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1. Introduction

The physics of ultracold quantum gases has recently Ð and
deservedly Ð received a great deal of attention from both
theorists and experimentalists, working at the intersection of
condensed matter and atomic physics [1].

Indeed, ultracold Fermi ±Bose gases and Fermi ±Bose
mixtures in magnetic and dipole traps provide an excellent
testing ground for the theory of strongly correlated electron
systems in its various forms now in existence. Furthermore,
the experimental possibility of varying in a controlled way the

density and interaction parameters of ultracold gases Ð and
hence the possibility of proceeding from the weak-coupling
regime to the more realistic strong-coupling regime Ðmakes
magnetic traps and optical lattices ideal tools for checking the
currently most popular scenarios of high-temperature super-
conductivity (HTSC). The recent flurry of experimental and
theoretical work on ultracold Fermi ±Bose gases was largely
stimulated by the experimental realization of the Feshbach
effect in this class of systems [2]. With the help of this effect it
is possible, by applying an external magnetic field, to change
abruptly the sign and magnitude of the scattering amplitude
in the quasiresonant case (if there is a real or virtual shallow
level in the interaction potential of two particles). As the
magnetic field passes through the resonant value B0, the
interaction in the system abruptly reverses sign, so that for
B > B0 we proceed from the positive scattering length a > 0
(corresponding to the formation of real molecules) to a
negative one, a < 0 (corresponding to the absence of a real
bound state). Moreover, as B! B0 the effective scattering
length can reach an absolute value of 2000 to 3000 A

�
, whereas

the bare quasiresonant scattering length is typically around
15 ± 20 A

�
in the absence of a magnetic field. Figure 1 presents

a schematic illustration of the Feshbach resonance. The
magnetic field dependence of the scattering length can be
expressed analytically by the well-known formula [2]

a � abg

�
1� D

Bÿ B0

�
; �1�

where abg is the bare scattering length, and D is the Feshbach
resonance width measured in gausses. As B! B0, the
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Figure 1. Schematic illustration of the Feshbach effect. Applying a

magnetic field causes two energy terms to cross in the open and closed

channels, changing the system from one with a bound state for a > 0 to

one with a virtual state for a < 0. DB � Bÿ B0 is the deviation of the

magnetic field B from the Feshbach resonance field B0, and m is the

magnetic moment of the atom.



scattering length a!1, taking the system to the so-called
unitary limit for quantum gases. Notice that for an ultracold
Fermi gas the case a > 0 corresponds to the formation of a
molecule (a composite boson) consisting of two elementary
fermions f"f#. The energy of this bound state is given by

Eb � ÿ 1

ma 2
: �2�

As applied to a Fermi ± Bose mixture with a fermion
resonantly interacting with a boson, the case a > 0 for the
fermion ± boson scattering amplitude corresponds to the
formation of a molecule (a composite fermion) consisting of
an elementary boson b and an elementary fermion f [3]. If the
fermion and the boson are of equal mass,mB � mF, then their
binding energy is again given byEb � ÿ1=�ma 2�. Finally, in a
Bose gas with two sorts of bosons, the case a > 0 for the
scattering amplitude of a boson of one sort from a boson of
another sort corresponds to a composite boson (b1b2
molecule) being formed [4]. It should be noted that both
composite bosons f"f# (6Li2, 40K2) and composite fermions fb
(40K� 87Rb) have recently been observed in optical dipole
traps in Feshbach resonance experiments by the groups of Jin
[5], Ketterle [6], Grimm [7], and Salomon [8].

