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Using the general formalism of the quantum theory of resonance
scattering and its diffraction approximation, the charge exchange
amplitudes for the p(t,3 He) processes with the excitation of
intermediate ∆-resonances in the incident particle and the nucleustarget are constructed. The energy distributions of escaping 3 He
nuclei are calculated.

1.

Introduction

Recently, the increasing attention has been paid to the
study of charge exchange processes during the collisions
of three-nucleon nuclei of an energy of several GeV
with protons and complex nuclei. These processes may
reveal new data on the strong interaction and the
nuclear structure of few-nucleon systems [1—11]. At such
energies, there is a high probability of the excitation of
an intermediate baryon isobar resonance in the nucleustarget or in the incident nucleus. This isobar decays then
within τ ∼ 10−23 s (the respective width Γ ≈ 115 MeV)
into nucleons and (more probably) pions. In particular,
the reaction (3 He,t) on nucleons and nuclei of 2 H and
12
C was studied in work [12], and it was shown that the
isobars are excited mainly in the nuclear targets (see
also [4, 6]). That is, the so-called DET-mechanism [8] is
dominant here.
In this work, we investigate the process p(t, 3 He)
at the incident triton energies of several GeV. The
resonance processes p(t, 3 He) with charge exchange
were 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 ∆-isobars in the protons of
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the target only. However, in reactions (t, 3 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 (DEPmechanism).
If the energy of the incident particle does not exceed
strongly the threshold energy of the isobar creation,
an increase of the relative probability of the isobar
production in an incident three-nucleon nucleus in the
reaction p(t, 3 He) in comparison with the reaction
p(3 He,t) can be related, at least in part, to the following.
In the first case, two different ∆-resonances can be
created in the incident triton, namely, ∆0 i ∆+ , while
only one charged ∆+ -resonance can be created, in the
second case, with a noticeable probability in the incident
nucleus 3 He.
In this paper, we propose an approach somewhat
different from that in [13] and more consistent to the
construction of the process amplitudes, in which we
employ the diffractive approximation.
We will study the processes of collisions of the
incident tritons and fixed proton as most probable. In
a single act of collision, we consider the production of a
3
He nucleus and one intermediate ∆-resonance, which
is shown on Feynman diagrams in Figs. 1,a and 1,b
(with the excitation of the isobar in the proton-target
— the DET-mechanism) and in Figs. 1,c and 1,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 ∆-resonances (isobars) by the narrow
rectangles.
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Fig. 1

Our work is inspired in the first place 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,3 He)
experimentally [7—10].
The present work is the continuation of works [13]
and [14], where we studied the resonance process of
charge exchange p(p,n)∆++ with the excitation of a
∆-resonance in the proton-target and in the incident
proton.

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

2.

E≡

Amplitude and Cross-Section of the
Resonance Process p(t,3 He)∆0
(DET-mechanism)

Consider firstly the simpler process t + p→ 3 He +∆0
with the excitation of ∆0 -resonance in the protontarget (DET-mechanism). In this case, the 3 He nucleus
is produced immediately in the reaction p(t, 3 He) as
a result of the charge exchange between one of the
neutrons of the incident triton and the fixed proton (see
Fig. 1,a, b).
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f r (θ0 ) =

i
iΓ
(2lr + 1)e2iδlr
Pl (cos θ0 ),
2k
E − Er + 2i Γ r

(1)

where θ0 is the escape angle of the bound three-baryon
system in the c.m.s. Here,
√

h
i1/2
2
s = (Mt + Mp ) + 2Mp Tt

(2)

is the total energy of the whole four-baryon system in
the c.m.s. and
Er = MHe + M∆

(3)

is the resonance energy that determines the quasidiscrete level of the whole system with width Γ, Tt is
the relativistic kinetic energy of the incident triton in
the laboratory system, Mt is the triton mass, and Mp ,
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M∆ , and MHe are the masses of proton, ∆-resonance,
and 3 He nucleus, respectively.
In order to obtain the amplitude in the diffraction
approximation (lr À 1, θ0 ¿ 1), we replace the
resonance value of the relative orbital moment l = lr
of the triton-proton system in (1) by kρr , where k
is the relative momentum (~ = c =1) and ρ = ρr
is the corresponding impact parameter. The Legendre
polynomial Plr (cos θ0 ) is replaced by the Bessel function
J0 (kρr θ0 ), and the factor exp(2iδlr ) that contains the
scattering phase of the three-baryon bound system at
the proton-target with δl = δlr is replaced by the
corresponding value of the scattering matrix Ωt (ρr ) =
1 − ωt (ρr ). Here, ωt (ρr ) is the triton-proton profile
function which is chosen in the same form as that in
[13]:
ωt (ρr ) = ωt0 (ρr ) + (~τt~τp )ωt1 (ρr ),

