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Experimental demonstration of time-integrated synchrotron-radiation spectroscopy with crossed
polarizer and analyzer
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We present the results of a successful experiment performed with time-integrated synchrotron-radiation
spectroscopy, a technique for studying hyperfine interactions. The measurement was performed on an enriched
Fe sample in combination with a stainless-steel reference. A crossed polarizer/analyzer was used to reduce the
prompt count rate. Time-integrated synchrotron-radiation spectroscopy is compared to the existing time dif-
ferential synchrotron-radiation spectroscopy. The use of the polarizer/analyzer setup is discussed. Possible
applications of time-integrated synchrotron-radiation spectroscopy are mentioned.

[. INTRODUCTION dramatic effect of time slicing. In this paper we report on a
second experiment, also performed at the same beamline, but

The idea to use synchrotron radiation as a highly brilliantin which we reduced the time slicing to a minimum by using
and polarized source to study nuclear resonances wapolarizer/analyzer setdf*
launched in 1974 by Rubylt lasted until 1985 before Ger-
dauet al. made the unambiguous observation of synchrotron II. DESCRIPTION OF THE METHOD
radiation resonantly scattered BYFe nuclei Ever since, ) ) ) o
nuclear resonant fluorescence experiments with synchrotron '€ aim of time-integrated synchrotron-radiation spec-
radiation gained more and more interest as a useful means EEPS_COpY(TISRS_'S to perform measurements in energy do-
study hyperfine interactions between resonant nuclei an ain. Since the incoming synchrotron radiation has a broad-

their surroundingsee, e.g., Refs. 3—6 and many references an'd spectrunAE>F; T bemg the natural I.|neW|dth of the
excited statg simply measuring as a function of energy of

':jf:fef;?lr).t_l\/lleas;rement; E;:retzhgenerlally gerforr_nedt '3. Zt'methe incoming radiation is excluded. Hence, in addition to the
ential modg, In which the nuciear decay Is studied as %vestigated sample, we will introduce a single-line reference

function of time after excitation by the synchrotron burst. sample, which is mounted on a lébauer drive. Due to the
This time differential synchrotron-radiation spectroscopyvebcity, the nuclear transition frequency will be Doppler

(TDSRS puts restrict_ions on the operation mode of the SYN'modulated, according t@, = wy(1+v/c), wherev and c
chrotron, since the time interval between pulses should bggye the usual meaning of velocity and speed of lightjs
comparable to the lifetime of the involved nuclear level,the nuclear transition frequency in absence of any Doppler
typically of the order of a few 100 nge.g., for °"Fe:  modulation, and, is the modulated transition frequency in
=141 ng. A drawback of the method is the difficulty to the reference. In the investigated sample, there can be several
study isomeric states with lifetimes of the orderof (e.9.,  nuclear transitions, depending on the hyperfine interaction.
181Ta with 7=8.7 us), given the limited circumference of This sample is kept stationary and, consequently, all frequen-
the storage ring. In 1996, we proposed a time-integratedies will be constant.
techniqué to do forward nuclear resonant scattering experi- Due to space coherence, synchrotron radiation can excite
ments with synchrotron radiation, yielding the same informa-all nuclei in sample and absorber coherently. The coherence
tion on the hyperfine interactions, but easing the restrictiongength is typically several meters. Moreover, the incoming
related to the nuclear lifetime. The idea is to perform time-synchrotron photon has a broadband spectrum and will ex-
integrated measurements by introducing a second, single-lingte all nuclear transition frequencies within its spectral band.
reference sample that is Doppler modulated. Crossings bé&his is well known as energy coherence. The coherent exci-
tween transition frequencies in the investigated sample anthtion of different energy levels gives rise to interferences in
the variable reference frequency will show up as resonancdbe scattered probability. When the scattered radiation is
in the forward scattered intensity. measured as a function of time, the interferences will show
Two experiments with this technique have been carriedip as quantum beats with beat frequencies corresponding to
out on the 3ID undulator beamline at the advanced photothe energy differences of all allowed transitions from all dif-
source(APS) in the Argonne National Laboratory. Details on ferent nuclear site¥. However, if the time-averaged inten-
this beamline can be found elsewh&r&he results of the sity is measured, the quantum beats will level out, except
first, preliminary experiment are described in Ref. 9 andwhen the beat period becomes comparable to or larger than
show a high sensitivity to the applied time window and thethe nuclear lifetime of the excited state. This happens when
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®; The TISRS spectrum is very similar to an ordinary $de
(neV/ Fi) ®, bauer spectrum, and as a result, the interpretation is obvious.
Eg. (1) only takes into account nuclear scattering on
258 sample and reference. In the configuration where also a po-

larizer and analyzer are present, the expression for the for-
ward scattered intensity becomes

