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Intensity interferometry for the study of x-ray coherence
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Intensity interferometry has been performed for the study of x-ray coherence. A high-resolution monochro-
mator atE=14.41 keV was developed for enhancing the interference signal. Transverse coherence profiles of
undulator radiation were evaluated from measurements of mode numbers. The obtained coherence length in
vertical, which is perpendicular to the scattering plane of the monochromator, was proportional to the distance
from the light source, as is expected from the Van Cittert—Zernike theorem. Vertical emittances of the storage
ring were determined from the measured coherence lengths. Degradation of transverse coherence with phase
object was measured and analyzed based on the propagation law of mutual intensity.
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[. INTRODUCTION gion, several interferometric methods have been proposed
and performed for the study of transvefd&—-23 and lon-

In the past decade, several important applications of cogitudinal[24—-26 coherences. However, the applicable fields
herent x rays have been developed. X-ray correlation spediave been still restricted. First reason is the limitations on
troscopy [1-3] reveals dynamics of opaque samples.available optical elements so as not to bring unwanted dis-
Propagation-based imaging techniquéds-7] enable to re- turbance of x-ray wave field. Second is the requirement of
trieve refractive phases of weakly absorbing materials with @xtremely high stability of the whole optical syste(typi-
simple optical system. Coherent diffraction metH@3-11]  cally within subangstrom path differenceuring a measure-
would be used for a three-dimensional reconstruction of nonment time in order to avoid temporal smearing of the
crystalline objects with an atomic resolution. Diffraction- jnterferogramt
limited nanofocused x rays, achieved under coherent illumi- Intensity interferometry, which was first developed by
nation [12], will be a powerful probe for microscopic Hanbury Brown and TwisE27], can avoid above difficulties.

researches. Intensity interference is recorded as correlatiomincidence

These develorp])ments are based ofr\]the progress of the thigg photoelectric signals from independent detectors. Thus
generation synchrotron sources, such as EBR&nce, APS one does not require special optics for interfering optical

(United Statels and SPring-8(Japan; time-averaged bril- 0 golgs. Long term stability is also unnecessary, because

liance has been increased by several orders of magnitude . .. -
Y 9 Ime constant for measuring correlation is very short, possi-

with the use of undulator installed in a low-emittance storag%I less than a nanosecond. Another distinct point of the
ring. Furthermore, x-ray free-electron las€¥-ELs), com- y S : . b .
method from the conventional amplitude interferometry is to

bined with long undulators and low-emittance linacs, are be h d-ord h h f diati
ing developed as the fourth generation synchrotron source iﬂu?[asure the second-order coherence that reflects radiation
nature.

order to improve peak brilliance by several orders of magni-
tude[13-15. All present x-ray sources, from x-ray tubes to synchro-
Characterization of coherence properties is a crucial issuons, are categorized into chaotic sources from the view-
for all applications of coherent x rays. In particular, coher-POint of the second-order coherence. In this case, intensity
ence propagation through various x-ray optiedlective, re- mterferencg is obseryed as enhancemgrmf probab|lllty of _
fractive, and diffractive should be much investigated both photoelectric correla’gon, and can be simply assouatgd with
from theoretical and experimental aspects. Another importarif’® modulus of the first-order coherence functjas]. His-
purpose of the study of x-ray coherence is to give feedbacf@”‘?a"y’ an application pf _|ntenS|ty_mterferometry to diag-
to the accelerator physics. When synchrotron radiation i€0SiS Of synchrotron radiation was first proposed by Shuryak
used as a probe for diagnosing the electron beam, the resk?9] Quantitative evaluation for the third generation syn-
lution is fundamentally limited by the wave nature of radia- Chrotron sources was made by Ikonf80]. Experimental
tion. For ultimate high-resolution diagnosis, therefore, it isOPServation for synchrotron radiation was made by Kun-

desirable to use x rays asparticlelike probe, rather than to Imune etal. [31] and Gluskin etal. [32] for x rays,
use visible light or soft x rays. Takayamaet al. [33,34 for soft x rays, and Tanabet al.

