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DESCRIPTION OF THE PROTON-TRITON RECHARGE PROCESS
WITH FORMATION OF INTERMEDIATE ISOBAR IN DIFFRACTION APPROACH

V. V. Davydovskyy, , V. K. Tartakovsky

Institute for Nuclear Research, National Academy Sciences of Ukraine, Kyiv, Ukraine

Using the general formalism of the quantum theory of resonance scattering and its diffraction approximation, the
charge exchange amplitudes for the p(t, *He) processes with the generation of intermediate A-resonances in the incident
particle and the nucleus-target are constructed. The energy distributions of escaping *He nuclei are calculated.

1. Introduction

During last years, study of the charge exchange processes in the collisions of three-nucleon nuclei with
energy of a few GeV and protons or complex nuclei is of high interest. Both theoretical and experimental
investigation of these processes may gain an insight into the strong interaction and the nuclear structure of
few-nucleon systems [1 - 11]. At such energies, there is a high probability of the intermediate baryon isobar

excitation in the nucleus-target or in the incident nucleus. This isobar decays then within 7 ~10s (the
corresponding width I'~115 MeV) into nucleons and (more probably) pions. In particular, the reaction
(*He, t) on nucleons and nuclei of *H and “C was studied in work [12], and it was shown that the isobars are
excited mainly in the target nucleus (see also [4, 6]). That is, the so-called DET mechanism [8] is dominant
here.

In this work, we investigate the process p(t, He) at the incident triton energy of several GeV. The
resonance process p(t, He) with charge exchange was already studied theoretically using the diffraction
approximation in our work [13], where we presented the calculations of cross-sections, in which we took into
account the excitation of [I-isobars in the protons of the target only. However, in reactions (t, *He), isobar
resonances can be excited with a reasonable probability in the incident triton also [6, 8], and this possibility
is taken into account in the present paper (DEP mechanism).

Here we propose more consistent approach (somewhat different from that in [13]) to the construction of
the process amplitudes within the diffractive approximation.

We will study the process of collision of the incident triton and fixed proton with production in a single
act of collision of a *He nucleus and one intermediate A-resonance, what is shown on Feynman diagrams in
Fig. 1, a and b (with the excitation of the isobar in the proton-target — the DET mechanism) and in Fig. 1, ¢
and d (with the excitation of the isobar in the incident nucleus — the DEP mechanism). In this figure, the
nucleons are shown by straight solid lines, pions (including virtual) by dashed lines, and A-resonances
(isobars) by the narrow rectangles.
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Our work is inspired by the prospects of obtaining the high-energy beams of tritons with energies of
several GeV (up to 18 GeV) at the synchrophasotron-nucleotron accelerator in Dubna. This will allow one to
study the process p(t, *He) experimentally [7 - 10].

2. DET mechanism

Let us consider firstly the simpler process ¢+ p — *He+ A’ with the excitation of A”-resonance in the

proton-target (DET mechanism). In this case, the *He nucleus is produced immediately in the reaction
p(t, *He) as a result of the charge exchange between one of the neutrons of the incident triton and the fixed
proton (see Fig. I, a and b).

In order to write the amplitude of this process with the formation of one intermediate A-resonance, we
start from the general expression in the center-of-mass system (c.m.s.) for the resonance amplitude in
quantum scattering theory [15, 16]

w, M7 P, (cos8), (1)

[0 ==L +1)-e
2k E-E, +§r

where 6’ is the escape angle of the bound three-baryon system in the c.m.s. Here,
2 1/2
EEx/_=|:(M,+Mp) +2MPT,} )

is the total energy of the whole four-baryon system in the c.m.s. and
E =M, +M, 3)

is the resonance energy that determines the quasi-discrete level of the whole system with width 77, 7, is the
relativistic kinetic energy of the incident triton in the laboratory system, A/, is the triton mass, and M,, M, ,
and M, are the masses of proton, A-resonance, and *He nucleus, respectively.

In order to obtain the amplitude in the diffraction approximation (/. >>1, 6 <<1), we replace the
resonance value of the relative orbital moment / =/ of the triton-proton system in (1) by kp,, where £ is the
relative momentum (%#=c=1) and p = p, is the corresponding impact parameter. The Legendre polynomial
B (cos®) is replaced by the Bessel function J,(kp,0'), and the factor exp(2id, ), which contains the
phase of the three-baryon bound system scattering off the proton-target &, =4, , is replaced by the

corresponding value of the scattering matrix (2 (p,)=1-,(p,). Here, @,(p,) is the triton-proton profile
function which is chosen in the same form as that in [13]

o, (p) =0 (p)+(FT,)0 (p,), (4)

where 7, and 7, are the isospin operators of the triton and the proton-target, respectively. The function

@, (p,) in (4) is assumed, as in [13], to be proportional to the function @’ (p,)

o (p,) =o' (p,), &<I, )

where the parameter &£ is already independent of p,, but it may depend on energy. The resonance impact

parameter p, is taken to be equal to p, =7,(3"° +1)~3fmat 7, = 1.2 fm.