(4)

where ~τt and ~τp are the isospin operators of the triton
and the proton-target, respectively. The function ωt1 (ρr )
in (4) is assumed, as in [13], to be proportional to the
function ωt0 (ρr ):
ωt1 (ρr ) = ξωt0 (ρr ),

ξ < 1,

(5)

where the parameter ξ is already independent of ρr ,
but it may depend on energy. The resonance target
parameter ρr is taken to be equal to ρr = r0 (31/3 +1) ≈ 3
fm at r0 =1.2 fm.
Next we assume that, as is planned in the
corresponding experiments, we detect only a final
nucleus 3 He and are not interested in what happens
to the intermediate isobar in the processes a and
b. On summing over isospin variables, the resonance
0
diffraction amplitude f r (θHe
) for each simple process
a and b shown in Fig. 1 with the excitation of the ∆resonance in the proton-target can be written as
0
f (θHe
)=

Γ ρr ωt0 (ρr ) 1 + ξ
0
J0 (kρr θHe
),
E − Er + 2i Γ 2

0
θHe

3

d2 σ(a + b)
2
0
= 4|f r (θHe
(θHe ))| BHe (θHe )×
dTHe dΩHe
×

δ
h¡
i,
¢2
2π THe − T̄He + 14 δ 2

δ ∼ Γ.

(7)

Here,
BHe (θHe ) =

0
0
dΩ0He
sin θHe
dθHe
=
dΩHe
sin θHe dθHe

(8)

is the factor that converts the cross-section from the
0
c.m.s. to the laboratory system [17] (θHe
is the function
of the escape angle θHe in the laboratory system).
0
¿ 1 and θHe ¿ 1 in the diffraction
Since θHe
approximation, the smooth function BHe (θHe ) in (7) can
be approximated by B̄He = BHe (θn = 0). In this case
(see [17, 18]),
B̄n =

1
V
(1 + 0 )2 ,
1−V2
VHe
0
PHe

Vn0 = q

2

V =

Pt
,
Tt + Mt + Mp

,

(9)

2 + (P 0 )
MHe
He

where V is the speed of the c.m.s. (in the units of speed
0
0
of light), VHe
and PHe
are the speed and the momentum
3
of the He nucleus in the c.m.s., and Pt and Tt are the
momentum and the kinetic energy of the triton in the
laboratory system.
In calculations, we also used the following relativistic
relations [17—20]:
¸2
·³
´2
q
p
2
k 2 + Mt2 + k 2 + Mp2 + MHe
− Mp2
2
(Pn0 ) =
−
³p
´2
q
4
k 2 + Mt2 + k 2 + Mp2

(6)

where
is the escape angle of the He nucleus in the
c.m.s.
dσ
The corresponding angular distribution dΩ
of
0
He
3
escaping He nuclei in the c.m.s. for each of the two
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 THe and the escape angle θHe of the 3 He
nucleus) for these two processes in the laboratory system
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can be presented in the form (DET-mechanism)

2
−MHe
,

k2 =

Mp2 Tt (Tt + 2Mt )
.
(Mt + Mp )2 + 2Mp Tt

(10)

The value T̄He in (7) is the root of the equation
that follows from the conservation laws in the laboratory
system:
(T̄He − Tt + MHe − Mt − Mp )2 =
2
2
= THe
+ 2MHe T̄He + Tt2 + 2Mt Tt + M∆
− 2 cos θHe ×
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q¡
¢ 2
2 + 2M T̄
× THe
He He (Tt + 2Mt Tt ).

(11)

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.

Charge Exchange Process p(t, 3 He) with
the Excitation of an Isobar in the Incident
Nucleus (DEP-mechanism)

Now we consider more complicated processes c and d
(Fig. 1) of the production of a 3 He nucleus in the
reactions p(t, 3 He), where an intermediate ∆-resonance
is excited in the incident nucleus (DEP-mechanism).
Here, the 3 He nucleus is produced after two hadron
transformations (see Fig. 1,c, 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 due to the isobar decay,
together with the two-nucleon remainder of the triton
(one proton and one neutron) forms a 3 He nucleus. Thus,
we should take into account that processes c and d run
in two stages:
c) t + p → AC + p → 3 He + π − + p,

d) t + p → Ad + p → 3 He + π 0 + n,

AC = (pn∆0 ),
(12)
Ad = (pn∆+ ).
(13)

