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X rays from relativistic electrons in a multilayer structure
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A dynamic diffraction theory of x-ray emission by relativistic electrons crossing a finite-thickness multilayer
mirror ~e.g., alternating layers of W and B4C) is developed, taking into account both diffracted transition and
parametric radiation mechanisms. Simple formulas describing the characteristics of the total emission from
either thin nonabsorbing or thick absorbing multilayers are derived. These formulas show that a multilayer
radiator can be brighter and more efficient than crystalline ones. Good agreement between theory and prior
experimental results is also shown. Thus the theory and its experimental verification demonstrate the possibility
of a tunable quasimonochromatic x-ray source whose efficiency can be larger than that of other novel x-ray
sources.
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I. INTRODUCTION

When a relativistic electron crosses a single interface
tween two media with differing dielectric permeabilitie
electromagnetic radiation is emitted as predicted by G
zburg and Frank@1#. Known as transition radiation~TR!, and
considered as a possible bright source of x rays, this so
has been studied both theoretically and experiment
@2–7#. TR’s yield grows proportionally as the number of in
terfaces increases. Resonant transition radiation~RTR! can
also occur when there is constructive interference of
waves emitted at these interfaces, resulting in a hig
spectral-angular density@2,8–11#. Thin foils ~e.g., Mylar! ac-
curately spaced periodically in a vacuum have been use
produce RTR. For mechanical reason, the period of s
structure cannot be smaller than a few microns. Howe
another possible RTR radiator is a periodic multilayer na
structure, commonly known as a multilayer or x-ray mirr
@12–19#. Such a structure can have much smaller medi
periods, producing not only RTR, but also other process
Indeed, if the multilayer is placed in the Bragg condition, t
x rays can be scattered out and two processes, diffra
transition radiation~DTR! and parametric x-ray radiatio
~PXR!, can occur by analogy with such emission proces
in crystalline targets@3,20–27#.

Since the period of the multilayer can be comparable
the wavelength of emitted photons, we go beyond the sc
of the Wentzel-Kramers-Brillouin approximation, usual
used in such analyses@3#. Different methods@14,15,17,18#
were used earlier for the description of the emission p
cesses in multilayer structures. In our opinion the most
equate approach to such a task is x-ray dynamic diffrac
theory @28#. Previously, this approach, and its simple lim
known as kinematic scattering theory~or perturbation
1063-651X/2003/68~3!/036504~7!/$20.00 68 0365
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theory!, was used to describe PXR and DTR processes
crystalline targets@20,22,23,29,30#.

As in Refs.@12,19# we use the dynamic diffraction theor
to analyze the emission from relativistic electrons, cross
the multilayer. The main difference between our approa
and that usually used in dynamic diffraction theory consi
in the separation of the total emission amplitude into PX
and DTR amplitudes~see Refs.@31,32#!. Such an approach
allows to elucidate in more detail the relation between P
and DTR relative contributions to the formation of tot
emission yield~among other things this question is of impo
tance because DTR contribution has been not considere
Refs.@12,19#!.

The general case of multilayered structures with a fin
thickness is considered here for two reasons. First, the n
ber of multilayers are limited in number~e.g.,N,300) due
to deposition problems and errors, thus limiting the over
multilayer thickness. Second, PXR and DTR yields have d
fering dependencies on multilayer thickness. DTR yield
not proportional to the thickness in contrast with PX
hence, an optimal thickness of the multilayer can be deriv

The main goal of this work is to substantiate the adva
tage of the multilayer as a radiator for intense tunable x-
production as compared with a crystalline target. Experim
tal studies of x-ray emission from relativistic electrons pa
ing through a multilayer nanostructure have been perform
recently @33#. One of the aims of this work is to give
theoretical explanation for these results@33#.

