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An improved selective excitation double Mo ~ssbauer spectrometer
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The design, operation and performance of a selective excitation doubshEloer(SEDM)
spectrometer are described. An innovative drive-mounted conversion electron detector for scattered
y-ray energy analysis provides a three orders of magnitude improvement in counting efficiency over
previous SEDM equipment. Simple digital circuitry together with Wisselsbtmuer velocity
transducers and electronics supplies energy synchronization for indefinite collection times.
Magnetic materials containing resonant $8bauer nucleie.qg., °>’Fe) can now be conveniently
studied using SEDM, offering a unique insight into dynamic processes20@1 American Institute

of Physics. [DOI: 10.1063/1.1386900

I. INTRODUCTION resonant event occurs during the de-excitation of a nucleus
back into the ground state. In a material with a single, static

ConventionaP’Fe transmission Mesbauer experiments hyperfine field(e.g., a-Fe), SEDM spectra are produced by
have been used to study various dynamic phenomena incluthe following: Say themy=—;—m,=—3 transition (see
ing diffusion, paramagnetic and superparamagnetic relaxFig. 1) is pumped. After the lifetime of the Msbauer
ation as well as spin—spin and spin—lattice relaxation. Thiswcleus, a de-excitation via the,=—3— my= —1 transi-
technique is usually simple to employ, however, resultingtion occurs. A single, sharp lingee line No. 1 in Fig. Ris
spectra often suffer from interpretational difficulties as dif-the result. If themy= —1-m,=— 3 transition is pumped,
ferent physical behavior can result in the same line shapele-excitation through then,= —3—m,=—3 and m,=—3
The archetypical example of this is provided by Fe—Ni alloys—m,= 1 transitions will occur. Two sharp lines whose inten-
where models based on two-level spin flip relaxation andities are proportional to the cross sections of the respective
static chemical disorder describe the spectra equally Well. transitions is the outcom@-ig. 2).

This dilemma is inherent to measuring incomimgout- Time dependent hyperfine interactions in a material al-
going photons during a transmission” d&bauer or single- low Mdssbauer nuclei to exchange energy with their sur-
drive scattering experiments. These methods detect what i®undings. If this energy exchange occurs during the lifetime
essentially the absorption cross section of resonanssMo of an excited nucleus, new levels will be populated axtita
bauer nuclei. These resonant nuclei can be affected by timeansitions will be observed. The SEDM spectra will exhibit
dependent hyperfine interactions as well as static perturbahese new lines. A SEDM spectrum of a material exhibiting
tions such as internal field inhomogeneities from static distime dependent effects will contain information about the
order. Unfortunately, both static disorder and slow time de+telaxation process and its rate.
pendent effects result in spectral line broadening. The many At temperatures below which relaxation can occur,
lines present in regular Msbauer spectra make separatingSEDM spectra will show the effects, if there are any, of static
these two influences difficult. hyperfine perturbations with spectral linewidths which are

If the effects of both incomingnd outgoing photons are broader than those measured from a sample with a single
measured, the differential cross section of resonant nuclei isyperfine field. With increasing temperature, slow dynamic
determined. Resonant nuclei affected by time dependent hyeffects will provide new spectral lines. In this manner it is
perfine interactions have differential cross sections that arpossible to clearly differentiate between static and dynamic
distinct from those which are affected by static perturbationsdisorder in a magnetic material using SEDM.

Unique spectral characteristics will be provided by time de- The SEDM apparatus, shown in Fig. 3, requires two
pendent and static hyperfine interactions. Doppler modulators. One is used to drive the single line
Selective excitation double Msbauer(SEDM) spec- Mossbauer source at a constant velo¢®yvD), populating
troscopy measures the differential cross section of resonatite desired nuclear sublevel in the sample. The other velocity
nuclei. Two Masbauer resonant scattering events provide &ansducer is used to record the scattered radiation from the
signal from resonant nuclei in the sample. The first resonargample by moving a single-line analyzer with a constant ac-

event pumps a selected transition of the hyperfine nucleateleration(CAD).
structure and populates a specific excited state. The second Two things are crucial for a successful SEDM experi-
ment. One is perfect synchronization of the CVD and CAD

aCurrent address: Materials and Chemical Sciences Division, Energy Scif—c'r the duration of the experiment. This is to ensure that data

ences and Technology Department, Brookhaven National Laboratory, UpCOIl_eCtion occurs only when the selected transition is being
ton, NY 11973-5000; electronic mail: johan@bnl.gov excited and that exactly the same energy for each velocity
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FIG. 1. Energy level diagram of the nuclear energy sublevels for iron.

scan of the CAD is acquired by the multichannel scaler.
Early works solved this problem using specially constructed
electronics for the transducers and periodic energy
calibration®® Others have used expensive CAMAC technol-
ogy to solve the transducer synchronization probfefine
second requirement is efficient detection of the scattered ra
diation from the sample. An early SEDM equipment used a
single-line NaFe(CN)g- 10H,O absorber attached to the
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that time, a high efficiency proportional counter was the sim-
plest method of measuring a signal from the sample. Still, 4&1G. 3. (Top) Photograph of the SEDM apparatus with the closed cycle
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refrigeration system. From left to right: Prop. counter, sample in scattering
enclosure for the closed cycle refrigerator, CAD with CED behind shielding
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Conversion electron detectors, in principle at least, arehe SEDM apparatus.

