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Abstract

In the work presented here the possibilities of using the
undulator radiation (UR) in the holographic microscopy zre con-
sidered. The absolute measurements of the spectral-angular den-
sity of UR and the experiments on observation of the UR spati-
al coherence have been performed aiming to the study of the
undulator real parameters.




The development of various techniques of X~-ray micros-
copy was stimulated with an advent of powerful sources of synch-
rotron radiation (SR). The most impressive results sre obtained
in the field of a contact microscopy /1/, and a scanning micro-
scopy /2/. The microscopy using the elements of the X-ray op-
tics: the Frenel zone plates /3,4/, the multi-layer interferen-
ce mirrors /5/ is in a good progress. In recent years there are
many discussions /6,7/ devoted to the X-ray holographic micro-
scopy whose possibility in principle already has been demonst-
rated /8,9,10,11/.

An important advantage of holographic microscopy is that
the holographic picture contrast (with selection of the optimum
reference light) does not depend directly on the sample cont-
rast; it can be highly contrast even for very weak absorption
and for a weak-phase shifting samples, as the central part of
the passed beam carries only a small fiaction of holographic
information (of the form of the object under study) and this
fraction can often be cancelled in detection. In addition, the
hologram enables one to detect also the longitudinal position
of the object components at the same time.

An analysis of the requirements to the sources of X-ray
radiation for various scheme of X-ray microscopy (including the
holographic one ) shows /6/ that the total number of the "ef-
fective" quanta from the source is determined only by the spec-
tral brightness of the source E“

=B, 0. 2 -

But the necessity of having the monochromatic radiation imposes
the limits on the possibilities to use the SR beams from the
bending magnets, since "as a rule" the monochromators "spoil"
the phase density of the beam of radiation quanta, as the mono-
chromator band pass AA,’A determines an angular spread
AG’VAX/“introduced into the quantum flux. Just this circum-
stance determines the fact that it is of principal importance
for the X-ray holography to use the super bright beams of X-ray
rediation from the undulators which do not need the preliminary
monochromatization.




Ag is well known /12,13,14,15,16/ the undulator radiation
(UR) has some properties new compared to the SR properties.

The radiation spectral brightness of the N-period undula-
tor is by Nsz times higher than that from the bending magnet.
In addition, the UR is a quasimonochromatic radiation with
AMA~1/N and a sharp angular distributionAGA"d()’m‘ These
properties enable one to get the high intensity without substaen-
tial deterioration of the UR beam monochromaticity only by se-
lection of the optimal diaphragm size without use of the mono-
chromator. The effective dimensions of the UR source are deter-
mined by the electron beam parameters in the storage ring.

One should also note that mainly to development of the
X-ray lithography, quite a large number of the X-ray resists
appeared recently ~ the films of various materials (mostly of
organic nature) whose etching rate depends on the X-ray radia-.
tion dose absorbed in the unit of the X-ray resist volume (the
typical value is ranging from 10m-‘I3 to 500¢L3)._The spatial
profile obtained on the ZX-ray re§¥st aftercgtching can be read
by an electron microscope. In the soft X-ray wavelength range
(A ~ 504100 K) the X-ray resists have an excellent spatial re-
solution (504200 X) and a sensitivity nearing to that of the
ideal detector sensitivity when the minimum detected dose cor-
responds to the absorption of 1£10 quanta per unit sell of the
resist volume whose linear dimensions are equal to the resist
spatial resolution.

The use of undulators as the sources of X-ray radiation
and X-ray resists as the detectors open up new possibilities
for the X-ray microholography studies. In the work presented
here the experimental study is carried out of the parameters of
the UR from the helical undulator, installed in the storage
ring VEPP-2M, which are reasoning its use in the holographic
schemes.

Without going into the detailes of theoretical analy-
sis of the UR characteristics performed in a number of papers
(see Refs. 12, 16), let us mention some characteristic UR spec~-
tral and angular propertiies. As it is known, the UR n-th harmo-
nic from the individual electron (ooserved at an engle 0 with

respect to the helical undulator axis) has its waveleng:h Ah

ki

and the spectral width &J/ﬂLdetermined by the following relati-
ons:
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where J=E;/hk0 is the electron relativistic factor,
k = 0.0934- ho(cm)'Ho (kG) - deflection parameter, /\0 - is
the helical undulator magnetic period length, FL- is the mag-

netic field amplitude, N - is the total number of magnetic pe-
riods.