II. THE TOTAL EMISSION AMPLITUDE

We will first determine the electromagnetic field emitte
by a relativistic electron moving in a medium with period
dielectric susceptibilityx(v,r )5x0(v)1(g8xg(v)eig•r. In
the case of a one-dimensional structure consisting of alte
tive layers with thicknessesa and b and susceptibilities
©2003 The American Physical Society04-1
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xa(v) and xb(v), respectively, the quantitiesx0(v) and
xg(v) are determined by the expressions

x0~v!5
a

T
xa1

b

T
xb ,

xg~v!5
12eig•a

igT
~xa2xb!, ~1!

where T5a1b is the period of multilayered structure,g
5exg, g[gn5(2p/T)n, n50,61,62, . . . , ex is the nor-
mal to the surface of a layer~see Fig. 1!. The Fourier trans-
form of the electric field

Evk5~2p!24E d3rdte2 ik•r1 ivtE~r ,t !

is determined by means of the ordinary Maxwell equatio

~k22v2!Evk2k~k•Evk!2v2x0Evk2v2(
g

8x2gEvk1g

5
ive

2p2
vd~v2k•v!, ~2!

wherev is the emitting particle velocity. Sincex0 , xg!1 for
x rays, the solution of Eq.~2! may be obtained from two
wave approximation of the dynamic diffraction theory@28#.
Taking into account that the field componentsEvk andEvk1g
are approximately transverse to the vectorsk andk1g, re-
spectively@34#, we reduce Eq.~2! to two well known equa-
tions:

~k22v22v2x0!El02v2x2galElg

5
ive

2p2
el0•vd~v2k•v!, ~3a!

FIG. 1. The geometry of the emission process. A multilay
mirror is positioned at the Bragg condition in an electron beam
generate x rays.g is the reciprocal-lattice vector,e1 is the electron-
beam axis,e2 is the photon collimator axis,w is the emission angle
u8 is the orientational angle, which may be changed by the go
ometer,Q i andC i are the components of the angular variablesQ
and C parallel to the plane determined by the vectorse1 and e2 ,
Q' andC' are the components perpendicular to such a plane
03650
@~k1g!22v22v2x0#Elg2v2xgalEl050, ~3b!

where new quantities have been defined by the expressi

Evk5 (
l51

2

el0El0 , Evk1g5 (
l51

2

elgElg ,

e105e1g5
@kuu ,ex#

kuu
, e205

@k,e20#

k
, e2g5

@k1g,e20#

uk1gu
,

~4!

a151, a25k•~k1g!/kuk1gu,

k5exkx1kuu , ex•kuu50.

Equations~3! describe the electromagnetic field inside t
multilayer. The corresponding wave equations for field co
ponentsEl0

V and Elg
V in the vacuum outside the multilaye

follow from Eq. ~3! in the limit x05xg50. Since only the
Bragg geometry can be realized for a multilayer~Laue ge-
ometry for a multilayer is mechanically impossible at th
time!, it is sufficient to determine the componentsEl0

V and
Elg

V in the vacuum in front of the multilayer~regionx.0 in
Fig. 1!. Using the general expressions for the field comp
nents El0,g and El0,g

V following from corresponding wave
equations~for example, most interesting for us solution

Elg
V 5alkuu

d~kgx2p!, p5Av22kuu
2, kgx5kx1g ~5!

describes the emission field in a vacuum! and ordinary
boundary conditions for electromagnetic fields on front a
back surfaces of the multilayer,

E dkx~El02El0
V !5E dkxe

2 ikxLElg5E dkx~Elg2Elg
V !

50, ~6!

we can determine the coefficientalkuu
. Since solving this

equation is the standard task of dynamic diffraction theo
we present the final result only,

alkuu
5

iv3exgalel0•v

8p2p2uvxu

A

B
,

A5S 1

D0
2

1

D12j1
D ~12e2 i (D12j1)L!2S 1

D0
2

1

D12j2
D ~1

2e2 i (D12j2)L!, ~7!