Due to the isotopic invariance of the strong
interaction, the probabilities of processes c and d are
almost the same. The lifetime of the three-baryon
systems AC and Ad is close to that of free isobars.
To find the analytic expressions for the differential
2
C
and
cross-sections of processes c and d, dTdHeσdΩ
He
d2 σd
dTHe dΩHe ,

we assume, in accordance to the above,
that each of these cross-sections is represented as a
product of the total (integral) cross-section, σC or σd ,
of the creation of the intermediate three-baryon system,
AC = (pn∆0 ) or Ad = (pn∆+ ), and the corresponding
probability of the decay of the the compound system,
AC or Ad , with the production of a 3 He nucleus,
3
0
dWC (AC →3 He+π − )
d → He+π )
or dWd (A
.
dTHe dΩHe
dTHe dΩHe
Although the lifetime of the compound systems AC
and Ad is small, our approximate expressions exhibit
a certain analogy with the cross-section of the whole
process p(t,3 He) in the Bohr model for the nuclear
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reaction that passes through a compound nucleus stage.
Next, we discuss only process c, Eq. (12). The same
approach is valid also for process d, Eq. (13).
In order to obtain the total (integral) cross-section
σC , which is the same in the c.m.s. and the laboratory
system, we need to integrate the angular distribution
dσC
dΩ0C (which is equal to the squared absolute value of the
amplitude that can be formally obtained from (6) by
0
0
) of the intermediate threeby θC
the substitution of θHe
baryon unstable systems Ad = (pn∆0 ) which are created
in reaction c, in the c.m.s. over all angles of escape:
Z
σC =

µ
×

dσC
dΩC 0 = 2π
dΩC

1+ξ
2

Zπ
0
0
sin θC
dθC
0

Γ2 ρ2r [wt0 (ρr )]2
×
(E − Er )2 + 41 Γ2

¶2
0
).
J02 (kρr θC

(14)

Since the escape angle of the compound system AC
0
is θC
¿ 1 in the c.m.s. in the diffraction approximation
0
(kρr À 1), the integration over θC
in (14) will be, in fact,
0
performed over a small range of angles θC
from zero to
N
a certain angle θ0 ¿ 1, where θ0 = kρr , N ∼ 1. As a
result, we obtain the following approximate expression
(see [21]):
£
¤2 µ
¶2
µ
¶2
Γ2 ρ2r wt0 (ρr )
1+ξ
1
N
σC = 2π
·
×
2
2
2
kρr
(E − Er ) + 1 Γ2
4

£
¤
× J02 (N ) + J12 (N ) ,

N = kρr θ0 .

(15)

Let us assume that the integral cross-section σd
for process d is approximately the same as the crosssection σC and take into account that a triton contains
two neutrons. Then, for the total cross-section σ =
2 (σC + σd ) of the creation of intermediate systems AC
and Ad with ∆-resonances in processes c and d, we
obtain the expression
σC =

£
¤2
2
π Γ2 ρ2r wt0 (ρr ) (1 + ξ)
2

(E − Er ) + 14 Γ2

£
¤
×θ02 J02 (kρr θ0 ) + J12 (kρr θ0 ) ,

×

(16)

0
where θ0 in (16) can be defined as the angle θC
, at which
the integrand in (14) decreases approximately by 3—4
times in comparison to its maximum value under the
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condition θ0 ¿ 1. (In this case, the contribution of the
0
integration region θC
> θ0 will be comparatively small).
3
−
C → He+π )
To obtain the probability dWC (A
, we use
dTHe dΩHe
the known general expression for the decay probability
for an unstable particle (in our case, AC ) into several
secondary particles in the arbitrary coordinate system
[18,19]. In particular, the decay probability into two
particles AC → 3 He + π − in the rest system of
the proton-target, i.e. in the laboratory system, is
determined by the formula
dWC (AC → 3 He + π − )
=
dTHe dΩHe
 12


2

= C∆

2
MHe


1  (THe + MHe ) −
 δ(E),
³
´2
EC
P~C − P~He + Mπ2−

(17)

q
E ≡ EC − THe − MHe −

2 − 2P
~C P~He + M 2− ,
PC2 + PHe
π
(18)

where P~He p
is the momentum of the 3 He nucleus, and P~C
and EC = PC2 + MC2 are, respectively, the momentum
and the total energy of the unstable compound particle
AC in the laboratory system, MC = MP + Mn +
M∆ − εC is the mass of this particle and εC ≤8.6
MeV is its binding energy, and Mπ− is the mass
of a pion. Analogously, we can write the probability
dWd (Ad →3 He+π 0 )
which can be obtained by replacing
dTHe dΩHe
index c by d and π − by π 0 everywhere in (17) and (18).
The quantity C∆ encountered in (17) is proportional
to the squared absolute value of the invariant amplitude
(divided by 32π 2 ) of the two-particle decay of the
unstable compound particle AC into 3 He and π − . 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 3 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 another
secondary particles and of the states of the original
particles (as in the above-mentioned Bohr’s model). In
order to calculate the constant C∆ , we need to know the
binding constants of the interaction of pions with ∆isobars and nucleons. In principle, these constants can
ISSN 0503-1265. Ukr. J. Phys. 2006. V. 51, N 8

