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The intensity correlation experiment using visible light performed by Hanbury Brown & Twiss 
[Nature (London) (1956), 177, 27-29] is extended to X-ray wavelengths. Correlations of 14.4 keV X- 
ray photons from a synchrotron radiation source are observed by the coincidence counting technique. 
The high brilliance of synchrotron radiation available in the Tristan main ring enables the observation 
of two-photon correlations with a reasonable measurement time. 
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1. Introduction 

The intensity correlation experiment using visible light was 
first demonstrated by Hanbury Brown & Twiss (1956a). 
They observed that photons in a monochromatic light beam 
from a thermal source did not arrive completely at random 
but amved in bunches. This technique was further applied 
to an optical stellar intensity interferometer and the angular 
diameter of visible stars was determined (Hanbury Brown & 
Twiss, 1956b). About 20 years after their pioneering work 
the observation of two-photon correlations with synchrotron 
radiation was proposed (Shuryak, 1975). The difference in 
the visible photon counting statistics between synchrotron 
radiation from a wiggler and that from a bending magnet 
has actually been observed (Tanabe, Teich & Marshall, 
1991). However, for the observation of such a phenomenon 
for X-rays one had to wait for the realization of high- 
brilliance synchrotron radiation sources. This is because the 
temporal and spatial coherence conditions in the X-ray re- 
gion are much more severe to fulfill than those in the visible 
light region. This experiment may be applied to the determi- 
nation of the transverse synchrotron radiation source size of 
third-generation rings which is approaching the diffraction 
limit. Intensity correlation experiments are planned for such 
purposes at third-generation synchrotron radiation facilities 
(Ikonen, 1992; Gluskin, McNulty, Vicarro & Howells, 
1992). 
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Hanbury Brown & Twiss (1956a) used analog detectors 
of current-mode type and observed the correlation of the 
fluctuating output currents from two detectors. On the other 
hand, in the present experiment a photon counting tech- 
nique was adopted in which the coincidence rate between 
pulses from two detectors was observed. To normalize the 
coincidence rate a unique method was attempted which 
uses, in addition to a synchrotron radiation pulse from a 
certain electron bunch, a synchrotron radiation pulse from 
the same electron bunch after a further revolution of the 
ring. The coincidence rate is expected to become higher 
than the random coincidence rate when the intensities are 
correlated. 

2. Second-order degree of coherence 

The theoretical background of the correlation in a radiation 
field is described. The usual interference experiments are 
related to the correlation of radiation field amplitudes. 
The first-order degree of coherence, "7/i 12~(7-), represents the 
correlation between the field at position rl and time t~ 
and the complex conjugate field at r2 and t2. It is time- 
dependent, since 7- = t~ - t2. Under the condition of 
cross-spectral purity "y(l~)(7-) is expressed as a product of 
two factors, i.e. 

,y(,~)(7-) ~" , = 7~2 (0)7111)(7-) • (1) 

On the other hand, the intensity correlation caused by 
interference of two photons is expressed in terms of the 
second-order degree of coherence given by 
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.),(12)(r) = (l(rl,t) l(r2, t + -r)) (2) 
( l ( r , , t ) ) ( l ( r2 ,  t)) 

Here, l(r,t) is the intensity at position r and time t. 
( . . . )  denotes the time average. For thermal light 7(l~)(r) is 
expressed as 

~(2), - 12 ~,T)= 1 + 7(l~)(r)2 (3) 

In (3) the second-order degree of coherence becomes 2 
when r = 0. This shows the bunching effect of photons. This 
effect is blurred with the incomplete spatial and temporal 
coherence. Using (1), (3) becomes 

"/(,2)(r) = 1+ "7(,'2'(0) 2 ~"II,'(T)2. (4) 

Two-photon correlations in X-rays from a synchrotron radiation source 

(3) with 1/M (Goodman, 1985), i.e. 

,),{2)= 1 + 1/M, (8) 

where M is the number of coherence cells which always 
takes a value greater than unity. 