B5j2e2 i (D12j2)L2j1e2 i (D22j1)L,

where the following designations are used:

r
o

i-
4-2
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D05
1

uvxu
~v2kuu•vuu2puvxu!, D15D02

v2

2p
x0 ,

j1,25
1

2 S D86AD822
v4

p2
xgx2gal

2D ,

D85D2
v2

p
x0 , D5gS g

2p
21D . ~8!

An influence of dynamic diffraction effects on the emi
sion properties is described in the general solution~7! by the
variablesD and j1,2 ~such an influence may be essential
D2<v4/p2xgx2gal

2). The quantitiesj1,2 determine two dif-
ferent solutions of dispersion equationkgx5kgx

(1,2)[p
1v2/2px01j1,2, and D is the so-called resonance defe
describing the deviation of emitted photons from the ex
Bragg resonance.

To determine the emission amplitudeAl , we calculate the
Fourier integral

El
rad5E d3kgeikg•nrElg

V , ~9!

wheren is the unit vector in the direction of emitted photo
propagation. The fieldEl

Rad in the wave zone is calculated b
the stationary-phase method:

El
rad5Al

eivr

r
, Al522p ivnxalvnuu

, ~10!

wheren5nuu1exnx , ex•nuu50.
Expressions~7!, ~8!, and ~10! give a detailed description

of the emission amplitudeAl . To simplify the obtained re-
sult we define the angular variablesQ andC in accordance
with the formulas

v5e1S 12
1

2
g222

1

2
C2D1C, e1•C50, ~11a!

n5e2S 12
1

2
Q2D1Q, e2•Q50, e1•e25cosw,

~11b!

were g is the Lorentz factor of an emitting particle. Th
components of the angular variablesC5Cuu1C' , C'

•Cuu50 andQ5Quu1Q' , Q'•Quu50 are shown in Fig. 1.
In addition to this, it is very convenient to separate the to
amplitudeAl into two components: a PXR emission amp
tudeAl

PXR and a DTR emission amplitudeAl
DTR .

The final expression for emission amplitudeAl has a
form

Al5Al
PXR1Al

DTR , ~12a!
03650
,
t

l

Al
PXR5

ev2xgal

4p sin2~w/2!

el0•v

j2e2 i (D12j2)L2j1e2 i (D12j1)L

3F j2

D1

12e2 i (D12j2)L

D12j2
2

j1

D1

12e2 i (D12j1)L

D12j1
G ,
~12b!

Al
DTR5

ev2xgal

4p sin2~w/2!
el0•vF 1

D0
2

1

D1
G ei j2L2ei j1L

j2ei j2L2j1ei j1L
,

~12c!

where the quantitiesD0 , D1, andD8 appearing in Eq.~12!
and defined above by Eqs.~8! can be presented as

D05
v

2 sin~w/2!
@g221~Q'2C'!21~2u81Q uu

1C uu!
2#, D15D02

v

2 sin~w/2!
x0 ,

D85gFvB8

v
212

x0

2 sin2~w/2!
G'gS vB8

v
21D[D. ~13!

The important quantityvB8 in Eq. ~13!,

vB85vBF11~u81Q uu!cotS w

2 D G , vB5
g

2 sin~w/2!
,

~14!

wherevB is the Bragg frequency, in the vicinity of which th
emission is concentrated, describes the dependence of
acteristic energy of emitted photons on both the orientat
angleu8 ~this angle is subject to wide variations by the g
niometer in which the multilayer is installed! and the obser-
vation angleQ uu .

The quantitiesD0L andD1L are the ratios of an emitting
electron path in the multilayerL/sin(w/2) to emission forma-
tion length in ~1! a vacuum and in~2! a medium with the
average dielectric susceptibilityx0, respectively.

Result~12! now allows us to~1! compare the efficiencies
of multilayer and crystalline radiators,~2! estimate the rela-
tive DTR and PXR contributions to total emission yield f
various parameter ranges, and~3! compare theory with the
prior experimental results@33#.

