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fnarones B.B. II np. 
3ap.8llOB0-06MeHHbIH pa3BaJJ nefiTpoHa C o6pa30BaHI:IeM llBYX 
npOTOHOB II cnlIHOBa.8 CTpy1<Typa aMnJJIITYllbl npouecca 
nepe3ap.8llKII HeHTpOHa 

El-99-280 

B paMKax IIMnyJJbCHOro np1I6JJmKeHII.8 o6cy:llmaeTC.8 COOTHOlleHIIe Me:llmy 3cpcpeK
TIIBHbIM ceqeHIIeM 3ap.8llOB0-06MeHHOro pa3BaJJa 6bICTporo nefiTpona d + a ➔ (pp) + b 
II 3cpcpeKTJ1BHbIM ceqenlieM npouecca nepe3ap.8llKII n + a ➔ p + b. IlplI 3TOM yqMTbIBa
lOTC.8 3cpcpeKTbl TO:llmeCTBeHHOCH:I npOTOHOB (cpepMII-CTaTMCTIIKa) II KYJJOHOBCKOro If 

ClfJlbHOfO B3alIMOlleHCTBIIH B KOHeqnoM COCTO.8HIIM. HccnenyeTC.8 pacnpenenen1Ie no 
OTHOCMTeJlbHblM IIMilYJlbCaM npOTOHOB, po:llmeHHbIX B 3ap.8llOB0-06MeHHOM npouecce 
d + p ➔ (pp) + n s nanpasneHIIII snepen. IlplI nepe.uannbIX MMnynbcax, 6m13KMX K 
HYJJIO, 3cpcpeKTMBHOe ceqe1me 3ap.8llOB0-06MeHHOro pa3BaJJa 6bICTporo .uefiTpotta, CTaJJ
KIIBaIOmeroc.8 C npoTOHOM MmIIeHII, onpenen.8eTC.8 TOJlbKO cnlIH-qJJllfilOBOH qacTblO 
aMilJJIITYllbl peaKUMII nepe3ap.8llKII n + p ➔ p + n nplI HyJJeBOM yrne. IloKa3aHO, qTQ 
myqeHIIe npouecca d + p ➔ (pp)+ n B nyqKe noJl.8pM3OBaHHblX (BblCTpoeHHbIX) nefi
TpOHOB nO3BOJllfT, B nplIHUIIne, pa3lleJJIITb .usa CnlIH-3aBMC.8ll.llIX qnena B aMilJJMTY.Ue pe
aKUIIII nepe3ap.8llKII n + p ➔ p + n, OlllIH m KOTOpbIX ne coxpaH.8eT, a npyrofi coxpa
H.8eT npoeKUIIIO cn1Ina HYKJJOHa na nanpaBJJen1Ie 11Mnymca nplI nepexone nefiTpona s 
npoTOH. 
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Charge-Exchange Breakup of the Deuteron with the Production 
of Two Protons and Spin Structure of the Amplitude of the Nucleon 
Charge Transfer Reaction 

In the framework of the impulse approximation, the relation between the effective 
cross section of the charge-exchange breakup of a fast deuteron d + a ➔ (pp) + b and 
the effective cross section of the charge transfer process n + a ➔ p + b is discussed. In 
doing so, the effects of the proton identity (Fermi-statistics) and of the Coulomb and 
strong interactions of protons in the final state are taken into account. The distribution 
over relative momenta of the protons, produced in the charge-exchange process 
d + p ➔ (pp) + n in the forward direction, is investigated. At the transfer momenta be
ing close to zero the effective cross section of the charge-excbange breakup of a fast 
deuteron, colliding with the proton target, is determined only by the spin-flip part of the 
amplitude of the charge transfer reaction n + p ➔ p + n at the zero angle. It is shown 
that the study of the process d + p ➔ (pp)+ n in a beam of the polarized (aligned) 
deuterons allows one, in principle, to separate two spin-dependent terms in the ampli
tude of the charge transfer reaction n + p ➔ p + n, one of which does not conserve and 
the other one conserves the projection of the nucleon spin onto the direction of momen
tum at the transition of the neutron into the proton. 

