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Some brenkov radiation features due to diffraction are considered for a particle moving in a medium 
with a spatially periodic distribution of the dielectric constant along planes with 6 = const. It is shown 
that discontinuities due to diffraction occur in the eerenkov cone. The positions of the discontinuities on 
the cone depend on the wavelength of the emitted light and on the particle velocity. In principle, the 
dependence of the position of the discontinuity on the particle velocity for a given wavelength can he used 
for mass separation of ultrarelativistic particles. 

PACS numbers: 42.10.H~. 

1. It is known that the diffraction of light in a medium 
with a spatially periodic distribution of the refractive 
index is similar to the diffraction of x rays in a single 
crystal and is described by the dynarnical theory of dif- 
fraction.'* As such a medium it is possible to use, for 
example, a holographic lattice with a dielectric con- 
stant depending on the coordinates like 

&=eo+2e, cos gr (1) 
(g is the reciprocal lattice vector, Igl= 2n/d, and d is 
the spatial period), or a laminar medium consisting of 
layers with different dielectric constants. When a 
c h ~ g e d  particle moves in such a medium, in addition 
to Cerenkov radiation, transition radiation is emitted, 
due to the fact that a periodic medium can either acquire 
or  give up momentum in multiples of tig. 

The theory of the radiation of a charged particle mov- 
ing in a laminar medium in the direction perpendicular 
to the planes &=const was developed by ~ # n b e r ~  and 
Khi~hnyak.~ Ter-Mika6lyad considered Cerenkov and 
transition radiation in the eikonal approximation (i.e., 
far  from the Bragg condition, neglecting diffraction) in 
a medium with a dielectric constant given by (1). The 
cylindrically symmetric problem of the radiation of a 
charged particle moving along the axis of a cylindrical 
lattice with a radial distribution of the dielecpic con- 
stant &= C ~ + ~ C I  cosgp was solved by Bolotovskii and 
Chukhovskii.' Belyakov, Dmitrienko, and Orlov7 dis- 
cussed the polarization characteristics and the ratio of 
the radiation intensities in the principal cone and the 
diffracLion cone produced as a result of the diffraction 
of the Cerenkm radiation of a particle moving in a 
cholesteric crystal by the periodic structure of this 
crystal. 

In the present study we consider the diffraction-re- 
lated features of the radiation of a particle -moving a 
periodic medium along the planes &=const, i.e., per- 
pendicular to the vector g. In this case there is no 
transition radiation (or, more precisely, when_the re- 
coil momentum is neglected the transition and Cerenkov 
radiations coincide) and the reflection cone coincides 
with the principal cone. It will be shown that diffraction 
leads to discontinuities in the surface of the eerenkov 
cone, which attest to the presence of the two branches 

of the dispersion surface of a photon in a periodic lat- 
tice. For a given phot-on frequency the location of these 
discontinuities on the Cerenkm cone strongly depends on 
the particle velocity, which in principle can be used to 
mass-separate ultrarelativistic particles. The results 
are easily generalized to the case of arbitrary particle 
motion, in which the transition radiation, like the cer -  
enkov radiation, is due to the particular form of the re- 
fractive index for photons in the periodic medium. 

2. According to the dynamical theory of diffraction in 
the two-ray approximation, propagation of light through 
a spatially periodic medium gives rise to two refractive 
indices related to the two branches of the dispersion 
surf ace: 

(n(L.')) '=k'/koZ=eo-6f (62+et) '", (2) 

where 

is the parameter of the deviation from the Bragg con- 
dition, x is the angle between the photon wave vector in 
the medium k and the plane &=const, ko=w/c, w is the 
photon frequency, and IY = X/d, with x the photon wave - 
length in the medium. 

Stipulating henceforth that the photon field is expanded 
in the reciprocal lattice vectors ng (n=O, *I, *2, . . .), 
the projection of the vector k on the direction of g var- 
iesfrom 0 to -lgl(-g2<k-gcO). Wealsoassumethatat 
the end points of the k.g range the parameter 6 is suf- 
ficiently large, so that there is no diffraction, i.e., 
&&Y2/2 >> 9. 