Coherence is measured by interferometry. In the x-ray rel35] for visible light.

*Electronic address: yabashi@spring8.or.jp IRecent studies show that stability problem can be relieved by the
TAlso at SPring-8/JASRI, Mikazuki, Hyogo 679-5198, Japan. use of intensity correlation techniqsee Ref[64]).
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We have recently developed a system of x-ray intensityplace a slit and a beam splitter in front of the detectors, the
interferometry for the quantitative study of x-ray coherenceprobability of coincidence count for the single pulfgg, is
[36—38. Two issues had to be addressed. One was to matafiven by
the longitudinal coherence length to the pulse width by the
use of high-resolution monochromator in order to get a con- NATE
siderable enhancement of the correlation. Because typical AB:WJ f f f Fs(X)Fs(X)Fr(ty)Fe(tz)
pulse width in the third generation synchrotron sources is
10-100 ps, we needed to develop a monochromator with X T (2dx, dx,dt,dt,, (6)
sub-meV bandwidtf36]. The other was high brilliance of
light source required for improving a signal-to-noise ratiowhere s, and g are the quantum efficiencies, the central
(SNR) within a reasonable measurement time. The brightesfrequency of radiationF g the aperture function of the slit,
x-ray source at present, the 27 m undulator of SPrifi@%,  andF the pulse envelop function. Now we assume that the
was employed at the early stage of our study. These expergiit aperture is a rectangular shape with widths of
mental apparatuses, presented in Sec. Ill, have been eny,(horizontal)x wy(vertical), and the field intensity is ho-
ployed to measure transverse coherence profiles, as showngibgeneous within the aperture. We also assume the pulse
Sec. IV. The method has been applied to the diagnosis of thénvelop functionF+ and the modulus of the all first-order
||ght source, as written in Sec. V. A short Undulator, |nsteadcoherence functionstwo transverse and one |0ng|tud|)']a|

of the 27 m devise, was used as a light source for direchre in Gaussian distributions. Then E6) is written as
measurement of emittance of storage ring. In Sec. VI, we

investigate coherence degradation by stationary phase ob- 7

jects. The experimental results were analyzed by the propa-

gation law of mutual intensity with stationary transmittancewhereP, andPg are the probabilities of photoelectric count

amplitude functions. for each detectoM, andM, the transverse mode numbers,
and M, the temporal mode number given [&8,41]

Miz[% erf(%)_% 1_exp( _g) ]—1

Pag= PAPB[1+(MxMyMt)71]r

II. PRINCIPLE

The first-order coherence functioR{} represents the
space-time correlation in complex amplitudes of optical
fields at two points as

(i=xy), ()
T =(E* (x,t1)E(Xo,t2)), (1)
and
where (---) means the ensemble average. Under the
crossspectral purity conditiof28], the function can be fac- s?
torized into spatial and temporal parts, M= 1+ ?- ©)
t

)

wherel is the transverse coherence functitime mutual in-

(1)_ } :
T2 =304 v(tta), In above equations, ex] is the error functiongy and oy

are the transverse coherence lendthgms), s; is the pulse

tensity) andy is the normalized longitudinal coherence func-
tion [i.e., y(t;;t;)=1]. The complex coherence factor
un(X1;X,) is given by the normalization of the mutual inten-
sity as

J(X1:%2)

)

) e )

The second-order coherence functibkf) relates to the
intensity correlation as

(4)

whereE; meansE(x;,t;) (i=1,2). For polarized, chaotic ra-
diation, I'{2) is written as

I'9=(111,)=(EfE5 E,Ey),

I @=1.)(1)+|TH2 (5)

width in full width at half maximum(FWHM), and o is the
longitudinal coherence time given by

4h1In2

TAE 10

o=

whereAE is the energy bandwidth in FWHM of the incident
beam[38].

