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Resonant transformation of light by ions moving with velocities close to the velocity of light is
investigated. Due to the Doppler effect the frequency of the light moving towards the ion beam is
shifted into the far ultraviolet region and gets into resonance with an optically allowed ion transi-
tion. Most of the light scattered by the ions is concentrated into a narrow solid angle as a result of
the aberration. This makes it possible for the transformation of laser radiation into the x-ray
region of the spectrum to take place with high efficiency.

Existing accelerators allow ions to be accelerated up to
energies of several hundred GeV,' i.e., several times the rest

mass of light ions, mc®> ~ 10 GeV (for Be, B, and C). The ions -

which are accelerated to such energies and which are not
fully stripped, i.e., still have an electron, provide an interest-
ing possibility of resonant transformation of laser radiation
into the x-ray region of the spectrum. The present work is
devoted to the analysis of such a possibility. Note that com-
pared to the transformation of laser radiation by means of
the inverse Compton scattering on relativistic electrons,?™
the resonant scattering via an optically allowed ion transi-
tion is significantly more efficient, since the cross section for
the resonant scattering is many orders of magnitude larger
than the Compton scattering cross section.

In order to keep an electron in an accelerated ion, it is
necessary that the lifetime of the ion with respect to ioniza-
tions in collisions with the residual gas atoms be longer than
the acceleration time, which, in modern accelerators, is
equal to several seconds. The ionization cross section

reaches its maximum when the relative velocity of colliding .

particles is of the order of the orbital velocity of an electron,
i.e., v~vyz;, Wwhere v, = 2.2 X 108 cm/sec is the atomic veloc-
ity unit and z; is the ion charge. In this case one can assume
that the atom consists of a nucleus with charge z, and the
same number of independent free electrons. By using Ruth-
erford’s formula, one easily obtains the following expres-
sions for the ionization cross section:

0:=4mna,* (Vo/V) 2" (Zﬂz+z") ’ (D

where g, is the Bohr radius and v is the relative velocity of the
particles. Equation (1) is applicable provided v R vyz;; for
these velocities it yields slightly exaggerated estimates, as
has been shown in Ref. 5. By substituting z, = 7 (nitrogen),
z; = Sand v = vyz; into Eq. (1), one can see that the major-
ity of ions preserve an electron, provided the residual gas
pressure in the accelerator chamber is of order 107°-10~1°
Torr.

Suppose that a photon flux incounters the head of anion
beam moving along the x axis in the laboratory coordinate
system with a velocity v close to the velocity of light. We will
denote the coordinate system moving with the ion beam, by
Greek letters £, 7, £ and will choose this system so that its
axes are parallel to the axis x, y and z, respectively. Let 6, be
the angle between the direction of propagation of the light
and the x axis. In transforming to the coordinate system
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moving with the ion beam, the light undergoes deflection,
and the angle 6, between the direction of propagation of the
light and the £ axis is related to the angle 8, via®

-1
cosﬁg=(coseg——v—)(1—v—coseg) . 2
c c

The frequency of the radiation also changes in the coordi-
nate system associated with the ion beam (the Doppler ef-
fect):

0=, [Y (1+—l;-cos (‘)5)]_l =,y (1——2—(:050«) , 3)

where ¥y = E /mc® = (1 —v®/c?)~1/? is the ratio between
the ion energy and its rest energy, and w,, @ are the frequen-
cies of the laser radiation in the laboratory frame and the rest
frame of the ions, respectively.

Let us assume that the frequency o is identical to the
frequency w,, of an optically allowed transition of the ion. In
this case, the process of resonant light scattering becomes
feasible. Let 95 be the angle between the direction of the
scattered light and the £ axis. In the laboratory frame the
scattered light will propagate at angle 8, , satisfying relation

(cos it ) ( 1+ 2 coss)”
cos 0. = coseg+—c— -E—coseg . (4)

The frequency of the scattered light measured by an
observer is given by

v _ -1 ( v
= —_—— = 1+— . (5)
=0 [*{(1 . cos 8. )] oY - COSG&)
By substituting the value for » from Eq. (3), we obtain
-1
(T)=m,(1——v—cosex)( 1-——”—0056,) . (6)
: ¢ Cc

The maximum possible frequency conversion is
achieved for 8, = 7 and 6, = 0. Then
mer—4y20,. @)

Here and in the following we consider the case where v ~c,
which allows us to replace expressions of type 1+ nv/c,
where n# — 1, by 1 + n. For ¥ = 10, the frequency of the
scattered light is increased by a factor of 400, as can be seen
from Eq. (7).