The investigation has been performed at the Laboratory of High Energies, JINR. 
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1. Our purpose is to analyze the relation between the effective cross section of 
the peripherical charge-exchange breakup of a fast deuteron with the production of two 
protons: 

d+a ➔ (pp)+b 

and the effective cross-section of the charge transfer process 
(1) 

n + a ➔ p + b , (2) 

in which the neutron is transferred into the proton. In so doing, it is supposed that the 
target particles a and b with the unity charge difference are included in the same 
isomultiplet. In particular, we will speak concretely about the process 

d+p ➔ (pp)+n, (3) 

taking place at a collision of a fast deuteron with the proton target. 
The co1111ection between the processes (1) and (2) was discussed partly in the 

series ofworks
1
•
2
•
3
•
4
•
5

. We will continue the study of this problem, taking into account: 
a) the spin structure of the amplitude of the charge transfer reaction 

n+a ➔ p+b, 

b) the identity of protons (Fermi-statistics effect), 
c) the Coulomb and strong interactions of protons in the final state. 

2. We will assume that the velocity of a projectile deuteron is large in 
comparison with the characteristic one of nucleons in the deuteron: 

~
I 

v» --. ~ 
20 

Here c is the binding energy ( c "" 2.3 Me V ), m is the nucleon mass. Under the 
condition (4), the duration of the collision is much smaller than the characteristic period 
of the movement of nucleons in the deuteron and, as a result, the coordinates of the 
neutron and the proton in the deuteron have no time to change during the impact, and we 
can use the impulse approach. In accordance with the condition (4), the impulse 
approximation is valid, in any case, for relativistic energies. 

Let the neutron, being incorporated in the deuteron, take at a collision the 
nonrelativistic _momentum q in the rest frame of the deuteron. Then, in the framework 
of the impulse approximation, the wave function of the relative motion of two protons, 
produced in the charge-exchange process d +a ➔ (pp)+ b, will have, at once after the 
impact, the following form: 

\J-'(r) = \J-'Ar) e-,;;,12 • cs) 
Here \J-'Ar) is the deuteron wave function. 
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The expansion of the function \J-'(r) over the eigenfunctions of the two-proton 
Hamiltonian, taking into account the Fermi-statistics effect, gives the continuous 
spectrum of relative momenta of the created protons. The magnitude itself of the 
effective cross-section of the charge-exchange breakup of the deuteron is determined by 
the transitions from the deuteron spin states to the spin states of the two-proton 
system3

•
4

• The contributions of these transitions are connected directly with the spin 
structure of the npcharge transfer reaction.· · 

3. Theamplitudeoftheprocess n+a~ p+b has the structure: 

J(n+a ➔ p+b)=( C(t}+B(t)J(i))J>exch, (6) 

where t "" ij 2 is the 4-dimensional transfer momentum squared; P,.ch is ~e. exchiiug~ 

operator transforming the neutron into the proton and the particle a ·into the particle b; 

J!1l is the Pauli operator acting between the spin states of the neutron and the proton; C 
and B are the operators acting ~etween the spin states of the particles a and b (these 
states will be marked later on by the index {3} ). 

When all the particles are unpolarized, the differential cross-section of _the 
reaction n + a ➔ p + b can be presented in the form 

du · ' du(nf) du([) 
-(n+a ➔ p+b)=-. +-. , (7) 
dt dt dt 

where 
du(nf) 1 
dt = 2j+l trl31 C(t)C~(t) (8) . 

is the spin-nonflip part of the differential cross-section of the charge transfer reaction, 
which is not connected with the spin quantum number of nucleons; and 

du(fl 1 ~ ~ 
- =-. -tr131 B(t)B+(t) (9) 
dt 2J+l . 

is the spin-flip part of the differential cross-section, conditioned by the presc;nce of the 
nucleon spin. Here j is the spin of the· particles a and b, the symbol tr131 denotes the 

sum. of the diagonal elements ("trace") of the operators acting in the spin space of the 
particles a and b . 

