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The properties of the nuclei and mechanisms of the
reactions induced by the Coulomb and nuclear interac-
tions in nucleus–nucleus collisions have been studied
for more than five decades [1–4]. These investigations
have been recently expanded to the relativistic energy
range [5–8].

It is known that the nuclear diffraction mechanism
of the reactions at low momentum transfers

 

 Q

 

 (similar
to optical diffraction), which was predicted as early as
the 1950s [9–12], becomes significant at energies of
about hundreds of MeVs and higher along with the
Coulomb interaction. Diffraction is characterized by
the observed oscillations of the cross sections for the
elastic scattering of particles and nuclei, 

 

d

 

σ

 

/

 

dQ

 

, with
the main maximum at small angles 

 

ϑ

 

 

 

�

 

 

 

λ

 

/

 

R

 

, where 

 

λ

 

 is
the de Broglie wavelength of the incident particle and 

 

R

 

is the radius of the nuclear interaction region. It is also
known [12] that the diffraction mechanism can induce
the coherent dissociation of the incident nucleus (with-
out the excitation of the target nucleus) and the produc-
tion of particles. The dissociation of the 

 

12

 

C nucleus
into three 

 

α

 

 particles was observed at relativistic ener-
gies [13, 14]. However, the direct observation of the
diffraction pattern with the counter technique (mea-
surement of 

 

d

 

σ

 

/

 

dQ

 

) in the nuclear dissociation remains
a sufficiently complex problem. The energy spectra of
the charged particles at given angles [15, 16] are nor-
mally used in such experiments.

Among numerous reactions accompanying the col-
lisions of relativistic nuclei (multifragmentation,
meson production), we take a comparatively simple
channel of coherent (elastic) dissociation of the 

 

7

 

Li

nucleus (

 

λ

 

 

 

�

 

 0.01 fm), which corresponds to the two-
cluster structure of the 

 

7

 

Li nucleus and is convenient for
the application of the developed theoretical approaches
to the description of such reactions.

The cross section 

 

d

 

σ

 

/

 

dQ

 

 for the elastic dissociation
of the 

 

7

 

Li nucleus is measured in the experiment in
order to analyze the diffraction pattern of the process
and to determine the contribution from the electromag-
netic dissociation. According to previous nuclear emul-
sion measurements [8], the chosen reaction is charac-
terized by very small nucleus emission angles and cor-
respondingly low values 

 

Q

 

 

 

≤

 

 0.45 GeV/

 

c

 

; under these
conditions, the simultaneous manifestation of the Cou-
lomb and nuclear diffraction mechanisms of the pro-
cess can be expected [5]. The 

 

Q

 

 regions of the contribu-
tions from the Coulomb and nuclear interactions are
revealed in theoretical approaches [5, 17, 10, 18] with
the two-cluster model of the 

 

7

 

Li nucleus with Pauli for-
bidden states [19, 20].

An emulsion chamber composed of the BR-2 emul-
sion layers sensitive to the minimum ionization of sin-
gle-charged particles was irradiated in a 3-

 

A

 

-GeV/

 

c

 

 

 

7

 

Li
beam from the JINR synchrophasotron. The tracks of
the 

 

7

 

Li nuclei, as well as the single- and double-charged
relativistic fragments, are specifically identified visu-
ally in terms of the ionization density. The fragment
mass numbers 

 

A

 

f

 

 are determined from the measure-
ments of the average angles of the multiple Coulomb
scattering of the fragments. The procedure of the iden-
tification of protons, deuterons, and 

 

3

 

H and 

 

3, 4

 

He nuclei
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The differential cross section in the transverse momentum 
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 and a total cross section of (31 
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Li nucleus through the 
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H + 

 

4

 

He channel have been measured on emul-
sion nuclei. The observed 
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 dependence of the cross section is explained by the predominant supposition of the
nuclear diffraction patterns on light (C, N, O) and heavy (Br, Ag) emulsion nuclei. The contributions to the cross
section from nuclear diffraction (
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) and Coulomb (
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) dissociations are calculated
to be 40.7 and 4 mb, respectively.
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with the use of the momentum distributions of particles
was described in detail in [8].