III. THE EMISSION PROPERTIES

Let us consider first the DTR contribution from a th
target with a thickness smaller than the photoabsorp
length. The expression for DTR spectral-angular distribut
follows from Eq.~12c!:
4-3
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v
dNl

DTR

dvd2Q
5

e2

p2 K Vl
2S 1

g221V2

2
1

g222x01V2D 2L Rl
DTR~ tl ,tl!, ~15a!

Rl
DTR5

usin~ tlAtl
221!u2

utl
221u1usin~ tlAtl

221!u2
, ~15b!

whereV15Q'2C' , V252u81Q uu1C uu , V25V1
21V2

2,
the bracketŝ & mean the averaging over the anglesC' and
C uu , describing an angular spread in the beam of emitt
electrons, the coefficienttl and the functiontl(v) are de-
fined by the formulas

tl5
vuxguLal

2 sin~w/2!
, tl~v!5

2 sin2~w/2!

uxgual
S 12

v

vB8
D .

~16!

Physical meanings of these quantities are as follows:tl is
half of the ratio of electron path in the targetL/sin(w/2) to
extinction length 1/vuxgual , and the rapidly changing vari
abletl(v) is the ratio of the resonance defectD to the width
of Bragg resonancevuxgual /sin(w/2).

Result~15! shows that DTR arises due to dynamic sc
tering of the transition radiation, emitted by a relativis
electron from the front surface of the multilayer. The fro
half of Eq. ~15a! describes single-interface transition rad
tion @1#, while Rl

DTR in Eq. ~15b! is a reflection coefficient.
From Eq.~15b! the functionRl

DTR decreases proportional t
tl

22 outside the narrow frequency range close to the Br
frequencyvB , whereutl(v)u,1 and an anomalous dispe
sion for x rays is realized. As a consequence DTR spec
width has a value of aboutDv/v'uxgual/2 sin2(w/2).

The formula for the DTR photon number follows from
Eqs. ~15! after integrating overv and Q @when integrating
over v one should take into account that only the fast va
abletl(v) may be changed essentially in Eqs.~15!#, and has
a simple form

Nl
DTR5

e2uxgual

8 sin2~w/2!
tanh~ tl!F S 112

g
*
2

g2 D
3 lnS ~11g2Qd

2!~11g2/g
*
2 !

11g2Qd
21g2/g

*
2 D 2

g2Qd
2

11g2Qd
2

2
g2Qd

2

11g2Qd
21g2/g

*
2 G , ~17!

where Qd is the photon collimator angular size, and t
quantity g* is defined by x052^vp

2&/v2'2^vp
2&/vB

2

[2g
*
22 (^vp

2& is the average plasma frequency of t
multilayer!.

Since the target dielectric characteristics are presente
Eq. ~17! by the quantitiesx0 and uxgu only, one can use the
result to describe arbitrary targets with periodic dielect
03650
g

-

t

g

al

-

in

susceptibilities including crystals. Let us compare crystall
and multilayer DTR radiators. Assuming the Bragg fr
quencyvB to be far from absorption edges for the targ
material, we introduce the quantityvg

2 so thatuxgu5vg
2/v2

'vg
2/vB

2 . For example,vg
25^vp

2&F(g)uS(g)ue2g2uT
2/2 for a

crystal @F(g) is the atom form factor,S(g) is the structure
factor of an elementary cell,uT is the mean square amplitud
of atom thermal vibrations# and

vg
25~va

22vb
2!

sinS p
a

TD
p

for the multilayer in accordance with Eq.~1!. The ratio of
DTR yield from a crystal to that from a multilayer is

Nl(cr)
DTR

Nl(mir)
DTR

5
vg(cr)

2 al(cr)

vg(mir)
2 al(mir)

T(cr)
2

T(mir)
2

5
Dv (cr)

DTR

Dv (mir)
DTR

, ~18!