Consider now the efficiency of such a conversion. Mod-
ern accelerators yield Ap/p~10~2 for the momentum
spread of the accelerated particles.” Since Ap = mAvy?, the
corresponding uncertainty in the velocity is Av/
v~10~3y~2, For a fixed value of the frequency w, of the
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laser radiation and its angle of propagation 6, (7/
2 <0, <), the uncertainty in the velocity of an ion is the
same as the uncertainty in the transition frequency Aw,,/
@w2~10""v/c [see Eq. (3)]. Let us characterize the flux of
the photons by the total number N, of quanta in the light
pulse, the length 7; of the pulse and the average energy #iw,
of a photon. If Aw, /w; ~ Aw,,/®,,, then practically all the
photons and ions participate in the scattering process. We
will assume that this is the case, that the light is propagating
towards the ion beam (6, ~), and that the cross section .S
of the light of the light beam is equal to the cross section of
the ion beam.

The flux density ¢ of the photons in the rest frame of the
beam is related to the flux density g, = N,/S7, in the frame
of the source as ¢ = q,w/w, (only time is transformed, since
the quantities N,, S and o, 7, are invariants of the transfor-
mation).

We assume that the frequency of the photons in the rest
frame of the ions is in resonance with the frequency of an
optically allowed ion transition @, = . The probability of
absorption of a photon by an ion via the transition 1-—2 is
given by®

g2 i Aa

Opp=——F—— (8)

W:z=q0m ’
g 0" Ao

where o, is the absorption cross section, g, and g, are the
statistical weights of the corresponding levels and 4,, is the
probability of the spontaneous emission. As long as the prob-
ability of induced emission is less than the probability of
spontaneous emission, i.e.,

quZI/UiZ, €))
the scattering takes place due to the spontaneous reemission
of photons. In this case Eq. (8) yields the probability of
resonance fluorescence (Aw,, >4,,). Since we are consider-
ing backward scattering, condition (9) on the flux is, in fact,
the condition for the optimum scattering (with respect to
the ratio between the number of the backscattered photons
and the number of incident photons).

The total number N, of photons scattered during the
time 7 = w, 7; /o is given by

N,=N,-ns, ns=W1£T= (Giz/S)Nt, (10)
where n, is the number of quanta scattered by a single ion
and N, is the total number of ions in the beam. Here one
should note that since in every single photon scattering
event, on the average, the change in the ion momentum is
#iw,,¥/c (the averaging is over the directions of the momen-
tum of the scattered photon), the maximum number of
quanta which can be scattered by a relativistic ion before it
gets out of the resonance is equal to

ne= 10-*mc?/fiwy,. (1)
Thus, one should satisfy the condition n, <n**. This condi-
tion in principle, is not a limitation, because the decelerating
force can be balanced by an appropriate acceleration. More-
over, this condition is always satisfied in practically interest-
ing cases, as will be shown in the following.

Let us assume that the scattering is isotropic, i.e., (N;/
2)d (cos 95 ) out of the total N; photons, are scattered at an
angle 95 relative to the £ axis. In principle, the angular distri-
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bution of the scattered radiation is defined by the scalar pro-
duct of the polarizations of the incident and scattered light.®
In practice, however, this fact should be taken into account
only in considering the polarization characteristics of the
scattered radiation. In the rest frame, the scattered quanta
carry energy

dE = —flwd(cos 0:.)= —N—flmxz“{( 1+ —cos 6;) d(cos 8;).