Of a total number of 3730 inelastic interaction
events, we select 85 events of the elastic dissociation of

 

7

 

Li through the 

 

3

 

H + 

 

4

 

He channel, which are not accom-
panied by the destruction of the target nuclei and the
emission of other particles. A nuclear emulsion con-
tains 1.03 

 

×

 

 10

 

22

 

 cm

 

–3

 

 of Ag and Br nuclei and 2.85 

 

×

 

10

 

22

 

 cm

 

–3

 

 of C, N, and O nuclei close in mass. The mean
free paths of the Ag and Br recoil nuclei with momenta
lower than 1 GeV/

 

c

 

 are so short that they are not
detected. The C, N, and O nuclei with momenta higher
than 200–300 MeV/

 

c

 

 have mean free paths longer than
2 

 

µ

 

m and can be identified. In the selected events, 

 

Q

 

 

 

≤

 

400 MeV/

 

c

 

 and the recoil nuclei are not observed. The
events of the interactions of 

 

7

 

Li with the emulsion pro-
tons were identified but are not considered in this work.

These 85 events were identified when the beam
tracks with a total length of 548.37 m were analyzed;
the corresponding mean free path for this reaction is
6.5 

 

±

 

 0.7 m. The reaction cross section averaged over
all of the emulsion nuclei is determined as the ratio of
the number of events to the total number of nuclei in the
length of the analyzed tracks: 

 

σ

 

 = 85/5.4837 

 

×

 

 10

 

4

 

 cm 

 

×

 

4.91 

 

×

 

 10

 

22

 

 cm

 

–3

 

 = 31 

 

±

 

 4 mb.

The transverse momentum transfer 

 

Q

 

 is the sum of
the transverse momenta of 

 

3

 

H and 

 

4

 

He. Their magni-
tudes are given by the expression 

 

p

 

t

 

 = 

 

p

 

0

 

A

 

f

 

sin(

 

θ

 

), where

 

θ

 

 is the fragment emission angle with respect to the ini-
tial direction of the 

 

7

 

Li nucleus. The accuracy of mea-
suring the 

 

Q

 

 values is estimated as ~10 MeV/

 

c

 

. The
experimental cross section 

 

d

 

σ

 

/

 

dQ

 

 is shown in Fig. 1

along with the theoretical lines described below. The
characteristic nonmonotonic 

 

Q

 

 dependence of the cross
section with a maximum in the region 100–170 MeV/

 

c

 

and a minimum near 200 MeV/

 

c

 

 remains unchanged
when the histogram step 

 

∆

 

Q

 

 varies from 15 to
40 MeV/

 

c

 

.
The 

 

6, 7

 

Li and 

 

7

 

Be nuclei are the lightest 1

 

p

 

 nuclei.
As known, these nuclei have a two-cluster structure
with a high probability (0.8–1.0) [21]. In this work, the

 

7Li nucleus and the states of the 3H and 4He clusters in
the continuous spectrum are described in the potential
model with the Pauli forbidden states formulated in [19,
20]. This model well describes the static properties of
the light cluster nuclei, nuclear form factors, photodis-
sociation processes, and scattering phases [22, 23].

The cluster interaction potential is written as the
sum of three terms corresponding to the central V, spin–
orbit Vsc, and Coulomb VC interactions:

(1)

(2)

with the previously found parameters [19, 24]:

(3)

To calculate the cross sections, we used the wavefunc-
tions of two allowed bound states P3/2(–2.36 MeV),
which is the ground state of 7Li, and P1/2(–1.59 MeV)
and six forbidden bound states S1/2(–57.4 MeV),
S1/2(−15.9 MeV), P3/2(–34.4 MeV), P1/2(–32.3 MeV),
D5/2(–13.7 MeV), and D3/2(–11.1 MeV) in this poten-
tial.

An important assumption of the developed theories
of the Coulomb dissociation of relativistic nuclei in
quantum [17] and semiclassical [25] approaches is that
the Coulomb amplitude is much smaller than the
nuclear amplitude for impact parameters b ≤ R, where
R is about the sum of the radii of the colliding nuclei. It
is accepted that the nuclear dissociation mechanism
dominates for such b values.

