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INTRODUCTION

Results of Earlier Investigations into the Problem

It is believed that coherent fragmentation of rela�
tivistic nuclei (without destruction of target nuclei)
occurs due to nuclear and electromagnetic interac�
tions (often referred to as relativistic Coulomb excita�
tion) in peripheral nucleus–nucleus collisions. Inves�
tigations of elastic scattering showed that the nuclear
part of the scattering was quite adequately described by
the Glauber–Sitenko diffraction theory and that the
Coulomb interaction gave rise to a Rutherford peak in
the small�angle cross section, which overlaps the main
diffraction peak. Inelastic processes with emission of
nuclear fragments are much more poorly studied, both
because of difficulties in identification and spectrom�
etry of reaction products, especially neutrons, and
because of problems in theoretical description of mul�
tiparticle final states.

The theory of disintegration of incident nuclei due
to the electromagnetic and nuclear interactions in
peripheral collisions has long been under development
[1]. Most calculations [2–8] deal with the breakup of
fast deuterons into a proton and neutron. However, the
experimental data for this simplest probe are very lim�
ited even at intermediate energies (tens to hundreds of
MeV) [9, 10] and are almost absent at relativistic ener�
gies. While the description of nuclear interaction is
based on the Glauber–Sitenko theory of multiple
scattering [1, 5, 6] that allows for Coulomb effects, the
microscopic description of the relativistic Coulomb

excitation relies on several versions of approximate
approaches [11–14]. Verification of these theories in
various energy regions is still a pressing problem.

Over 30 years ago a series of experiments on the
fragmentation of relativistic 12C, 16,18O, and heavier
nuclei was conducted at the Lawrence Berkeley Labo�
ratory (USA) using the counter technique and a wide
range of target nuclei in order to find the process of
relativistic Coulomb excitation and the relative contri�
butions to the total fragmentation cross sections from
the electromagnetic and nuclear interactions [15].
Figure 1 schematically shows fragmentation of the 18O
light nucleus at the energy E = 1.7 GeV/nucleon on
the targets AT with emission of fragments AF. To ana�
lyze the data, the measured total cross section
σtot(T, F) for each target T and fragmentation channel
F was written as a sum of nuclear σnucl(T, F) and elec�
tromagnetic σem(T, F) cross sections. Nuclear cross
sections were determined from the semiempirical rela�
tion σnucl(T, F) = γTγF. This factorized form of the

cross section together with the linear  dependence
of the coefficient γT and the experimentally selected
parameters for a separated set of fragments and targets
with a small contribution from the electromagnetic
cross section (weak dependence on ZT) allowed us to
obtain nuclear cross sections for other fragments and
targets. The thus�found average cross sections
(according to Tables 3 and 4 from [15]) for the stron�
gest nucleon fragmentation channels associated pre�
dominantly with the decay of the photonuclear giant
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resonance are presented in the table, which gives an
idea of the size of the electromagnetic effect on the
cross sections for different targets.

It is seen that σem for neutron channels strongly

depend on the target charge almost as  Cross sec�
tions for channels with the formation of other frag�
ments only slightly depend on ZT. These channels with
small photonuclear reactions are predominantly due
to nuclear interactions.

The last column of the table presents electromag�
netic cross sections σww calculated by the Weizsäcker–
Williams method of virtual photons [16] using the
relationships

(1)

(2)

where (ω) are photonuclear cross sections for for�
mation of fragments AF, n(ω) is the number of equiva�
lent photons with energy �ω, Ki are modified Bessel
functions, β = v/c and γ are ordinary relativistic factors,
ξ =  and bmin is the order of magnitude of
the sum of the radii of the colliding nuclei RI + RT. Sim�
ilar values of σem and σww confirm the electromagnetic
origin of σem. It follows from the above data that the
largest ratios p = σem/σnucl are typical of large photo�
nuclear cross sections for processes like the giant reso�
nance predominantly decaying with emission of
nucleons. With the 18O fragmentation used as an
example, it is shown that this ratio can be as large as
~1.5 for Pb and U targets.

