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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 correlations in
the nuclear response transverse to the beam direction. The coherent addition of the radiation scattered
by nuclei having a distribution of Doppler shifts accelerates the decay in the forward scattering from a
rotating foil of 5’Fe stainless steel. A model based on Huygens’s construction shows good agreement
with the data, allowing estimation of the source size or transverse coherence length. Implications for
spectroscopic experiments using nuclear forward scattering are discussed. [S0031-9007(96)01697-3]

PACS numbers: 76.80.+y, 42.25.Hz, 78.70.Ck

Conclusions about microscopic properties are fre- Here, as distinct from previous work, we focus on the
quently drawn from measurements of macroscopieffects of transversecoherence: how the responses of
samples. This is true for most experiments using x-raywuclei in a sample separated perpendicular to the beam
probes since x-ray sources are generally too weak (and tteombine in forward scattering. Interest in the effects
relevant cross sections too small) to directly investigatef transverse coherence, including speckle measurements
microscopic samples. It is then necessary to properly8,9] and phase contrast microscopy [10,11] is increasing
relate the macroscopic measurement to the microscopigith the advent of higher brilliance x-ray sources. With
response. For this purpose, one identifies the limits ofuclear scattering, one may combine a spectroscopic mea-
incoherent and coherent scattering [1]. Most x-ray specsurement with structural information from transverse co-
troscopic measurements (e.g., XAFS, x-ray fluorescencdjerence. Aside from its basic physical interest, transverse
measure incoherent scattering processes which are esseoherence is of practical importance for NFS measure-
tially local. Structural measurements (e.g., diffraction),ments on thin samples exhibiting domain structure [12].
in contrast, typically investigate coherent scattering fromA priori, one might expect there to be two limits: a “well-
extended portions of the sample. mixed” sample where the response of the nuclei should be

This paper explores coherence in a relatively newadded coherently and a “well-separated” case where the re-
type of spectroscopy: nuclear forward scattering (NFSkponses would add incoherently. This paper investigates
of synchrotron radiation [2,3]. NFS experiments mightthe border between these limits.
be considered the time-domain analog of conventional The essential concept for this experiment is that we
frequency-domain Mdssbauer transmission experimentitroduce a uniform spatial gradient in the velocity of
They examine the time response of nuclei excited bynuclei in a sample, resulting in a corresponding spatial
a pulse of synchrotron radiation, preserving the in-linegradient in the Doppler shift in their response (absorption/
source-sample-detector arrangement of the transmissi@mission) frequencies. This gradient is carefully arranged
experiment. However, where the transmission experimergo that all nuclei along the path of an infinitesimal cross
measures the absorption of a beam passing through section beam respond at the same frequency, and also
sample, the NFS measures the coherently re-emittesb that transverse displacement of this beam will shift
wave field. Reviews of nuclear scattering of synchrotrorthat frequency. Noting that the NFS time response of a
radiation may be found in [4] and [5], while some aspectamoving foil is independent of its absolute velocity, the
of coherence in such measurements are discussed in [6]gradient introduced in this fashion will only affect the