In this article we consider composite fb fermions and
composite f"f#, b1b2 bosons in Fermi ±Bose gases and
Fermi ±Bose mixtures with a resonantly large scattering
amplitude (a4 r0, where r0 is the range of the potential). We
will determine exactly the scattering amplitude of an
elementary fermion (boson) from a molecule (a composite
boson or fermion) and the scattering amplitude of a molecule
from a molecule in resonant 3D and 2D Fermi ±Bose gases,
and we will investigate the role of these amplitudes in
constructing phase diagrams for this class of systems. We
will also determine exactly all the bound state energies of
three- and four-member complexes of resonantly interacting
particles in the 2D case where we will show that the number of
bound states is finite. We will conclude by briefly discussing
the probability that five or more resonantly interacting
particles can form a complex in a 2D Fermi ± Bose gas and a
Fermi ±Bose mixture. Finally, we will touch briefly on a
possible HTSC scenario in which two composite holes (two
spin polarons or two strings) form a local pair in the d-wave
channel.What wemean by a composite hole is in fact a bound
state between a spinon fis and a holon bi in a confining string
potential that arises as a hole moves in an antiferromagnetic
(AFM) background in the 2D and 3D cases [9, 10].

2. Scattering of a molecule by an atom

Constructing phase diagrams for resonant gases requires the
knowledge of the scattering amplitudes for three or four
particles, namely, a2ÿ1, the scattering amplitude of a
molecule from an atom, and a2ÿ2, the scattering amplitude
of a molecule from a molecule.

If there is a strong attraction between the particles, then
the binding energies for trios, E3, for quartets, E4, and for
large droplets containing N > 4 particles also need to be
calculated. Notice that in the bare (Born) approximation for
three resonantly interacting f"f# and f"; # fermions, the sign of
the scattering amplitude a2ÿ1 corresponds to attraction.
Similarly, the fermion f"; # repels itself from the molecule fb
composed of a fermion and a boson [3]. On the other hand,
the Born approximation predicts the boson b to be attracted
to the molecule bb. Similarly, the boson b is attracted to the

molecule bf [3]. The only factor causing the bare interaction to
differ in sign is the Pauli principle (i.e., the statistics of the
interacting particles).

3. Skorniakov ±Ter-Martirosian equations

With the signs of the bare interaction now known, we are in a
position to exactly determine the scattering amplitudes a2ÿ1
for three-particle complexes. This is done by exactly solving
the so-called Skorniakov ±Ter-Martirosian integral equa-
tions [11], whose graphic representation is given in Fig. 2. In
the case of three resonantly interacting particles, Skornia-
kov ±Ter-Martirosian equations can be written analytically
as [11, 12]

T3� p1; p2;P� � �G�Pÿ p1 ÿ p2�

� i

�
d4q

�2p�4 G�Pÿ p1 ÿ q�G�q�T2�Pÿ q�T3�q; p2;P� ; �3�

where, for three fermions, p1, p2 are the initial and final four-
momentum vectors of an elementary fermion; Pÿ p1 and
Pÿ p2 are the initial and final four-momenta for the molecule
f"f#; P is the total four-momentum; q is the intermediate four-
momentum of an elementary fermion; d4q � d3q dOq is the
measure of integration over an intermediate four-momentum
vector, the `ÿ' sign stands for the bare repulsion of the
fermion f"; # by the molecules f"f# and fb, and the `+' sign
for the bare attraction of a boson by the molecules bb and bf.
To evaluate the scattering amplitudes a2ÿ1 of a fermion from
the molecule f"f# we can, without loss of generality, assume
that P � fE;Pg � fÿjEbj; 0g and p2 � 0 in Eqn (3).

It should be noted that in Eqn (3) G is the single-particle
Green's function [in a vacuum G � 1=�oÿ p 2=�2m� � i0��],
the free term corresponds to the Born approximation, T2 is
the two-particle T matrix, and T3 is the three-particle
T matrix.

In the 3D case, the required T-matrix for two particles of
equal mass takes the form [12]

T2�o; p� � g
4p
m 3=2

��������jEbj
p � ���������������������������

p 2=�4m� ÿ o
p

oÿ p 2=�4m� � jEbj ; �4�

where jEbj � 1=�ma 2� is the absolute value of the two-particle
binding energy: g � 2 for indistinguishable particles, and
g � 1 for two different particles (e.g., a fermion and a boson,
or two bosons of different sorts).