The cross section for the Coulomb dissociation of
7Li is calculated in the Bertulani–Baur formalism [5,
17] with the use of the multipole expansion of the elec-
tromagnetic interaction. The main contributions to the
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V sc r( ) V1ls
d
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-----V r( ),–=

VC r( )

Z1Z2e2

2Rc
---------------- 3 r2
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⎪
⎪
⎨
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⎪
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=
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Rc 1.8 fm, a 0.7 fm,= =

V0 V00 ∆V 1–( )l 1+ ,+=

V1 0.015 3 1–( )l 1++( ) fm2.=

Fig. 1. Experimental and theoretical cross sections for (C)
Coulomb and (N) nuclear diffraction dissociations of the
7Li nuclei.
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cross section come from the E1 transitions P3/2 
S1/2, D3/2, D5/2. Performing the integration with respect
to the angles of the momenta of emitted clusters in the
initial expression for the cross section [5, 17], we arrive
at the expression

(4)

Here, the functions fn and radial integrals Il, j(k) for the
dipole transitions are given by the respective expres-
sions

(5)

where Jn and Kn are the Bessel functions; l and j are the
orbital and total angular momenta, respectively; and Ri

and Rl, j are the wavefunctions of the clusters in the

ground state (binding energy is  = 2.47 MeV) and
in continuum, respectively. The small difference
between the D3/2- and D5/2-states is neglected in the
integrals I2, j = I2. In the absence of an interaction, the
functions Rl, j(k, r) coincide with the spherical Bessel
functions jl(kr). In Eq. (4), Z is the charge number of the
target nucleus; v is the velocity of 7Li; the coefficient
cd = (Z1β1 – Z2β2)2, where β1(2) = m2(1)/(m1 + m2) and mi

are the cluster masses, specifies the dipole moment of
the cluster system; γ = (1 – (v/c)2)–1/2; and ξ =
(ωR)/(γv), where ω = Eb + (�k)2/2µαt. The calculations

are performed with the average values  = 5.0 fm and

 = 7 for the C, N, and O nuclei and  = 8.1 fm and

 = 41 for the Ag and Br nuclei. Line C in Fig. 1 is the
Q dependence of the cross section in a very narrow
interval Q ≤ 50 MeV/c with a maximum at Q �
3.5 MeV/c. The total cross section σC calculated for the
emulsion containing 58% of the C, N, and O nuclei and
42% of the Ag and Br nuclei is 4 mb. The interval Q ≤
30 MeV/c contains only six events; the corresponding
estimate of the cross section for Ag and Br nuclei is
σC = 6/(5.4837 × 104 cm × 2.06 × 1022 cm–3) = (5 ± 2) mb,
which is somewhat smaller than the value of 9.1 mb cal-
culated for these nuclei. Since the σC value and Q inter-
val are small, it is necessary to take into account the
contribution from the nuclear fragmentation.

Following the Akhiezer–Sitenko formalism [10],
which was recently developed in [18] when applied to
the diffraction scattering of two-cluster nuclei, the pro-
cess cross section is determined by the matrix elements

dσC

dQ
---------

32
9
------ Ze2

�v
--------⎝ ⎠

⎛ ⎞
2

cdQR2 ξ2
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⎛

0

∞
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+
1
2
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2 1
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⎛ ⎞ k2dk.

f n ξJn QR( )Kn 1+ ξ( ) QRJn 1+ QR( )Kn ξ( ),–=

Il j, k( ) Rl j, k r,( )Ri r( )r3 r,d

0

∞

∫=

Eb
exp

R

Z R

Z

of the following combination of the profile functions
ω(b):

(6)

The phase functions χi describing the collisions
between the nuclei with the mass numbers A1 and A2 are
calculated in the optical limit of the Glauber–Sitenko
model with the use of the formula for the convolution
of the nuclear form factors (q) and NN amplitude
[26]:

(7)

The form factors for the α and t clusters and C, N, and
O nuclei are calculated in the oscillatory shell model
with the correction K(q) on the motion of the center of
mass. The Fermi density distribution is taken for the Ag
and Br nuclei. The parameters of the oscillatory model
and Fermi distribution are fit in the standard way [27,
28] with the experimental rms nuclear radii [29]  =

1.7 fm,  = 1.67 fm,  = 2.54 fm,  = 5.1 fm,

and  = 5.62 fm. The accepted parameters of the NN
interaction are σN = 43.0 mb, ρ = –0.35, and aN =
0.242 fm2 [28]. Since ωα and ωt are close to each other,
we use the half-sum of these values as ω(b) for the cho-
sen target nucleus. The real and imaginary parts of ω(b)
for light and heavy nuclei of the emulsion are shown in
Fig. 2. The first two terms in Eq. (6), which correspond
to the impulse approximation, make the main contribu-
tion to the cross section:

ωα bα( ) ωt bt( ) ωα bα( )ωt bt( ),–+

ωi b( ) 1 iχi b( )( ).exp–=

SAi

iχ b( )
A1A2σN

8π2
------------------- 1 iρ–( )–=

× iqb– aNq2/2–( )K q( )SA1
SA2

d2q.exp∫

rt

rα rC, N, O rBr

rAg

Fig. 2. (Solid lines) Real and (dotted lines) imaginary parts
of the profile functions.