Further formulas apply to the case when only final *He nuclei are detected as it's planned in the
corresponding experiments. On summing over isospin variables, the resonance diffraction amplitude

f"(6,,) for each simple process a and b shown in Fig. 1 with the excitation of the A-resonance in the
proton-target can be written as
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where @}, is the escape angle of the *He nucleus in the c.m.s.

The corresponding angular distribution of escaping “He nuclei in the c.m.s. for each of the two

He
processes a and b shown in Fig. 1 is determined by the squared absolute value of amplitude (6). The total
double differential cross-section (with respect to the kinetic energy 7, and the escape angle 8,, of the *He

nucleus) for these two processes in the laboratory system can be presented in the form (DET mechnism)

d*c(a+b)
drT,.dQ,,

)

4
271'[(TH€ —7_“He)2 +‘1‘52}

2
B, (64,) , o~1. @)

A CA(N))

Here,
d€,, sind,,do,,

B, (6 = = 8
e (O dQ,, sin6,, do,, ®

is the factor that converts the cross-section from the c.m.s. to the laboratory system [17] (8;,, is the function
of the escape angle 8,,, in the laboratory system).

Since 6, <<1 and 6,, <<1 in the diffraction approximation, the smooth function B, (8,,) in (7) can be
approximated by B,, = B, (6, =0). In this case (see [17, 18]),
P P,

) B (G S— ©)
1-V VHe ]—;+Mt+Mp M§e+(P1_IIE)

where V is the speed of the c.m.s. (in the units of speed of light), 7}, and P, are the speed and the
momentum of the *He nucleus in the c.m.s., P and 7, are the momentum and the kinetic energy of the triton
in the laboratory system.

The value 7, . 10 (7) is the root of the equation that follows from the conservation laws.

On the right-hand side of (7), we introduced factor 4, assuming the probabilities for the charge exchange
processes for each of the two neutrons of the triton in each process a and b shown in Fig. 1 as practically
identical.

3. DEP mechanism

Now we consider more complicated processes ¢ and d (Fig. 1) of the production of a *He nucleus in the
reaction p(t, *He), where an intermediate A-resonance is excited in the incident nucleus (DEP mechanism).
Here, the *He nucleus is produced after two hadron transformations (see Fig. 1, ¢ and d): at first, one of the
neutrons of the incident triton absorbs the virtual pion emitted by the proton-target and turns into an isobar.
Then a proton produced as a result of the isobar decay together with the two-nucleon remainder of the triton
(one proton and one neutron) forms a *He nucleus. Thus, we should take into account that processes ¢ and d
run in two stages

c)t+p—>AC+p—>3He+7r_+p, Acz(pnAO), (10)
dyt+p—o>A,+p—>>He+n’+n, A,=(pnaA"). (11)

Due to the isotopic invariance of the strong interaction, the probabilities of processes ¢ and d are almost
the same. The lifetime of the three-baryon systems A. and A, is close to that of free isobars.
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To find the analytic expressions for the differential cross-sections of processes ¢ and d, _ 29 a4
dT,,d,,

d*c,
T, d L2y,

product of the total (integral) cross-section, o, or o,, of the creation of the intermediate three-baryon

, we assume, in accordance to the above, that each of these cross-sections is represented as a

system, A.=(pnA") or A, =(pnA"), and the corresponding probability of decay of the compound system,
dW. (A, — He+7") or Waldi—> *He+7°)
dTy,,d €2, dTy,d 2y, '

Next, we discuss only process ¢, Eq. (10). The same approach is valid also for process d, Eq. (11).
In order to obtain the total (integral) cross-section o, which is the same in both the c.m.s. and the

A or A, , with the production of a He nucleus,

do.
!
c

value of the amplitude that can be formally obtained from (6) by the substitution of &y, by ;) of the

laboratory system, we should integrate the angular distribution (which is equal to the squared absolute

intermediate three-baryon unstable systems A, =(pnA”) which are created in reaction c, in the c.m.s. over
all angles of escape

,[ 252wl 2 2
oc = a0 9% _azjag.sing " L (pl)] (Hé] Jo (kp,0L). (12)
dQC 0 (E—E,,)z +Zr2

Since the escape angle of the compound system A. is 6. <<l in the c.m.s. in the diffraction

approximation (kp, >>1), the integration over €. in (12) will be, in fact, performed over a small range of

angles 6/ from zero to a certain angle 6, <<1, where 6, = i N ~1. As aresult, we obtain the following

r

approximate expression (see [21])