4. Now we will consider the transitions between the spin states of the deuteron 
and the (pp) -system. As it is known, the neutron and the proton in the deuteron are in 
the triplet spin state with the total spin of 1. When the deuteron is unpolarized, then each 
of three spin states corresponding to the projections of the total spin onto the 
quantization axis z, equaling-I, 0, 1, is realized with the probability of½: 

n,,,.,.. . .. n...,·, h•--~ I 
C,.?',u: '-~i.•au-.. .kt.itt:,U Ud•-oUIA,.fA 

~ t:ll·:11,!i.,Jt: uc:::.e;.;;;i;.d 
t SY.SJl.-lOTEKA --- -



lx~r~>) =l~½r) 1-½r) · 
. lri l (I } )(I) I } )(2) I } )(I),, } )' (2)) 
Ix! Pl)= ✓2 +2 -2 + -2 +2 , 

I )(1) I )'2) 
lxi'tP>)= +½ +½ (10) 

Here the index I is related to the spin function of the neutron, and the index 2 is related 
to the spin, function of the spectator proton'. In the process d + a ➔ (pp) + b the system 
of two protons can be created in the triplet states (10) as well as in the siriglet state with 
the zero total spin: · · 

Ix< >)=- +- -- - -- +- . · · ~in 1 (I 1 )(I) I 1 )(
2
) I I_)(I) I } )(2

)) 

✓2 2 2 2 2· 
(11) 

The two-proton system, produced in the peripherical breakup of the deuteron, can be 
considered as a non-relativistic one in the rest frame of the deuteron. 

In accordance with the Pauli principle for identical fermions, when two protons 
are produced in triplet states, their coordinate wave function is antisymmetric and the 
orbital angular momenta have only odd values; when two protons are produced in the 
singlet state, the coordinate wave function is symmetric and the orbital angular momenta 

have only even values6
• It is easy to see that the operator C(t) in Eq. (6), being 

independent of the nucleon spin, leads to the production of the pp-system only in the 

triplet states. Meanwhile; the spin-flip operator B(t )J 11 l determines the transitions to 
both the triplet and singlet states of two protons. 

5. In accordance with the above-mentioned facts, when the momentum ij is 
transferred to the neutron in the deuteron (as a result of the charge transfer reaction 
n + a ➔ p + b ), then the effective cross-section of the charge-exchange breakup of the 
unpolarized deuteron on the unpolarized target can be presented in the following form: 

4 

~ 

.. 

1 
du(d+a ➔ (pp)+b)= ( )x 3 2j+l 

X trill {Jc(t)c·(t)+ LL (xt~ip) I B(t)a-<11 lzt"P1)(xtrip) I n·(t)B-111 lxt~ip)) 
µ' µ 

xlf~d(r)e-iij,/2 -& (q,;<-l(;:)-q,;<-l(~;:)}dlif +_ (12) 

+ L (x(sin) jn(1)J(1) lxtripJ)(xtrip) jn•(t)j(IJ lx(•i•l) X 
µ 

xlf'PAr)e-iij,/2 .k (q,;<-l(;:)+q,;<-l(-r))d3rn (i;~3 dt 

Here k is the momentum of one·ofthe produced protons in the c.m. frame of the proton 
pair, coinciding practically, in the used approximation, with the rest frame of the 

deuteron (we assume that I q I« m, k ='I k I« m ); 'P}-l(r) is the wave function of the 

relative motion of two interacting protons, corresponding to the scattering problem and 
having the asymptotics in the form of the superposition of a plane wave and a 
converging spherical wave6. Let us emphasize that Eq. (12) takes into account the 
Fermi-statistics effect: the antisyriunetrization or symmetrization of the wave function 
'P}-l(r) with respect to the substitution r ➔ -r is performed in the cases of the 

transitions to the triplet states or the singlet state of two protons, respectively. The triplet 

states lxtrip)) and lxt~;p)) (µ.µ' =±1,0) are described by Eqs.(10), and the singlet state 

lx(sin)) is described by Eq.(11). 