When the pulse width of synchrotron radiation is longer 
than the longitudinal coherence length of the beam, the 
intensity correlation is weakened. Similarly, when the cross 
section of the beam is larger than the transverse coherence 
area, the intensity correlation is also weakened. Taking 
account of the synchrotron radiation pulse width and the 
beam cross section, the integrated second-order degree of 
coherence becomes 

d,,/2 

dx2 J-dy/2 dy2 

(5) 

= fd~/2 [d,./2 /dx/2 
,.y(2) d72dy2 dXl dy I 

J --dx/2 a -dr~2 a -dx/2 

- dtl dr2 7(12)(7 -) 
X rp 2 a-rp/2 J-r,,/e 

= 1 + F(Trl l2dJlx)F(rrl l2d, , / ly)rc/rp.  

fo b F(b)  = (2/b) e -"2 du - (1 - e-b2)/b 2, (6) 

lx = ADI27rl/2a,,  ly = AD/2rclI2tTy. (7) 

Here, 

lx and ly are the transverse coherence widths in the horizon- 
tal and vertical directions, dx and dy are the horizontal and 
vertical slit widths, o-, and (7, are the standard deviations 
of the Gaussian source size, A is the wavelength, D is the 
distance between source and detector, rc is the coherence 
time of the beam and rp is the pulse width of synchrotron 
radiation. It is assumed that r/, is much larger than %. 7 (2) 
is expressed more simply by replacing the second term of 

3. Experiment 

The experiment was carried out at a test synchrotron 
radiation beamline temporarily constructed in the Tristan 
main ring at the National Laboratory for High Energy 
Physics, Japan. An in-vacuum-type X-ray undulator was 
installed (Yamamoto, Sugiyama, Tsuchiya & Shioya, 1997). 
The Tristan main ring was operated at an energy of 
10 GeV in the eight-bunch mode. The ring current was 
kept between 9 and 5 mA during the experiment. The 
brilliance of synchrotron radiation from the undulator was 
about 1 0 1 8  photons s -I mm -2 mrad -2 (0.1% bandwidth) -1 
and of the same order of magnitude as those in third- 
generation synchrotron radiation sources. The experimental 
parameters of our analysis are listed in Table 1, and the 
experimental set-up is shown in Fig. 1. X-rays from the 
undulator were roughly monochromatized at 14.4 keV by 
an Si(400) double-crystal monochromator. Next, a high- 
energy-resolution four-crystal Si monochromator was set 
up, composed of two channel-cut Si crystals nested with 
each other, in which 422 asymmetric reflections were 
served as the first and fourth reflection and 12 2 2 symmetric 
reflections were served as the second and third reflection. 
Highly monochromatic X-rays with an energy width of 
6.4 meV were obtained. This energy width determined the 
temporal coherence of the X-ray beam. The coherence 
time, 7¥, was estimated to be 0.66ps. The optimum 
condition for the coherence time is that it almost equals the 
synchrotron radiation pulse width, "rp. In this experiment the 
energy width of the X-rays corresponding to the optimum 
coherence time was l0 l.teV. Since a monochromator with 
about l0 laeV energy width was not realizable, the above- 
mentioned monochromator was used although it did not 
provide satisfactory conditions. 

After the four-crystal Si monochromator a precise slit 
was arranged, which determined the spatial coherence of the 
beam. The intensity distribution of the source was assumed 
to be Gaussian. The nominal source sizes in the horizontal 
and vertical directions were ax ~ 169 l.tm and o-y _~ 53 l.tm. 

14.4 keV X-rays 
from undulator 

Slit i 

si(4oo) 

Figure 1 
Schematic side-view of the experimental set-up. 
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Table 1 
Experimental parameters. 