Next we consider to accumulate the coincidence count
during a timeT for repeated pulses with a rate &f We
introduce the enhanced ratio of normalized coincidefte,
as

R PaPs 1T CaCo

1, (12)

whereC,z=Pag fT is the total coincidence count, ai@
=P, fT andCg=PgfT are the total counts by each detec-
tors. Then Eq(7) is simply represented as

We consider to measure photoelectric coincidence count

between two independent detectors for pulsed light. If we

R=1/(M,M/M),). (12)
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FIG. 1. Top view of the experimental setup. Undulator radiatiaE(E=10"2) is monochromatized with the double-crystal monochro-
mator (DCM) using cryogenically cooled Sil11) [40] in AE/E~10 4, and with the high-resolution monochromai®tRM) in AE/E
~10 8. The slit placed after the HRM adjusts beam size to the two avalanche photo¢idels). The distances from the center of the
undulator to the components for two beam lines are indicated below the figure, while those to theagjpear in the text.

Equation(12) connects the coincidence enhancem@rib  bounced asymmetric reflections. From the analysis on the

the total mode numbevl =M, MM, ; Rtends to zero for the DuMond diagram, the bandwidthE at a photon energy of

multimode limit (M — ), while R increases to unity for the E is approximately given by

single-mode limit M —1). This phenomenon known as the

photonbunchingeffect is a characteristic nature of chaotic AE/E=Pb"%wscot g, (15

radiation. Practically, one has to kekpsmall to observe the ) _ o

effect. In particular, Eqs(9) and (10) imply that we need to Where 6g is the Bragg angleP is the polarization factor

have monochromatic beam with sub-meV bandwidth in orgiven by 1 (cos®g) for o () polarization, b=sin(6s

der to achieve smal, for pulsed light withs,~ 10 ps. —a)lsin(6g+ «) is the asymmetric factor for the first and
The finite counting time introduces a statistical eradR ~ second crystals (fb/for the third and fourth crystalsandws

in the measurement & The SNR in the multimode limitis IS a total reflection width for symmetric geometry. We chose

given by Si (11 5 3 reflections with asymmetric angles ok
=78.4°, which correspond t@z=80.4°, b=1/10.4, and
R _ffT ws=1.8 urad atE=14.41 keV @A =0.086 03 nm). Then Eq.
AR 97 \/; (13)  (15) gives a theoretical resolution afE=100 ueV. Experi-
mentally, the bandwidth has been determined toAde
where 7= (7a75) Y2 is the geometric mean of the efficien- =120+ 15 peV from the measurement with nuclear forward

e, The d ter of the souBceis given b scattering of°’Fe [36].
cies. The degeneracy parameter ot the Sowgels given by A crucial issue is to assure preservation of transverse co-

[42] herence through the HRM, while the asymmetric reflections
s g change the transverse coherence in the scattering plane. Be-
— Bph (14 ~ cause our interest is to measure vertical coherence rather

S 4c’ than horizontal one, the HRM crystals were aligned so as to

give horizontal reflectionghorizontal scattering plane$

wherel:%IO is the peak brilliance and the central wavelength. =0.94), which makes the vertical direction normal to the
Equation(13) shows that high degeneraciye., high peak scattering plane. As a result, we can preserve vertical coher-
brilliance) is required for achieving good SNR in a reason-ence even after the asymmetric reflections. The geometry
able measurement time. also avoided limiting the spatial and angular acceptances in
vertical direction.

A quadrant slit was placed after the HRM in order to
change transverse mode numbers on detectors. As detectors,

Experiments were performed at the 27 m undulator beantwo avalanche photodiodg#®\PDs) [45] were arranged in
line (19LXU) [43] and the 1 km beam lin€29XU) [44] of  tandem just after the last slit. The use of semitransparent
SPring-8. During the measurement, the storage ring has be&PDs enabled to remove a beam splitting optic, which can
operated in the same filling patteri®37 MHz with a mini-  decrease the efficiency. The inclination angles of the diodes
mum bunch separation of 23.6 ns. The peak brilliance ato the beam axis were independently adjusted in order to