Similarly, in the 2D case one finds

T2�o; p� � g
4p
m

1

ln
p 2=�4m� ÿ o
jEbj

; �5�

where, as in the case of three dimensions, g � f1; 2g.
The three-particle T-matrix T3 is related to a2ÿ1�k�, the

scattering amplitude of an elementary particle from a

= +T3 TT33

p1 p2 p2 p2p1 p1 q

Pÿ p1 Pÿ p1 Pÿ p1 Pÿ qPÿ p2 Pÿ p2 Pÿ p2

Figure 2. Skorniakov ±Ter-Martirosian equation for three-particle scat-

tering represented graphically. T3 is the exact three-particle T matrix,

while the double line denotes the exact two-particle T-matrix T2.
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molecule, by the relationship

8p
m 2a

T3

��
k 2

2m
; k

�
; 0; ÿjEbj

�
� 3p

m
a2ÿ1�k� : �6�

Substituting a2ÿ1�k� and T2�o; p� into Eqn (3) and
integrating over frequencies one arrives at the relationship
for three fermions in the 3D case:

�3=4�a2ÿ1�k�������������
mjEbj

p � ������������������������������
3k 2=4�mjEbj

p � 1

k 2 �mjEbj

ÿ 4p
�

a2ÿ1�q�
q 2
ÿ
k 2 � q 2 � kq�mjEbj

� d3q

�2p�3 : �7�

Solving this equation we find that the s-wave scattering
length of a fermion by a molecule equals

a2ÿ1�0� � 1:18a ; �8�
consistent with the classical Skorniakov ±Ter-Martirosian
result.

Note that in the case of bare attraction between an
elementary particle and a molecule, the only thing which is
needed in fact to determine the binding energy of a three-
particle complex reduces to solving the homogeneous
Skorniakov ±Ter-Martirosian equation and to determining
the pole of the three-particle vertex of T3 from it. There is,
however, an important point to make here. A kernel analysis
of Eqn (3) for three bosons bbb or two bosons and a fermion,
fbb, shows that in the 3D case the homogeneous Skornia-
kov ±Ter-Martirosian equation has a solution independent of
how large the absolute values of the negative energy are
chosen to be [13]. In reality, however, jE3j < 1=�mr 20 �, where
r0 5 a is the range of potential, and there exist
N � �1=p� ln �a=r0� three-particle levels [14] on the energy
interval 1=�ma 2� < jE3j < 1=�mr 20 �. This phenomenon Ð
known as the Efimov effect [15] Ð is related to the presence
of the attractive potentialVeff � ÿa=R 2 < 0 (see Fig. 3) in the
three-particle SchroÈ dinger equation for three bosons in the
3D case.

So what we come up with in a three-particle system is the
phenomenon of falling to the center and the possibility of
appearing the arbitrarily strongly bound states in the 3D case.
Analysis shows that the Efimov effect occurs in space
dimensions 2:3 < D < 3:8 [16]. In the 2D case, the Efimov
effect is absent [16]. The three-particle SchroÈ dinger equation
now contains a repulsive term Veff � b=R 2 > 0, making
negative-energy three-particle levels jE3j finite in number in
the 2D case.

The exact solution of the Skorniakov ±Ter-Martirosian
equation in the 2D case shows that for three resonantly
interacting bosons there are only two levels with binding
energies [17]

E
�1�
3 � 16:4Eb ; E

�2�
3 � 1:3Eb : �9�

Similarly, for a boson b scattered by a composite fermion
fb or for a boson of one kind b1 scattered by a molecule b1b2
(composed of two unlike bosons) there is only one bound
level [12]

E3 � 2:4Eb ; �10�

for the fermion mass equal to that of the boson, mB � mF. It
should be emphasized that the binding energies of the three-
particle complexes (9) and (10) are functions of the two-
particle binding energy jEbj alone in the 2D case.

4. Scattering of a molecule by a molecule

We next consider four resonantly interacting particles in 3D
and 2D cases and calculate the scattering amplitude a2ÿ2 of
a molecule from a molecule and the bound state energies E4.
In the bare (Born) approximation, it can be shown Ð again
based on the Pauli principle (i.e., the particle statistics)
alone Ð that the two molecules f"f# and f"f# repel each
other. At the same time, the two other molecules (for
example, bb and bb) attract each other.

