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The structure of the nucleon charge-exchange process n+p — p+n istheoretically investigated
on the basis of the isotopic invariance of the nucleon-nucleon scattering. By using the operator
of permutation of the spin projections of the neutron and proton, the connection between the
spin matrices, which describe the amplitude of the "forward" nucleon charge-exchange process
and the amplitude of neutron elastic scattering on the proton in the "backward" direction, has
been obtained. Due to the optical theorem, the spin-independent part of the differential cross-
section of theprocess n+ p — p+n at zero anglefor unpolarized particlesis expressed through
the difference of total cross-sections of unpolarized proton-proton and neutron-proton scattering.
Meantime, the spin-dependent part of this cross-section is proportional to the differential cross-
section of the "forward" deuteron charge-exchange breakup d+p — (pp) +n at the deuteron
momentum k; = 2k,, ( k,, is the initial neutron momentum ). As shown by the performed
analysis, it isjust the spin-dependent term that provides the main contributioninto the differential
cross-section of the "forward" process n+p — p+n in the wide range of neutron laboratory
momenta &y, > 700 MelV/c .
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1. Isotopic structure of N N-scattering

Taking into account the isotopi c invariance, the nucleon-nucleon scattering is described by the
following operator:

Fp.p') = a(p,p)) +b(p,p)r M3, (1.2)

Here (1) and #(?) are vector Pauli operators in the isotopic space, a(p,p’) and b(p,p’) are
4-row matrices in the spin space of two nucleons; p and p’ are theinitial and final momentain the
c.m. frame, thedirectionsof p’ are defined within the solid anglein the c.m. frame, corresponding
to the front hemisphere.

One should note that the process of elastic neutron-proton scattering into the back hemisphere
isinterpreted as the charge-exchange process n+p — p+n .

According to Eq. (1.1), the matrices of amplitudes of proton-proton, neutron-neutron and
neutron-proton scattering take the form:

Fopspp(PsP') = Fanosnn (p.P') = a(p,p) +0(p,P);
}np—mp(pvp/) = d(pvp/) _I;(pvp/) ; (12)

meantime, the matrix of amplitudes of the charge-exchange processis as follows:

Fapmspn(P:0) = 26(0,0') = Fopospp(P.P) = Fropsnp (P, ) - (1.3)

It should be stressed that the differential cross-section of the charge-exchange reaction, defined
inthefront hemisphere 0 <6 < 7, 0 <¢ <27 (hered istheangle between the momentaof initial
neutron and final proton, ¢ is the azimutha angle ), should coincide with the differential cross-
section of the elastic neutron-proton scattering into the back hemisphere by the angle 6 = = — 6
at the azimuthal angle 5 =7+ ¢ inthecm. frame. Due to the antisymmetry of the state of two
fermions with respect to the total permutation, including the permutation of momenta (p’ — —p’),
permutation of spin projections and permutation of isotopic projections ( p = n ), the following
relation between the amplitudes }np_m (p,p’) and }np_m (p,—p’) holds [1-4] :

}npﬁpn(pvp/) = _p(lz)}np%np(pv -p'), (1.4)

where P(12) s the operator of permutation of spin projections of two particles with equal spins;
the matrix elements of thisoperator are [5]: (m/;m} | P12 | myma) = 6,11, 6,01, - FOI particles
with spin 1/2 [1-5]

P(l,?) _

(10 46152, (1.5)

N | —

where 1(1:2) is the four-row unit matrix, &1, 6(2) — vector Pauli operators. It is evident that
P1:2) jsthe unitary and Hermitian operator:
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P2 = p2)+  pL2) p2t — j0.2), (16)

Taking into account the relations (1.5) and (1.6), the following matrix equality holds:

It o (0:0) Frpmspon (0 0) = F s (B2 =0) Frpsnn (P, —P). (L.7)

Asaresult, the differential cross-sectionsof the charge-exchange process n+p — p+n and
the elastic np-scattering in the corresponding back hemisphere coincide at any polarizations of
initial nucleons:

dGpp—pn ' dOnp—snp /
Znpzrpn =P (p —p'). 1
(PP PP (18)

However, the separation into the spin-dependent and spin-independent parts is different for
the amp“tUdeS fnp—>pn(p7 p/) and fnp—>np(p7 _p/) !