BL19LXU is [:,pw 107 photons/s/mfimrad in 0.1% band- increase detector efficiencies and to valance the counting

width, which corresponds to a degeneracydgf 10 1 at A rates between them. The mean efficiengyincluding the

~0.1 nm. HRM and detectopswas found to be around a few percent at
The experimental setup is shown in Fig. 1. A high- E=14.41 keV.

resolution monochromatdiHRM) is the key optics in order As shown in the previous sections, the raRocan be

to raise the enhancemeRt We found that extremely narrow determined by the total counting numbeZsg, C,, Cg,

bandwidth can be realized by the combination of four-and the pulse numbdiT, if pulse heights are uniform and

I1l. EXPERIMENT
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FIG. 2. Schematic of the coincidence circuit. The E/O, O/E | | |
converters, and the optical fiber produce a delay equal to the revo- 00 100 200 300 400
lution period of the storage ring (4.79s). Cg is the true coinci- Vertical slit width, w, (um)
dence countCy is the accidental coincidence count used for the
normalization ofCs. FIG. 3. Rmeasured as a function of vertical slit widtl . The

slit position from the source is=66.7 m(a) and 78.2 m(b). Hori-
unchanged. In a storage ring, however, beam currents of eachntal beamwidths are fixed at 30m by the slit atL=66.7 m for
bunch are unequal, and independently decay as a function bbth cases. The solid lines are the fitted curves based on(&gs.
time. In this case, it is impossible to determiReonly from and(12). The insets show vertical intensity profiles measured with
the above parameters. To obt&nwe used a normalization scanning the slifvertical slit width of 10um, central position of
technique presented in R¢B1]. As seen in Fig. 2, the elec- dy)-
tric signal from each detector is split into two channels. One _ _
is to measuretrue coincidence countCs=C,g, and the Which states the coherence length is proportional to the
other is to measuraccidentalcoincidence countCy. The  distance from the light source. From Eq.(17) with our
latter is the coincidence between signals with the separatioR@rameters, we determine the rms source sjze be 13.8
of a revolution period of the storage ring. Thus this does not- 0.4 um. Note thats, directly represents the electron beam

reflect any coherence informatioR.is finally given by size(i.e., not the convoluted size of electron beam and pho-
ton beam in our case, where angular divergence of electron
R=Cg/Cy—1, (16)  beam is sufficiently smaller than that of photon beat@.

Next we performed similar measurements as a function of
with an assumption that change of intensity in the revolutiorhorizontal slit widthw, at different slit locationd. =66.7
period is neglected. The electrical delay circuit used in theand 78.2 m. The vertical beam sizes were limited tous0
early stage has been replaced later by the optical delay syby the upstream slitl(=66.7 m). As shown in Figs. (d)
tem in Fig. 2 in order to decrease the dead time in the delagnd 4b), we observed a significant difference between the

circuit. coherence profiles at two conditions. First, the strong sup-
pression of the peak enhancement26%) for the far-
IV. MEASUREMENT OF TRANSVERSE COHERENCE distance conditior{b) was obtained. Secon® in Fig. 4(b)

] ) ~had an almost flat response with respectwg; the field
The experimental apparatuses presented in the precedifgcomes nearly coherent in horizontal. We also observed sig-

section have been employed for the study of transverse CQyificant change of intensity profiles, as shown in the insets of
herence at BL19LXU; the coincidence enhancem&ntere  rig 4,

measured as a function of slit width Bt=14.41 keV. First Below we discuss origins for these unexpected phenom-

we present dependencies Rfon the vertical slit widthsvy,  ena. The suppression of the peak enhancement means an
in Fig. 3. The measurements were done at two different slifycrease of the longitudinal mode numbds (note that the
positionsL =66.7 and 78.2 m. The horizontal beam size wasyransverse mode numbht, is kept same for both cases with
restricted to 3Qum by the upstream slitl(=66.7 m) for  the ypstream slit As expressed in Eq9), there are two
both cases. The total measurement time was 140 min fQiossiple reasons for the increaseMf: a decrease of the
each condition. The coincidence profiles are well fitted bylongitudinal coherence time, or an increase of the pulse
Egs.(8) and(12) with two parameters: the coherence lengthyyigth s,. The former possibility can be easily checked by
oy and the scale factoM,M;. The obtained coherence easuring energy resolutiohE, becauser, is represented
lengths areo,=66.3+2.0 and 77.52.0 um for L=66.7 ging AE as in Eq.(10). After the measurement, we found
and 78.2 m, respectively. This result is consistent with thex £ 4t two conditions are same within our experimental ac-