We have been able to derive exact integral equations for
the quartets [12] Ð the analogue of the Skorniakov ±Ter-
Martirosian equation for the trios. A graphical representa-
tion of these equations is given in Fig. 4.

When represented algebraically, these equations take the
following form [12]:

F�q1; q2; p2;P� � ÿG�Pÿ q1 � p2�G�Pÿ q2 ÿ p2�

ÿ i

�
d4k

�2p�4 G�k�G�2Pÿ q1 ÿ q2 ÿ k�

� T2�2Pÿ q1 ÿ k�F�q1; k; p2;P�

� 1

2

��
d4Q

�2p�4
d4k

�2p�4 G�Qÿ q1�G�2PÿQÿ q2�T2�2PÿQ�

� T2�Q�G�k�G�Qÿ k�F�k;Qÿ k; p2;P� � �q1$ q2�; �11�

T4� p1; p2;P� � i

2

X
ab

�
d4k

�2p�4 w�a; b�G�P� p1 ÿ k�G�k�

� w�b; a�F�P� p1 ÿ k; k; p2;P� ; �12�

1

3

2

Rr

Figure 3. The coordinate R is the distance from the elementary boson 3 to

the center of gravity of the molecule composed of two bosons 1 and 2.
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Figure 4.Exact integral equations for four resonantly interacting particles.

The double line represents the exact two-particle T-matrix T2.
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where Eqn (12) relates the canonical four-particle T-matrix
T4 and the auxiliary vertex F which we introduced into
Eqn (11). Importantly, the skew-symmetric vertex F is the
end point for two lines representing elementary particles with
four-momenta q1 and q2, and for one double line representing
a molecule. At the same time, F is the starting point for two
molecular lines. Also note two molecular double lines
entering and leaving the canonical T-matrix T4. In Eqn (12),
w�a; b� is the spin factor, and P is the total four-momentum.
The minus sign in front of the free term in Eqn (11)
corresponds to the Born repulsion between the two f"f#
molecules. To find the s-wave scattering amplitude a2ÿ2 of a
molecule from the molecule, we can assume without loss of
generality that p2 � 0, P � f0;ÿjEbjg and use the following
relationship between a2ÿ2 and T4:�

8p
m 2a

�2

T4

ÿ
0; 0;ÿ2jEbj; 0

� � 2p�2a2ÿ2�
m

: �13�

As already noted, the first term on the right-hand side of
equation (11) for F corresponds to ÿGG, i.e., to the Born
approximation [18]. Substituting the Born-approximated F
into Eqn (12) we arrive at T4 proportional to the integral of
four Green's functions G 4 and, furthermore, a2ÿ2 � 2a, in
accordance with the Pauli principle Ð as previously shown in
the well-known work by Hausmann [18]. The third term on
the right-hand side of equation (11) for F corresponds to the
ladder approximation. It was studied by Pieri and Strinati [19]
and is responsible for an infinite number of rescatterings of
one molecule by another molecule, occurring without either
of them losing their identity. When the first and third right-
hand terms of expression (11) for F are substituted into
equation (12) for T4, one obtains a2ÿ2 � 0:75a [19]. Finally,
the second term on the right-hand side of the expression forF
accounts for the molecule ±molecule scattering dynamics,
describing both the virtual decay of a single molecule into
virtual trios and units, and Ð provided the crossing effect is
taken into consideration Ð the virtual decays of both
molecules with elementary particle exchange between them.
Such processes of molecule ±molecule scattering were pre-
viously analyzed by Petrov, Salomon, and Shlyapnikov [20]
using a properly chosen ansatz for the solution of the four-
particle SchroÈ dinger equation. Substituting all three terms of
the expression for F into Eqn (12) for T4 yields
a2ÿ2 � 0:6a > 0, consistent with the results of Ref. [20].
Similarly, one finds in the 2D case that [21]

