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Observation of soft x rays of single-mode resonant transition radiation from a multilayer target
with a submicrometer period

Koji Yamada* and Teruo Hosokawa
NTT System Electronics Laboratories, 3-1 Morinosato-Wakamiya, Atsugi 243-0198, Japan

Hisataka Takenaka
NTT Advanced Technology, 1-1-3 Gotenyama, Musashino 180-8639, Japan

~Received 2 October 1998!

The soft x rays produced by resonant transition radiation from a multilayer target with a submicrometer
period were measured. The target consisted of 176-nm-thick nickel as radiators and 221-nm-thick carbon as
spacers alternately stacked on a SiN membrane. The target was bombarded by 15-MeV electrons, and the
angular dependence of the resulting x-ray spectra was measured. The spectra had a clear single peak at energies
from 2 to 4 keV depending on the observation angle. The spectral dependence on the incident angle of the
electron beam was also measured, and a shift of the peak energy was observed. These experimental results
showed a good agreement with theoretical estimations. These results are clear evidence of single-mode reso-
nant transition radiation.@S1050-2947~99!01705-9#

PACS number~s!: 79.20.Kz, 41.75.Ht, 07.85.2m, 78.70.2g
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I. INTRODUCTION

Brilliant and tunable x-ray sources are being used in v
ous research fields, and in the near future they are expe
to be applied even to industrial uses. Presently, synchro
radiation~SR! is the unique x-ray source that satisfies bo
brilliance and tunability; however, the high cost and lar
size of SR facilities create serious inconvenience in us
them.

To eliminate the inconvenience, we have been study
transition radiation~TR! as a compact x-ray source. Th
radiation is emitted when high-energy electrons pass thro
the interface between materials with different dielectric co
stants@1#. The photon energy of TR is nearlyg\vp , where
g is the Lorentz factor of the electrons andvp is the plasma
frequency of the materials. The radiation is collimated f
ward within an emission angle of about 1/g with respect to
the trajectory of the electrons. TR has potential as a com
x-ray source because the electron energy needed to em
rays by TR is far lower than that by SR. It is also an adva
tage of TR that its photon yield per electron is far larger th
that of SR@2#.

Transition radiation from only one interface, howeve
does not have sufficient monochromaticity, intensity, a
tunability for a future x-ray source. These characteristics
be improved by using a periodic interface structure, wh
creates a strong interference effect. For example, if x-
absorption in the target itself is neglected, the x-ray spect
shows a sharp peak whose bandwidth ofv/dv is about equal
to the periodicity number of the target,N. The interference
effect also gives us an easy tuning method. The peak en
varies with the emission angle because of the change in
terference conditions. The interfered TR was first descri
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by Ter-Mikaelyan@3# and is called resonant transition radi
tion ~RTR!.

To better understand the characteristics of RTR, ma
experiments have been performed by various groups. In m
of these experiments, however, the resonance effect was
well observed because the divergence of the electron be
was larger than the collimation angle of about 1/g. As a
result, the measured x-ray spectrum was a convolution of
spectra for various emission angles, and the angular de
dence of the RTR spectrum disappeared@2#. This is an ex-
tremely serious problem which has come up in experime
that use over-GeV electrons. Even in the few experiment
which the angular dependence of the x-ray spectra was m
sured, the spectra contained many peaks of higher harm
modes@4,5#. This problem originates from the difficulty in
manufacturing a stacked target with narrow vacuum sp
ings.

To overcome these problems and to confirm the gen
tion of single-mode RTR, we used medium-energy~15 MeV!
electrons and a multilayer target with a submicrometer
riod.

II. THEORETICAL APPROACH
TO THE SINGLE-MODE RTR

The differential photon yield of single-interface TR p
solid angle per electron is given by@6,7#

d2N0

dVdv
5

av sin2 u

16p2c2
~Z12Z2!2, ~1!

whereN0 is the number of photons emitted at angleu with
respect to the electron trajectory,v is the angular frequency
of the radiation, anda is the fine-structure constant.Z1 and
Z2 are the formation lengths of media 1 and 2:
:
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Zi>
4cb

v@g221~v i /v!21u2#
, ~2!

wherev i is the plasma frequency of the media. For a pe
odic stack ofN foils with thicknessl 1 and spacingl 2, the
differential yield is given by@8#

d2Np

dVdv
5

d2N0

dVdv
F1FN , ~3!

whereF1 represents theinner-foil resonance,

F1511exp~2m1l 1!22 exp~2m1l 1/2!cosS 2l 1

Z1
D , ~4!

andFN represents theinter-foil resonance,

FN5
11exp~2Ns!22 exp~2Ns/2!cos~2NX!