2. Nucleon charge-exchange process at zero angle

Now let us investigate in detail the nucleon charge transfer reaction n+p — p+n at zero
angle. Inthe c.m. frame of the (np)-system, the amplitude of the nucleon charge transfer in the
"forward" direction }np_m(o) has the following spin structure:

Fapspn (0) = 1 102 4 ¢, [600 63 — (W1 (6P)] 4 ¢5 (6D (6P (2.1)

where | is the unit vector directed along the incident neutron momentum. In so doing, the sec-
ond term in Eq. (2.1) describes the spin-flip effect, and the third term characterizes the difference
between the amplitudes with the parallel and antiparallel orientations of the neutron and proton
spins.

The spin structure of the amplitude of the elastic neutron-proton scattering in the "backward”
direction f,,_s,, () isanalogous:

Fopsnp (1) =& T2 4.7, [6M 63 — (M1 (6] +25 (61 (6. (2.2)

However, the coefficients ¢ in Eq. (2.2) do not coincide with the coefficients ¢ in Eq. (2.1).
According to Eq. (1.4), the connection between the amplitudes f,,,_,, (0) and f,, ., (7) is the
following:

}np—)pn (0) = _p(172)}np—>np (77) 3 (23)
where the unitary operator P(:2) is determined by Eq. (1.5).
Asaresult of calculationswith Pauli matrices, we obtain:

1. L 1. 1 .. L
01:—5(014—2024—03); 02:—5(01—03); 032—5(01—202—|—C3)- (24
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Hence, it followsfrom here that the "forward" differential cross-section of the nucleon charge-
exchange reaction n+p — p+n for unpolarized initial nucleonsis described by the expression:

Aoy —on

7;{? (0) =le1? 4 2[ea|* +[es|* =
L > ~ 12 L ~ 12 L > ~ 12 ~ 12 ~ |2 ~ |2

:Z|Cl+262+03| —|—§|Cl—03| +Z|Cl_202+63| :|Cl| —|—2|CQ| —|—|03| . (25)

Thus,

ds2 ds2

just as it should hold in accordance with the relation (1.8).

3. Spin-independent and spin-dependent parts of the cross-section of thereaction
n+p— p+n at zeroangle

Itisclear that the amplitudes of the proton-proton and neutron-proton el astic scattering at zero
angle have the structure (2.1) with the replacements ¢y, co,c3 — cgpp>7cgpp>7cgpp>, C1,Co,C3 —
C(lnp)7c(2np)7cgnp)’ respectively. It followsfrom the isotopicinvariance ( see Eq. (1.3) ) that

o = C(lpp) _ C(lnp)7 cy = C(zpp) _ C(znp)7 Ca = Cgpp) _ anp)‘ (3.1)
In accordance with the optical theorem, the following relation holds, taking into account
Eg. (3.1):
4?ﬂlm 1= 4?ﬂ(lm cgpp) —Im anp)) =Opp— Opp, (3.2
where o, and o, are the total cross-sections of interaction of two unpolarized protons and of
the unpolarized neutron and proton, respectively ( due to the isotopic invariance, o ,, = 05, );
k= |p| = |p| isthe modulusof neutron momentum in the c.m. frame of the colliding nucleons ).
Taking into account Egs. (2.1), (2.5) and (3.2), the differential cross-section of the process
n+p— p+n inthe"forward" directionfor unpolarized nucleonscan be presented in thefollowing
form, distinguishing the spin-independent and spin-dependent parts:

Dot () s 24 2]eaf? 4 eof? = L2 ) 4. L0520 (33)
pTe) —la b miesh =70 pTe) ‘ '

(s7)
In doing so, the spin-independent part da’lj’%(o) in Eq. (3.3) isdetermined by the differ-
ence of total cross-sections of the unpolarized proton-proton and neutron-proton interaction:

d0'7(1§)i)—>pn 2 k? 2 2
T(O) =" = W(Upp—gnp) (14+a%), (34

1) We usethe unit systemwith 4 = ¢ = 1.
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where a = Re ¢;/Im ¢;. The spin-dependent part of the cross-section of the "forward" charge-
exchange processis

085 (0) — 3+ e (35
a0 = 4|C2 Cc3|™. .

Meantime, according to Egs. (2.2), (2.4) and (2.5), the spin-dependent part of the cross-
section of the "backward" elastic np-scattering is

dosd,.

1o (™) =206 + [ (36)

da’ﬁlzdlpn daﬁl;dl”p
Weseethat —75"(0) # —q—=(7) .