Due to the properties of the Pauli matrices, the following relations for the matrix 

elements of the operator B(t) J!l) are valid: 

(xYf r> I B(r )J<1> lxYtP>) = (x~;P> I s(r )J0> lx~tp>) = iJ,(t); 

(xtp>I B(r)a-(1) lxYtP>) = (x~tp>I B(r)J0> lxtp>) = _}i(iJ)r}+iBy(r}); 

(xtp> I B(r)a-(1) lx~tP>) = (xY;ipJ I s(,)J(l> lztP>) = .}i (iJ)r}-i~r(r}); 

(xtp> I B(t )a(!) lxtip>) = (xYtP> I s(t )J0> lx~tP>) = 

= (x~rp)I B(r)a-<1> lxYtP>) = 0; 

5 
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(x(sin) I i(t)a(l) lxftPl) = - (x~~ip) I i(t)a(ll lz!•in)) = - ~ (sJ, )+ iBy(t)) 

(z!•inll i(,)a(i) lx~;P>) = - (xftP>I i(r)a(ll lz!•i•l) = ~ (B,(t)-iB,(r)); 

(z!•in)I i(r)a(ll lxtpJ) = B,(t). (13b) 

Here z is the spin quantization axis, the axes x and y are perpendicular to the axis z. 
As a result, 

trl3) LL(xt:-ip)I i(t)J(l) lxtrip))(xt'iP) I ,ij+(r)J(l) lxt:-ip)) = 2trl3)i(t )i+(t) ; 
µ µ' 

rr{3) 2:(x(•i•>! i(1)J(1) lxt'iPl)(xt'ip)I i+(r)a''i lx(•i•l) = ,r13,i(,)i+(1). (13c) 
µ 

and, in accordance with Eqs. (8) and (9), the effective cross-section of the charge
exchange process d + a ➔ (pp)+ b for unpolarized primary particles is expressed 
through the spin-nonflip and spin-flip parts of the charge transfer reaction 
n+a ➔ p+b: 

da(d+a ➔ (pp)+b)= 

--(n+a ➔ p+b)+---(n+a ➔ p+b) x {[
da(nf) · 2 da(fl J 

dt 3 dt 

If
ni (-.) -;;;,12 1 (· +>(-.) .. +>( ·-))d3-,

2 

+· x rd r e ✓2 rpi, r -rpi -r r 
(14) 

1 daU> 
+---(n+a ➔ p+b)x 

3 dt 

x If 'I'Ar)e-;;;,ti ~ (rptl(r)+ rpt>(-r))d3
{} (i~ ~

3 
dt 

In the case of the flight of the two-proton system in the forward direction, the 
longitudinal transfer momentum, connected with the increase of the effective mass of 
two nucleons at the transition d ➔ pp , is small as compared with the reverse radius of 

the deuteron, and we can take the value ij = 0, or t = 0. Then the contribution from the 
transitions to the triplet states of two protons into the effective cross-section of the 
process disappears, because the wave function of two protons in the triplet states is 
antisymmetrized with respect to the substitution r ➔ -r, whereas the deuteron wave 
function is symmetric with respect to this substitution. With this, we have 
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.d '(.d . ,., (p .. ) ··b'i _I daU>(n+ar➔•p+b)J ·. 
a + a ➔ 'P + A r=o -

3 
. dt . r=o x 

j , • ' - • • .•. ~ ' • 

x_lf'¥Ar)rp;<->(~)d3rl2 ~t (i:~3 .. (15) 

Thus, the effective cross-section ofthe charge-exchange breakup_ of the unpoJarized 
deuteron on the unpolarized target in the forward. direction is proportional to the spin
flip part of the differential cross-section of the charge transfer process at the zero angle. 

6. Now let. us :integrate the effective cross-section of the deufernn breakup 

d + a ~ (pp)+ b over the proton momentum k in 1th~ ~:m. (~am~ of the proto11 pai/ 
The completeness condition for the wave functions of°· the 'continuous spectrum, 
describing the relative motion of the protons, is as follows:• 1' 

-( 
1 

)
3 

f rp;<->(r) rp;<->(r') d 3 f = o3 (r - r') , 
' 2,r 

(2:)3 frp;<->(r)rp;<->(-r')d3k = o3(;: +F'). 
(16) 

Taking' into account these relations, we obtain4 
·, · · 

da(d+a ➔ (pp)~b)=(·da(,>1l(n+a ➔·p+b)+I.daU>(n+a-: p+b))x 
. dt dt . 3 dt . .· 

x(1-F(t)}+ ~ daU>(n+; ➔ ~+b\1+F(t))= .. . 