11exp~2s!22 exp~2s/2!cos~2X!
, ~5!

wheres5m1l 11m2l 2 ,X5 l 1 /Z11 l 2 /Z2 . m1 andm2 are the
x-ray-absorption coefficients of each medium.

From the equations forF1 and FN , we can derive the
resonance conditions of RTR:

l 1

Z1
5

2n21

2
p ~6!

and

X5
l 1

Z1
1

l 2

Z2
5mp, ~7!

wheren and m are integers. To obtain a single-peak x-r
spectrum, the resonance conditions should ben51 and m
51 at the x-ray energy nearg\vp . In other words,

l 1

Z1
5

l 2

Z2
5

p

2
. ~8!

This condition means that the photon energy of the fun
mental harmonic mode is aboutg\vp . The energies of
higher harmonic modes are a few or more times larger t
that of the fundamental harmonic mode; however, the yie
of the higher harmonic mode are far lower than that of
fundamental harmonic mode. This is because the yield
RTR at over an energy ofg\vp drops rapidly to very smal
values@6#. Thus, only the fundamental harmonic mode c
survive. As an example, the solid line in Fig. 1 shows t
calculated spectrum of the single-mode RTR. A large 2
keV peak appears at an emission angle of 34 mrad whe
stacked target consisting of ten pairs of 185-nm nickel
and 243-nm vacuum spacing is bombarded by 15-MeV e
trons. The second harmonic peak is as small as o
hundredth of the fundamental harmonic peak.

As mentioned above, to satisfy the single-mode conditi
the thicknesses of the foils and spacings must be of the o
of micrometers or less. In conventional targets consisting
thin foils and vacuum spacings, however, the spacings h
typically been more than a few tens of micrometers@8# be-
cause it is difficult to manufacture targets with submicrom
-
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ter vacuum spacings. When large spacings are used, the
ergy of the fundamental harmonic mode is in an ene
region far lower than that of x rays. Therefore, the ene
intervals of the higher harmonic modes become narrow,
many peaks appear in the x-ray region. As an example,
dotted line in Fig. 1 shows a calculated spectrum for suc
multimode RTR. Except for the spacing, the calculation co
ditions are the same as those used for calculating the sin
mode RTR spectrum. The spacing is 3.65mm, which is 15
times larger than that of the single-mode RTR. As a res
many peaks appear in the x-ray region from 1 to 5 keV. T
multimode effect is the reason why RTR spectra have
many peaks in the x-ray region even in experiments with fi
angular resolution.

III. EXPERIMENTAL SETUP

A. Multilayer target

The most important element in our experimental setup
the multilayer target. It consists of 176-nm-thick nickel~Ni!
radiator layers and 221-nm-thick carbon~C! spacer layers.
These layers were alternately deposited by RF magne
sputtering on a silicon-nitride~SiN! membrane. The structur
of the target is shown in Fig. 2. The standard deviations
the thicknesses of these layers were about 3.3%. We use
for the radiator material because of its high TR yield and
transparency for keV-region x rays. We used carbon

FIG. 1. Dependence of calculated RTR spectra on thicknes
spacings. The target consisted of ten foils of 185-nm-thick Ni.

FIG. 2. Ni/C multilayer target.
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PRA 59 3675OBSERVATION OF SOFT X RAYS OF SINGLE-MODE . . .
spacers because of its high x-ray transparency. The trans
ency data of these materials are given in Ref.@9#.

The thicknesses of these layers are such that the ta
bombarded by 15-MeV electrons should emit 2.2-keV ph
tons at an emission angle of 34 mrad. The target should
emit 2.93- and 3.77-keV photons at 25.5- and 17.0-m
emission angles, respectively. The second harmonic mo
whose yields should be about one-hundredth of that of
fundamental harmonic mode, are estimated to be 5.00, 6
and 8.09 keV for 34.0-, 25.5-, and 17.0-mrad observat
angles, respectively.