C, N, O

C, N, O
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(8)

(9)

Expression (8) was obtained taking into account the
completeness of the states of the cluster Hamiltonian.
This completeness makes it possible to exclude the
integration over the states of the continuum and to
express the cross section in terms of the matrix ele-
ments between all of the bound states (l, j). In Eq. (8),

 = (2l + 1)(2j + 1) and the next two factors are the
squares of the Clebsch–Gordan coefficient and the 6j
symbol. The calculations for nuclei with the sharp edge
show that the alternating contribution to the cross sec-
tion from the third term in Eq. (6), which corresponds
to the simultaneous collision of two clusters with the
target nucleus (eclipse term), is no more than 1–2%.

The cross sections dσN/dQ for light (C, N, O, σN =
31.6 mb) and heavy (Br, σN = 50.6 mb; Ag, σN =
56.0 mb) nuclei concentrate in the region Q ≤
0.4 GeV/c and have the pronounced oscillating form
with the oscillation period in Q close to the zeros of the
function J1(QR), where R is about the size of the region
of the profile function Re(ω). The imaginary parts
Im(ω) make small contributions to the cross sections
and lead to a small filling of the minima. Note that the
cross section for a black nucleus with a sharp boundary

is proportional to (QR) [10]. This strong-absorption
model contradicts the experiment, because it gives
many oscillations in a very wide diffraction cone (Q ≤
2 GeV/c) and provides a too large cross section (more
than 200 mb). For nuclei with smeared surfaces, the
theory accepted in this work predicts two maxima in the
cross section for C, N, and O nuclei at Q � 120 and
280 MeV/c with the intensity ratio 1 : 0.34 and four
maxima for the Br and Ag nuclei at Q � 70, 170, 270,
and 360 MeV/c with the approximate intensity ratio
0.7 : 1.0 : 0.5 : 0.15. This is attributed to a large differ-
ence between the radii of the light and heavy nuclei and
between the corresponding profile functions. Such a
pattern of the inelastic coherent diffraction differs from

dσN

dQ
---------- A 1 I0 Q( ) 3

2
--- IL

lj β1Q( )(
lj L,
∑–+

⎝
⎜
⎛

=

+ 1–( )LIL
lj β2Q( ) )2 l̂ ĵ 10l0 L0( )2 j l 1/2
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⎨ ⎬
⎧ ⎫

2

⎠
⎟
⎞

,

A
4πQ
----------- ω b( )J0 Qb( )b bd

0

∞

∫
2

,=

I0 q( ) j0 qr( )Ri
2r2 r,d

0

∞

∫=

IL
lj q( ) jL qr( )RljRir

2 r.d

0

∞

∫=

l̂ ĵ

J1
2

the diffraction pattern in the elastic scattering, where
the forward scattering peak dominates.

The resulting cross section for the nuclear composi-
tion of the emulsion is shown by line N in Fig. 1, where
the experimental data are also presented. For the nor-
malization to the total measured cross section, the
nuclear and electromagnetic theoretical cross sections
are multiplied by a common factor of k = 0.7. As seen
in the figure, the Q dependence of the cross section is
explained by the imposition of two diffraction patterns
(individual oscillations of the cross sections) for the
light and heavy nuclei of the emulsion. The regions of
the Coulomb and nuclear dissociation mechanisms are
well separated, and their interference, which is not con-
sidered in this work, is expected in the narrow range 0 ≤
Q ≤ 50 MeV/c. Note that the theoretical total cross sec-
tion σN + σC = 44.7 mb is larger than the experimental
value of (31 ± 4) mb. The difference between the cross
sections is apparently caused by the use of the plane-
wave impulse approximation [4]. In addition, the (α, t)
clustering in 7Li is possibly incomplete.

The results show that the two-cluster nucleus 7Li, as
well as the deuteron, can be used as a probe nucleus to
verify the theory of the electromagnetic and diffraction
dissociations and to acquire information on the surface
layer of the nuclei. It is interesting to perform experi-
ments for the observation of the characteristic diffrac-
tion patterns of the coherent dissociation of 7Li into the
(α, t) channel on pure target nuclei in a wide range of
mass numbers with the use of the counter technique.
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