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Transverse X-Ray Coherence in Nuclear Scattering of Synchrotron Radiation
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The time response of nuclei excited by pulsed synchrotron radiation is affected by correlatio
the nuclear response transverse to the beam direction. The coherent addition of the radiation sc
by nuclei having a distribution of Doppler shifts accelerates the decay in the forward scattering fr
rotating foil of 57Fe stainless steel. A model based on Huygens’s construction shows good agree
with the data, allowing estimation of the source size or transverse coherence length. Implication
spectroscopic experiments using nuclear forward scattering are discussed. [S0031-9007(96)016

PACS numbers: 76.80.+y, 42.25.Hz, 78.70.Ck
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Conclusions about microscopic properties are f
quently drawn from measurements of macrosco
samples. This is true for most experiments using x-
probes since x-ray sources are generally too weak (and
relevant cross sections too small) to directly investig
microscopic samples. It is then necessary to prope
relate the macroscopic measurement to the microsc
response. For this purpose, one identifies the limits
incoherent and coherent scattering [1]. Most x-ray sp
troscopic measurements (e.g., XAFS, x-ray fluorescen
measure incoherent scattering processes which are e
tially local. Structural measurements (e.g., diffractio
in contrast, typically investigate coherent scattering fro
extended portions of the sample.

This paper explores coherence in a relatively n
type of spectroscopy: nuclear forward scattering (NF
of synchrotron radiation [2,3]. NFS experiments mig
be considered the time-domain analog of conventio
frequency-domain Mössbauer transmission experime
They examine the time response of nuclei excited
a pulse of synchrotron radiation, preserving the in-li
source-sample-detector arrangement of the transmis
experiment. However, where the transmission experim
measures the absorption of a beam passing throug
sample, the NFS measures the coherently re-emi
wave field. Reviews of nuclear scattering of synchrotr
radiation may be found in [4] and [5], while some aspe
of coherence in such measurements are discussed in

Coherence in NFS is immediately interesting and pe
nent for a sample having different nuclear environmen
If these environments result in different nuclear respo
frequencies, then coherent combination of their impulse
sponses will give corresponding quantum beats in the t
response, while incoherent combination will not. Previo
work has investigated several limits. NFS from metal
57Fe samples shows beats between the transitions to
ferent (Zeeman split) ground states [2,3]. Similarly, tw
samples placed in succession, one after the other, in
x-ray beam (or in the arms of an amplitude splitting inte
ferometer [7]) give a time response in NFS that is a coh
ent combination of the responses of the individual samp
0031-9007y96y77(23)y4808(4)$10.00
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Here, as distinct from previous work, we focus on t
effects of transversecoherence: how the responses
nuclei in a sample separated perpendicular to the be
combine in forward scattering. Interest in the effec
of transverse coherence, including speckle measurem
[8,9] and phase contrast microscopy [10,11] is increas
with the advent of higher brilliance x-ray sources. Wi
nuclear scattering, one may combine a spectroscopic m
surement with structural information from transverse c
herence. Aside from its basic physical interest, transve
coherence is of practical importance for NFS measu
ments on thin samples exhibiting domain structure [1
A priori, one might expect there to be two limits: a “wel
mixed” sample where the response of the nuclei should
added coherently and a “well-separated” case where the
sponses would add incoherently. This paper investiga
the border between these limits.

The essential concept for this experiment is that
introduce a uniform spatial gradient in the velocity
nuclei in a sample, resulting in a corresponding spa
gradient in the Doppler shift in their response (absorptio
emission) frequencies. This gradient is carefully arrang
so that all nuclei along the path of an infinitesimal cro
section beam respond at the same frequency, and
so that transverse displacement of this beam will sh
that frequency. Noting that the NFS time response o
moving foil is independent of its absolute velocity, th
gradient introduced in this fashion will only affect th
measured time response if there is a coherent addi
of the scattering from transversely separated portions
the sample. In particular, the coherent addition of t
scattering from nuclei with a distribution of Dopple
shifts, essentially a broadening of the frequency respon
is expected to result in a faster decay of the impu
response. This acceleration of the decay is the signal
look for and observe.

This work was done at the nuclear resonance be
line [13] of the European Synchrotron Radiation Facili
(ESRF). The synchrotron provided shorts,120 psd
pulses of x rays every 2.8ms. The bandwidth of
the 14.4 keV radiation was reduced to 3 eV using
© 1996 The American Physical Society
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Si 111 monochromator and then to 6 meV using “hi
resolution monochromator” [13–15]. The radiation w
allowed to fall onto a stainless steel (SS) foil (4.5 mgycm2)
95% enriched in57Fe, oriented at 45± to the beam path
The foil was mounted on a dc motor (horizontal ax
perpendicular to the foil surface) run at rotation rates up
100 Hz. An avalanche diode detector [16] measured
NFS time response (see Fig. 1). Slits limiting the verti
aperture of the system were placed immediately (10 c
after the foil and just (4 cm) in front of the detector. Th
slits were measured with the x-ray beam to be 15mm
high, full width at half maximum (FWHM). They were
larger than the beam size in the horizontal. With t
slits in place, count rates were,10 photonsys in the time
window of about 10–150 ns after the synchrotron pu
(,10 mA storage ring current).