f2ÿ2�e� � 1

ln
ÿ
1:6 jEbj=e�

> 0 : �14�

Finally, let us consider again the bound state of four
particles attracting each other resonantly. In the 3D case, we
again arrive at the analogue of the Efimov effect, and in the
event of two interacting molecules (bb and bb, f"b and f#b, fb
and bb) the homogeneous equations corresponding to
integral equations (11) and (12) have a solution at arbitrarily
large absolute values of the binding energy jE4j. For a real
situation, again, one has 1=�ma 2� < jE4j < 1=�mr 20 �.

In the 2D case, there is again no analogue to the four-
particle Efimov effect and the number of bound states is finite
as before. For four interacting bbbb bosons there exist two
bound states with the energies

E
�1�
4 � 194Eb ; E

�2�
4 � 24Eb : �15�

The energies of these levels were first determined by Bruch
and Tjon [22]. For the two-boson two-fermion complex
f"bf#b or for the complex b1b2b1b2 involving different types
of bosons there are again two bound states with the energies
[12]

E
�1�
4 � 10:7Eb ; E

�2�
4 � 2:9Eb : �16�

Finally, for the complex fbbb with the fermion and boson
masses equal, mB � mF, only one energy level

E4 � 4:1Eb �17�

exists [12]. In the last case it should be noted that the second
(`ladder') term in the expression for F is absent altogether
[12].

5. Phase diagram of a resonant Fermi gas

The results of Sections 3 and 4 for the scattering amplitudes
a2ÿ1 and, especially, for a2ÿ2, as well as for E3 and E4, are of
key importance in constructing phase diagrams for 3D and
2D Fermi ±Bose gases, individual or mixed.

The phase diagram of a resonant Fermi gas in the 3D case
is shown qualitatively in Fig. 5 taken fromRef. [23], where the
plot of the dimensionless temperature T=eF versus the inverse
gas parameter 1=apF portrays the superfluid BCS region
which corresponds to the formation and simultaneous Bose
condensation of extended Cooper pairs, and also shows a
BEC region where local pairs (molecules) form and then also
undergo Bose condensation. The BCS region corresponds to
a negative two-particle scattering length a < 0, and a positive
chemical potential m > 0. In the weak-coupling region
1=�apF� ! ÿ1, Cooper pairing in a Fermi gas occurs near
the Fermi surface, so that at 1=�apF� ! ÿ1 one finds m � eF.

The critical temperature in the BCS region is determined
from the well-known formula by Gor'kov and Melik-
Barkhudarov [24]:

Tc � 0:28eF exp
�
ÿ p
2pFjaj

�
: �18�

As the point 1=�apF� ! ÿ0 is approached, we pass to
the so-called unitary limit. In this limit there is no small
parameter of the theory and all the quantities involved,
including the total energy of the system, its chemical
potential m, and Tc, are expressed in terms of the Fermi
energy alone [25]. From the Monte Carlo calculations by
Pieri, Pisani, and Strinati [26] (2005) and by Astrakharchik

0 0.4

0.3

T=eF

1ÿ1

m � 0

1=pFa � ÿ1 1=pFa � �1

BCS region BEC region

m > 0

a < 0

m5 0

a4 0

Figure 5. Phase diagram of a resonant Fermi gas in the 3D case. Regions

labelled BCS and BEC correspond to Copper pairing and to Bose

condensation of local pairs, respectively.
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et al. [27] (2004), it follows that m � 0:44eF > 0, i.e., the sign
of the chemical potential corresponds to the BCS region. On
the other hand, a Monte Carlo calculation of Tc by
Burovski et al. [28] (2006) yields Tc=eF � 0:15. The
chemical potential goes to zero at the point Tc only at
apF � 2:5 [23], i.e., in the range of positive a values. Notice
that for 19 apF 9 3 we have na 3 � p 3

Fa
3=3p2 9 1, so that

local pairs still do not strongly overlap but only touch one
another slightly.

