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The main problem in currently projected studies of coherent time-dependent effects is related 
to the attempt to move into the short-wavelength part of the optical spectrum. It is 
already quite clear that conventional schemes, media, and techniques for designing an 
experiment are inadequate to solve this problem. In the present work a new concept is studied 
theoretically, based on the idea of coherent excitation of a beam of ions by spatially 
periodic structures. 

1. INTRODUCTION eters: the type and charge of ions; the pulse length (for an 

At present, efforts to investigate coherent electromag- 
netic processes are concentrated in the search for new tech- 
niques for coherent excitation, new media, and methods of 
observing coherent optical effects. The growth of efforts in 
this direction may yield new results in the physics of co- 
operative processes, and extend the possibilities of obtain- 
ing spectroscopic and other physical information in this 
area of investigation. 

There are several techniques for exciting coherent op- 
tical signals, depending on the scientific and practical prob- 
lems and also on the type of resonant medium. Histori- 
cally, the first and standard techniques consists of applying 
pulsed laser light.' Another method was first employed by 
Buwer and  hoem maker.^ In this variant the exciting laser 
operates in the cw mode, and light absorption by a specific 
subsystem of dipole particles "turns on" or "turns off' due 
to the Stark effect. The method proposed by Vlasov et aL3 
is based on a fast sweep over the sample with a continuous 
laser beam. The so-called kinetic technique for exciting 
coherent optical effects is applicable to an ensemble of 
moving particles.4 This technique was used mainly to treat 
atomic and molecular beams excited by laser light. 
Manykin and ~ o r s h o k o v ~  outlined a number of new ideas 
which allow the range of techniques for optical excitation 
of coherent collective states in resonant media to be ex- 
tended. 

In this work we present theoretical analysis of these 
and other techniques for kinetic studies of coherent optical 
effects. 

2. RESONANT ION BEAM 

Consider a beam of accelerated ions in a resonant me- 
dium. The basic elements of the accelerating system are the 
ion source and channels for shaping, transporting, and 
moving the beam to the target. Present-day accelerators 
allow particles to be accelerated to relativistic energies, 
confine the angular divergence to the smallest possible val- 
ues, and stably regulate the magnitude and current density 
so as to obtain ion beams of practically every element of 
the periodic table over a range of charged states. 

As a collection of directed charged particles an ion 
beam is characterized by the following dynamical param- 

ion pulse, the number of ions in the pulse, the duration of 
the pulse, and the space-time form; for a continuous beam, 
the current, charge density, and size and shape of the cross 
section); the energy E; the relative energy spread AE/& 
and the collimation angle 8. 

As a resonant medium an ion beam is characterized by 
the following optical spectroscopic properties: the number 
of resonant optical centers N; the size, shape, and nature of 
the distribution of resonant centers; two separate states for 
each center, usually with a dipole transition moment dm, 
and transition frequency om,; a spectral absorption (emis- 
sion) line for the resonant system with inhomogeneous 
broadening Awn=2?r/T;, homogeneous broadening 
Awhomo= 2?r/T2, and natural width Ao,, = 2?r/T1, where 
T; , T2, and T1 are the reversible phase, irreversible phase, 
and energy relaxation times respectively. 

In beam theory real streams of particles can be repre- 
sented as diverging, converging, and parallel laminar ion 
beams. Depending on the shape of the transverse cross 
section we distinguish sheet, axisymmetric, hollow, and 
other beams. 

In real ion emission processes the particles leave the 
source with velocities that differ in magnitude and direc- 
tion. The inhomogeneous broadening may be produced by 
an inhomogeneous external field in the ion-optical system 
of the accelerator also. In the first case the distribution of 
resonant particles can be described by a Gaussian, 
g ( ~ w )  =exp( - (Aw2)/A2)/A 6 ,  where A 6 is the char- 
acteristic half-width of the distribution and we have writ- 
ten Aw=w- wo (ao is a characteristic frequency of the 
spectrum). In the other case, the corresponding resonant 
particle distribution function is given by a Lorentzian line 
shape g( Aw) = A / ? ~ ( A ~ + w ~ ) .  Estimates show that 

In a beam the ion energy spectrum agrees very closely 
with the energy levels of the individual particles. This fact 
enables us to predict ahead of time many of the possible 
resonant transition schemes in the medium. Moreover, the 
parameters of the resonant ion beam can easily be varied 
even in the course of a single experiment. Hence the ion 
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FIG. 1. Electric field components in the Meller approximation for the FIG. 2. Electric field components in the Msller approximation for the 
atomic potential for the (1 11) channel in a Ge crystal as a function of the atomic potential for the (1 11) channel in a NaCl crystal as a function of 
distance p from the center of the channel; k is the index of the Fourier the distance from the center of the channel; k is the index of the Fourier 
harmonic. harmonic. 

beams are close to the ideal situation, which enables us to 
obtain resonant media with random, uniform, or ordered 
distributions of optical centers. 