(12)

The total energy scattered into angle 95<1r/2 with corre-
sponding 8, Sy~ !is equal to

E=3/‘N8hﬁ)12“{. (13)

The frequency of the photons in this scattered light flux var-
ies between Y, and 2y@,. It is interesting to find the frac-
tion of the energy propagating in the interval Awy/
wo~ 1073, where w, = 2yw,,. This frequency spread is char-
acteristic of photons scattered at angle 95 (2Xx107%/y)
with the corresponding 8, = 495 /2y. These photons carry
energy E, = 107N, #iw, ,.

Now we can easily obtain an expression for the intensity
of the scattered light. The duration of the pulse of the scat-
tered radiation in the rest frame of the ion beam is either
F=w,,7/® or 7= w,l /@c, depending on which of these
quantities is the large (here / is the length of the ion beam).
The intensity of the light scattered into angle 95 <m/2 (as-
suming 7 = @,,7/@) is equal to

j=7/aNiQIszhﬁ)iz((Dlz/ml)'Yz- (14)
Let us write expressions for the efficiency of the reso-
nant transformation with respect to various parameters of
laser radiation.
1) The ratio between the number of photons scattered
into angle &, =y~ ' (the corresponding solid angle is
Q ~y~2) and the total number of photons is

Nv=(012/2S) N.. (15)
Here, in contrast to the scattering on an ion at rest, we lose a
factor /47 due to the “projector” effect, i.e., because the
light scattered at an angle 95 = 7/2 is concentrated into an
angle y~ .

2) The ratio between the energy of the scattered and
incident laser radiation is

T]E=(3012/2S)Ni"{2. ( 16)
The efficiency is increased by a factor y* due to the Doppler

effect.
3) The ratio between the corresponding intensities is

nJ=(14012/3S)N{'Y‘. (17)

An additional factor ? in this formula due to the shortening
of the duration of the pulse.

NUMERICAL ESTIMATES

Consider an ion beam, accelerated to an energy of 100
GeV (the rest mass of the ions is ~10 GeV and ¥ = 10) and
}laving an optically allowed transition 1—2, with 4,, = 100
A and the spontaneous transition probability 4,, = 10!
sec™! (these parameters approximately correspond to Be

Basov etal. 38



IIL, B IV ions and transitions 1s*~1s2p).

In order to have a resonance with the optically allowed
transition, the wavelength of the laser radiation propagating
towards the ion beam must be A, = 204,, = 2000 A.

Condition (9) for the optimal scattering (with the
photo-absorption cross section o, = 4 X 10~'¢ cm?) yields

7= (0/w)¢:<2.5-10*° quantum/cm?sec (18)

Let ¢ = 10?6, corresponding to g; = 0.5 10*> photons/
cm?sec and energy flux density I; = 0.5 107 W/cm?. The
duration of the laser pulse will be assumed to be 7, = 30 nsec
(the ion beam traverses 9 m, during this time interval).
Then, in the beam frame, the duration of the pulseis 7 = 1.5
nsec, and the number of photons scattered by a single ion is
n, = 60. Let the total number of photons be N, = 60N,
where the number of the ions in the beam is assumed to be
N, =n;1S = 5% 10'°S, with n; = 10° cm~> and / = 50 cm.
The efficiency with respect to the number of the scattered
quanta [Eq. (15)] is gy = 1075,

_ The total energy scattered into angle 95 =7/2
(6, =0.1)isequal E = 4.2 107*S J, and the energy of the
incident light in the pulse is 1.5X107!S J, i.e,
ng =3X107°.

The intensity of the scattered light is J = 0.5X 10’S W
and 7, = 1. The wavelength of the scattered radiation is
A =5 A and the duration of the pulse is 7 = 0.075 ns. The
intensities of the laser and scattered radiation are equal.
Note that the energy and intensity of the scattered light in-
crease as the energy of the accelerated ions increases. The
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directionality of the radiation is also improved.

Thus, relativistic ion beams make the efficient resonant
transformation of light into the x-ray region of the spectrum
feasible. In the output of such a “transformer”” one obtains a
directed, polarized x-ray radiation in a relatively narrow fre-
quency band. Also, there exists a possibility of tuning the
frequency in the x-ray region, by varying the frequency of
laser radiation and energy of the accelerated particles.

The authors are grateful to A. A. Komar, E. A. Yukov,
and M. N. Yakimenko for useful discussions.
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