= da(ntl(n+a ➔ p+b\1-F(t))+ daU>(n+a ➔ p+b)(1-.!.F(r)) 
~ ~ 1 . (17) 

where 

F(t)= f('I'Ar))\~iijr d3r 

is the deuteron formfactor. When t = 0 (ij = 0 ), then the fo!llifactor F(t) = I. In this case 
we have the simple relation 

da(d+a ➔ (pp)+b)I =I daU 1(n+a ➔ p+b)I , . ._ 
dt l=O 3 . dt r=O ( J 8) 

It should be stressed that the last result remains valid also wheri the contribution of the 
deuteron D-state is taken into account (in the previous formulae we have neglected this 
contribution). 

7. Let us consider in detail the process d + p ➔ (pp)+ n in the forward 

direction. The amplitude of the charge transfer reaction n + p ➔ p + n at the zero angle 
can be presented in the following general form: 

f = [co +c, (J(l)JC3>-(J(l)fXa-<3>f)}+c2 (a-<1>rXa-<3>f)]f>.xch, (J 9) 
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where / is the unity vector direcied along the neutron momentum. In this case the .. ' ' , . - . . .. _, ,,. ~. " -.... ' - -,-. -. . , , " - ' . . ' ' . 

op~rator B, in pq. (6) is described by the fo~ul~ 

.B(O) = ~. (q<3l -T (a<3
) / ))+ C2 / (%<3

) / ~ • (
20) 

In so doing, the spin-flip part of the differential cross-section of the np charge transfer 
reaction in the forward direction is given by the expression du<f) .. . . . ·•.•. . ' i .=. • .=. . • 2 2 

-;-(1?+P-:tP+rL0= 2trf31f!(O)B·(o)=2k.l +lc2I. (21) 
Then, in accordance with Eq.(15), the effective cross-section of the charge-exchange 
breakup of in~· unpolarized f~st deuteron on the unpolarized proton (hydrogen) target, in 
the fonvllrd directi.on, is as foliows: . . . . . •. 

· 2( 2 '2) du(d + p ➔ (pp)+n),=0 = 3 21 c1 I +lc2 I x 

xlf'¥Ar)<p:(·)(;:')d3rl2 dt dlk . (22) 
k . (2tr )3 

Now, let us assume that the deuteron is polarized .and its spin state is characterized by 
the spin density matrix pd. The proton of the target is supposed to be unpolarized as 
before. It is not difficult to show that if the deuteron D-state is not taken into account, 
the contribution to the effective cross-section of the process d + p ➔ (pp) + n in ihe 

forward dire.ction is provided only by the diagonal elements of the density matrix p:1 ., , .. . . . 
pt,0 , p~1 •• 1 , corresponding to the definite spin projections onto the direction of the 

deuteron momentum f. As a result, we can write 
du(d + p ➔ (pp)+n),.

0 
= . · 

= ½1r{3) L~Jr(sin) I .B(O )a<•>lxtrip))(xt'ip) I,§+ (o)J(l)l x'•in)) Pi.µ X (23) 

x2jf'¥Ar) <p;<-l(;:)d3;:j2} (~:~3 dt · 

It follows from Eqs. (13a) and (20) that: 

(x(sin) I .B(O )a(I) I xttp)) = - Ji (ai3>, + i a?1) , 

(xttp1IB·(o)a(I)lx''i"1) =-~(a~31 -iaf1), 

(x(sin)j.i§(o)J(lllx~tPl) = Ji(a-il) _iaf>) I 

(x~tp) I_§+ (o )a(I) I x(sin)) = ~ (a-il) + i af)), 

8 

1\ 
J 
l 

/\ ··; 

(x<•i•lj.B(o)a(l)lx!"ip)) = C2 q!J) • 
(xi";P)1_§•(q)a<•l1z'•i•l) = p; u!Jl. {24) 

. ,..,, .,- .. 