3. SPATIALLY PERIODIC ELECTROMAGNETIC FIELDS 

Many techniques for creating quantum coherence are 
known. One way or another, they all involve the use of 
some kind of external perturbation. For an ion beam this 
perturbation may involve spatially periodic electromag- 
netic fields, e.g., a crystal or the surface of a crystal. 

A crystal consists of a three-dimensional periodic 
structure containing a large number of atoms, which in 
turn produce strong Coulomb fields partly shielded by the 
electron subsystem (Fig. 1). The field inside a crystal os- 
cillates continuously with a small amplitude about its mean 
value due to oscillations of the crystal lattice 
(U* -0.1-0.01 A). The amplitude of the crystal lattice 
oscillations increases with temperature, but is always much 
smaller than the lattice constant (d- 1-10 A). The sym- 
metry of the field inside the crystal is determined by the 
crystal symmetry; it depends on the deformation, defects, 
and polarization of the crystal. 

We will use the term "surface" of the crystal to refer to 
the monatomic layer which separates the crystal from the 
outside world. A real surface has some degree of impurities 
due to adsorption of particles from the surrounding envi- 
ronment and their diffusion into the interior of the mate- 
rial. However, in an ultrahard vacuum Pa) it is 
possible to obtain and preserve clean crystal surfaces for a 
relatively long time ()lo4 s).' The crystallography of a 
clean surface is more varied than that of the interior, but it 
is also characterized in terms of uniformity and order. The 
strength of the periodic atomic fields at the surface of a 
crystal almost reaches the values of the fields inside the 
crystal (Fig. 2). 

Another example of a spatially periodic electromag- 
netic field is that of a laser wave, a source of coherent 
optical emission. Present-day laser technology allows con- 
tinuous and pulsed electromagnetic waves in the visible 
and nonvisible wave bands to be obtained with field 
strengths that sometimes reach those of interatomic fields 
(Eo- lo8 V/cm). The laser radiation is "quasimonotonic" 

(Ado - 10-~-10-~), the wave front has a large radius of 
curvature (divergence - and the field amplitude 
changes abruptly on the wave front (it has the shape of a 
Gaussian). In the general case the shape of a laser pulse 
can be arbitrary. In calculations, however, it is often suffi- 
cient to use a harmonic plane wave and to replace a com- 
plicated pulse form with a square wave or triangular pro- 
file, or to use pulses with hyperbolic or Gaussian envelopes. 

As an example of a generalized system of spatially pe- 
riodic fields such as those described above we can consider 
a wiggler. A wiggler is a device in which spatially periodic 
electromagnetic fields are produced. Examples include a 
static electromagnetic field with alternating directions, a 
high-power laser field, an intense standing wave, the field 
inside a crystal, etc. A transverse harmonic electromag- 
netic field of length I=Nd, where N is a number and d is 
the length of a period of the wiggler, can serve as a math- 
ematical model of a wiggler, as can the field of a plane 
linearly polarized wave with spatial period of length 
d = 

4. CONDITIONS FOR COHERENT STATES 

Coherent optical effects arise as the result of the inter- 
action of the resonant medium with electromagnetic waves 
under certain conditions. Consider the interaction between 
an ion beam and a wiggler. We look for the conditions for 
resonant coherent excitation of the collection of ions. Note 
that the interaction between the ions and wigglers of var- 
ious types has quite specific properties. Consider, e.g., the 
interaction between ions and the crystal surface in the 
course of specular reflection. 

Let 8 be the grazing-incidence angle of an ion parallel 
to an atomic chain on the surface of the crystal at an angle 
less than the critical angle ti, for axial channeling: 

Here zle and z2e are the ion charge and the atomic charge 
respectively and E is the particle energy. In this case the 
overwhelming majority of the ions undergo specular reflec- 
tion from the ~urface .~  

For the energy of the interaction of the ion with the 
periodic field of the atoms we can write 
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where 

2 1/2 v[(b2+x ) ] is the ion-atom interaction energy, the x 
axis is directed parallel to the chain, and we have written 
R = 27r/d. 

At relatively small distances b between the ion and one 
of the chains the effect of a neighboring chain can be ne- 
glected and we can assume that the ion moves in the field 
of a single chain of atoms. In the Mnrller interaction po- 
tential the constant component and the amplitudes of the 
harmonics are equal: 

Here a =0.8853a~(zr~/~ + z ~ ~ / ~ )  -'I2 is the Coulomb 
shielding radius, the constants are a,= {O. 1;0.55;0.35}, 
fli={6;1.2;0.3}, KO( ...) is the modified Bessel function of 
order zero, and k = 1, 2, 3, ... . 