Wavelength A 0.086 nm 
Distance between source and detector D ,,~100 m 
Pulse width of synchrotron radiation rp --~ 60 ps 
Pulse interval of synchrotron radiation 

(eight-bunch mode) ,AT 1.25 Its 
Horizontal source size or, ,-, 169 lam 
Vertical source size or,, ,~, 53 lam 
Horizontal coherence width l~ ,--14 ~tm 
Vertical coherence width l,. ,~, 46 lam 

The transverse coherence widths of X-rays in the horizontal 

and vertical directions at a detector position located at 

D ~_ 100 m from the synchrotron radiation source were 

calculated as lx ~- 14 ~tm and ly _~ 46 Itm, using (7). The 

optimum condition for the slit size is that it is almost the 

same as the transverse coherence width. The vertical slit 
width was fixed at 40 Itm, while the horizontal slit width 

was varied from 20 Itm to 1 mm. The blades of slits made 

of tantalum metal were driven by stepping motors and their 
positions were read by linear encoders. The slit width was 

set to an accuracy of 1 Itm. 

The Si 220 Laue case diffraction served as the beam 
splitter. The thickness of the crystal plate was 4 m m .  

The diffracted and transmitted beams were incident on 

avalanche photodiode detectors. The beam splitter was 

necessary to make coincidence measurements since the time 

resolution of the detector was longer than the pulse width 

of the synchrotron radiation. Now consider the case where 
two photons relevant to the measurement are included in a 

synchrotron radiation pulse. Only when two photons in the 

same pulse are separated from each other by the splitter is 
a coincidence event counted. If both photons are diffracted 

or transmitted in the splitter, then no coincidence event is 

counted. 

4. Principle of measurements 

A block diagram of the photon-counting system is shown 

in Fig. 2. Output pulses from two detectors were fed into 

the coincidence unit and then scaler 1 counted the number 

of coincidences. In the delay circuit the delay time for the 

output pulse from one detector was set at the circulation 

period of electrons, 10its. Random coincidence events 

between one photon emitted from a certain electron bunch 

and another photon emitted from the same electron bunch 
after making one revolution were counted at scaler 2. It is 

essential to use the same electron bunch because each bunch 

has a different number of electrons. These coincidence 

measurement events are illustrated in Fig. 3. Coincidence 

counts measured at scalers 1 and 2 were denoted by R and 

R0, respectively. R was normalized by using R0. To reduce 

statistical uncertainty of the random coincidence rate it was 

counted between two photons separated at intervals of 20, 

30 and 40 laS, as well as at 10 Its. 

In this experiment we assume that synchrotron radiation 
can be treated in the same way as thermal light. The 

probability distribution for K photoelectric counts in a pulse 
is given by (Goodman, 1985) 

( F ( K + M )  1 + 1 + , (9) 
P(K) = F(K + 1)F(M) 

where K is the average number of counts in a pulse and M 

is the number of coherence cells defined in (8). The total 

coincidence count, R, and random coincidence count, R0, 
in a measurement time, T, are given by 

CX3 

K=2 
(10) 

R0 = P(K)(1 - r  K) P(K)[ I  - ( 1  - r )  K] T/AT, 
LK= I = 

(11) 

where r is the ratio of beam splitting and A T  is the pulse 

interval. By referring to the probability generating function 

of the negative binomial  distribution as 

~ P(K)r g { M/[M KI} M = + (1 - r) , (12) 
K =  0 

the ratio R/Ro is approximately given by 

R/Ro = 1 + 1 / M -  K/2M. (13) 

In (13) the terms above the first power K/M are neglected 
since K/2M < < 1. On substituting (8) into (13) one obtains 

R/Ro = . ) / ( 2 )  _ F,/2M. (14) 

Diffracted 
X-rays • 

Transmitted [ ~  
X-rays 

I I p f i n c i d e n ~  F o i n c i d e n c e ~  
umt I ° ' l umt I i i 

I I 

F i g u r e  2 
Block diagram of the photon-counting system. Three sets of a 
delay circuit, a coincidence unit and a scaler were additionally 
connected in series. 