Possibilities of the Photoemulsion Method

Particular interest in nuclear structure and contri�
butions from the electromagnetic and strong interac�
tion has been regenerated by measurements of the dis�
tributions of events in the transverse momentum trans�
fer Q (in emission angles of fragments) and the
corresponding differential cross sections (in mean free
path of nuclei) using nuclear photoemulsions bom�
barded by ordinary and radioactive light nuclei [17–20].
The charged fragments that are to be detected in these
reactions are usually protons, deuterons, and 3H, 3He,
and 4He nuclei, which largely determine the cluster
structure of light projectile nuclei. Electromagnetic
dissociation of the projectile nucleus is most likely to
arise from interaction with heavy photoemulsion
nuclei Br and Ag (ZT = 35 and 47). For the upper esti�
mate of the contribution ratio p in the photoemulsion
we can take p � 0.4 from the table for the Sn target
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nucleus, nearest in charge to the Br and Ag nuclei. For
lighter projectile nuclei this estimate can be overesti�
mated because of decreasing photoabsorption cross
sections in the γ�ray resonance energy region domi�
nating in integral (1) at energies of several
GeV/nucleon. In addition, photonuclear cross sec�
tions with emission of the lightest nuclei (clusters) are
usually much smaller than cross sections with emis�
sion of nucleons from the decay of the giant reso�
nance, and for these reactions p can be expected to
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Fig. 1. Coulomb and nuclear fragmentation of the
18O nucleus [15].

Total σtot, nuclear σnucl, and electromagnetic σem and σww
fragmentation cross sections (mb)

18O → AF zAT σtot σnucl σem p = σem/σnucl σww

n + 17O 22Ti 75.3 66.5 8.7 0.13 12.5

82Pb 226.6 90.5 136.0 1.5 135.0

92U 234.0 93.2 140.8 1.51 167.0

2n  + 16O 22Ti 53.2 46.8 6.4 0.14 5.4

29Cu 59.3 51.1 8.2 0.16 9.0

50Sn 88.7 61.4 27.3 0.44 23.7

74W 111.1 60.5 50.6 0.84 46.8

82Pb 128.7 63.6 65.1 1.02 55.2

92U 139.7 65.5 74.2 1.13 68.1

p + 17N 22Ti 40.2 40.7 2.4

82Pb 75.5 55.3 20.2 0.36 23.8

92U 82.0 56.9 25.1 0.44 29.2
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decrease. Special calculations are needed to estimate p
more accurately, especially for cluster channels.

It is known that the lightest 1p�shell nuclei, such as
6Li, 7Li, and 7Be, have predominantly a two�cluster
structure 2H + 4He, 3H + 4He, and 3He + 4He. Unlike
the breakup of the deuteron into a proton and a neu�
tron, fragmentation of the above nuclei into a pair of
charged clusters is unambiguously identified in
nuclear photoemulsion. Measurements of differential
cross sections, unlike experiments on total cross sec�
tions, make it possible to reveal Q regions of electro�
magnetic and nuclear interactions, investigate cross�
section behavior features, and estimate the contribu�
tion from the interference of these interactions. The
next section gives an interpretation of the experimen�
tal data on two�cluster fragmentation of 7Li in photo�
emulsion obtained by Kharlamov’s group (High�
Energy Physics Department, LPI) [19, 20].

AN EXAMPLE OF 7Li(P = 3 A GeV/c) → 
3H + 4He FRAGMENTATION 

ON PHOTOEMULSION NUCLEI

Experimental study of this process (Fig. 2) is
attractive because it can be conveniently interpreted
using previously developed theoretical methods,
namely,

1. The two�cluster 7Li model with forbidden states
[21, 22].

2. The multipole expansion of the electromagnetic
interaction between a relativistic nucleus and a target
nucleus [13].

3. The Glauber–Sitenko diffraction theory of
nuclear interaction in the cluster approximation pro�
posed in [23, 24].

Figure 3 shows the measured differential cross sec�
tion. Unlike the case in the elastic scattering with the
main peak in the cross section at zero Q, in the inelas�
tic channel the peak is seen to shift to the region Q �

0.15 GeV/c. In addition, the behavior of the cross sec�
tion exhibits irregularities in the interval Q ≤
0.5 GeV/c.

Electromagnetic Dissociation

When calculating cross sections, we use wave func�
tions of two allowed 3P3/2(–2.36 MeV, 7Li ground state)
and 3P1/2(–1.59) and six forbidden 0S1/2(–57.4),
2S1/2(⎯15.9), 1P3/2(–34.4), 1P1/2(–32.3), 2D5/2(–13.7),
and 2D3/2(–11.1) bound states in the Woods–Saxon
potential with the spin–orbit and Coulomb interac�
tion between the clusters (numbers in parentheses are
level energies in MeV; the principal quantum number
determines the number of nodes of the radiation
function) [25]. Note that this cluster model describes
the scattering phases, photodisintegration process,
static nuclear properties, and nuclear form factors
well [25, 26].