The operator for the interaction of a charged particle 
with the electromagnetic field responsible for the radia- 
tion in a periodic medium can be written as8 

where 

A:"=A,[~~ cos ye-"'+q ;in y exp(-ik,r) 1, (5) 

are the Bloch functions of the photon in a periodic medi- 
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urn, A ,= (2ntic/k ,)' ", n ,= cirri (in normalizing the func- 
tions gl) and g2) we have neglected the difference 
arising from the small difference in the refractive in- 
dices), wia)=ck/n(q (a=l ,2) ,  t d y = & , / 6 ,  and p=-itiv 
is the particle momentum operator. The intensities of 
the direct and reflected waves in the two branches (1) 
and (2) are determined by the quantity 

For positive values of 6 far from the Bragg condition, 
i.e., for 6>>zc ( c o s ~ ~ = ~ ,  sin2y=O), the first branch is a 
direct wave with wave vector k and frequency w ( ' )  
=ck/&ih and the second branch is a reflected wave with 
wave vector kc and frequency') 

On the other hand, for negative 6 << - zc (cos2-y =O, sin2-y 
=I), the first branch describes a reflected wave and the 
second describes a direct wave. Therefore, f a r  from 
the Bragg condition expressions (5) and (6) describe 
photons propagating in the direction of either k or 4, 
depending on the sign of 6, with a mean refractive in- 
dex n, just as  in a homogeneous medium. The transi- 
tion from the direct wave to the reflected wave with 
changing 6 occurs in the region 161scC. Here the direct 
and reflected waves are mixed, which causes the re- 
fractive index to change. At 6 = 0 (exact satisfaction of 
the Bragg condition) the mixing is a maximum, which 
results in waves propagating along the planes &=const 
and with a modulation in the direction of g having an in- 
tensity cos2(gr/2) for the first branch or sin2(gr/2) for 
the second branch, so that the intensity maxima of a 
wave belonging to the first branch occur on the plane 
&= &,,,,,= co+ 2&,, while those of a wave in the second 
branch occur on the plane c= &,,= &, - 2&,. The mean 
refractive indices are given by &(')= co+ &, and &(')= E,, 

- c8, which also follows from (2) at 6=0. 

3. The amplitude for the transition of a particle from 
a state of momentum Eki to a state of momentum tikf 
with the emission of a quasiphoton of energy Fiwj') or 
mj2)  is 

exp(io:f't)-I 
+ehg P sin 76 (k,-kt+kg) 1 +[-e,p sin yfi(k,-k,+k) 

11 

Here wiy)= wf - w, +ofa),  where tiuf and tiw, are the final 
and initial particle energies, and p=&,=mv. 

If the momentum conservation laws kf -k,=k are sat- 
isfied, we find 

The equality w E ) =  0 in this case formally gives the 
usual condition for ~avilov-cerenkov radiation of a 
particle moving with velocity v in a medium with re- 
fractive index n (OL). 

At 4 - k, = kg we have 

In this case w:T=O is the formal condition for transition 
r ad i a t i~n .~  

We note, however, that the subdivision of the particle 
radiation into cerenkov and transition radiation is arbi- 
trary in this analysis. This is because far from the 
Bragg condition one branch describes a direct wave and 
the other describes a reflected wave, whereas the re- 
fractive indexn@) connects w a  with the wave vector of 
the direct wave (see also footnote 1). It is therefore easi- 
ly verified that, for example, wj:' = 0 from (9) describes 
Cerenkov radiation at 6 3  c,, but transition radiation at 

These two types of radiation differ physically in 
that "% erenkov radiation has a particle-velocity thresh- 
old and a continuous frequency spectrum far from the 
Bragg condition, while the transient-radiation fre- 
quency is determined by the frequency at which the 
particles intersect the maxima of the lattice dielectric 
constant v-g and by the Doppler effect as a function of 
the direction of the radiation [see (lo)]. However, when 
the Bragg condition is_ satisfied the transition radiation 
is actually reflected Cerenkov radiation, so that it is 
not possible to separate the two by a diffraction study. 

4. Let u s  now consider the radiation of a particle 
moving along the planes &=constant, i.e., VL g. In this 
case expressions (9) and (10) coincide and give identical 
radiation conditions. The emission probability in a time 
t, integrated over the final electron moments, will be 

m,':'-";"' 
-2 sin y cos 7 cos 

2 
t A (m;,') ) A  (a::) )] 

a,',8'-O;f' d3k 
+2 sin y cos y Cos 

2 
t A )A("::' 11) 

where A (w)= sin(wt/2)(w/2)-' and n is a unit vector in the 
direction of the particle momentum. 