In Fig. 5, the boundary between the BCS andBEC regions
is shown by the dashed line. Along this line m�T � � 0. For
apF < 2:5

ÿ
or 1=�apF� > 0:4

�
, we go over into the BEC region

where in the limit of weak coupling
ÿ
1=�apF�4 1

�
the critical

temperature is given by [29]

Tc � 0:2eF�1� 1:3 a2ÿ2 n 1=3� : �19�
Corrections to the Einstein formula in Eqn (19), which are

linear in the scattering length a2ÿ2 of a molecule from a
molecule, were determined by Kashurnikov, Prokof'ev, and
Svistunov [29] using theMonte Carlomethod. A point to note
is the existence in the BEC region of yet another characteristic
temperature which is given by the Saha formula [29]

T� � jEbj
�3=2� ln ÿjEbj=eF

� 4Tc : �20�

This temperature governs a smooth crossover and is found
from the condition of thermodynamic equilibrium between
the unpaired fermions and molecules:

nF�T�� � 2nM�T�� � n

2
; �21�

where n is the total density. For Tc 5T5T�, we find
ourselves in the region of a normal Bose gas of molecules
with the mass 2m and density n=2 [30].

Note also that the scattering length a2ÿ2 of a molecule
from a molecule determines the speed of sound in the
superfluid state of a resonant Fermi gas in the BEC region
for T5Tc [31, 32]:

c 2 � nM
mM

dmM
dnM

; �22�

where

mM �
4pa2ÿ2
2m

n

2
> 0 �23�

is the chemical potential of a weakly nonideal Bose gas of
molecules with the mass mM � 2m and density nM � n=2.

Analogously, given the knowledge of the scattering
amplitude f2ÿ2 in a 2D Fermi gas and the three- and four-
particle binding energies in a 2D Fermi ± Bose mixture with
resonant boson ± fermion attraction, it is possible to deter-
mine the characteristic Saha temperatures and the superfluid
transition temperature for these systems, thus completing
construction of phase diagrams for them.

It should be noted that in a 2D Bose gas or Fermi ±Bose
mixture with bosons outnumbering fermions �nB > nF�,
large complexes (droplets) involving N > 4 particles can, in
principle, form. The binding energy of such a droplet again
will be limited only by the presence of the attractive core:
jENj < 1=�mr 20 �. For multiparticle complexes, the closed
system of Skorniakov ±Ter-Martirosian type integral equa-
tions is extremely difficult to construct and solve. A more

promising approach here is the variational method, pro-
posed by Hammer and Son [34], among others. In this
method, the energy of a droplet in a 2D Bose gas grows
exponentially with N (the number of particles in the droplet),
so that jENj � jEbj exp �2N�, provided that N < Nmax �
0:9 ln �a=r0�. Such large droplets may have been observed in
experiments conducted by Roati et al. [35] and Modugno et
al. [36] on the collapse of a Bose gas in Fermi ±Bose mixtures
for nB > nF.

6. A spinon ± holon mixture
in high-temperature superconductors

Finally, a few words on the mixture of spinons and holons in
weakly dopedHTSC systems are in order. For HTSC systems
we suggest, starting from the Hamiltonian for a strongly
interacting Fermi ±Bose mixture of spinons fis and holons bi,
to derive the effective one-band Hamiltonian for weakly
interacting composite holes or spin polarons:

his � fis bi : �24�
Lying behind this idea is the well-known string solution for a
composite hole, which was obtained by Bulaevskii, Nagaev,
and Khomskii [9] and also by Brinkman and Rice [10], and
which predicts for 3D and 2D cases that a hole produces a
linear track (or string) of frustrated spins in its wake as it
moves in an AFM background. As this takes place, the
spinon ± holon binding energy in a confining string potential
is given by

Eb � �zJS 2�2=3t 1=3 ; �25�

where mb � 1=t is the holon mass, mf � 1=J is the spinon
mass, t is the hopping integral, J is the exchange integral, and
J5 t for real HTSC systems. Allowing for quantum fluctua-
tions [the term J�S�i Sÿj � Sÿi S

�
j � in the tÿJ-model], the

composite hole acquires a large but finite mass M � 1=J,
leading to the expression

Eh � Eb � J�cos kx � cos ky�2 �26�

for the composite hole spectrum on a 2D square lattice [39].
To achieve superconductivity in the system, we need to

create a pair of composite holes hish jÿs, which is in fact a
quartet fisbi f jÿs bj containing two spinons and two holons
located at the i and j sites of the square lattice.