An important assumption in a few developed theories
of Coulomb dissociation of relativistic nuclei [11–14] is
the smallness of the Coulomb amplitude (stepped
behavior) for the impact parameters b ≤ R, where R is
on the order of the sum of the radii of the colliding
nuclei. It is assumed that the nuclear disintegration
mechanism dominates for these b. At the same time,
the microscopic Glauber–Sitenko diffraction theory
does not discriminate between the nuclear and Cou�
lomb interaction regions, and the corresponding
phases enter into the profile functions on equal terms.
The validity of various approximations requires exper�
imental verification.
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Fig. 2. Coulomb and nuclear fragmentation of the
7Li nucleus [17].
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The cross section for disintegration of 7Li in the
Coulomb field was calculated in the Bertulani–Baur
formalism using the expansion of the electromagnetic
interaction in multipoles for relativistic nuclei. The
major contribution to the cross section comes from the
E1 transitions 3P3/2 → S1/2, D3/2, D5/2. Integrating in
the initial expression for the cross section over the
angular variables of the wave vector k of the relative
motion of the α particle and the tritium nucleus (t) and
over the azimuth angle of the vector Q, we obtain

(3)

Here functions fn and radial integrals Il,j(k) for dipole
transitions have the form

(4)

where Jn and Kn are the Bessel functions, l and j are the
orbital and total moments, and Ri and Rl,j are the wave
functions of the clusters in the ground state (binding

energy  = 2.47 MeV) and in the continuum. In the
integrals I2,j = I2 the small difference of the D3/2 and
D5/2 states is ignored. The functions Rl,j(k, r) are nor�
malized in such a way that they pass into spherical
Bessel functions when the interaction is switched off.
In (3) Z is the number of protons in the target nucleus,
v is the 7Li velocity, the coefficient cd = (Z1β1 – Z2β2)

2

(where β1(2) = m2(1)/(m1 + m2), mi are masses of clus�
ters) governs the dipole moment of the cluster system,
γ = (1 – (v/c)2)–1/2, ξ = (ωR)/(γv), �ω = Eb +
(�k)2/(2μ

αt), and μ
αt is the reduced mass of α and t.

The calculations are performed with the averages  =

5.0 fm,  = 7 (CNO) and  = 8.1 fm,  = 41 (AgBr).
Curve C in Fig. 3 shows the Q dependence of the cross
section in a very narrow interval Q ≤ 50 MeV/c with a
peak at Q � 3.5 MeV/c. For the photoemulsion
(58% CNO + 42% AgBr) the calculated total cross
section σC is 4 mb. The small σC and the fact that only
7% of events fall within the expected Coulomb disin�
tegration region indicate that the contribution from
nuclear fragmentation has to be considered.

Nuclear Diffraction

According to the Akhiezer–Glauber–Sitenko for�
malism [6] developed in [23, 24] to fit the diffraction
scattering of two�cluster nuclei, the process cross sec�
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tion is determined by the matrix elements of the com�
bination of profile functions ω(b)

(5)

The first two terms in (5), which correspond to the
impulse approximation, make the major contribution
to the cross section

(6)

(7)

Expression (6) was obtained using the completeness of
the cluster Hamiltonian states, which allowed integra�
tion over continuum states to be eliminated and the
cross sections to be expressed in terms of the matrix
elements over all (both allowed and forbidden) bound

(l, j) states. In (6) the factors following the factor  =
(2l + 1)(2j + 1) are the squares of the Clebsch–Gor�
dan coefficient and the 6j symbol. As the calculations
show, the alternating�sign contribution from the third
term in (5), which corresponds to the collision of two
clusters with the target nucleus (eclipse terms), affects
the cross section at a level of no more than 1 to 2%.