The NFS from the SS foil at rest is shown in Fig. 2(a
This is well fit using an exponential decay modulated b
Bessel function, as expected for the NFS from a single
nuclear response [3,17]. As the rotation rate is increa
[Fig. 2(b)–2(d)], the decay becomes much faster. T
demonstrates interference between transversely sepa
parts of the beam. In contrast, the response measure
high rotation rate,without slits, is indistinguishable from
that measured at rest [Fig. 2(a)]. One also notes t
within statistics, the location of the Bessel minimum (
t , 55 ns) was not affected by rotation.

In order to understand these results we develop a m
based on Huygens’s construction. For a point source,
response observed by a pointlike detector is the inte
over the secondary waves emitted by the nuclei in
sample. Taking the impulse response of the foil at r
to be G0std, integration over the foil yields the time
dependent field amplitude at the detector

Esz0, zd , td ~ G0std
Z

dzse2izstyAt0 eiwsz0,zs ,zddWsszsd .

(1)

FIG. 1. Experimental setup. The perspective drawing sho
the general orientation while the cross section shows quant
used in the text. The source-sample distance wasS  41 m.
The detector wasD  2.5 m downstream of the sample.
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z0 is the location of the point source,zd is the location
of a point detector, andzs is the source point of the
secondary waves in the sample (see Fig. 1).Wsszsd is
the field amplitude at the sample. The first exponen
accounts for the Doppler shift in the nuclear respon
frequency with height [18].t0 is the natural lifetime of
the nucleus (t0  141 ns for 57Fe), andA is the vertical
distance necessary to shift the nuclear response frequ
by one natural linewidth. One hasA  y0y2pN sinu

where u is the angle between the rotation axis and t
beam direction,y0 is the Doppler velocity correspondin
to a natural linewidth, andN is the rotation frequency
Taking y0  97 mmysec (appropriate for the 14.4 keV
resonance of57Fe) andu  py4, Afmmg  22yNfHzg.

w in Eq. (1) is the (relative) geometric phase associa
with the different path lengths for different points of th
sample. TakingS to be the distance from the source pla
to the sample plane andD the distance from the sampl
plane to the detector (see Fig. 1), one hassk  2pyld

wsz0, zs, zdd  2k

µ
z0

S
1

zd

D

∂
1

k
2

µ
1
S

1
1
D

∂
z2

s . (2)

The term linear inzs is kept in the usual Fraunhofer limi
[19]. For our experimental geometry, terms of high
order than second are negligible.

One must integrate the intensity over the finite sou
and detector sizes. For a detector of spatial accepta
given by Wd, and a source intensity distributionW0, the

FIG. 2. Forward scattered time response for (a) the foil at r
(with slits in place) or at 95 Hz without slits. (b)–(d) sho
the response at higher rotation rates. (b)–(d) are normalize
the same incident rate and counting time as the response a
in (a).
4809
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r

the
. (3).
foil
measured time response is

Istd ~
Z Z

dz0dzdjEsz0, zd, tdj2W0sz0dWdszdd . (3)

Momentarily, we illustrate some of the essential co
cepts of this problem by considering a time-domain t
slit interference pattern. If the rotating foil is masked
two small slits, having separationL, and, for simplicity,
negligible height, the intensity measured by a point de
tor at zd for a point source atz0 is found from Eq. (1) by
takingWSszsd  dszs 1 Ly2d 1 dszs 2 Ly2d,

Isz0, zd, td ~ jG0stdj2
∑

1 1 cos

µ
Vt 1 kL

z0

S
1 kL

zd

D

∂∏
,

(4)
where V  LyAt0 is the frequency difference betwee
the response at the1Ly2 and2Ly2 locations of the slits.