B. Apparatus

The experimental system is located at the NTT SR faci
@10#. The electron source is a LINAC@11#, which is usually
used as an injector for storage rings. A schematic of
system is shown in Fig. 3. The electron energy of the LINA
was 15 MeV, and its energy deviation was about 1% f
width at half maximum~FWHM!. The LINAC generated
beam pulses at 10-Hz repetition. The pulse width was ab
2 ns, and each pulse contained about 1 pC charge.
amount of the charge per pulse was determined so
pile-up effects should be reduced. The electron beam
focused by aQ triplet and guided to the target. The bea
parameters, such as the beam emittance, size, diverg
and incident angles, were measured by monitoring the lu
nescence emitted from the beam position monitors and
target holder. The measured phase-space map of the be
the target is shown in Fig. 4.

The electrons passing through the target were bent b
bending magnet~BM! and guided to a Faraday cup, whe
beam charge was measured. Since the electrons pass th
the membrane before reaching the Ni/C part of the target,
membrane has a negligible effect on the radiation. The R
passed through a 1-mmf collimating pinhole made of

FIG. 3. Experimental setup for RTR measurement.
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1-mm-thick aluminum and was detected by a Si-PIN dio
detector@12# with a 13-mm-thick beryllium ~Be! window.
The distance from the target to the pinhole was 1435 m
The detector was connected to a multichannel pulse-he
analyzer~MCA!. The detector was calibrated byK edge x
rays of Si and Ti, and its energy resolution was measure
be about 300-eV FWHM. To eliminate incorrect events d
to the pile-up effects and environmental noises, the dete
system was gated both by the pile-up signal from the pu
shaping circuit and by the trigger of the LINAC gun. Fo
measuring soft x rays and VUV, all of the equipment, exc
the magnets, was placed in a vacuum.

IV. ESTIMATION OF RTR SPECTRA

A. Degradation of measured RTR spectra

Prior to measuring RTR spectra, we have to consider h
the various factors of the experimental environment degr
the spectra. The most serious degradation is the broade
of the peak width caused by variations in the observat
angle. These variations originate mainly from divergence
the electron beams. The beam size at the target and the
erture of the collimating pinhole also cause angular va
tions. These variations cause the detector to see x rays
various emission angles with respect to the trajectories
each electron. The measured x-ray spectrum should there
be a convolution of the spectra for various emission ang
Considering this effect, the differential yield at a geometric
observation angle ofu0 is

FIG. 4. Phase space map of the electron beam at the target
map shows the contours at the standard deviations of the elec
distributions.
d2Np:ang

dVdv
5

1

2pduxduy
E

ux523dux

13dux E
uy5u023duy

u013duy
expF2H ~uy2u0!2

2duy
2

1
ux

2

2dux
2J Gd2Np~u→Aux

21uy
2!

dVdv
duydux , ~9!
o
nto

ctor
tor
wheredux andduy are the half-widths of the transverse a
gular variations in the horizontal and vertical directions,
spectively. For simplicity, we assume here that the elect
beams have Gaussian distributions in the (x,x8,y,y8) phase
space. The expressionu→Aux

21uy
2 means that variableu is
-
n

replaced byAux
21uy

2. Since the integration limits are set t
be63du, the 99.7% of electrons in the beams are taken i
account in these convolution processes.

We must also consider the x-ray absorption in the dete
window and how the wavelength resolution of the detec
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TABLE I. Results of fitting RTR spectra to Gaussian function.

u0 ~mrad!
17.0 25.5 34.0 25.5

~slant incidence!

Theoretical 102 S0 @photons/~sr el.!# 3.55160.051 6.52460.083 7.52360.120 7.92560.11
~ideal! e0 ~eV! 3768.062.8 2929.062.1 2185.462.4 2562.962.3

se ~eV! 168.262.8 142.162.1 128.962.4 139.962.3
correlation coeff. 0.9826 0.9870 0.9800 0.9842

Theoretical 102 S0 @photons/~sr el.!# 3.67360.025 6.49460.038 7.15660.035 7.74960.045
~degraded! e0 ~eV! 3663.063.1 2875.662.5 2173.762.0 2522.962.5

se ~eV! 387.563.1 375.062.5 346.362.0 363.762.5
correlation coeff. 0.9912 0.9939 0.9958 0.9939