Before calculating profile functions with realistic
densities of clusters and target nuclei, we investigated
the effect of nuclear skin diffuseness on the differential
cross sections. In the approximation of the sharp
nuclear boundary the profile function ω(b) has a
stepped shape [6] with the width R on the order of the
sum of radii of colliding nuclei and the cross section is

proportional to the factor (QR). The diffraction
cross section for the Ag and Br targets is shown in
Fig. 4a. A large number of cross�section oscillations
are seen in the Q interval, which is much greater than
the observed interval Q � 0.5 GeV/c, and the total
cross section (250 mb) is several times larger than its
measured value ((31 ± 4) mb). At the same time, when
the Fermi�shape profile function with the standard
diffuseness parameter a � 0.5 fm is used, the number
of oscillations sharply drops, the cross section
becomes several times smaller, and the maximum
boundary Qmax, as is seen in Fig. 4b, is close to the
observed one. Note that the effect of nuclear surface
diffuseness on the total cross section for the diffraction
disintegration of the deuteron was studied earlier in
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[28], where it was shown that the cross section for that
process drastically decreased with increasing diffuse�
ness parameter (Sitenko–Tartakovskii effect).

Qualitatively more accurate results are obtained with
the phase functions χi(b), which describe the collisions
of nuclei with mass numbers A1 and A2, which are cal�
culated in the optical limit of the Glauber–Sitenko
model using the formulas for convolution of the nuclear
form factors (q) and the NN amplitude [29]

(8)

For (α, t) clusters and 1p�shell nuclei form factors
were calculated with the density distribution in the

SAi

iχ b( )
A1A2σN

8π2
��������������� 1 iρ–( )–=

× iqb–
aNq2

2
���������–⎝ ⎠

⎛ ⎞K q( )SA1
SA2

d
2q.exp∫

oscillator shell model with a correction for the motion
of the center of mass due to the factor K(q). For heavy
nuclei (Ag, Br) the Fermi density distribution was
taken into account. Parameters of the oscillator model
(�ω) and the Fermi distribution (R and a) were recon�
ciled in a standard way [31, 32] with the experimental
root�mean�square nuclear radii [32]  = 1.7 fm,  =

1.67 fm,  = 2.54 fm,  = 5.1 fm, and  =
5.62 fm. The adopted values of the NN interaction
parameters are σN = 43 mb, ρ = –0.35, and aN = 0.242
fm2 [31]. Since there is only slight difference between
ω

α
 and ωt, we use their half�sum as the function ω(b)

for the chosen target nucleus. The real and imaginary
parts of ω(b) for the light and heavy emulsion nuclei
are shown in Fig. 5.

The calculated differential cross sections for the
light (C, N, O) and heavy (Br, Ag) target nuclei are
shown separately in Fig. 6. These cross sections dras�
tically differ from the usual diffraction elastic scatter�
ing cross sections by having no peak at zero Q, which
results from orthogonality of the bound cluster state in
7Li and the cluster states in the continuous spectrum.
In addition, while in elastic scattering the intensity of
diffraction oscillations following the main peak
decreases by orders of magnitude, in inelastic scatter�
ing the intensities of oscillations are comparable in
magnitude. The number and intensity of peaks mainly
depend on the extension (width) of the real part of the
profile function in the variable b, which is close to the
sum of the radii of the intranuclear cluster and the tar�
get nucleus: the wider the profile function, the larger
oscillations in the cross section, with the peaks shifting
to smaller Q. The difference of the cross sections on
the pure nuclei C, N, O and Ag, Br is due to the large
difference in width between the profile functions
(see Fig. 5) caused by greatly different radii of the
above target nuclei in the emulsion: the radii of
the heavy nuclei are about twice as large as the radii of
the light nuclei. Note the results reported in [20],
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where differential cross sections for the two�cluster 7Li
fragmentation on photoemulsion protons were mea�
sured. The peak of the cross section on the proton
turned out to be shifted to larger Q as compared with
the peak of the cross section for the C, N, and O nuclei
(see Fig. 6). This shift can be qualitatively explained by
a narrower (on the order of the cluster radius) width of
the profile function for the cluster–proton system in
comparison with the width of the profile function for
the cluster–nucleus system. The calculations of the

cross section for fragmentation on the proton will be
published in a separate paper.