From (11) we see that when a particle moves along the 
planes &=const two branches of Cerenkov radiation are 
emitted, corresponding to two refractive indices of re- 
fraction, and to each direction of direct radiation k 
there corresponds reflected radiation_k+ g. In each of 
these directions the two branches of Cerenkov radiation 
interfere with each other. At sufficiently large times 
the interference terms can be neglected and then, as 
t -rn in ( l l ) ,  we find the following for the transition 
probability per unit time in the momentum interval 
d3k: 

e2 u1 
dw= -- ((e,n)'[cos2 y ti("::') + sin2 y t i ( ~ ~ l " )  ] 

hc e,'" 
dQ + (e ,~ ) ' [ s inZ y 6 ( o t i  )+cos2 y 6(ofIq) 1) k dk- Z r i  (12) 

In spherical coordinates (with the polar axis directed 
along the particle momentum and the angle cp measured 
from the direction of g) the parameter 6 has the form 
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FIG. I. Plots of tandis2) (9) (in polar coordinates) on which 
the radiation condition cos0(' * 2, = l / ~ n ( l *  2 ,  ( 8 ,  c ~ )  is satisfied 
for particles with p2 =0.99990 (for &ample; ~ O O - G ~ V  protons). 

FIG. 3. Curves tan#) (cp) for  protons andK mesons of energy 
Here F,=1.2, &,=0.01, anda=0.66.  The lengthof the radius 

100 GeV (~:=0.99990, &=0.999975, q, =1.05, and &, =0.01) vector 7 =tan0 and the angle cp is measured from the y axis. 
for a fixed proton frequency (ao =n(') (0, cp) a =0.49). The cen- 

The line thickness is proportional to the radiation intensity (at 
t e r s  of the curves a r e  shifted arbitrarily. 

the dashed lines the intensity is practically zero). 

6=e, (a2/2-a sin 0 cos 9) ; (13) 
here the angle 8 and cp characterize the vector k 
(0 clql< n/2). Changing in the second term in the square 
brackets in (12) to the variables characterizing the vec- 
tor k, and expanding the region of variation of the vari- 
ables to all values of 8, cp, and k, expression (12) can 
be rewritten as 

er ua dw= --- """(I +-)6 (.~t.[l--n"'cOsO 
hc 8," 2 : I) 

Here 
6=eo (az/2-a sin 0 1 cos cp 1 ), O<q<2n. 

The modulus of the cosine corresponds to the fact that 
for the reflected wave the Bragg .oondition is satisfied 
at lcpl>n/2 and came about because we expanded the re- 
gion of variation of the variables. 

5. From (14) we see that at /3n") > 1 both branches of 
the Cerenkw radiation are excited (~=v/c) .  ~t 6 >>&, 

there_ is only the first branch that coincides with ordin- 
ary Cerenkov radiation in a homogeneous medium at an 
angle eo= arc c o s ( l / / 3 ~ ~ ~ ~ ) ,  since here n'"= &kD. With de- 
creasing b the intensity of this branch begins to fall off, 
while the refractive index nu) and, correspondingly, the 
angle increase. When the Bragg condition is exactly 
satisfied at some angle cp that depends on a, the inten- 
sity falls off by half and rapidly decreases with further 
decrease of 6 to negative values. However, when the 

FIG. 2. The family of  tan^('^^) (q) plcts for different values 
of a (the frequency resolution of the Cerenkov radiation spec- 
trum against the angle cp). Here % =1.2. &, =0.01, and p2 
=O .99990. 

first branch begins to f a l l  off in intensity, the second 
branch appears at an angle e < eo since nt2) < &th; its in- 
tensity increases with decreasing 6 and at 6=0 is com- 
parable to that of the first branch; here the angle e is 
determined by nt2)= (&, - E,)~". As 6 decreases further 
to negative values, the second branch becomes ordinary 
Cerenkov radiation since n',) - &kh and - 1. 