Van Cittert—Zernike theorerf2g], curacy; oy is unchanged. The result indicates that the pulse
AL width s, is elongated at the far-field condition.
o=, (17) We consider that the elongation originates from the asym-
2ms metric reflections in the HRM. The configuration of the
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~ 03l F—s 160‘_ FIG. 6. Betatron functions for the 27 m undulatdashed ling
02k &y ] and for the 4.5 m undulatdsolid line).
Of-fss 8 5 o ] o . . .
L ¢ 3 cide with the estimated value from the horizontal source size
O™ T0""20 30 2030 60 (oy~3 um), nor with that from the angular acceptance of
Horizontal slit width, w, (um) the HRM (o~5 um). A theory that treats coupling of

. . o transverse and longitudinal coherences in the dynamical dif-
FIG. 4. R measured as a function of horizontal slit widty.  fraction[49] may help a more rigorous understanding of the
The slit position from the source Is=66.7 m(a) and 78.2 mb).  phenomena. This kind of theory will be important especially

Vertical beam widths are fixed at 50m by the slit atL=66.7 m  for considering crystal optics that handles ultrafast x-ray
for both cases. The solid lines are the fitted curves. The insets Sho]ﬁ’ulses from XFELs.

horizontal intensity profiles measured with scanning the(kbri-
zontal slit width of 10um).
V. DETERMINATION OF SOURCE EMITTANCE
HRM produces a strong filt of pulse envelop with respectto  |n the preceding section, we have determined vertical
the propagation axis in the scattering pld6,20,25,4T as  source sizes,. Now it is possible to evaluate the vertical

schematically shown in Fig.(6). A simple geometrical con-  emittancee, of the storage ring using a value of the betatron
sideration gives the tilt anglg just after the exit of the HRM  fynction B, as

as[20,48
€,=S,/By. (19
tany =2 tanfg(1l/b+1)(1/b—1). (18
The relationship, however, cannot be directly applied to our
The temporal shifts, along the beam widtt®, is given by  case, because the betatron function has a large variation
(6xtany)/c. Now we takey=89.954° from our geometry along the long undulator, as shown in Fig[®] (i.e., the
and 6,~60 um from the inset of Fig. @). Then, is esti-  sizes,=13.8 um is only the average value along the undu-
mated to be~250 ps, which is much larger than the original lator). A numerical simulation would be a possible choice for
width s,~30 ps[38]. After the free-space propagation of a further analysis. However, a more direct approach is to mea-
distancel, the envelop becomes laterally broadened due taure with a shortef4.5 m) undulator that has a more uniform
the angular divergencas,=b 2w =6.5 urad), as in Fig. betatron function, as seen in Fig. 6.
5(c). Finally, the pulse width can approximate &pfor large The experiment was done at BL29XU that is equipped
[. We note that since the tilt of the pulse envelop diminisheswith the 4.5 m undulator. Figure(@ showsR measured as a
the instantaneous lateral size as shown in Fig),5it is  function of w, at L=53.3 m. The measurement time for
reasonable that the field becomes transversely coherent at thach point was same as before. Although the statistical errors
far field, as found in Fig. db). increased due to the lack of brilliance, they are still small
Although this naive model qualitatively explains the phe-enough for quantitative analysis. From the fitting, the coher-
nomena, there are still quantitative discrepancies from thence length was determined to hbg=124.3+6.9 um,
experiment. For example, the expected pulse wigth200  which corresponds to the source sizesyf5.9+0.3 um.
ps is almost twice as that experimentally given in Fig)4  The vertical emittance was determined to le=6.0
In addition, the obtained horizontal coherence length at the- 0.7 pmrad from Eq(19) with the mean value of the beta-
near locationg,=10.7 um [from Fig. 4@)], does not coin- tron function,=5.77 m. Since the horizontal emittance at
the experiment is evaluated to lke=6 nmrad, the emit-