In so doing, t~e contribu!iop.s of tJie ~~ti~~ front tile triplet states of tl17 deu~eron to 
the singlet state of the proton pair are as follo~s: · · 

½1r
131 

{(x<~•lj.i§(o)a<•>ixf;'~j)(xf;"jj~~(O)B<1ljz'~•l)}= 

= ½1r(3) {(x(sin) j.B(o)a<•11x~tp1)(x~;ip),.B+(o)a<•11x<•inl)}= I C1 12 
, 

½1r(3) Kx(sin)j.B(o)J(lllxtip))(xtp)1i•(o)a<•11x<•in))}=lc212 . 
Thus, taking into account the normalization condition 

d d 'd I 
P+1,+1 + Po,o + P-1,-1 = , 

we have 

du(d + p ➔ (pp)+n),=0=2(lc1 1
2+{lc2 1

2
-lc1 1

2 
~;,0)x 

xjf'¥Ar)<p;<-l(r)d3rj2~1t (~:~3 · 

(24a) 

(25) 

When c2 = c1, Eq. {19) for the amplitude of the charge transfer reaction n + p ➔ p + n 

gives 

f" = c 'J(llJ(l))f>. (26) 
I~ exch' 

and the effective cross-section of the charge-exchange breakup of the deuteron on the 
unpolarized target in the forward direction does not depend on its spin state. When 
C2 '# C1, the dependence on ihe longitudinal 'tensor polarization of the deuteron appears: 

du(d + p ➔ (pp)+nJ,., -2( 21 ~• 1\~ic, I' ~r~Oc, I' -I c, I')} 
xlf'¥Ar)<p:<->(r)d3rl2 dt dlk 

k (27r )3 , 

(27) 

where 

T20 = ½ ( 1-3 p;,0 ) • (28) 

We see that the study of the process d + p ➔ (pp)+ n in a beam of the polarized 
(aligned) deuterons on the unpolarized hydrogen target allows one, in principle, to 
separate two spin-dependent terms in the amplitude of the charge transfer reaction 
n + p ➔ p + n, one of which (being proportional to c1 ) does not conserve and the other 

one (being proportional to c2 ) conserves the projection of the nucleon spin onto the 
direction of momentum at the transition of the neutron into the proton. 

9 



8. The study of the charge-exchange breakup of the polarized deuteron on the 
polarized proton in the forward direction allows one to obtain the.additional information 
about the spin structure of the amplitude of the charge ·transfer reaction n + p ➔ p + n 

at the zero angle, including the relative phase of the amplitudes. c1 and c.2• Let the spin 

state of the target proton be described by the density matrix ·' 

pP =½(}+pPJ(3)}, 
. (29) 

where pP is the polarization vector of the proton. Wh~n' both the deuteron and the 
proton are polarized, we sh,ould write instead ofEq. (23): 
da(d+p ➔ (pp)+n)l,=o,;, · 

= tr(3) [;,PL L (xtrip) IB+ (o)J!•llx(sinl)(x<•in) li(o)a<l)ixY'iP))Pt,µ X 

µ V 

(30) 

x2lfl£lir)rp;<-l(r)d3,f ](~:~3 dt, 

where Pt,µ= pi:. are diagonal (v=µ) and non-diagonal .(v:;t:µ)elements of the 

deuteron density matrix pd . 
· The simple calculations with using Eqs. (24) and (29) lead -to the following 

expression for the differential cross-section: 

( ( ) ) [
2lc.J2 +lc2l

2 
Ii l2 I l2). 

1 
.. l2( d. · P) 

dad+p--tpp+nl,=a=2 ... 
3

. +T2~~c1 -c2 -c1 ,PiI /:;I -

(- -d) (-d[- -J)J If ( \,~ ( l( \]3 12] djk - Rec1c; Pf P.1. + Imc1c; T pP I 1x q,d r ,,,;- r JU r (
2
1r)3 dt 

. (31) 

Here Pit = pP T and Pf = pP -f (pP T) are the longitudinal and transversal 

components of the polarization vector of the proton, Jiid = pd T and P'/. =.·Pd - f (pJ T) 
' -',i 

are the corresponding components for the deuteron, T is the average value of the 

vector operator 

f d = i (i T }+ (i T )i , 
where i = {.i\, j\, s,} is the operator of the deuteron spin. In the coordinate system 

{x, y, z} with the axis z being parallel to the direction / of the deuteron momentum, the 
deuteron polarization parameters are expressed through the elements of the spin ·density 
matrix of the deuteron in the following form: 