For further considerations of the possibilities of the un-
dulator radiation usage in holography let us take a certain
example scheme of the Gaborin line axial holography ((an exem-
ple of the small angular X~-ray holography using the SR beam ig
congidered in Ref. 18). The scheme for getting the axial X-ray
holographic picture is shown in Fig. 1. The main rélations for
the regsolution capability of this holographic scheme are the
following: (P >> (2/)

a) transverse resolution Cg determined by the radiation

source transverse dimensions ax’é;

élz-%;é 8=max[ &y, 8] (3)

b) transverse resolution determined by the screen-detec-
tor capability resolution é&

S, = & (4)

¢) transverse resolution determined by the monochromati-
city of radiation Ah//):

&zgf\/ﬂ-‘—‘;\—;‘ (5)

d) longitudinal resolution determined by the radiation
monochromaticity A/\/A H

" Iy
S~ 4= 4

The organic X-ray resist is used in the scheme as a
screen-detector with high resolution. In this case, the holo-

(6)




graphic picture exposure time % with the source spectral bright-
ness BA and monochromaticity AA//' given ig determined by the
following relatlons'

9.9
tzF'TAT-i;." —%’ﬁf M B—%fr—)' (7

where d is a volume dose (J/cm3),
sorption coefficient (cm™ '), §

is the resist linear ab-
is the hologram ares.

Let us get the numericael value for using the undulator as
a radiation source installed in the straight section of the
storage ring VEFP-2M /17/. This is a helical undulator with a
magnetic period length Ao‘ 2.4 cm and the total number of pe-
riods N = 10. The magnetic field maximum amplitude on the undu-
lator axis is Ho = 1.3 kG. Taking into account the electron beam
parameters in the place of the undulator location in the stora-
ge ring VEPP-2M at an electron energy E, = O. 67 GeV: a | =
= 0,82 mrad, = 0.22 mrad, 3 = 0, 035 cm, = 0. 00067 cm
(small coupling SB Jg,,g,/g‘,ax <<1), the undulator spectral
brightness BA with the field H = 1.3 kG on the UR 1-st harmo-
nic A‘— 79 A with a current of 50 mA has the following value
By = 7.710°——HA
' cm®estrad. 4A/4
kh/)) = 0.20. On the other hand, the estimates of the source
brlghtness required for X-ray hologram with resolution of
~ 500 A and an exposure time of one second give BA ;3107

-zr———JL——————— .. This evaluation performed does not take into
cm®-strad. aA/A
account the additional radiation loss in the sample, substrate,

etc. The comparison of this value with those obtained with using
in the X-ray holography the SR beams from bending magnets of the
storage ring /18/ (taking into account the necessary monochroma~
ticity) emphasizes even more the advantages of the UR usage for
solution of such problems,

with the total UR spectral width

It is also worth noting the principle possibility to get
the A—rdy holographic pictures with a spat1al resolution of
~ 50 /4 using the UR wave length of ~~ 50 A..lefractlonal diffu-
sion and the photoelectron free path in the available X-ray re-
sisis put Lhe limits on getting higher spatial resolution valu-

es ( < 50 A) /19/.

The absolute measurements of the UR parameters from

the helical undulator installed in the storage ring VEPP-2M we-

re carried out at an electron energy E

within
litude
to the
was to

= 0.39 GeV and 0.51 GeV

the wavelength range 100%#300 A. The magnetic field amp-
on the undulator axis was 1.0 ¢ 1.1 kG. This corresponds
values K = 0.22440.247. The main goal of these studies
check up the correspondence of the UR characteristics to

the requirements of X-ray holography.

The absolute measurements of the UR spectral angular cha-

racteristics have been performed with the grazing incidence mo-
nochromator (see Fig. 2) with a gold coated spherical grating
G with a redius of 2 m, p = 600 g/mm.