-258

2NN, ¢;
ls=const- >, —————, @)
i (wi—wr) ™“+1
G0 e 6 4l 2i0l 24 6 & 10 where «; is a polarization dependent factor, proper to the

particular transition. The main difference with E@) is the
minus sign before the summation, which results in negative

Lg resonances, i.e., the spectrum will show dips instead of
140 peaks’ From the positions, the widths, and the amplitudes of
the resonances, hyperfine and solid-state information can be
1.38 obtained, similar as in classical dsbauer spectroscopy. For
thick samples Egq1) and(2) look different, but the general
138 features remain!3
1.34
IIl. EXPERIMENTAL DETAILS
132 U U An overview of the experimental setup is given in Fig. 2.
130 The undulator is tuned to the 14.413 keV nuclear resonance
0 8 6 4 2 0 2 4 6 8 10 of %"Fe. With a high-heat-load @ 1 1) double crystal
Doppler velocity (mm/s) monochromator, an energy bandwidth of 3.5 eV at the

nuclear resonance is selected. The flux right after the mono-
FIG. 1. lllustration of TISRS for a magnetically split Fe sample chromator is 3 10 photons/s. Since we want to detect ra-

(magnetic fiele=33.3 T) and a single-line reference. Top: Transi- djation that is resonantly scattered in forward direction, the
tion frequencies in the sampléorizontal lineg and referencéin-  detector will see the full photon beam and will be saturated
clined ling normalized to 14.413 keV. Below: The corresponding for several tens of ns after each synchrotron pulse. This com-
TISRS simulated spectrum showing forward scattered intensity Vefplicates TISRS, because putting such a long time gate intro-
sus velocity of the reference sampl&he effective thickness of the duces serious distortions in the spectr‘hﬁiherefore, it is
sample and reference are 5 and 1, respectively crucial to reduce the nonresondptomp} intensity as much

as possible. This is done by a crossed polarizer and
the reference frequeney, matches one of the transition fre- analyzert! These consist of two SB 4 0) channel-cut crys-
quencies in the sample. For thin samples, the forward scata|s (9;=45.1°) with an asymmetry angle 6f43°. The first

tered intensity is given By crystal transmits the-polarized synchrotron radiation, while
the second one, a similar crystal but turned over 90°, only
2N.N transmits 7-polarized light(see Fig. 2 So, only radiation
ls=NZH+NZ+ D ——————. (1)  that changes its polarization state frento 7 can reach the
T (@j— o)+ 1 detector. This may occur for the resonant radiation when it is

scattered on a hyperfine split sample. The nonresonant
N andN, are proportional to the number of resonant nucleiprompt radiation remains polarized and is reduced by the
in the sample and reference, respectively, ands the  analyzer to an amount of>410? photons/s. This low value
nuclear lifetime of the excited state. The first two terms,allows measuring from 1 or 2 ns after the pulse. Simulations
NZ+N?, are constant. The summation in the third term runshave shown that such a small time gate has negligible effects
over all nuclear transition frequencies in the investigated on the measurement.
sample. Measuring the nuclear resonant forward scattered Two absorbers at room temperature are placed between
radiation as a function of the reference velocity yields a specthe polarizer and the analyzer. The first absorber, the inves-
trum in energy domain. Whenevey, is equal to one of the tigated sample, is a magnetically split Fe foil of 2.6n
w;, the last term in Eq(1) will give an extra contribution, thickness, 53% enriched iWFe. A small external magnetic
seen as a resonance. This is shown schematically in Fig. field (0.27-0.03 T) is applied to this sample in order to

FIG. 2. Experimental setup. The propagation
direction of the beam is from right to left.

~ undulator

SS310  Fe foil
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FIG. 3. TISRS spectrum of a magnetically split Fe sarple FIG. 4. TDSRS spectrum of a magnetically split Fe santpfe

fective thickness21) and a stainless-steel reference santpftec-  fective thickness:21) in the presence of a crossed polarizer and
tive thickness=18) in the presence of a crossed polarizer and anaanalyzer.

lyzer. The solid line is the calculated theoretical spectrum, plus a

constant background contribution. V. DISCUSSION

. o . o Qualitative comparison between TISRS and TDSRS
orient the hyperfine field perpendicular to the beam direction q ield th h " 4 solid
and under an angle of 45° with respect to the linear polar-t PSRfS an t_TDS$_8 yled_ﬁt € ?_arlne y[;]er;ne and_st(_)l i
ization plane of the synchrotron. This particular direction ofz aegtré)lgczmailsr:).bvilorzgl ;ngrrgnsgtezyizcc;c;g;n\;\:ﬁelrz Igrrr]w
the magnetic field gives maximal transmission through the P Py y : ; . .
. . dependent phenomena are to be studied, or if one is particu-
polarizer/analyzer setup. The second absorber is guinl

. X . ) . larly interested in the dynamics of the system. If, on the other
thick stainless-steel foilSS310 with 95% °’Fe enrichment. y y y

: : : - hand, hyperfine interactions are the object of the measure-
This one is mounted on a triangularly driven B8bauer ant then time-integrated synchrotron-radiation spectros-
drive, and acts as a single-line reference sample.