Whether or not a bound state of two composite holes
forms depends on the nature of the residual interaction
between them. The residual interaction of two holes at low
�x5 1� concentrations is of a dipole ± dipole nature, as
revealed by Shraiman and Siggia [40] in 1990, and has the
form V�r� � l=r 2 in the 2D case.

As shown by Belinicher and co-workers [41, 42] (1997,
1995), for holes interacting in this way on a lattice, a shallow
bound state of two composite holes can form in the dx 2ÿy 2 -
wave channel in the limit of small hole concentrations.

We note that this result was obtained by applying the
spin-polaron approximation to the tÿJ-model with only the
nearest neighbor hopping terms t and the next nearest
hopping terms t 0 and t 00 being neglected. In the opposite
limit of high hole concentrations, the d-wave pairing (of
Cooper type this time) was obtained in the framework of the
tÿJ-model by Kagan and Rice [43]. Finally, a recent result
by Plakida and co-workers [44] Ð an exact expression for Tc
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in the d-wave channel for the tÿJ-model taking into account
the preexponential factor Ð opens up an interesting possibi-
lity for studying the Tc-vs-x curve for HTSC systems as a
BCS ±BEC crossover for the pairing of two composite holes
in the d-wave channel.

7. Conclusion

Concluding we briefly outline the main results presented in
this report. Based on the resonance �a4 r0� approximation,
we derived and exactly solved integral equations for trios and
quartets in the 3D and 2D cases. We calculated the scattering
amplitude of a molecule from a molecule in a 3D and 2D
resonant Fermi gas, and we determined bound state energies
for all the possible three- or four-particle complexes in the 2D
case. As a result, we were able to construct the phase diagrams
for a resonant Fermi gas and a resonant Fermi ± Bose
mixture. We also proposed a new superconductivity scenario
for HTSC systems, in which two composite holes, each
containing a spinon and a holon, form a superconducting
pair in the d-wave channel.
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Lasers and high energy density physics
at the All-Russian Research Institute
of Technical Physics (VNIITF)

A V Andriyash, P A Loboda, V A Lykov,
V Yu Politov, M N Chizhkov

1. Introduction

The build-up of high energy density physics (HEDP) as an
independent area of research was caused by the development
of nuclear weaponry. By the end of the 1980s and the
beginning of the 1990s, the activity of research in this area
sharply increased. The reason was the growth in importance,
in the atmosphere of the nuclear test ban, of laboratory
studies aimed at confirming the reliability and security of
nuclear stockpiles. To this end, the high-power laser facility
projects of National Ignition Facility (NIF) and Megajoule
laser facility (LMJÐLaserMeÂ gajoule) with a total energy of
laser radiation approaching 1.8 MJ are being pursued by
Lawrence Livermore National Laboratory (LLNL, USA)
and Commissariat a l'Energie Atomique (CEA, France),
respectively [1, 2]. In addition to research concerned with
nuclear stockpile stewardship, there are plans to utilize these
facilities to demonstrate the possibility of employing fusion
ignition to solve energy problems: the goal is to implement
fusion ignition of microtargets with an energy yield higher
than 20 MJ and more than 1019 14-MeV neutrons per flash.
At the Russian Federal Nuclear Center (RFNC) `All-Russian
Research Institute of Experimental Physics' (VNIIEF in
Russ. abbr.), it is planed to build a solid-state-laser
ISKRA-6 facility with an energy of up to 300 kJ in a
nanosecond pulse [3]. Another factor determining the
increase in the pace of research in HEDP is the astonishing
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