Thus, at certain values of the angle cp corresponding 
to satisfaction of the Bragg condition for photons with a 
given a, discontinuities appear on the Cerenkov cone 
e= 0,; part of the surface of the cone is turned inwards 
to the region e <  Bo (second branch), while the other part 
is turned outwards to the region 0 > eo (first branch) 
(Fig. 1). Since the location of the discontinuities (the 
angle cp,) depends on the photon wavelength, the projec- 
tion of the cerenkov radiation on a plane perpendicular 
to the particle momentum acquires two colored rings 
in the angular ranges e>eo @ e < e, each with i ts  own 
wavelength resolution of the Cerenkov radiation a s  a 
function of the angle cp (Fig. 2). This resolution is giv- 
en by the Bragg condition 

a 
I cos C#:l'" i = - - h 

2 sin 0":' zd sin 0(? ' 

where 

sin 0:"'= ( ~ - ~ / B ' ( E ~ * E ~ ) ) " ' .  (16) 

The maximum wavelengths in both branches x!&,') 
are emitted at the angles cpk1.2)=0 and cpL1.2)=n and are 
determined by the particle velocity: 

Since the arcsine depends very strongly on the argu- 
ment near zero (the derivative tends to infinity), a small 
change in the particle velocity at fixed x can lead to a 
significant change in the angle cp, of the location of a 
discontinuity on the cone [see (15) and (16)]. This fact 
can in principle be used to mass-separate ultrarelativ- 
istic particles with a given momentum. In fact, for par- 
ticles of energy E and mass m , ( E >> m ,c2) assume that 
cp:?=O (at this wavelength the second branch is not ex- 
cited, since a/2 sineg) > 1). Then it is possible to satis- 
fy the Bragg condition at this wavelength only for the 
radiation of lighter particles (m, c m  ,) of the same en- 
ergy. Here it is easily shown that the angle (phi' is giv- 
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t i  proton K mesons of energy 100 GeV. 

FIG. 4. Plots of tan@(' ) (p) 
fo r  protons and K mesons 
of energy 100 GeV for q, =l 
and &, =0.001. 

where cosOL1)= I/(&,+ cz)112 and p, , ,=~/m 1 , 2 ~ 2  i s  the total 
energy of the particle in rest-mass units B2= 1 - 1/p2). 

The corresponding change of the angle oh1), which i s  
used in ordinary brenkov counters to separate parti- 
cles according to their masses, is 

I l l  ~8:" w - 
2tgo;1 (F-F). 

Comparing (18) and (19), it i s  easily seen that 
>>he:). Figures 3 and 4 give the numerical calculation 
of the corresponding curves  tan^(')(^) for protons and 

In conclusion the authors wish to thank 0. I. Sumbaev, 
V. A. Ruban, and A. S. Ryl'nikov for useful discussions 
and also L. N. Kondurova for carrying out the numerical 
calculations. 
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Two-step photoionization of helium via the 4p1P1 state 
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L. A. Shmaenok 

A. F. Ioffe Physicotechnical Institute, Academy of Sciences of the USSR, Leningrad 
(Submitted 21 July 1978) 
Zh. Eksp. Teor. Fiz. 76, 873-886 (March 1979) 

A new experimental method is proposed for the investigation of the photoionization of atoms from short- 
lived states, the excitation energy of which corresponds to the vacuum ultraviolet. The excited atoms are 
prepared by vacuum ultraviolet radiation from laser plasma. The technique has been used to investigate 
two-step photoionization of helium atoms. The ionization cross section u,, in the 4p 'P, state has been 
measured. A theoretical analysis is given of two-step resonance photoionization in one-electron 
approximations, taking into account correlations between atomic electrons. Calculations of U+ in the 
Hartree-Fock approximation are in satisfactory agreement with the measured values, whereas the 
contribution of correlation processes to u,, is small. 

PACS numbers: 32.80.Fb, 31.50. + w, 32.80.Kf, 52.25.P~ 

1. INTRODUCTION point of view of the properties of wave functions and the 
structure of complex atoms. Such studies are of con- 

Considerable progress in the photonionization of atoms siderable importance for applied purposes. 
from the mound state has been achieved as  a result of " 
the application of new experimental techniques and the Direct experimental study of elementary interactions 
development of theoretical methods capable of taking in- between photons and short-lived excited atoms require 
to account many-particle effects.' Ionization from ex- the use of high-intensity exciting and ionizing beams. 
cited states has not been studied to the same extent des- Two-step photoionization of alkali atoms has-been in- 
pite the fact that it is of considerable interest from the vestigated in some isolated cases with the aid of gas- 
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