° copy can be considered as well. It has the advantage over
The forward scattered photons are registered by a fastpsRrs to yield spectra that are easier to interpret. This be-
operating avalanche photodiode detec&0% efficiency in  comes a real advantage when samples with many hyperfine
intervals of 93 ns, starting from 2 ns after the synchrotronfield components are studied. The TISRS spectrum is just a
pulse. To guard against diffuse scattering from the wallssuperposition of spectra, each one belonging to a component.
appropriate Pb shielding was done. The measurement wag TDSRS, on the other hand, all components interfere, so
performed with a pulse separation of 100 ns and a meathat each pair of transition frequencies produces a quantum
resonant count rate of 40 photons/s. The data collection timbeat. The number of quantum beats can become very large,
was 5 h. resulting in a complicated beat structure.
An important difference between TISRS and TDSRS with
crossed polarizer/analyzer concerns the data collection time.
IV. RESULT The spectra from Figs. 3 and 4 were recorded with compa-
rable resonant count rates, yet for TISRS it took 30 times
longer to get a good spectrum. This can be explained as

The resulting time integrated spectrum is given in Fig. 3, : ; -
showing the forward scattered intensity versus the Doppleponows‘ In case of TDSRS, th_e 5|gn_al is formed by ra_dlat|on_
resonantly scattered on the investigated sample. Since this

velocity of the reference sample. The smooth line is a SiMU-_ yiation is the only one passing through the analyzer, one

. heasures 100% signal. For TISRS, there are two processes
resonant scatteririgThe spectrum clearly shows the si¥e i contribute to the spectrum. The first one, the most in-
peaks corresponding to transitions involving an angular Mogense is again radiation resonantly scattered by the investi-
mentum changdm=0, *1. The relative intensity of the gated sample, without being scattered by the reference
peaks is related to the degree @t 7 polarization change sample. This process has no velocity dependence and hence,
for that particular transition. The separation between thet will only contribute to a constant background. The actual
resonances provides information on the hyperfine interacsignal is formed by radiation that has been resonantly scat-
tions, while the resonance widths are related to the effectivéered both on the sample and on the reference. However, this
thickness of the samples. is a double-scattering event. The extra scattering on the ref-
For comparison, the TDSRS spectrum is given in Fig. 4erence makes it — for the most intenseelir- a ten times
This spectrum is taken under the same conditions, after havess likely process than the single scattering on the sample
ing removed the stainless-steel reference sample. The foonly. As a consequence, the signal-to-background ratio is
ward scattered intensity is now recorded versus time afteonly 10%. In order to get comparable statistics as in TDSRS,
excitation by the synchrotron pulse. The data collection timeone needs to measure ten times longer.
was 10 min with a resonant count rate of 55 photons/s. The Additionally, there is another effect to account for. Data
beat pattern in the time dependent spectrum reflects all hycollection times will also be longer for TISRS due to the fact
perfine information since the quantum beats are determinetthat counts are measured sequentially over the velocity scale.
by the energy differences in the sampié? As in conventional Mesbauer spectroscopy, channels corre-
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sponding to the baselinge., off-resonance channglgield  could be increased by one order of magnitude is not evident.
no information on the hyperfine parameters. Since thes®ther possible solutions, such as the realization of an ul-
channels are also considered, the statistics will be reduced toafast shuttér or the development of a string of ultrathin
some extent. This effect accounts for the remaining factodetectorg? still need to be investigated.

three difference in data collection time. These two arguments

make TISRS inferior to TDSRS from a statistical point of Possible applications of TISRS