The intensity variation with detector position (fort
fixed) is a two-slit spatial interference pattern with angu
period lyL. The intensity contrast is a direct indicatio
of the coherence of the scattering from the two s
[20]. If either the source or the detector subtend ang
larger thanlyL, the contrast will be reduced and the s
responses become incoherent. The same effect occu
the time response. The two geometric terms in the co
determine the initial phase of the temporal beat patt
which then oscillates with frequencyVy2p. Large
detector or source sizes lead to integration over differe
phased beat patterns and incoherent superpositio
responses. This qualitatively demonstrates the importa
of the slit in front of the detector and small source size

Returning to the rotating foil calculation, an analy
form for the response may be derived if all distributio
are assumed to be Gaussian (where the size of the so
the beam on the sample, and the detector are given bys0,
ss, andsd, respectively). This gives [21]

Isz̃d , t . 0d ~ jG0stdj2 exp

∑
2

1
2a2

µ
1

kA
t

t0
1

z̃d

D

∂2∏
.

(5)
The quantityz̃d allows for a possible offset of the cent
of the detector from the direct line of the source a
sample. a is the measured divergence of the radiat
from the foil at rest:

a2 
s

2
0

S2
1

s
2
d

D2
1

µ
ss

D
1

ss

S

∂2

1
1

4k2s2
s

. (6)

The various terms ina are identified as the effect
of finite source, detector and sample sizes, and
Fraunhofer diffraction term, respectively.

The foil responds with a reduced lifetime and
shift in the time response. Both may be qualitative
explained by the two-slit example. The shift in the tim
response with detector position is directly analogous
the above mentioned shift in phase of the beat pat
with detector position. Here, however, only the initial p
of the “beat” pattern is visible before the continuum
excited frequencies washes it out. Likewise, the obser
4810
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lifetime is modified by the detector, source, and sam
sizes, as one integrates over the different phasing of
response pattern. Large detectors, sources, and sam
blur the interference pattern leading to measurement o
incoherent response.

The measured time responses, divided by the fit to
time response at zero rotation rate, are shown in Fig
The solid lines are calculations using Eq. (3), assum
slits of 15mm height limit the illumination of the sample
and detector. In order to obtain good agreement w
the data, it was necessary to assume a source siz
about 290mm FWHM ss0  120 mmd. In contrast,
measurements of the electron beam emittance sugges
vertical source size should be about 55mm FWHM [22].
The difference is explained by imperfect transport of t
x-ray beam from the source to the sample. In general,
could be the result of windows and filters installed on t
beam line [11,23]. However, recent measurements [
of the fringes from a boron fiber [10] are in agreeme
with the results measured here and show that the domi
contribution to the increase in the source size is due to
high resolution monochromator.

Figure 4 demonstrates the effect of shifting the detec
out of the direct line of source and sample (i.e., to fin
z̃d). As expected from Eq. (5), there is a shift in the pe
of the time response. This shift (and the good agreem
with theory) is further confirmation of the interpretatio
presented here. One notes that this not a slowing d
of the NFS response, which shows an accelerated de
after the peak is reached.

We define an effective coherence lengthLc as the mini-
mum transverse separation between parts of the sam
necessary to ensure that their responses add incohere
Investigation of Eqs. (5) and (6), or extension of Eq. (
gives Lc , ly2pa. In the limit that both the detecto

FIG. 3. Measured time responses divided by the fit to
response at rest. Solid lines are calculations based on Eq
The vertical scale is the intensity relative to response of the
at rest.
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FIG. 4. Effect of moving the detector off the direct sourc
sample axis. The phasing of the scattered wave shifts the p
of the response to later times. Normalization as in Fig. 3.

and sample are small, this definition corresponds w
the usual one (see, e.g., [20]). However, as the effe
of sample and detector sizes are not negligible for m
NFS measurements, we explicitly include them here.
fact, typical running conditions at ESRF (withoutthe small
slits used here) will be dominated by thesd , 0.5 mm
detector acceptance at a distance ofD , 1 m. One then
expects incoherent addition of the responses for parts
the sample separated transversely by more thanLc ,
300 Å. However, bulk samples exhibiting structure of th
scale transverse to the x-ray beam may be expecte
have similar structure parallel to the beam direction [2
This should result in coherent combination of the vario
responses until the domain size begins to approach
sample thickness, in which case incoherent addition wo
begin to dominate.

An application of this work would be to chang
effective coherence length to investigate the scale
variation of the nuclear response in a sample. W
the slits used here,Lc , 3 mm, but one could hope to
increase this length a factor of 2 or more, by increas
the sample-detector separation or shrinking slit siz
Removal of the detector to infinity makes this an angu
resolved measurement, so one expects to see sim
changes in the time response by employing a crys
analyzer after the sample [26]. Recent work shows t
is the case [27], and such an analyzer might provide
easier method of investigating the sample length scales
the time response than the slits used here, which red
the count rate. Finally, while the velocity correlatio
introduced in this work provides a good test case, m
generally, the nuclear scattering amplitude is sensitive
hyperfine fields (magnetic dipole and electric quadrapo
and even to chemical binding (isomer shifts), so one m
investigate length correlations in these quantities as we
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