following from Eq. ~17! on condition of a thick target (tl

5vg
2T2al/2pM[M /Mopt.1, M is the number of periods

in the radiator! and high electron energies (g.g* ). Here
T52p/g is the period of the radiator. Since the quantiti
vg(cr)

2 and vg(mir)
2 are comparable~see above definitions!,

Eq. ~18! predicts a higher efficiency of a multilayer as a DT
radiator relative to that of a crystal radiator, sinceT(mir) ex-
ceedsT(cr) . On the other hand, Eq.~18! shows that the spec
tral width of DTR flux emitted from the crystalline radiato
is smaller than that from the multilayer.

We obtain the PXR spectral-angular distribution from E
~12b! by noting that only one term is proportional to (D1
2j1)21 and makes the important contribution since on t
equality Re(D12j1)50 may be valid:

v
dNl

PXR

dvd2Q
5

e2

p2 K Vl
2

~g222x01V2!2
Rl

PXRL , ~19a!

Rl
PXR5

~tl1Atl
221!2

tl
2211sin2~ tlAtl

221!

3

sin2F1

2
tl$tl1Atl

2212~g222x01V2!/uxgual%G
@tl1Atl

2212~g222x01V2!/uxgual#2
,

~19b!

analogous to Eqs.~15!.
Equation~19! explains PXR as a process of coherent sc

tering of the screened Coulomb field of a relativistic electr
moving in a medium with the average dielectric permeabi
e(v)511x0(v). In the case of a thick target (tl

5vg
2T2al/2pM@1) the reflection coefficientRl

PXR has a
sharp maximum at the pointtl5tl* 511(g221g

*
221V2

2uxgual)2/2(g221g
*
221V2)uxgual.1 placed outside the

range of anomalous dispersion whereutlu,1 and DTR
dominates.
4-4
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Distribution ~19! can be integrated overv for the practi-
cal case tl@1 by using the approximation sin2(tx)/x2

→ptd(x). The result of integrating,

Nl
PXR

d2Q
5

e2

p2 S vg
2T2al

2p D 2

M K Vl
2

~g221g
*
221V2!22uxgu2al

2

3F11
4~g221g

*
221V2!2uxgu2al

2

@~g221g
*
221V2!22uxgu2al

2#2

3sin2S tl

~g221g
*
221V2!22uxgu2al

2

2~g221g
*
221V2!uxgual

D G21L ,

~20!

allows us not only to compare the efficiencies of PXR rad
tors using either a crystal or a multilayer, but also to estim
an influence of dynamic diffraction effects on PXR prope
ties as well.

Since PXR yield is proportional to the target thicknessL
5TM, the yields from the mirror and crystal radiators wi
equal thicknesses can be compared. The corresponding
mula

Nl(cr)
PXR

Nl(mir)
PXR

'
vg(cr)

4 al(cr)
2

vg(mir)
4 al(mir)

2

T(cr)
3

T(mir)
3

~21!

shows the higher yield of the multilayer as a PXR sou
using the above same arguments that were used conce
Eq. ~18!.

To determine the possibilities of a multilayer as a radia
we should compare the relative PXR and DTR contributio
Let us first consider the influence of dynamic diffraction e
fects on PXR~this question is of the great interest since the
is no consensus on such an influence! and the interference
between these two emission mechanisms. From Eq.~20! the
dynamic diffraction effects may be important for high ele
tron energiesg@g* only, but an added conditionvg

2/^vp
2&

[q'1 must also be fulfilled for such effects to happe
Analysis has shown the occurrence of strong oscillations
PXR angular distribution~20! for the conditionsg@g* and
q'1. The latter

q5

sinS p
a

TD
p

a

T

12vb
2/va

2

11vb
2~T2a!/va

2a
'1

may be fulfilled with the proviso thatvb
2!va

2 anda!T. On
the other hand, the relationa5 1

2 T is best suited to x-ray
production by a multilayer because DTR and PXR yields
proportional to sin(pa/T) and sin2(pa/T) in accordance with
Eqs.~17! and~20!. As this takes placeq,2/p and therefore
an influence of dynamical diffraction effects is small for t
most practical case.