(@) (b) tance couplingc<=€,/€, is as small as 0.10%. It should be

©
5t propagated 5t roll s emphasized that our results shawgtantaneouwalues, be-
8"1 direction 5 '% ° SN cause the effective time resolution is less than a nanosecond.
X N -~
E» " \_|

Therefore it is natural that the values are smaller than that

~ measured with visible Young's slit, where the resolving time
is of the order of a milliseconfb1].
FIG. 5. Schematic view of pulse envelop before HR&)\ just Recently, low horizontal emittance operatione, (
after HRM (b), and after HRM with free-space propagati@. =3 nmrad) has been achieved at SPrin[®8] by modify-
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@) T T T T [56,57]. Second is reflection optics, in particular, total reflec-
tion mirrors[58,59.
02~ ; 7 Here we study coherence properties after transmission
= : . componentga graphite filter and Be windowswhich are
0.1k i currently installed in our beam lines. The graphite filter,

which absorbs unnecessary radiation in low energy, is re-
r ) tractable if desired, whereas three Be winddwannot be
(b) 3 removed because they are used for vacuum isolation.
S0y l As shown in Table I, a graphite filtdsampleA) and a
02 SRR | powder-foil Be window(sampleB) were chosen as samples.
3 M For characterizing them, we took high-resolution images
0.1k with an x-ray zooming tube60] (lateral resolution of
~0.5 um) under fully coherent illumination at the 1 km
0 L experimental station of BL29X[61,62. As a reference, we
0 J100 200 300 also took an image of a ingot-foil Be windogampleC),
Vertical slit width, wy (m) which is the same material as those installed in the beam
FIG. 7. R measured at BL29XU as a function of vertical slit Ii_nes for th_e coherence meas_urements in the previous sec-
width w,, with different source emittancas =6 nmrad(a) and e, tions. The_|mages are shown in Fig. 8. Since the sample-to-
=3 nmrad(b). The distance to the slit it =53.3 m. The solid Ccamera distances were relatively large, the contrasts are
lines are the fitted curves. The inset shows a vertical intensity promainly due to refraction in the samples. In the image of
file measured with scanning the dfitertical slit width of 20um). sample A, we observed irregular intensity modulations,
which are caused by density fluctuations in the sample. The
ing the dispersion function of the storage ring lat{fi68,54.  image of sampleB shows a number of round-shaped spots
It is important to investigate possible change of the verticabeing similar to the Airy patterns. It seems that these patterns
emittance at the low emittance operation. The result is showoriginate partly from surface defects and partly from voids in
in Fig. 7(b). The statistical errors are reduced due to thethe sample. The intensity distribution of the sam@levas
increase of brilliance. The following parameters are given byfound to be much uniform.
the fitting: o,=161.3-5.0 um, s,=4.5+0.1 um (angular Next we measured coherence profiles after installing the
source size of 85 nrad €,=3.6+-0.2 pmrad, and«  samples in the beam lines. The effect of the grapsiéenple
=0.12%. We found that the coupling constant is kept almosA) was studied at BL19LXU. The distance between the
same even at the low emittance operation. source to the sample is 45.5 (see Fig. 1 The obtained
Finally we discuss a resolution limit of our method. Be- profile in Fig. 9 shows a significant change from the original
cause the radiation size from the single electronsjs curve measured without the filter; the enhancemerR af
~1.6 um atE=14.41 keV for the 4.5 m undulat¢b5], the the tail is much suppressed, and the central peak becomes
resolution limit ofs, is estimated around Lm. Further im- sharp. The profile cannot be fitted with a single Gaussian
provement of the resolution is achieved by using highercoherence profile represented in ). The fitting with
energy radiatior(i.e., higher harmonics of undulator radia- double Gaussians gave much better agreerfi@nit Addi-
tion). We can then evaluatg, of submicron anck, of sub- tionally, the intensity profile measured with a vertical scan of

pmrad. the slit (a slit width of 10um) includes many speckles, as
shown in the inset of Fig. 9.
VI. COHERENCE DEGRADATION BY PHASE OBJECT Similarly, the effect of the poor-quality Be window

