of the small magni-
tude of the cross section. More details will be discussed later
in a magnified scale. From Eg&l9) and(22), we can con-
struct the scalar amplitudeés$; andU; (or Sy andS,), and

the tensor amplitude$; andT; (or Wy andWy5). From the FIG. 3. The total cross sectionsy, and oy, of thend scat-
numerical calculations, it turns out that the spin dependencgying as a function of incident neutron energy in laboratory system

of the 3NF contribution is clarified in Int{;), Im(Us),  for Av18 (solid lines, AV18+BR-3NF (dashed lines and AV18
Im(W5), and ImWp). These amplitudes are shown in Figs. +GS-3NF(dotted line.

<)
o
1

Cross Sections (b)
S
N
1

-0.3 1

-0.4-

5 .. 10 15
E " (MeV)
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gies. In the latter, however, we cannot distinguish the effecand changes the sign me around 4 MeV. Although the
of the BR-3NF from that of the GS-3NF. This result corre- magnitude ofgw is small, refmed measurements may iden-
sponds to a well known correlation between calculations ofjfy such 3NF effects.

the triton binding energy and those of thel doublet scat- In summary, we have shown that the four nonvanishing
tering length[21,7], which means that the doublet scatteringindependent forward amplitudes in thel elastic scattering

amplitude at low energies is governed essentially by a posieonsist of two scalar amplitudes and two tensor amplitudes,
tion of the 3N bound state pole. which are related to the two central interactions and the two

The effect of 3NF on the tensor amplitudsy_has an tensor ones, respectively, and the imaginary parts of these

interesting feature as shown in Fig. 3, where the effect of th Sca“e”{},%’ amplitudes are given by the four total cross sec-

BR.3NE it ble at | ident ener-1ONs, 00, Aoy, Ao, andoyy . The Faddeev calculations
oNow, is quite appreciable at large inciden are performed by which the 3NF effects are shown to be

gies, while that of the GS-3NF is almost negligible. Thisclear in oy,, ow,, and oy, for limited energy ranges, al-
means that the BR-3NF contributes to M) as and ten- 5 gp the magnltude of the last cross section is small. It is
sor force due to the spin dependence. In the figorg, 4150 found thairyy, provides the information of thad ten-

= 3/\20%y , which is newly introduced in the present paper, sor interaction effect of the 3NF. These predictions will be
shows significant 3NF effects except for very low energiesencouraging the measurements of the total cross sections to

with the remarkable dependence on the choice of the 3NRbtain significant information of the interaction between
The BR-3NF mostly reducasWD by a considerable amount three nucleons.
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