With this conclusion PXR yield follows from Eq.~20! in
the form
03650
-
te
-

or-

e
ing

r
.

e

.
in

e

Nl
PXR5

e2

2p S vg
2T2al

2p D 2

MF lnS 11
g2Qd

2

11g2/g
*
2 D

2
g2Qd

2

11g2Qd
21g2/g

*
2 G . ~22!

Formulas~22! and ~17!, where the front half factor may
be presented as

e2uxgual

8 sin2~w/2!
tanh~ tl!5

e2

4p

vg
2T2al

2p
tanhS vg

2T2al

2p
M D ,

~23!

allow us to choose the best suitable conditions for maxim
ing source emission.

SinceNl
DTR;g4/g

*
4 !1 if g,g* in accordance with Eq.

~17! and general properties of transition radiation, formu
~22! describes correctly the total emission yield from ele
tron beam with energiesmg,mg* . DTR’s emission angu-
lar density contribution may dominate for higher electr
energiesmg@mg* . Indeed, the DTR’s angular density
more than PXR’s by a factorg2/g

*
2 @1 as may be seen from

expressions~17! and ~22!. Note that the strong differenc
between the DTR and PXR angular distributions cause
weak interference between these emission mechanism
our analysis implies.

From Eqs.~22! and~23! DTR and PXR yields are propor
tional to the number of periods in a multilayerM, if M
,Mopt52p/vg

2T2 @the coefficient (vg
2T2al/2p)2 in Eq.

~22! describes the coherent photon reflection by target’s e
trons, placed at one period of the structure#. For this case
Nl

PXR and Nl
DTR are approximately the same for a larg

angular-size collimatorQd.g
*
21@g21. However, in the

rangeM.Mopt DTR yield is saturated@Eq. ~23!# and PXR
can become more efficient for x-ray production.

To estimate the influence of photoabsorption on these p
cesses let us now consider the general solution~12! for semi-
infinite target. Our analysis shows that DTR spectral-angu
distribution from an absorbing semi-infinite multilayer is d
scribed by expression~15!, where the quantity

Rl
DTR5

1

utl2 ibl1Atl2122ibl~tl2sl!u2
, ~24a!

bl5
x09

uxgual
, sl5

sinS p
a

TD
p

xa92xb9

x09
al ~24b!

must be inserted as the reflection coefficient. The reflec
coefficientsRl

DTR from Eqs.~24! and~15! for tl.1 are close
to each other, because the coefficientbl is usually much
smaller than unity (bl is the ratio of the extinction length to
the absorption one!.

Similarly, it is easy to show that the absorption does n
change the main PXR properties. The equation, analogou
Eq. ~20!, has the form
4-5
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dNl
PXR

d2Q
5

e2

p2 S vg
2T2al

2p D 2

Me f fK Vl
2

~g221g
*
221V2!222sl~g221g

*
221V2!uxgual1uxgu2al

2

3S 12
uxgu2al

2

~g221g
*
221V2!2D 2L , ~25!
s
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where Me f f is the effective number of multilayer period
making contribution to PXR yield formation,

Me f f5

sin2S w

2 D
px09

5

sinS w

2 D
vBx09T

[

LabsinS w

2 D
T

. ~26!

Thus, the advantage of multilayers as DTR and PXR rad
tors, following from Eqs.~18! and ~21!, is preserved for an
absorbing target as well.