22w 2 2 2
o, =27 o |:Wt (prl)] .(1+§j l( N j -[JOZ(N)+J12(N):|, N=kp,6,. (13)
(E~E) +,T 2 ) 2 \kp,

Let us assume that the integral cross-section o, for process d is approximately the same as the cross-
section o, and take into account that a triton contains two neutrons. Then, for the total cross-section
o=2(o.+0,) of the formation of intermediate systems A. and A4, with A-resonances in processes ¢ and
d, we obtain the expression

2 2 0 2 2
A [l (p)] (1+£)
O, =

! 03[ 2 (kp,60,)+ I (kp,6,)]. (14)
2
(E-E ) + a7

where 6, in (14) can be defined as the angle 6/, at which the integrand in (12) decreases approximately by 3
- 4 times in comparison to its maximum value under the condition 6, <<1. (In this case, the contribution of
the integration region 6. > 6, will be comparatively small).
dW.(A. — He+r")
dT,,de,,

decay probability for an unstable particle (in our case, A_.) into several secondary particles in the arbitrary

In order to obtain the probability

we use the known general expression for the

coordinate system [18, 19]. In particular, the decay probability into two particles 4. — *He+ 7~ in the rest
system of the proton-target, i.e. in the laboratory system, is determined by the formula
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Ca— - o(E), (15)
dT,.dQ,, Ec| (B-P,) +M
E=E.-T, -M,, —\/PCZ + P —2P. By + M, (16)

where P, is the momentum of the *He nucleus, and P. and E.=.P?+M} are, respectively, the
momentum and the total energy of the unstable compound particle 4. in the laboratory system,
M.=M,+M,+M, —&. is the mass of this particle and &. <8.6 MeV is its binding energy, and M _ is
dW,(A, — *He+ ")
drT,,de2,,

replacing index ¢ by d and 7~ by 7° everywhere in (15) and (16).
The quantity C, encountered in (15) is proportional to the squared absolute value of the invariant

the mass of a pion. Similarly, we can write the probability

, which can be obtained by

amplitude (divided by 32 7% ) of the two-particle decay of the unstable compound particle 4. into *He and

7~ . If the spins of the particles are not taken into account, this value is practically constant, and we assume
that it is constant. Thus, the angular and energy distributions of the produced *He nuclei (in particular, the
positions of maxima) will be determined mainly by the kinematics of the process and the conservation laws.
In fact, we use the so-called statistical hypothesis (the phase volume model) which is frequently used in the
study of relativistic processes [18]. Within this approximation, the formation of a secondary particle occurs
independently of other secondary particles and of the states of the original particles (as in the Bohr's model).
In order to calculate the constant C,, we need to know the binding constants of the interaction of pions with

A-isobars and nucleons. In principle, these constants can be determined from experimental data. We found
C, by comparison of the height of one of the two maxima (at higher energy of the *He nucleus) of cross-

section (20) with the height of a similar maximum in the energy distribution for the reaction n(*He, t) which
was studied in [12] (see below).
In what follows, we assume that the escape angle of a *He nucleus 6,, =0 (as is planned in experiments).

Since the cross-sections of processes ¢ and d are calculated only approximately, we calculate probability (15)
2

. . do D
and the corresponding cross-section ———S— for the most probable angle, which is also zero, of the *He
He He

escape from the compound system A.. Thus, in (15) and (16), we have P.P, =P.P,. From the

conservation laws, we obtain the equation, from which we will determine the energy E..

P 1/2
EC+[(P,—«/E2—M2) +M,2,} —E+M,. (17)

Then we substitute the obtained value E_. into (15) and (16). For process d, we need to replace index c by
d on the left-hand side of Eq. (17) and also M, by M, . In calculations, the energy delta-function in (15) is
replaced by the final resonance factor, as was done before in (7)

5(15)—>+1 M,, y~T. (18)
27[(E2 +4]/2j

This factor is related, in fact, to the intermediate A-resonance (isobar).
Thus, the total differential cross-section of processes ¢ and d (see Fig. 1, ¢ and d) is represented by the
formula [see (14) - (18)]
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d’o(c+d) dw,. (AC - 3He+7z") dw, (Ad - 3He-l—;ro)

o} + , (19)
dT,,dQ,, dT,,d,, dTl,, dQ2,,

which corresponds to the DEP mechanism.
4. Results of Calculations

The total differential cross-section of the reaction p(t, *He) with the escape of *He nuclei, which takes into
account all partial processes a, b, ¢, and d, is equal to the sum of the cross-sections (7) and (19):

dza(a+b+c+d)_dzo'(a+b)+d20'(c+d) (20)
dT,,d2,, dT,dQ, — dT,dQ,,

The calculated cross-sections (7), (19) and (20) should be compared with the corresponding experimental
cross-sections. In particular, the study of cross-section (7) (related to the DET mechanism) and cross-section
(19) (related to the DEP mechanism) for the charge exchange reaction p(t, *He) with the formation of an
intermediate isobar separately allows us to calculate the relative contributions of the DET and DEP
mechanisms as well as to evaluate the difference of these cross-sections from the corresponding partial cross-
sections of the reaction p(‘He, t) that was already studied theoretically and experimentally.