Experimental 102 S0 @photons/~sr el.!# 3.69560.092 4.32260.106 3.98760.123 3.98660.114
e0 ~eV! 3531.5613.0 2853.4611.2 2128.8614.2 2459.9615.2
se ~eV! 455.2613.0 394.5611.2 396.6614.2 461.4615.2

correlation coeff. 0.9753 0.9752 0.9597 0.9630
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broadens the peak width. The detection efficiency does
have to be considered here because it is almost 100% fo
to 4-keV x rays. Considering these factors, the RTR sp
trum to be obtained in our experiments can be expresse

d2Np:exp

dVdv
5

1

A2psd
E

v850

`

expH 2
~v82v!2

2sd
2 J

3exp~2mdl d!
d2Np:ang

dVdv
dv8, ~10!

wheresd , md , and l d are the standard deviation of the d
tector’s wavelength resolution, the absorption coefficient
the window material, and the thickness of the window,
spectively.

B. Estimated spectra

Given the beam sizes and divergences shown in Fig
and considering the geometry of our measurement sys
the angular variations were calculated to bedux'5.9 mrad
andduy'3.0 mrad. The detector had 13-mm-thick Be, and
sd was about 130 eV. Using these values, we calculated
RTR spectra to be obtained in our experiments. For qua
tative analysis, we fitted the calculated spectra by
Levenberg-Marquardt method on a Gaussian function,

f ~S0 ,e0 ,se!5
S0

A2pse

expH ~e2e0!2

2se
J , ~11!

wheree, e0, andse are the variables representing the phot
energy, the peak energy, and the standard deviation of
peak widths, respectively.S0 is the total number of photon
in a peak. Note here that the FWHM bandwidth can be c
culated as 2.35se . The fitted results and the correlation c
efficients are listed in Table I.

Figures 5~a! and 5~b! show the calculated spectra atu0
517.0, 25.5, and 34.0 mrad. When the degradation is
considered, as shown in Fig. 5~a! and listed in the upper par
ot
2-

c-
as

f
-

4
m,

e
ti-
e
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of Table I, the spectra have narrow peaks with FWHM ban
widths of about 350 eV. Because of the x-ray absorption
the target itself, the FWHM values are a bit larger than t
without considering the absorption. We can also see the s
of the peak energy with respect to the change in the ob
vation angle. No peak of the second harmonic mode can
seen.

When the degradation is considered, as shown in Fig. 5~b!
and listed in the middle part of Table I, the FWHM ban
widths increase to about 880 eV and the peaks beco
lower. Even though the spectra are degraded, each pe
still able to be discriminated clearly. Our experimental app
ratus can therefore be used to observe the resonance effe
single-mode RTR.

We also calculated the effect of changing the incide
angle of the electron beams. The electrons with slant in
dence travel thicker layers than those with normal inciden

FIG. 5. Dependence of calculated RTR spectra on emiss
angle:~a! without degradation and~b! considering degradation.
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herefore, the resonance condition should change. The ca
lated RTR spectra for incident angles of 90°~normal! and
65° atu0525.5 mrad are shown in Fig. 6. They include t
effects of degradation. The spectrum peak for the slant i
dence is 350 eV lower than that for the normal inciden
Although the peaks overlap, the 350-eV peak shift is la
enough to discriminate them.

V. EXPERIMENTAL RESULTS

A. Dependence on observation angle

A target with ten pairs of Ni/C layers was bombard
normally by 15-MeV electrons, and the energy spectra of
resulting x rays were measured. The characteristics of
electron beams were the same as those described abov
measure the dependence of RTR spectra on the observ
angle, the photons from the target were measured at the
servation angle of 17, 25.5, and 34 mrad with respect to
beam trajectory. These angles ranged from 1/2g to 1/g. The
angles were selected by changing the vertical position of
collimating pinhole. The background spectra were also m
sured by using a target consisting of a 2-mm-thick Ni foil
and a 2-mm-thick carbon foil; their thicknesses were almo
the same as the sums of those in the Ni/C multilayer tar

Figure 7 shows an example of the raw spectra measure
the observation angle of 25.5 mrad. The spectrum of th

FIG. 6. Dependence of calculated RTR spectra on incident a
of electrons.