~d = P/ = Pti - P:1.-1 ., P/ = ✓2 Re(pfo + P:1.0) , 

10 

/ 

P" = ..:..-fi. Im(p" - pd ) · r 1,0 -1,0 • 
~d = P1~1 + P:1.-1 , T/ = ✓2 Re(Pto - P:1.0), 
T/ = -✓2 Im (Pto + P:1.0) · (32) 

Let us note that when the deuteron is longitudinally polarized (p;.0 = p;'.0 = p:,.0 = 0 ), 

then, independently of the magnitude of the amplitude c2 , 

da(d+p ➔ (pp)+nLo =2lc.12(1-1n"w)lq,A,)rp,t>(;=)d3,j2 
(:;~, dt. (33) 

At Pit Pit = 1 the effective cross-section is equal to zero. In this case the charge

exchange breakup of the deuteron in the forward direction is ·forbidden due to the 
conservation of the projection of the angular momentum onto the momentum direction 
(this projection is equal to 3/2 in the initial state and to 1/2 in the final state, because the 
angular momentum of the (pp)-system is zero). 

Using the transversally polarized deuteron and proton, it is possible to determine 
the phase difference for the amplitudes c1 and c2 • 

9. At the flight of the two-proton system in the forward direction, the distribution 
over the proton momentum in the deuteron rest frame, taking into account the Coulomb 
and strong interaction of the protons in the final state, is described by the integral factor 

G(k)= lfq,Ar )q,;<-l(;=) d 3rj1 
(34) 

It should be noted that, when neglecting the contribution of the deuteron D-state, the 
distribution over the direction of the momentum is isotropic, independently of the 
deuteron polarization. In the calculations we will use the Hulthen expression for the 
normalized S-wave deuteron wave function having the correct asymptotic behavior7

: 

,. 1 e-r/p - e-ar/p 
q, (r)- -=== ----

J - .j21r(p-d) r (35) 

Here p = 1/ J;;; "' 4.31 fm is the radius of the deuteron, d = I. 7 fin is the cffectiYe 
radius of the low-energy neutron-proton interaction, a= 6.25 (see. for example. 8

). If 
the final state interaction is not taken into account (as in the papers3

.4 ), we would have: 
q,}-l(;=) = e;fr ; 

~ 4_ 2 
[ 

1 
Ga(k)= p-dp l+(kp) a 2 

+~kp)2 r (36) 

However, this expression is incorrect at sufficiently small k (::; I/ p). 
In order to estimate the contribution of the Coulomb and strong interactions of 

two protons, it is possible to use the approximate formula for the wave function of the 
relative motion of two charged particles, which is valid outside the region of the nuclear 
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force action· at the distances r « a8 , r::SI!k, where a8 is the Bohr radius (for two 

protons a8 = 57.5 fm; thus, p « a8 ). This fonnula is
9

•
10

: 

q,}-l(rJ= .jAc(k} e;6(k{e'fr + fc•r(k}(coskr-iAc(k}sin kr}) . (37) 

Here 

A (k}= 2,r/kas ., 
c exp{2,r/ka

8
}-1 . (.,8) 

is the Coulomb (Gamov) factor taking into account the Coulomb repulsion of the 
protons, 

. o(k} = arg 1(1 + _;_)· , 
. . ka8 

/Jk)= I 2;o ., 
l+-d0k2

/ 0 --
0 h(k}-ikAc(k}J0 

2 QB 
(39) 

., I 
h(k}= L ( i(· -)2 )-C+ln(ka8 } , (40) 

•=I n n ka 8 + I · -
where C = 0.577... is the Euler constant. 
In so doing, fc (k} is the effective amplitude of the strong proton interaction, 

renonnalized by the Coulomb interaction, / 0 is the scattering length (/0 = 7.8 f"! ), d0 

is the effective radi_us for the low-energy scattering of two protons ( d 0 = 2.8 fm ). 