Coherence in NFS is immediately interesting and pertimeasured time response if there is a coherent addition
nent for a sample having different nuclear environmentsof the scattering from transversely separated portions of
If these environments result in different nuclear responséhe sample. In particular, the coherent addition of the
frequencies, then coherent combination of their impulse rescattering from nuclei with a distribution of Doppler
sponses will give corresponding quantum beats in the timshifts, essentially a broadening of the frequency response,
response, while incoherent combination will not. Previouss expected to result in a faster decay of the impulse
work has investigated several limits. NFS from metallicresponse. This acceleration of the decay is the signal we
>Fe samples shows beats between the transitions to difeok for and observe.
ferent (Zeeman split) ground states [2,3]. Similarly, two This work was done at the nuclear resonance beam
samples placed in succession, one after the other, in tHme [13] of the European Synchrotron Radiation Facility
x-ray beam (or in the arms of an amplitude splitting inter-(ESRF). The synchrotron provided shoft-120 ps)
ferometer [7]) give a time response in NFS that is a coherpulses of x rays every 2.8s. The bandwidth of
ent combination of the responses of the individual samplegshe 14.4 keV radiation was reduced to 3 eV using a
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Si 111 monochromator and then to 6 meV using “highz, is the location of the point source, is the location
resolution monochromator” [13—15]. The radiation wasof a point detector, and, is the source point of the
allowed to fall onto a stainless steel (SS) foil (4.5 fom?)  secondary waves in the sample (see Fig. W,(z,) is
95% enriched in°’Fe, oriented at 45to the beam path. the field amplitude at the sample. The first exponential
The foil was mounted on a dc motor (horizontal axisaccounts for the Doppler shift in the nuclear response
perpendicular to the foil surface) run at rotation rates up tdrequency with height [18]. 7o is the natural lifetime of
100 Hz. An avalanche diode detector [16] measured théhe nucleus €, = 141 ns for *’Fe), andA is the vertical
NFS time response (see Fig. 1). Slits limiting the verticaldistance necessary to shift the nuclear response frequency
aperture of the system were placed immediately (10 cmby one natural linewidth. One has = vy/27 N sing
after the foil and just (4 cm) in front of the detector. Thewhere 6 is the angle between the rotation axis and the
slits were measured with the x-ray beam to begd  beam directionyp is the Doppler velocity corresponding
high, full width at half maximum (FWHM). They were to a natural linewidth, andV is the rotation frequency.
larger than the beam size in the horizontal. With theTaking vy = 97 um/sec (appropriate for the 14.4 keV
slits in place, count rates werel0 photongs in the time  resonance of’Fe) andd = 7 /4, Alum] = 22/N[Hz].
window of about 10—150 ns after the synchrotron pulse ¢ in Eq. (1) is the (relative) geometric phase associated
(~10 mA storage ring current). with the different path lengths for different points of the
The NFS from the SS foil at rest is shown in Fig. 2(a).sample. Taking to be the distance from the source plane
This is well fit using an exponential decay modulated by a@o the sample plane anfi the distance from the sample
Bessel function, as expected for the NFS from a single linglane to the detector (see Fig. 1), one flas= 27 /1)
nuclear response [3,17]. As the rotation rate is increased L/ 1
[Fig. 2(b)—2(d)], the decay becomes much faster. This ¢(zg, zs,z4) = —k<z—° + Z—d> + —<— + —)zY 2
demonstrates interference between transversely separated S D Z\S
parts of the beam. In contrast, the response measured Blie term linear iz, is kept in the usual Fraunhofer limit
high rotation ratewithout slits, is indistinguishable from [19]. For our experimental geometry, terms of higher
that measured at rest [Fig. 2(a)]. One also notes thatrder than second are negligible.
within statistics, the location of the Bessel minimum (at One must integrate the intensity over the finite source
t ~ 55 ns) was not affected by rotation. and detector sizes. For a detector of spatial acceptance
In order to understand these results we develop a modeiven by W,, and a source intensity distributioiiy, the
based on Huygens'’s construction. For a point source, the
response observed by a pointlike detector is the integral
over the secondary waves emitted by the nuclei in the

sample. Taking the impulse response of the foil at rest 1°4= ~ ' . om
to be Go(¢), integration over the foil yields the time- F @ _x 95 Hz(osits)
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FIG. 2. Forward scattered time response for (a) the foil at rest
FIG. 1. Experimental setup. The perspective drawing showsgwith slits in place) or at 95 Hz without slits. (b)—(d) show
the general orientation while the cross section shows quantitiethe response at higher rotation rates. (b)—(d) are normalized in
used in the text. The source-sample distance $vas 41 m. the same incident rate and counting time as the response at rest
The detector wa® = 2.5 m downstream of the sample. in (a).
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measured time response is lifetime is modified by the detector, source, and sample
sizes, as one integrates over the different phasing of the
(1) OC[ [dZOdZdlE(ZO»Zd, NI*Wo(z20)Wal(za).  (3)  response pattern. Large detectors, sources, and samples
blur the interference pattern leading to measurement of an
incoherent response.
The measured time responses, divided by the fit to the

Momentarily, we illustrate some of the essential con-
cepts of this problem by considering a time-domain two

slit interference pattern. If the rotating foil is masked by ;o response at zero rotation rate, are shown in Fig. 3

two §mall S”FS’ having separatioh, and, for simplicity, The solid lines are calculations using Eg. (3), assuming
negligible height, the intensity measured by a point detecélits of 15 um height limit the illumination of the sample
tor atz, for a point source af, is found from Eq. (1) by