(sample B) was investigated in BL29XU at the low-

Under coherent illumination, imperfect optical compo- emittance operation. Two Be windows in the front-end
nents possibly cause unwanted intensity modulations retoriginally the same materials as the samfle were re-
ferred as speckles. Several x-ray optics can be harmful. Firgflaced by the typ@® windows. The source-to-window dis-
is transmissiorirefraction optics, such as windows or filters tance is 37.2 m. The measured coherence profile and inten-
sity profile are shown in Fig. 10, which again show large
changes from the original curves.

We discuss the origin of these transverse coherence deg-
radations and criteria for coherence preservation. At first, it
should be confirmed that arstationary object cannot de-
grade transverse coheren@ee., |u(Xy;X)|=1 for any x,

FIG. 8. Refractive contrast imaging @ graphite filter(sample
Ain Table I), (b) powder-foiled Be(sampleB), and(c) ingot-foiled 2Two windows are inserted between the front-eqdtrahigh
Be (sampleC), taken at the 1 km station of BL29XU. These are in vacuum and the transport sectiofinigh vacuuny, and one is be-
negative contrastélack is high intensity. Details of experimental tween the transport section and the experimental statdmo-
parameters are summarized in Table I. sphere.
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TABLE |. Sample characters and experimental conditions for refractive contrast imaging.

Sample Purity Roughness Thickness X-ray wavelength Sample-to-camera distance
no. Material (%) (Ra, wm) (um) (nm) (m)

A Graphité 100x9 0.086 1.8

B Be (powder foil) 98.5 >1 250 0.10 15

C Be (ingot foil) 99.8 0.1 250 0.10 1.5

@Density of 1 g/cr.

and x,) under two-dimensionallyboth vertically and hori- =«l§(¢,—&,). The propagated mutual intensity for verti-
zontally) coherent illumination28]. In our case, however, cally separated two points is represented as
good coherence is achieved only along one directiarti-
cal); horizontal coherence length is as small as a few microns xl
at the object position. Jo(X,Y1:X,Y2) = zf f st(fﬂh;f, 72)
We consider how a phase object affects coherence prop- (A2)

erties under such asymmetric situation. For the purpose, we i

treat the propagation law of transverse coherence function Xex;{— E((yz— 72)°—(y1— 11)?)
(mutual intensity [28]. We represent the mutual intensity in

front of the object asly(&¢1,71;&2,72) and the correlation X dédn,dry,. (21)

function of the object as J&1,71:€2,70)

=P(&1,71)P*(£2,7,), whereP is the transmittance ampli- Note that Eq(21) is similar to that for one-dimensional mu-
tude function of the object. Note that the correlation functiontual intensity after a moving object that is coherently illumi-
Js is not a stochastically averaged function as usimRef.  nated, if we suppose the variabfestands for time. There-
[57], for example, but a deterministic one, because we treatfore, it is clear from Eq(21) that the fully vertical coherence

a stationary object. The mutual intensily at a distance  in the incident beam can be destroyed after the object, if the

from the object is given by28] correlation functiondy(&, 71;€,7,) irregularly changes with
respect to the horizontal positios,
1 For quantitative discussion, we performed numerical
Jo(X1,Y1:X2,Y2) = 2f f f f Ji(€1,m1:62,m2) simulation of Eq.(20). A phase object is modeled based on
(A2) the powder-foiled BésampleB) as follows. We assume that

i the object made of Be has a number of spherical holes that
X g gl,nl;gz,nz)exp{ - E((XZ_ &) are randomly located over the object. We set a hole radius of
r=7 um and a density oh=3000 mm 2, which are rea-
(Yo 12)2— (X, — £71)2 sonable values from the image of Fighgwith Fresnel dif-
fraction calculation62]. The beam intensities onto the ob-
d.dm-déad 20 ject are assumed to be Gaussian distributions with rms
&1d7,d&d7,. (200 \idths of 47 um along both horizontal and vertical direc-
tions. The other paramete(source sizes of,=274 um and