As a resuit, we obtain 

4 
l + 1c•(k} -ikf/(k }AJk} I+ af/(k} -ikfc.(k}Ac(kt 

G(k) = 8"P A (k)I p - _ _,_P ____ -l 

p-d c I+(kp}2 a 2 +(kp)2 
(41) 

Then the expression (22) for the effective cross-section of the charge-exchange breakup 
of the unpolarized deuteron on the unpolarized proton target in the forward direction can 
be presented in the following fonn: 

da(d + p ➔ (pp}+nL0 = ¾(21c1 12+lc2 1
2 
)Q(x}x2 dxdt , (42) 

where x=kp (k=45.8xMeV!c}, 
I 

Q(x}=-2 -3 G(k) · (43) 
2,r p 

According to Eq.(31), in the case of the polarized deuteron and the polarized.proton one 
should write in Eq. (42) 

12 

2 I c, 12 +I c2 j2 + 3 T20 (I c, 12-ic212 )-:--3lcJ (~d ~P)-3Rec1~;(P.i'.' Pf)+ 
+3Imc,c; (fd [PP r]) 

instead of 

. 2lc, 12+lc212. 
The formulae (41)-(43) are applicable at the values x ~ L5. 

. . . . . I . . 
· The momentum distributions Q(x}· arid Q0(x}= - 2- 3 G0(k) (the lat_ter does 

. 2,r p . . . 

not include the contribution of the final state interaction) are given in Fig. I. 

4 

3 

. 2 7 ... 

···-.. ~~-~~~---. 

'-~~~ 

0 -1-1--~-..---..---.----,---...=::::;:=:::=;====--
0,0 0,5 1.0 1.5 2.0 2,5 

X 

Figure I 

10. Summary 

a) In the framework of the impulse approach, the relation between the effective 
cross-section of the charge-exchange breakup of a fast deuteron d + a ➔ (pp}+ b and 

the effective cross-section of the charge transfer process n + a ➔ p + b is considered. 

b) It is shown that the study of the process d + p ➔ (pp)+ n in a beam of the 
polarized (aligned) deuterons on the unpolarized proton target in the forward direction 
allows one to separate two spin-dependent tenns in the amplitude of the charge transfer 
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reaction n + p ➔ p + n at the zero angle, one of which does not conserve and the other 
one conserves the projection of the nucleon spin onto the direction of momentum at the 
transition of the neutron into the proton. The expression for the effective cross-section of 
the charge-exchange breakup of the polarized deuteron at its collision with the polarized 
proton, containing the additional dependence on the phase difference of these terms and 
the deuteron polarization parameters, is obtained. 

c) The distribution over relative momenta cif the protons, being produced in the 
charge-exchange process d + p ➔ (pp)+ n in the forward direction, is investigated with 
taking into a~count the effects of the proton' identity (Fermi:statistics) and of the 
Coulomb and strong interactions of two protons in the final state. 

This work was supported in part by the Russian Foundation of Fundamental 
Investigations (grants 97-02-16699 and 98-02-16915). 

References 

1 Pomeranchuk I.. Doklady Academii Nauk USSR, v. 78 (1951) 249 
2 Lapidus L.I. Zh. Eksp. Teor. Fiz., v. 32 (1957) 1437 
3 Dean N.W. Phys. Rev., D5 (1972) 1661 
4 Dean N.W. Phys. Rev., D5 (1972) 2832 
5 Bugg D.V., Wilkin C., Nucl. Phys., A467 (1987) 575 
6 Landau L.D., Lifshitz E.M., Kvantovaya mekhanika (Quantum Mechanics), Moscow, Nauka (1989) §§ 
62, 136 
7 Hulthen L., Sugavara M., in "Structure of Atomic Nuclei", Handbuch der Physik, Springer, Berlin, v. 39 
(1957), (Russian transl. "Stroyenie atomnogo yadra", !IL, Moscow (1959), part I, chapter 4, section 13) 
8 Lyuboshitz V.L. Yad. Fiz., v. 48 (1988) 1501 (Sov. J. Nucl. Phys., v. 48 (1988) 956) 
9 Lednicky R., Lyuboshitz V.L. Yad. Fiz., v. 35 (1982) 1316 (Sov. J. Nucl. Phys., v. 35 (1982) 770) 
10 Lednicky R., Lyuboshitz V.V., Lyuboshitz V.L. Yad. Fiz., v. 61 (1998) 2161 (Phys. At. Nucl., v.61 
( 1998) 2050) 