-~
[ oz

Pig. 1. Axial hologram registration scheme

P is a distance between radiation source(E)
and the screen (R), is a distance between
the object (0) and the screen (R)

£ 4 e
pom W

Fig. 2. Scheme of absolute measurements
of the UR spectral-angular
characteristics



The diffraction angle 0,&;::: >° has been selected by the

reasons that at a smaller diffraction angle the scattered back-
ground increases and at larger an
reflection coefficient is substan
order,

gle the diffraction grating
tially decreased in the first

The monochromator calibration over t
been performed on the Al Lgﬁ
the -aluminium foil ~ 10004 th
with the channeltron (C) VEU-

he wavelengths has
absorption edge by introducing
ick. The radiation was detected
6 with the CsI(P) photocathode.

The monochromator can be operated without the entrance
slit because of the small dimensions of the radiation source
3)( *é, = 0.25 x 0.081 mm (full coupling £~4). The collimators
S132 and S586 are necessary for suppressing the background cau-
sed by radiation from the ends of bending magnets.

As spectral
measurements have shown,

the radiation intensity from the ben-

o
ding magnets within the wavelength range 100 + 300 A
excess 5% of the UR intensity at £ = 0.

is not in

The observation angular aperture 0.036 mrad was determi-
ned by the entrance diaphragm (SBS

4) 0.2 x 0.2 mm and a distan~
ce to the source of 555 cm.

An effective angular dimension of
the observation ares for the first harmonic wag estimated by
€4.(2) ., thus, at B = 0.51 GeV, 46) = 0.32 mrad and at

Eg= 0.39 GeV, 49»1 = 0.41 mred. As it is seen,
ture after diaphragm is ten times smaller than
of the first harmonic.

an angular aper-
an angular size

The small size of the diaphragm enabled
studying directly the UR spectral-angular density.

The electron beam angular spread for VEPP-2i are é&l=
= 0.628 mragd, ay«= 0.167 mrad at an energy Eg= 0.51 GeV. The
cazlculated curve for the UR spectral-angular density (taking
into account the electron angular spread and t

he bveam transver-
se dimensions) is drewn in Fig. 3. The UR 1-st harmcnic wave
<

length is Az 132.9 £, the spectral width is (AA/A)= 0.144,

. ) . . .. . 4n'1 phot

an absolute speciral-angular density is 9.3-1p m
chai is by 1.43 times higher compared to that observed (Fig.4),
which is 6.5.10'7,

o

6 | k-0237
Y= 908
6= Omrad

-
T
BRIGHTNESS  (x io'phato»-/m -mé mrod® 1%bw)

® u a6
T
—

BRIGHTNESS {410 Bhotons/sec mAmred (%)

- i \\\\‘ i .
s 1 - 100 150 200

. WAVELENGTH (1)
s0 100 50 200
WAVELENGTH (i)

Fig. 3. Calculated UR spectrum Tig. 4. Observed UR spectrum
E. = 0.51 GeV ( (y= 998), E, = 0.51 GeV ( )’= 998),
k =0.237, B=0 k = 0.237, f=0

The SR from the bending magnet of the storage ring VEPP-2M at
Eg= 0.51 GeV has 3.1-1010 at the same wavelength. This is by 21
times lower than that observed UR. As seen from the measurea'
spectrum, the UR second harmonic is not observed. This féct is
connected with the small reflection coefficient of the dlffr?c-
tion grating in the corresponding wavelength range. In addition,
in this case, the spectral-angular density of the UR 2-nd harmo-
nic is 50 times lower than that for the 1-st harmonic. For si-
multaneous observation of the 1~st and 2-nd UR harmonics the
measurements have been carried out of an electron energy Ee=

= 0.39 GeV. In this case, the wavelengths for the UR both har-
monics are in spectral window of the used monochromator:

1004300 4.

The UR spectra were obtained at Eg= 0.39 GeV ( ) = 763)
k = 0.224, for ]9 = 0, 0.15, 0.25, 0.35 (Fig. 5). The.sl?ect-
ra are not normalized over the grating reflection coefficient,
therefore the harmonic ratio on the spectrum is not correct.
Fig. 6 shows the wavelength for both UR harmonics as a functi-
on of the observation angle 0 .« The electron angular spread
and the UR spectral width(h)/)L=1/Whlead to the displacement
of the wavelength for the first and second UR harmonics compa-
red to that given by relation (2) and also lead to the viola-
tion of the dependence on 6 in the region of the observation