At first we consider a special condition for the incident Sy=4-5#m, etc) are same as those at the measurement for
beam: homogenous intensity with vertically coherent puti9- 10. The simulated mutual intensity was integrated based

horizontally incoherent  field, i.e., J;(&1,71: &, 72) on Eq._(6) to get the vertical mode number. The res_ult is
shown in Fig. 10, where we found good agreement with the

T experimental result. Similarly, we performed calculation for
N sampleC, assuming that the object has a number of hemi-
o4 1 spherical pits (=3 um) [62]. In this case, preservation of

~ coherence was found to be nearly perfect, as is expected
from the experimental results in the previous sections. In

—(y1— 771)2)

0.2

500 0 500 |

01 = addition, calculations for horizontal coherence do not show
*s s 3 significant degradation in both cases, because the horizontal
ol oo 7 coherence length is smaller than the typical correlation
0 100 200 300 400 lengths of the phase objects.
Vertical slit width, wy (m) In these examples, we used some models for representing

FIG. 9. R measured at BL19LXU as a function of vertical slit transmittance functionB of the objects. However, more rig-

width wy with a graphite filter(sampleA). The solid line is the

fitted curve without the filter shown in Fig(3. The inset shows a

vertical intensity profile measured with scanning the @litrtical 3A departure of refractive index from unity &= —1.6x 10" ° at
slit width of 10 um). E=14.41 keV, from Ref[65]. Absorption was neglected.
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T PR VIl. CONCLUSION

oak Zost 4] We have studied coherence properties of synchrotron ra-

~ diation with x-ray intensity interferometry. Transverse coher-

x qﬁ\“.sbodé 0 | ence profiles were determined from the measurements of

A om_ mode numbers as functions of slit widths. The relationship
oo -4 between the coherence length in verti@HWdirection perpen-
0 o, dicular to the scattering plane of HRMind the distance is

0 100 200 300 consistent with the Van Cittert—Zernike theorem, whereas
Vertical slit width, w (Lm) that in horizontal(in the scattering planeshows an unex-

pected behavior, which may be caused by the tilt of pulse
FIG. 10. R measured at BL29XU as a function of vertical slit envelop in the scattering plane. From the coherence measure-
width w,, after replacing the front-end Be windowsampleC) by ~ ments, we have accurately determined vertical emittances of
type-B ones. The solid line is the fitted curve with the tyewin-  the storage ring. The resulting value at the low-emittance
dows shown in Fig. (), after a slight modification of the scale operation is as small ag=3.6+0.2 pmrad. The resolution
factor. The dashed line is a simulated regske text The inset can be further improved by the use of higher-energy radia-
shows a vertical intensity profile measured with scanning the slition. We have studied coherence degradations with optical
(vertical slit width of 20um). components such as a graphite filter and different types of Be
windows. We showed that it is important to know a station-
orous function can be obtained from propagation-baseary transmittance amplitude function of the object for accu-
method[4,5] or sharing interferometric methd63] in high-  rate determination of coherence properties of the wave field
lateral resolution. Then we can evaluate coherence propertigiter the object.
more accurately.
This procedure can be easily applied to treating reflection ACKNOWLEDGMENTS

optics. The reflectance amplitude function of the mirror can  The authors thank Dr. S. Goto and Dr. S. Takahashi for
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tively, it is expected that condition of coherence preservatiorpperation at the emittance measurement; and Professor E.
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