< 101us ) 

Scaler 1 O 

Scaler 2 O O 
(a) (b) 

Figure 3 
Representation of (a) a coincidence event and (b) a random 
coincidence event. The random coincidence events are counted 
when two photons arrive at intervals of 10, 20, 30 and 40 ~ts. 
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As shown later, the term K/2M in (14) can be neglected in 
the present experimental condition. Then (14) becomes 

R/Ro = "v (2), . (15) 

This shows that normalization of R by Ro gives "7 (2). Using 
this method we can expect to measure "7(2) to a high 
accuracy. 

5. Results and discussion 

Two-photon correlations in X-rays from a synchrotron radiation source 

Table 2 
Observed results of coincidence counts. 

T is the measurement time, R is the total coincidence count and R0 is the 

As shown in Table 2, total coincidence counts, R, and 
random coincidence counts, R0, were measured for mea- 
surement times, T, at five horizontal slit widths, and the 
values of the integrated second-order degree of coherence, 
'7(2), were obtained as the ratio R/Ro. Here, R0 is an averaged 
value of four random coincidence counts measured between 
two photons separated at intervals of 10, 20, 30 and 40 Its. 

To show that the approximation made in (15) is reason- 
able, comparisons of magnitude are made between K/2M 
and the statistical error, o. r, of 7 (2), as shown in Table 3. 
It is evident that K/2M is much smaller than ~-~. Therefore 
one can neglect the term K/2M. 

Fig. 4 shows the variation of the integrated second-order 
degree of coherence, 7 (2), as a function of horizontal slit 
width. The experimental results are plotted as points with 
their associated statistical errors. The full line is the theo- 
retical curve, which was calculated by using the nominal 
source sizes listed in Table 1. The dotted straight line, 7 (2) = 
1, shows the random coincidence level. The region above 
this level is considered as the contribution from the excess 
coincidence rate. At a slit size of 20 Itm x 40 Itm the excess 
part is about four times as large as the associated statistical 
error. As the slit size increases, the value of 3 '(2) decreases, 
approaching unity. At a slit size of 1 mm x 40 Itm, '7(2) 
is very close to unity. The data and expected curves agree 
relatively well, giving clear evidence for the bunching effect 
of X-ray photons. 
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Figure 4 
Variation of the integrated second-order degree of coherence, -~(2), 
with the horizontal slit width. The error bars show the statistical 
errors. 

random coincidence count. 

Slit size (I.tm) T (s) R Ro R/Ro 

20 x 40 43770 669556 665709 1.0058 
40 x 40 12720 624067 622993 1.0017 
60 × 40 8310 469205 468682 1.0011 
5(~ x 40 650 1213796 1212017 1.0015 
1000 x 40 1090 2967164 2956702 1.0002 

Table 3 
Comparison between observed K/2M and the statistical error, cry, 

(2) o f ,  

Slit size (p.m) K F,/2M a~ 

20 x 40 0.007 0.00002 0.0014 
40 x 40 0.014 0.00001 0.0014 
60 x 40 0.014 0.00001 0.0016 
500 x 40 0.144 0.00011 0.0010 
1000 × 40 0.141 0.000(31 0.0007 

When we calculated the theoretical value of 7 (2) we 
treated synchrotron radiation as thermal light. Considering 
the agreement between experiment and theory, we can say 
that this assumption is valid. 

In summary, the observation of two-photon correlations 
has been successfully made for the first time in the X-ray 
region using a high-brilliance synchrotron radiation source. 
A unique method of obtaining 7 (2) is developed, in which 
the total coincidence count, R, is normalized by the random 
coincidence count, R0, using a circulating electron bunch. 

If a high-energy resolution sub-meV monochromator 
becomes available, a more remarkable correlation effect 
will be observed, and may possibly be applied to the follow- 
ing cases. This technique will be useful for characterization 
of the source size of third-generation synchrotron radiation 
sources just as Hanbury Brown & Twiss (1956b) deter- 
mined the angular diameter of visible stars. Furthermore, 
in the study of X-ray laser action, the beam diagnosis 
concerning coherence at the transition from an incoherent 
state to a coherent state may be made. 
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