FIG. 7. An example of the raw data of the RTR spectrum m
surements.
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x

rays from the multilayer target had a large peak around
40th channel of the MCA, which represented nearly 3 ke
Its peak height was far larger than that of the backgrou
which consisted of the bremsstrahlung and a negligible le
of single-surface TR. The clear discrimination of the pe
from the background means the peak is merely the R
spectrum.

To analyze the measured spectra quantitatively, the
spectra were converted to the differential photon yields
solid angle per electron. The photon yields from t
multilayer target were subtracted the background yields
then were fitted on a Gaussian function as performed in
preceding section. The fitted results are listed in Table I,
the fitted curves are shown in Figs. 8~a!–8~c!. The spectra of
the theoretical estimations are also shown in these figu
The correlation coefficients in Table I, all of which are ov
0.95, and the fitted curves in Fig. 8 show that the fitting
reliable.

As shown in Fig. 8, each spectrum has a single peak
tween 2 and 4 keV, which corresponds to our expected

le

-

FIG. 8. Measured RTR spectra. The open circles and solid li
represent the experimental photon yields and their fitted Gaus
functions, respectively. The dotted lines represent the spectr
theoretical estimations. The error bars are not shown in these
ures because their sizes are almost the same as that of the sym
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ergy region. Apparent higher harmonic peaks cannot be s
The experimental results show that the peak energies de
on the observation angle. The shift of the peak energy ag
well with the theoretical estimations. The single-peak
spectra and the peak shift depending on the observa
angle in these experiments can be evidence of single-m
RTR.

The measured bandwidths, represented byse , are
5–17 % larger than those theoretically estimated. The e
broadening of the peak width mainly originates from t
variations in the layer thickness. Referring to Eq.~A13! in
the Appendix, the standard deviation of the phase erro
3.3% in our target reduces the peak height by about 92%
its ideal value. Assuming total yield is kept constant, t
effect leads to an extra broadening of the peak width of ab
8%, which, we think, agrees roughly with the measured ex
broadening. The broadening due to the pile-up effects d
not have to be considered here because all the events rel
to the pile-up have been rejected by a gating circuit.

The absolute yield, represented byS0, of the 17-mrad
experiment agrees exactly with the theoretical estimat
The exact agreement shows that no pile-up has occurre
this experiment. However, the ratio of the measured yield
the one theoretically estimated decreases as the observ
angle becomes larger. The decrease of the yields in the 2
and 34.0-mrad experiments is mainly due to the pile-up
fects. This assertion is supported by the fact that the ev
rate in these experiments should be about two times la
than that in the 17.0-mrad experiment. Serious pile-up ef
was confirmed by an additional experiment in which t
charge amount in a pulse was twice that in the normal c
dition. The spectrum observed in the additional experim
at the observation angle of 34.0-mrad is shown in Fig. 9. T
doubling event rate greatly reduces the measured yield. C
sidering the exact agreement in the 17-mrad experiments
serious pile-up effect in the other two experiments, we c
clude that the original yields in all of our experiments a
essentially very close to the theoretical estimations.

B. Dependence on incident angle

We also observed the spectrum at an incident angle of
by rotating the target stage at the observation angle of 2
mrad. The measured data were fitted in the same mann

FIG. 9. Dependence of measured RTR spectra on the ch
amount per beam pulse.
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the previous experiments. The fitted results are listed
Table I, and the fitted curves are shown in Fig. 8~d!. The
peak energy of the spectrum at slant incidence is lower t
that in normal incidence. The peak shift of about 390 eV
close to the theoretical estimation. The peak shifts depend
on the incident angle can also be evidence of single-m
RTR. The bandwidth of the spectrum for the 65° incidence
broader than that in the normal incidence. This peak bro
ening might be due to an intermittent blow-up of LINA
beam emittance which occurred only in this experiment.

VI. CONCLUSION

We have observed single-mode resonant transition ra
tion in the soft-x-ray region by using a multilayer target wi
a submicrometer period. The measured spectra had a
single peak at energies from 2 to 4 keV depending on
observation angle. The peak energy also depended on
incident angle of the electron beam. These experimenta
sults apparently show the resonance effect of single-m
RTR. The experimental results also agreed quantitativ
with the theoretical estimations involving the effect of spe
tral degradations. We thus conclude that these experime
results are evidence of single-mode RTR. To the best of
knowledge, these are the first experimental results confi
ing single-mode RTR.