The ion motion parallel to the atomic chain can be 
assumed to be approximately uniform with velocity v. 
Then we have x=vt and the sum in Eq. (3) can be treated 
as a periodic perturbation in time: 

where the frequency is wk=2mk/d. If the frequency is 
close to one of the resonant frequencies of the ion transi- 
tion, then resonant excitation of a coherently scattered ion 
can occur in connection with small-angle reflection: 

This phenomenon is analogous to resonant excitation of an 
ion channeled in the interior of a crystal.10 

The second condition is formulated as follows. For 
coherent excitation of ions (by incident particles) it is nec- 
essary that the time during which the external field acts be 
less than the irreversible relaxation times: 

where I,,, is the distance over which coherent inelastic 
scattering of the ion occurs. The next condition for effec- 
tive coherent collective excitation of ions assumes the form 

where EO is the amplitude of the periodic electromagnetic 
field. When these conditions are satisfied a certain number 
of ions achieve a coherent collective state. Their number 
can be estimated as 

where No is the number of beam particles and 
bo> (4+a2)  'I2, where r,, is the radius of the excited elec- 
tron orbit. 

5. GENERAL FORMALISMS 

To describe coherent electromagnetic phenomena in an 
ion beam we can use the well-developed techniques of co- 
herent optics in time-independent resonant media." For 
this it suffices to consider the interaction process in the 
coordinate frame in which the longitudinal momentum 
vanishes. In this system we are working with a collection of 
ions which are almost at rest, coherently excited by the 
spatially periodic structure of the electromagnetic fields: 

where w is one of the frequencies of the induced harmonics. 
The resonant medium is initially in a state of thermo- 

dynamic equilibrium. Hence the statistical operator de- 
scribing the state of the medium has the multiplicative 
property: 

 to) = p n ( t o ) p ~ ( t ~ ) ,  ( 10) 

where pn(to) and pT(tO) are the density operators describ- 
ing the state of the ion and the heat reservoir respectively. 

For an individual ion interacting with the external 
electromagnetic field under resonant coherent excitation 
conditions ( p = p,) we can write the equation 

where V(t) is the operator describing the interaction with 
the external field and the Hamiltonian describes the free 
particle. The formal solution of Eq. ( 1 1 ) can be written 

where A = exp ( - iLt/fi) is the propagator and 
Lp=[Ho+ V(t),p]. Here we neglect the effect of the heat 
reservoir on the resonant ion because the interaction time 
is short. 

After the field is turned off the resonant optical center 
interacts with the heat reservoir: 

where U(t) is the operator describing the interaction with 
the heat reservoir. The solution of (13) can be written in 
the form 

where B= exp( - iRt/fi) is the relaxation propagator and 
Rp=[Ho+ U(t),p]. In this treatment of coherent optical 
effects the density operator of the system at any time can be 
determined by the successive action of A and B. For exam- 
ple, after two identical pulses are applied 
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p(t) = BABA p(to). (15) 

The evolution of the density operator determines that 
of the induced particle angular momentum: 

The polarization vector can be evaluated by summing over 
all resonant ions, and in the case of a uniform medium we 
can write the macroscopic dipole moment (the polariza- 
tion) as an integral: 

where n is the number of dipoles per unit volume (or area 
or length). 

The next step is to solve the classical equation for the 
polarization of a medium when the right-hand side is 
known: 

1 ~ Z E  457 ~ Z P  
AE-73F=73F + 4 ~  grad div P 

and the field and the intensity of the coherent collective 
radiation are calculated for a specific geometry. 

After the sequence of operations (9)-( 18) has been 
performed, these results can be transformed to the labora- 
tory coordinate system by the corresponding transforma- 
tions. The systematic procedure described above is a semi- 
classical approximation to the theory of coherent optical 
effects. It permits a relatively simple description of the 
kinetics of coherent transition processes and the phenom- 
enon of coherent collective emission in various forms (free 
induction, photon echo, coherent spontaneous emission, 
etc. ) . 

6. COHERENT OPTICAL EFFECTS 

Using the formalism described above in Sec. 5 we look 
at the simplest model for the development of free induction 
and photon echos in an ion beam coherently excited by 
spatially periodic electromagnetic fields. By free induction 
and photon echo in optics we mean the process by which 
quantum systems radiate coherently from a coherent col- 
lective state. These effects result from the stimulated coop- 
erative organization of elementary quantum emitters. 