K s L/ 5 L/ and detector. In order to obtain good agreement with
taking W (z,) = 8(z + L/2) + 8(z — L/2), the data, it was necessary to assume a source size of
20 2d about 290um FWHM (oo = 120 um). In contrast
1(z0, za, t Gt21+COS<Qt+kL—+kL—>i|, M 0 MY ’
(20,24, 8) = 1Go(1)] [ measurements of the electron beam emittance suggest the
4) vertical source size should be about B\ FWHM [22].
The difference is explained by imperfect transport of the
x-ray beam from the source to the sample. In general, this
: ; . ; " could be the result of windows and filters installed on the
. The' intensity variation with detector position (for eam line [11,23]. However, recent measurements [24]
fixed) is a two-slit spatial interference pattern with angulalb]c the fri ’f : b f"b 10 ! i
period A/L. The intensity contrast is a direct indication ot h eh rlngels rom a odrc;]n ! erd[ h] arehln ?]grsemgn
of the coherence of the scattering from the two slitsV't tt.betrlesuttst?egsure (_areﬂ?n show thatt ed OTmtam
[20]. If either the source or the detector subtend angle ?nhnreZ(;?urlio% meo:1n(;:£ﬁ?osr?1£or € source size 1S due to the
larger thanA/L, the contrast will be reduced and the slit : gFi ure 4 demonstrates the eﬁect of shifting the detector
responses become incoherent. The same effect occurs |nt gf the direct i ; q | 9 o finit
the time response. The two geometric terms in the cosingu) oAs e?x lerc?tcedl?r?)rg Esou(ré:)e tire]zresizrgps?]if(tl.ﬁ{’thz lglaek
determine the initial phase of the temporal beat patterrid’: > P 4. 5). P
which then oscillates with frequency)/2#. Large (’)f_the time response. Th'S.Sh'ft.(and the gpod agreement
detector or source sizes lead to integration over differentl ';Z;Efgéy%;efurgfé ﬁg?;'srr?ﬁgf?hg ;25 ;n;?(;\?\,riﬁtaté%r\],\m
phased beat patterns _and incoherent superposition the NFS res. onse, which shows an accelerateg deca
responses. This qualitatively demonstrates the importanc P ’ y

of the slit in front of the detector and small source size. & \?Vr tk(lje fpeak IS rf?actr_\ed. h | has the mini
Returning to the rotating foil calculation, an analytic e define an effective coherence lengihas the mini-

form for the response may be derived if all distributionsMU™M transverse separation _between parts Of. the sample
are assumed to be Gaussian (where the size of the sour cessary to ensure that their responses add incoherently.

. nvestigation of Egs. (5) and (6), or extension of Eq. (4),
t:e gﬁggdo?etgsei%\r?eﬁ:g’ a?ﬁi;hjvdezte[}gtﬁr are givanby givesL. ~ A/27a. In the limit that both the detector

1Gy,t>0) « |G (t)lzexp{— L<i Ly Z—d>2}
> 0 202\kA 7 D/ I
(5)

The quantityz,; allows for a possible offset of the center
of the detector from the direct line of the source and
sample. « is the measured divergence of the radiation
from the foil at rest:
2—U%+U§+<US+US>2+ ! 6
“ T2 " pr "D "y g2 ©
The various terms ina are identified as the effects ————+
of finite source, detector and sample sizes, and the F (© S50Hz
Fraunhofer diffraction term, respectively.
The foil responds with a reduced lifetime and a 10*
shift in the time response. Both may be qualitatively i
explained by the two-slit example. The shift in the time T
response with detector position is directly analogous to Time After Excitation (ns)

th.?h%b(t)vet mentl'(t).ned E"hlft IE phase of lthfh b('ea}:. F:mte,[rEIG. 3. Measured time responses divided by the fit to the
wi etector position. ‘Here, however, only the inftial par response at rest. Solid lines are calculations based on Eq. (3).

of the “beat” pattern is visible before the continuum of The vertical scale is the intensity relative to response of the foil
excited frequencies washes it out. Likewise, the observedt rest.
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where ) = L/A71, is the frequency difference between
the response at theL/2 and—L/2 locations of the slits.

— e
E (a) 16.5Hz (A=1.33 um)

Relative Intensity

(A=0.44 pm)
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