view. TISRS can be a useful technique to study hyperfine inter-

actions, especially in cases where time-differential
synchrotron-radiation spectroscopy and classicabdbauer
spectroscopy are not straightforward. For example, the study
Although the implementation of the polarizer and ana-of 8Ta with TDSRS is extremely difficult because of the
lyzer filters reduces the undesired prompt radiation, it limitslong lifetime of the excited stater&8.73 us). Measuring a
the possible applications. In order to change the polarizatiotime spectrum, as was done by Chumakov et’ais, only
state of the radiation, samples with a uniquely defined orienpossible under extreme conditions: the storage ring should be
tation of the hyperfine field are required. This is a minoroperated in a single bunch timing mode. But even then, the
disadvantage when purely magnetic systems are studied, btitne interval between pulses was only 780*hwhich is not
requires monocrystals if a quadrupole interaction is involvedeven one tenth of the natural nuclear lifetime. As a conse-
Furthermore, the study of single-line samples with this setuguence, one needs samples with a large effective thickness so
is simply excluded. that the effective nuclear lifetime of the excited state is suf-
Another drawback of using a polarizer and analyzer forficiently decreased due to spee@fipnd the nuclear decay
TISRS is the low statistics. The resonant count rate was onlgan be measured during the time window. For this isotope,
40 photons/s. This is two orders of magnitude smaller than iiTISRS is a good alternative. It can be performed in a more
ordinary nuclear resonant scattering experiments, where efficient timing modea pulse separation af 20 ng and will
high-resolution monochromator is used to reduce the bandsrovide reliable hyperfine information. Another example is
width of incoming radiation. This is an important factor *Ge. It also has a long lifetime of the excited state
when dealing with low resonant intensities. Data collection(r=4.26 us), which complicates TDSRS for the study of
times of a few minutegwhen no polarizer/analyzer is uged hyperfine interactions. On the other hand, classicak#$4o
become several hoursvith crossed polarizer/analy2erf, bauer experiments are not possible because there is no source
however, the resonant intensity from the synchrotron can bavailable. Again, time-integrated synchrotron-radiation spec-
increased by a factor of 100 or 1000, the data collection tim&roscopy could be a solution.
will be a few seconds versus a few minutes. Then, in both The most interesting application of TISRS, however, can
cases, spectra with sufficient statistics are produced in a shase found in the study of very small hyperfine splittings in
time so that, although the relative difference in data collecnuclei with a long lifetime of the excited state. If the hyper-
tion time would still be two or three orders of magnitude, fine splittings are less than 0.1 neV, the corresponding quan-
this difference is not relevant anymore and the setup withum beat period becomes larger thamu&. Time windows
crossed polarizer/analyzer becomes interesting for TISR@vailable at the present synchrotron-radiation storage rings
measurements. are too short to follow such a slow quantum beat pattern, and
With currently available resonant intensities, however, thenence, most hyperfine information is not accessible for time
use of a polarizer and analyzer for time-integrateddifferential synchrotron-radiation spectroscopy. With the
synchrotron-radiation spectroscopy is unfavorable from aime integrated method, on the other hand, these hyperfine
statistical point of view. In order to make TISRS more gen-splittings can be observed if the linewidth is small so that the
erally applicable for the study of hyperfine interactions, onedifferent resonance lines in the spectrum are still resolved.
needs to find an appropriate way to filter out nonresonant
radiation to an extent that is tolerable by the detector, with- VI. CONCLUSION
out losing too many statistics. Therefore, other schemes for

filtering out the nonresonant radiation have to be considerec%. ”W!{tr? t?'s e_E[_::_(:rlmegt, Wi vlvere abeeTItgé)gov_I(_ahexper_lmeg-
In a previous publicatiof,the use of a nuclear monochro- ‘@1 N€ T€asibility and usetuiness o - 1€ main ad-

mator has been proposed. The idea is to reduce thgantage is that it is less dependent on the time mode of the
synchrotron-radiation bandwidth by Bragg scattering on asynchrotron.mgchme. If in th_e futur_e the_ intensity of syn-
thick nuclear monochromator. A thorough analysis per_chrotron radiation at storage rings will be increased, then the
formed by Smirno¥® has shown that in the case Fe, the full power of TISRS will be olbvigus: it is a complementary
energy bandpass of the nuclear monochromator should H@ethOd to TDSRS and classical Sbauer spectroscopy. In
1-5 zeV. Only then, the following two requirements can be some_cases_where these two methods becom_e dlfflcu_lt or
fulfilled. On the one hand, the delayed response of the mond:"<" |mp053|b|el,81TISRS prO7V|des a useful solution. Typical
chromator should be short enoug&s 8 n9g, so that it can be examples are . Ta and ™Ge where time-integrated
gated out without distorting the TISRS spectrum. On thes_ynchrotron-radlatlon spectroscopy would be a good alterna-
other hand, the transmitted intensity should be low enougltl've'
(<10P cps not to saturate the detector. However, presently
available nuclear monochromators have a bandpass of less
than 0.5ueV %1 corresponding to a delayed response of The authors would like to thank Professor Dr. G. Smirnov
+30 ns, which is intolerable for TISRS. How this bandpassfor interesting discussions on the use of a nuclear monochro-

Use of polarizer and analyzer in TISRS
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