Our success in observing single-mode RTR was due
the use of a Ni/C multilayer target with submicrometer p
riod and medium-energy electron beams. The multilayer
get was especially useful. Its effectiveness stems from
use of mature semiconductor technology to make unifo
layers less than a micrometer thick.
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APPENDIX A: EFFECT OF ERRORS IN THE LAYER
THICKNESS

We consider a multilayer structure consisting ofN pairs
of medium 1 with l 1 thickness and medium 2 withl 2, as
shown in Fig. 10. For simplicity, we assume here that
emission angle is small and the observation point is far fr
the target. Moreover, we assume that the absorption of
radiation in the target is negligible.

ge

FIG. 10. Schematic of the resonance effect of TR in a multila
target.
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Modifying Eq. ~A3! of Cherry @6#, the field amplitude of
RTR is expressed as follows:

E5E~1 !2E~2 !5E0(
k51

N

expH i (
p51

k

Dfp
~1 !J

2E0(
k51

N

expH i (
p51

k

Dfp
~2 !J , ~A1!

where E0 is the field amplitude from one interface, an
Dfp

(6) is the phase advance of the radiation passing thro
the pth layer pair. The superscripts1 and 2 represent ra-
diations generated at interfaces from medium 2 into 1
from medium 1 into 2, respectively.

In the case of single mode resonance, the phase fac
satisfy the following conditions:

Df1
~6 !5f0

~6 !12pd1
~6 ! , ~A2!

Dfp
~6 !52p~11dp

~6 !!, ~A3!

f0
~2 !2f0

~1 !5p, ~A4!

wheredp
(6) represents the fractional phase error in thepth

layer. Substituting these phase relations into Eq.~A1!, we
obtain

E~6 !5E0 exp~ ifo
~6 !!(

k51

N

expH 2p i S (
p51

k21

dp
~6 !1dk

~6 !D J .

~A5!

Since N is generally large, for most of all thek’s the
summation in the exponential term of this equation sho
statistically be smaller than or comparable to the stand
deviation ofd (6). For the simple treatment of this summ
tion, therefore, we assume

(
p51

k21

dp
~6 !1dk

~6 !>A2dk
~6 ! . ~A6!

We thus obtain the following simplified equation for the r
diation amplitude:

E~6 !>E0 exp~ ifo
~6 !!(

k51

N

exp$2A2p idk
~6 !%. ~A7!
.
L.

th
H

h

d

rs

d
rd

The power of radiation, which is proportional to the ph
ton number, is given by

P5kEE* 5kE0
2S (

k51

N

(
l 51

N

exp$2A2p i ~dk
~1 !2d l

~1 !!%

1 (
k51

N

(
l 51

N

exp$2A2p i ~dk
~1 !2d l

~2 !!%

1 (
k51

N

(
l 51

N

exp$2A2p i ~dk
~2 !2d l

~1 !!%

1 (
k51

N

(
l 51

N

exp$2A2p i ~dk
~2 !2d l

~2 !!% D , ~A8!

wherek is a constant and superscript* represents the con
jugate. Here we expand the exponential terms of Eq.~A8!
into the second-order polynominals and then simplify t
equation by using the following relations for statistical e
rors:

(
k51

N

(
l 51

N

dk
~6 !d l

~6 !> (
k51

N

dk
~6 !2 , ~A9!

(
k51

N

(
l 51

N

dk
~1 !d l

~2 !>0. ~A10!

We thus obtain the power of radiation as

P>4kE0
2FN222~2N21!p2H (

k51

N

dk
~1 !21 (

k51

N

dk
~2 !2J G .

~A11!

Dividing Eq. ~A11! by the power without phase errors an
rewriting the summations as

(
k51

N

dk
~6 !2>Nsd

~6 !2 , ~A12!

where sd
(6) is the standard deviation of phase errors,

obtain the ratio of the degraded radiation power to its id
value as follows:

P

Pideal
>12

2~2N21!

N
p2$sd

~1 !21sd
~2 !2%. ~A13!
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