The differential process cross section for the photo�
emulsion shown in Fig. 7 was obtained by the addition
of the two diffraction patterns presented in Fig. 6 with
allowance for the percentage of the light and heavy
nuclei. The theoretical cross section reproduces the
irregularities vaguely manifested in the experimental
cross section. As is evident from Fig. 7, the Coulomb
and nuclear cross sections are noticeably separated
with a small overlap area, which points to the small�
ness of the contribution from the interference of the
Coulomb and nuclear interactions to the fragmenta�
tion process under discussion. Note that the calcu�
lated total cross section value 44.7 mb is larger than its
experimental value (31 ± 4) mb. The curves in Fig. 7
are normalized to the measured total cross section
with the coefficient k = 7, which can be interpreted as
the probability of two�body clustering 3H + 4He in the
wave function of the 7Li nucleus.

CONCLUSIONS

Among a variety of nuclear fragmentation pro�
cesses in peripheral collisions of relativistic nuclei,
those that are easier to analyze theoretically are of
great importance. These are first of all reactions with
two nuclei in the final state. An example of a reaction
like this, apart from the breakup of a deuteron into a
proton and a neutron, for which there are almost no
data at relativistic energies, is fragmentation of 7Li via
the 3H + 4He channel, whose differential cross section
was measured by Kharlamov’s group using the nuclear
photoemulsion technique. In the above analysis we
tried to emphasize those aspects of nuclear reaction
mechanisms and nuclear structure that are responsible
for the observed features of the process.

300

250

200

150

100

50

0.40.20 0.30.1 0.6

dσN/dQ, mb/(GeV/c)

Q, GeV/c

7Li + C, N, O

0.5

σN = 31.6 mb

300

200

100

0.40.20 0.30.1 0.6

dσN/dQ, mb/(GeV/c)

Q, GeV/c

Ag, σN = 56.0 mb

0.5

Br, σN = 50.6 mb

400

500 7Li +
Ag

Br

Fig. 6. Diffraction cross sections calculated with the realistic density distributions of the cluster and the target nucleus.

250

200

150

100

50

0.60.40.20 0.30.1 0.5
Q, GeV/c

dσ/dQ, mb/(GeV/c)

C

7Li + (58% CNO & 42% AgBr)
7Li → 

3H + 4He

N

Fig. 7. Experimental (points) and theoretical (curves) data
on the cross sections for the Coulomb (C) and nuclear dif�
fraction (N) disintegration of 7Li.



42

PHYSICS OF PARTICLES AND NUCLEI LETTERS  Vol. 11  No. 1  2014

FETISOV

The calculated cross section for the relativistic
Coulomb dissociation of the 7Li nucleus is mostly
within a narrow interval of small Q (Q ≤ 50 MeV/c) and
is about 10% of the total cross section. This result does
not contradict the upper estimate of the ratio p =
σem/σnucl � 0.4 derived from the LBL data on total
cross sections.

The observed irregularities in the differential cross
section arise from the overlap of different diffraction
patterns from two groups of photoemulsion nuclei C,
N, O and Ag, Br with radii that are almost a factor of
two different. It can be stated that the photoemulsion
technique yields the visual diffraction pattern of a
nuclear inelastic process.

The predicted diffraction cross sections on pure
target nuclei have the shape of oscillations that are
comparable in intensity, which is sharply different
from the usual shape of the elastic scattering cross sec�
tion with the main peak at the zero momentum. The
width of the interval Qmax where oscillations are still
noticeable, their number, and cross sections values at
peaks strongly depend on diffuseness of the surface
layer of the colliding nuclei. Reasonable cross sections
and interval widths (Q ≤ 0.5 GeV/c) are obtained with
the Fermi density distribution.

The analysis shows that the two�cluster model of a
nucleus with forbidden states, which underlies the cal�
culations, is quite adequate. Normalization of the cal�
culated total cross section to the experimental value
requires introduction of the coefficient k = 0.7, which
can be interpreted as the probability of the two�cluster
state 3H + 4He in the 7Li nucleus.

Despite the rather low measurement statistics that
are typical of the photoemulsion technique, the avail�
able experimental data, as their analysis shows, are rel�
evant to important aspects of collision physics and the
structure of relativistic nuclei. These results can be a
guideline for new experiments on the study of relativ�
istic fragmentation on pure target nuclei using other
methods that allow higher statistics.
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