Assume that a set of monoenergetic two-level ions is 
extended along a single line perpendicular to the direction 
of motion, and that it interacts with a wiggler under con- 
ditions such that a quantum coherent state can result. In 
the beam it is quite easy to transfer every particle to the 
ground state, so we have p,(to) = 1. The solution of Eq. 
(13) for the density matrix of a two-level system with the 
interaction operator in the dipole approximation allows us 
to find the average value of the dipole moment induced by 
the interaction: 

(d(t)) =d2, sin B(t)sin a t ,  (19) 

where B(t)=d2,/fiS;'"~(t)dt. If B(t)#57 holds we have 
coherent superposition; for B(t) =T a state of complete 
inversion has been achieved. 

The coherent collective state results from the self- 
consistent evolution of the whole set of particles and is 
described in the semiclassical approximation by the polar- 
ization vector. Taking into account reversible and irrevers- 
ible relaxation processes for free decay we can write 

P ( t )  =Nld21 sin B(t)sin wt e ~ ~ ( - ? / 4 ~ : ~ )  

An oscillating macroscopic dipole radiates with an inten- 
sity which for 0=n-/2 is equal to 

where I. is the intensity with which a single oscillator 
emits. 

If we now consider the action of a new electromagnetic 
radiation pulse on the set of oscillating dipoles after a time 
t21 > T; with tZ1 ( T2, then by following the procedure of 
the general formalism we can derive a picture in which at 
time techo = 2tZ1 + ll/u + l2/u a macroscopic dipole forms 
again, radiating with power 

02 
ICh, ( t) = N;lo sin2 8, sin4 - 2 exp 

This signal is called a photon echo; It is largest for 
8, = 57/2 and B2 = T, i.e., for l2 = 21,. 

In the laboratory coordinate system the photon echo is 
radiated at a distance xCho = 2utZ1 + 1, + 12. The free induc- 
tion radiation and photon echo occur at the frequency 
o=2run/d of the external field. For d- 1-20 A and 
u- lo6-10' m/s the radiation frequency includes the opti- 
cal and x-ray wave bands. 

For a relativistic ion beam coherent collective radia- 
tion has some distinctive properties. Thus, the intensity 
with which a set of relativistic particles radiate is greater by 
a factor of y4 (where y is the Lorentz factor) than a non- 
relativistic beam (I-N210y4). The radiation is directed 
mainly forward within a small angle (0  < l/y) about the 
velocity vector and has a higher frequency ( w = 2w09). 

Let us consider one other variant of this scheme. As- 
sume that the ion beam interacts with the laser beam mov- 
ing in the opposite direction. In this case, in the rest frame 
of the ions the frequency of the light is increased by a 
factor of 2y, and hence we can move into the region of 
higher coherent excitation frequencies 02, = 2woy, where 
wo is the frequency of the laser radiation. By choosing laser 
pulses of the proper length in an appropriate sequence we 
can excite coherent collective states and observe coherent 
optical effects under new conditions. Estimates show that 
this technique allows deep quantum transitions to multi- 
charged ions (in the x-ray band), and the output frequency 
is shifted into the y-radiation wave band. 

Note also that by combining a sequence of laser pulses 
with ion beams we can obtained a large variety of coherent 
interactions in the far-ultraviolet and x-ray regions of the 
spectrum. The problem of the coherent emission of 
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charged particles (including multicharged ions) in a reso- 
nant medium in the presence of a high-power optical pulse 
has been treated previously by one of us.12 

7. CONCLUSION 

The approach treated in the present work essentially 
allows familiar optical effects to be studied under new 
physical conditions. The allows the frequency of equivalent 
monochromatic radiation acting on a set of particles mov- 
ing through a wiggler to be adjusted continuously by vary- 
ing their speed. The concept opens up the possibility of 
dynamically regulating the properties of a resonant ion 
beam by means of the electromagnetic optical systems of 
the accelerator. The high intensity of the external radiation 
as well as the high sensitivity of existing photon detectors 
allows ion beams of quite low density to be used. And if all 
the conditions derived above are satisfied as accurately as 
possible, then we can expect to successfully observe coher- 
ent optical effects in an ion beam in the optical, x-ray, and 
y-ray wave bands. 

The practical implementation of this technique may 
have a number of interesting applications in atomic spec- 
troscopy, beam microscopy, and wiggler microscopy. For 
example, the spectroscopy of deep transitions in multi- 
charged ions is very problematical in existing optics. It is 
obvious that the concept presented here may be used to 
develop coherent spectroscopy of multicharged ions over a 
broad range of optical spectra. 

Difficulties with efficient external pumping in the high- 
frequency region and difficulty in producing cavities for 

electromagnetic waves in the x-ray and y-ray bands pre- 
vent conventional laser schemes from being used to de- 
velop x-ray and y-ray lasers. Coherent collective emission 
from an ion beam can be used as a source of coherent 
adjustable electromagnetic radiation over a range of wave- 
lengths including even the ultrashort-wavelength bands. 
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