be determined from experimental data. We found C∆
by comparison of the height of one of the two maxima
(at higher energy of the 3 He nucleus) of cross-section
(22) with the height of a similar maximum in the energy
distribution for the reaction n(3 He,t) which was studied
in [12] (see below).
In what follows, we assume that the escaping angle of
a 3 He nucleus is θHe = 0 (as is planned in experiments).
Because the cross-sections of processes c and d are
calculated only approximately, we compute probability
2
C
(17) and the corresponding cross-section dTdHeσdΩ
for the
He
most probable angle, which is also zero, of the 3 He escape
from the compound system AC . Thus, in (17) and (18),
we have P~C P~He = PC PHe . From the conservation laws,
we obtain the equation, from which we will determine
the energy EC ,
"µ
#1/2
¶2
q
2
2
2
EC +
Pt − EC − MC
+ MP
= Et + MP .
(19)
Then we substitute the obtained value EC into (17) and
(18). For process d, we need to replace index c by d
on the left-hand side of Eq.(19) and also MP by Mn . In
calculations, the energy delta-function in (17) is replaced
by the final resonance factor, as was done before in (7),
γ
¡
¢ MP , γ ∼ Γ.
δ (E) →
(20)
2π E 2 + 41 γ 2
This factor is related, in fact, to the intermediate ∆resonance (isobar).
Thus, the total differential cross-section of processes
c and d (see Fig. 1c, d) is represented by the formula
[see (16)—(20)]
"
d2 σ(c + d)
dWC (AC → 3 He + π − )
=σ×
+
dTHe dΩHe
dTHe dΩHe
#
dWd (Ad → 3 He + π 0 )
,
+
dTHe dΩHe

(21)

which corresponds to the DEP mechanism.
4.

Results of Numerical Calculations

The total differential cross-section of the reaction
p(t,3 He) with the escape of 3 He nuclei, which takes into
account all partial processes a, b, c, and d, is equal to
the sum of the cross-sections (7) and (21):
d2 σ(a + b) d2 σ(c + d)
d2 σ(a + b + c + d)
=
+
.
dTHe dΩHe
dTHe dΩHe
dTHe dΩHe

(22)
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for the process p(3 He,t) is due to the DET mechanism
[8, 12].
5.

Fig. 2

The calculated cross-sections (7), (21), and (22)
are needed to be compared with the corresponding
experimental cross-sections. In particular, the study
of cross-section (7) (related to the DET mechanism)
and cross-section (21) (related to the DEP mechanism)
for the charge exchange reaction p(t,3 He) with the
formation of an intermediate isobar separately allows
us to calculate the relative contributions of the DET
and DEP mechanisms and also evaluate the difference of
these cross-sections from the corresponding partial crosssections of the reaction p(3 He,t) that was already studied
theoretically and experimentally.
Because the studied process p(t,3 He) and the process
p(t,3 He), which was studied earlier in [8, 12], are
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 which shows the calculated cross-section (22)
versus THe at θHe = 0 and Tt = 2 GeV of the
process p(t,3 He) is represented by the solid line and
the curve taken from work [12] which corresponds to
the dependence of the similar cross-section on Tt for
θt = 0 and THe = 2 GeV in the n(3 He,t) process
is represented by the dashed line. In both processes,
we observe two maxima at energies of escaping threenucleons 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 (21),
respectively. For the process p(t,3 He), the contributions
of the both DET and DEP mechanisms to the total crosssection (22) are of the same order, as for the reaction
n(3 He,t), whereas the main contribution (up to 90%)
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Conclusions

Within the diffraction approximation, we obtained the
expressions for the differential cross-sections of the
charge exchange processes p(t,3 He)nπ 0 and p(t,3 He)pπ −
with the excitation of the ∆-resonances in the protontarget (DET mechanism) and in the incident triton
(DEP mechanism).
The energy distribution of 3 He nuclei produced in
the reaction p(t,3 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 produced three-nucleon nuclei is
carried out for the mirror processes p(t,3 He) and
n(3 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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ПЕРЕЗАРЯДНI ПРОЦЕСИ p(t,3 He)nπ 0 I p(t,3 He)pπ −
З УТВОРЕННЯМ ПРОМIЖНИХ
БАРIОННИХ РЕЗОНАНСIВ
М.В. Євланов , О.М. Соколов, В.К. Тартаковський,
В.В. Давидовський
Резюме
З використанням загального формалiзму квантової теорiї резонансного розсiяння у дифракцiйному наближеннi побудовано
перезаряднi амплiтуди процесiв p(t,3 He) з утворенням промiжних ∆-резонансiв як у падаючiй частинцi, так i в ядрi-мiшенi
та розраховано енергетичнi розподiли ядер 3 He, що вилiтають.
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