9



small angles ( < 8)‘-,%,). The difference

between the observed and calculated angu-
w-0224 lar dependencies caused by an inasccuracy
i in angular calibration of 9 values. The
Same reason causes the difference in the
UR spectral-angular density dependency on
S the observation angle values. The curves
/% obtained are normalized over the calcula~
ted value at 9 = 0.
o ]

The UR spectral~angular characte—
#7-023 ristic measurements do not supply the di-

/\/\ rect information on the effective trans-

verse size of radiation source which is

important in setting up the holographic
eXxperiments. According to the electron

INTENSITY (ARBITRARY SCALE)

8y=035

00 130 200 230 300
WAVELENGTH (£}

Fig. 5. Observed UR spectra E, = 0,39 GevV ( X= 763), k = 0.2,

X@: 0, 0.15, 0.25, 0.35 or @= 0, 0.20, 0.33, 0.46 Mrad

beam size in the storage ring VEPP-2M the helical undulator ra—
diation should have sufficiently high level of spatial coheren-

ce. For an electron energy E = 0.51 GeV at the transverse di-

mensions of the electron beam dx= 2.36-8X = 0.059 cm, d =
= 2.36’8,, = 0.019 cm the coherence region size at a distance
from the source P = 520 cm are the following C,,:/),P/a:f 110 Ym,
¢, =/)1P/(4= 360um at the wavelength of UR /)4=130 A. The ex-
periments on the real spatial coherence observation of the
VEPP=2M undulator radiation have been performed by studying
the interference pictures from two small ( »~ 6Mm) holes in
2/um thick Si-membrane coated with 0.3/um Au and increasing
the difference between the holeg until disappearance of the ip-
terference bands. The optical scheme of the experiments is gi-
ven in Fig. 8. The negative X-ray resgist ELN-200 (D A 10 J/cm3,
/M~1050m_1) (0.2/4,4m thick film is put on the silicon substra-

te) is used as the detector-screen. ts exposure time, accor-

ding to the spectral-angular measurements described above, ig
estimated as Iet 2210 A-s. Fig. 9 shows the interference pictu-
res for some distances between the holes in the study of beth

i0
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~2nd order
7 \‘\\
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25 | - 5
2nd order
'° 5o 02 03 04 ‘dﬁ Q6 0 Ol 02 03 04 05 06
6 (mrod) 8 (mrod)
i lar dependence of
ependence Pig. 7. Angu °
g%g%hg.Uﬁnﬁizi‘eggghs on 1-st the UR spectral-angular den

= - ities of the 1-st (n=1) and
(p:;) and 2-nd (n=2) harmo gind tnos) harmonic? e pes:
B i ;s =~-=- oObserved curve (s e2);
_— curve (see Fig.5); o 2
ggggi‘i’z%educurve ( x = e cg.%culated Zug\.fggé). Xax'
= 0.366, xa,,= 0.098). = 0.366, ,8,.

i i heme
ig. 8. he spatial coherence reglstrat19n sc! _
glg d8 - Eransgerse dimensions of the radlatlgr} fgn—

uPee &) (d_= 0.059 cm, d_= 0.019 cm), p - & 1s(s)
ce between ¥he source (E)Yand absorption screen 113
(p=520 cm); h,d, - a distance between holes and ei

5 ~ a distan-
iameters in thg screen (S) (d z@am), <1
g;agletween the screen (S) and &etector—s\,reen (R)

(g=31 cm)

the verticul (a) and horizontal (b) spatial coherence.

sccording to ine estimates obtained, the UR satislies the
requirements for its use in the X-ray holographic microscop, .
The absolu:e measurements of the UR characteris.ics from
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h= 15um

200 uim

%

Fig. 9. Interference i i
obs Doiwien Tis'imuas ﬁig&:ies obtained for different distan-

Sod.Dorizontal (b) UR spatial coherence Typisa) oo bt
B AL

~20A*s, where I-storage ringaiuﬁgggifnc?. TTPLIAL skpowure

the ?elical undulator installed in the storage ring VEPP-
are in a good agreement with the ca
UR spectral-

2N

lculation estimates of the
angular density which took into account the elect-
ron beam parameters in the storage ring.

the UR demonstrate that the use of UR is
X-ray holography, and show that the estimates of the spatial
coherence area are correct. In conclusion .
acknowledge Dr. P.M.Ivanov for the hel :
measurements and Dr. V.V.Chesnokov'
of the Si-membranes and the X-
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