We performed multilayer experiments using 500-Me
electron beam and a commercially available x-ray multila
mirror manufactured by OSMIC Inc.@33#. The mirror con-
sisted of 300 pairs of W and B4C layers with spacingT
512.3631028 cm and supported by 100-mm Si substrate.
The x rays were emitted at the anglew53.8° with respect to
the electron-beam direction~see Fig. 1!. The thicknesses o
the layersa and b were the same. X rays generated in t
mirror or in its Si substrate were detected by a CdTe se
conductor detector, placed at the distance of 443 cm from
radiator. The detector’s aperture was 4 mm2. Since the an-
gular size of the detectorQd'531024 was less than the
characteristic emission angle for relativistic electronsg21

51023, we were able to measure the spectral-angular dis
bution of emitted photons@33#.

Since the measurement of the current of the storage ri
electron beam was not available to us to measure, the x

FIG. 2. The comparison of the calculated and measured@33#
orientational dependence of the collimated x-ray yield.
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intensity was measured only in arbitrary units and the int
sity enhancement in multilayer structure in comparison
crystal could not be demonstrated. On the other hand, s
the angular distributions or orientational dependencies
PXR and DTR are very different for the conditions of th
experiment, we can determine the main emission mec
nism. The ratiog2/g

*
2 determining the difference betwee

PXR and DTR angular distributions is'10@1 for a 500-
MeV electron beam.

The measured orientational dependence of the x ray
presented in Fig. 2. To estimate relative contributions
DTR and PXR to the observed yield we compare the m
nitudes of the DTR and PXR angular distributions for t
experimental parametersA^vp

2&'50 eV, vB'15 keV,
x09(vB)'0.931024, M5300, g* 5300. We obtain the fol-
lowing estimations: (dNl

PXR/d2Q)max'631023 (photon/
e sr) and (dNl

DTR/d2Q)max'0.8 (photon/e sr). Thus DTR
dominates in the measured emission yield.

The theoretical orientational dependence is also prese
in Fig. 2 ~solid line!. It was calculated without a PXR con
tribution and bremsstrahlung background. The PXR orien
tional dependence is much wider than that of DTR and c
not explain the experimental data. The calculated curve
experimental data are normalized at one point. As seen in
figure, the calculated curve agrees with data. The compar
of calculated DTR spectra is also in agreement with the m
sured. Thus, the theory developed in this work is in go
agreement with the experimental results@33#.

IV. CONCLUSIONS

Our analysis has shown that PXR and DTR are the m
emission mechanisms for relativistic electrons pass
through a multilayer mirror. The relative contribution o
these two mechanisms to total yield depends on the e
tron’s energy. If it is smaller than the critical energymg*
5mvB /A^vp

2&, then PXR dominates. The PXR efficiency
a multilayer source can exceed that of a crystal for th
lower electron energies. This occurs because a larger num
of multilayer’s electrons make a coherent contribution to
formation of x rays. The number of emitted x-ray photons
about 1024–1023 per electron. Crystals are limited t
1026–1025.

If the energy of the emitting electron exceeds the criti
energy, then the PXR and DTR contributions depend on
target thicknessL and the x-ray detector angular sizeQd .
The total emission yield may be determined by PXR con
bution if Qd.g

*
21 and the radiator is thick enough. On th

other hand, DTR dominates ifQd<g21. Our theory has
4-6
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been compared with our experimental results and we h
shown that the observed x-ray yield is explained by DT
The efficiency of DTR source was approximately the sa
as that of PXR radiator: 1024 photons per electron.

The brightness and efficiency of the source can be
proved further by using a cyclical accelerator wherein
electron beam is passed through a multilayer many times
this scheme, a thin multilayer with the period numberM
'Mopt would be installed inside the vacuum chamber o
cyclical accelerator such as a betatron@35#. Multipassing of
the electron beam through thin crystals has been experim
tally demonstrated using a storage ring@36#.

Our theoretical and experimental results demonstrate
possibility of making an x-ray source intense enough
s

s.
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.
n

-

r-

.
.

o

03650
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medical and other applications@37,38#. The analysis pre--
sented in this work allows one to calculate most of t
needed characteristics of such a source.
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