Further it is advisable to deal with the differential cross-section Ccll—‘t’

, being arelativistic

invariant (¢t = —(p1 —p2)> = (p—p’)? — (F — E’)? isthe square of the 4-dimensional transferred
momentum ). In the c.m. frame we have: ¢ = 2k?(1 — cosf) and ‘Cil—‘t’ = (7 /k?) j—gz . So, in this
representation, the spin-independent and spin-dependent parts of the differential cross-section of

da’ﬁ[}f)—mn

the "forward charge transfer process “*472| - areasfollows | = (w/k) e,
(sd) = =
d””i’}?”” = (1/k?) (2|c2]? +]e3?) , and we may write, instead of Eq. (3.3):
t=0
dgnp—nm do—?&j?ﬂpn 1 9 9
| = T (0 — 0np) (107 37
dt  li=o dt t:0+16ﬂ'( pp—Onp) (1407 (3.7)

Now it should be noted that, in the framework of the impulse approach, there exists a simple

connection between the spin-dependent part of the differential cross-section of the charge-exchange
(sd)
da'np—>pn

rection n+p— p+n a zeroangle —L;
=0
scattering, that would be an error ! ) and the differential cross-section of the deuteron charge-

( not the "backward" elastic neutron-proton

. . d n
exchange breakup d+p — (pp) +n inthe "forward" direction %‘t . at the deuteron
momentum k,; = 2k,, ( k,, is the the initial neutron momentum ) . In the case of unpolarized
particles we have [6-8]:

(sd)
@Tnp-ypn (3.8)

dt t=0 '

A0 gy (pp)n _ 2
dt t=0 - 3
In doing so, this formula remains still valid if one takes into account the deuteron D-wave
state [8].

It is easy to understand also that, due to the isotopic invariance, the same relation ( similar to
Eq. (3.8) ) takes place aso for the process p+d — n+ (pp) at the proton laboratory momentum
k, = k,, and for the process n+d — p+ (nn) at the neutron laboratory momentum K, .

Thus, in principle, taking into account Egs. (3.7) and (3.8), the modulus of the ratio of thereal
and imaginary parts of the spin-independent charge transfer amplitude at zero angle (| « |) may
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be determined using the experimental data on the total cross-sections of interaction of unpolarized
nucleons and on the differential cross-sections of the "forward" nucleon charge transfer process
and the charge-exchange breakup of an unpolarized deuteron d+ p — (pp) +n inthe"forward"
direction.

The analysis shows: if we suppose that the real part of the spin-independent amplitude of
chargetransfer n+p — p+n at zeroangleissmaller or of the same order as compared with the
imaginary part («? < 1), then it follows from the available experimental data on the differential

da'np—>pn

cross-section of charge transfer —; and the data on the total cross-sections o, and

da'np—>pn

o, that the main contribution into the cross-section i

d
da’ﬁ[})—)mn

spin-dependent part 7

. is provided namely by the
t:

t=0

If the differential cross-section Ccll—‘t’ is given in the units of mbn/ (Y9°)? and the total

C

cross-sections are given in mbn, then the spin-independent part of the "forward" charge transfer
cross-section may be expressed in the form :

dols)son

7 ~ 0.0512(0,, — 0, ) % (14 ?). (3.9

t=0

Using Eg. (3.9) and the data from the works [9-11], we obtain the following estimates of the

/ da'np—>pn

: da’ﬁ[}f)—mn
ratio di

dt

at different values of the neutron laboratory momentum £,
t=0

t=0

_ GeV . da'np—>pn
Dk, =0.7 €65 e

=268 mbn/ (%)2 y o Opp— Opp = —22.6 mbn;
0

_— _— ~0.1(1 .
dt t:O/ dt t=0 0 ( —I_ “ )

) k= 1.7 GV BTmeomn | 37 6/ (SN2 o g, = 10 mbn;

’ dt =0 c
~ U. o).
dt t=0 dt t=0
3k, =2.5 GV LTnpom = 12ssmbn/ (YY) 5 0y =0, =55 mbn
415, /dU”p*p” ~ 0.085 (1+a?)
dt =0 dt =0~ @

(sd)
Tnp=pn

So, itiswell seen that, assuming a? < 1, the spin-dependent part 47222 provides a

least (75 90)% of the total magnitude of the "forward" nucleon charge-exchange cross-section
(seedso [14]).
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The predominant role of the spin-dependent part in the differential cross-section of the "for-
ward" nucleon charge-exchange reaction n+p — p+n isconfirmed also by the experimental
data on the differential cross-sections of "forward" deuteron charge-exchange breakup processes
d+p— (pp)+n and n+d — (nn)+ p, obtained in Dubna ( JNR, Veksler and Baldin Labora-
tory of High Energy Physics) — see[4] and references therein .
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