Since the studied process p(t, "He) and the process

&s/dE dQ, mbi(sr MeV) p(t,3 He), which was studied earlier in [8, 12], are

02 , , , | , isotopically mirrored to each other, one can expect
that the general dependences of cross-sections on the
kinetic energy of produced three-nucleon nuclei will
be similar. This is exactly the case, as can be seen in
Fig. 2, where the calculated cross-section (22) versus
T, at 8, =0 and T, = 2 GeV of the process p(t, *He)

is represented by the solid line, and the curve, taken
- =’ | | | | ‘ 3 from work [12], which corresponds to the dependence
W AEedee s e R 80 180 of the similar cross-section on T; for 6, =0 and

015

01

0.05

S eV T, =2 GeV in the n(3He, t) process, is represented

Fig. 2. by the dashed line. In both processes, we observe two

maxima at energies of escaping three-nucleon nuclei

of approximately 1650 and 1800 MeV. The left maximum (at the lower energy) is related to the DET

mechanism, and the right — to the DEP mechanism. The positions of these two maxima are described by

different formulas, (7) and (19), respectively. For the process p(t, *He), the contributions of the both DET

and DEP mechanisms to the total cross-section (20) are of the same order, as for the reaction n(*He, t),
whereas the main contribution (up to 90%) for the process p(‘He, t) is due to the DET mechanism [8, 12].

5. Conclusions

Within the diffraction approximation, we obtained the expressions for the differential cross-section of the
charge exchange process p(t, He) with the excitation of the A-resonances in the proton-target (DET
mechanism) and in the incident triton (DEP mechanism).

The energy distribution of *He nuclei produced in the reaction p(t, *He) at zero escape angle is calculated
for the incident triton energy 2 GeV. It is shown that the maximum at the lower energy is related to the DET
mechanism, and the maximum at higher energy — to the DEP mechanism.

The comparison of the cross-sections and the energy distributions of the produceed three-nucleon nuclei
is carried out for the mirror processes p(t, *He) and n(*He, t).

Similar theoretical investigations with the use of the diffraction approximation can be carried out for other
resonance charge exchange processes and for various nuclei that collide at relativistic energies as well.
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L XA

OIIUCAHHME IMPOLECCA NEPE3APAJKU ITPOTOHA HA TPUTOHE
C ®OPMHUPOBAHUEM ITPOMEXYTOYHOMN W30BAPHI B JIU®PAKIIMOHHOM IPUBJINKEHUN

B. B. /laBuoBckuii, , B. K. TaprakoBckuii

C wucnonb3oBanueM ooOmiero ¢opMann3Ma KBAaHTOBOM TEOPHH PE30HAHCHOTO pacCesiHUS U ee TUPPaKIHOHHOTO
IPUOIIKEHNs. TIOCTPOCHBI 3apsI000MEHHbIe aMILTUTY bl mponecca p(t, *He) ¢ hopMHpOBAHMEM MPOMEKYTOUHOTO
A-pe3oHaHCa B HaJeTamolledl wacTuile W B sape-MuileHH. lIpousBeneH pacueT IHEPreTHUECKUX paclpeneneHun
BBUIETAIOMHUX sizep “He.

OIINC ITPOLECY MNEPE3APAJAKU INTPOTOHA HA TPUTOHI
3 ®OPMYBAHHSIM NPOMIKHOI 130BAPU B JIM®PAKIIMHOMY HABJWXEHHI

B. B. laBuioBcbkui, , B. K. TaprakoBcbkuii

3 BHKOpHCTaHHSM 3arajibHOro (opmaiisamy KBaHTOBOI Teopii pPe30HaHCHOro po3cistHHSA 1 11 audpaxuidHOro
HaOmIKeHHS 1Mo0yIOBaHO 3apsAn000MiHHI aMIUTITYy U Tpouecy p(t, *He) 3 (bopMyBaHHIM MPOMIKHOTO A-pEe30HAHCY B
HANITAIOUil YacTHHI Ta B spi-Mimeni. [IpoBeIeHO PO3PaXYHOK eHEpreTHYHIX PO3MOALTIB BUIITar0uHX siep ~He.
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