sensitive to only resonant photons. Microfoil conversion

—
(=4
(=3

e e
o ©
S O
T T
1 1

Normalized Trans.
et
&
o
T
|

e
o
S
T
|

Normalized Emission

K] |
-6 -4 -2 0 2 4 6
Velocity (mm/s)

FIG. 2. Transmission Mesbauer spectrum ef-Fe and the SEDM spectra
obtained when lines Nos. 1, 2, and 3 are driyeamp energies indicated by
the 7).

electron(MICE) detectors are the most sensitive design of
conversion electron detector. With multiple, ultrathifFe
enriched stainless-steel foils, these detectors offer excellent
counting efficiency. A MICE detector designed to be ddo
bauer transducer mounfetas been built, however, the ex-
treme fragility of foils was not well suited to the constant
vibration. Since the bulk of the signal comes from the first
foil® and increasing the number of foils improves the count
rate at the expense of the signal-to-noise ratio, we have built
a simple, single foil, drive mounted conversion electron de-
tector (CED). The foil is firmly mounted onto the detector
body so that it cannot vibrate. Our CED is both robust, and
light enough, to be transducer mounted. With a lower count-
ing efficiency than a MICE detector, this design of a CED
still outperforms the counting efficiency of proportional
counters by several orders of magnitdfe.

Wissel! Mossbauer transducers use digital-to-analog
circuitry, like most modern transducers, and provide outputs
which flag various conditions of the constant velocity and
constant acceleration wave forms. With this information
from the transducers, it was a simple task to design some
digital electronic circuits which synchronize the CVD and
CAD.

With these ingredients, our SEDM apparatus has pro-
vided the necessary upgrade in counting efficiency, with a
10002 to 5000-fold improvement in effective counting time
when compared with previous experimental configurations,
and the ability to stay synchronized for an indefinite period
of time.
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The SEDM equipment was tested on a 2% thick o-ring grpove
a-Fe foil. We have examined the effects of static disorder by
examining an amorphous §B,, samplet Superparamag- | e Coax Entry
netic relaxation in a F©, ferrofluid? has been studied as = o sl
well, and we are currently investigating spin dynamics in O

amorphous Fe—-Zr and Fe—Sc spin glasses.

Il. SPECTROMETER DESIGN AND OPERATION

A photograph and schematic diagram of our SEDM ap-
paratus is shown in Fig. 3. We will discuss the construction
and optimization of the CED, synchronization and data col-
lection with the two drives, as well as shielding, in the fol-
lowing subsections. This is followed by a description of the
calibration and operation of the SEDM spectrometer.

A. CED

gas entry/exit
tube

The heart of our improvements to the SEDM technique FIG. 4. Sectional views of the detector body. All dimensions in mm.

is the use of a drive mounted CED as our energy analyzer.
This offers a tremendous enhancement in counting effiquench gasin our case methanés added to the helium, to
ciency. keep the detector from avalanching from photons scattering

An orientation of 90° for the energy analyzer with re- off the helium. To reduce the response of a CED to lower
spect to the source is the simplest, and fortunately, most bernergy photongsuch as the 6 keV x ray from the decay of a
eficial, geometry to use in a scattering experiment. For aMossbauer nucleusa filter material is placed in front of the
SEDM experiment, this setup solves two problems. One i€athode.
that it reduces possible coherent Rayleigh scattering to a This CED is based upon a previous design used for
minimum as these scattering events have &(épsingular Mossbauer source experiments with extremely low doping
dependence. Another is that the 90° position offers the greatevels of°’Co.1° The SEDM CED is more modular, allowing
est distance between CVD and CAD, allowing the maximumfor easy removal of the CED cathode sample, and attention
amount of radiation shielding between source, sample antbwards sealing the detector has resulted in low Ha/Géb
detector. This is a necessity which we will explain later inflow rates, ensuring consistent and reproducible perfor-
Sec. Il C. mance. Low density materials were used throughout the con-

A detector with too large a collection area will lead to struction which served a twofold purpose. Keeping the mass
cosine broadening of the spectral lines, so it is necessary tof the CED to a minimum 440 g for this CED limited the
keep the angular acceptance limits of the collected photongossibility of adversely affecting the linear acceleration of
to a reasonable minimum. This restricts the photons that wéhe CAD. LowerZ materials also reduce the number of non-
can collect from the sampléwhich are radiating off the resonant scattering events that might take place anywhere in
sample in all directionsto a small solid angle. An efficient the CED during a measurement, diminishing background
detector of scattereg¢ photons from the sample is clearly counts.
needed. A CED provides the most efficient means of collect-  Sectional views of the Plexiglas detector body are in Fig.
ing resonant events from a sample. In general, the relativd. The cover(not shown is a 65 mm diam, 2 mm thick
advantages of a conversion electron detector go up as thHeéexiglas disk. Plexiglas is light, easy to machine, and is an
magnitude of the absorption from a sample decredges. excellent filter of the unwanted fluorescence from the
emission signal residing over low count background is asample. A 100 mf) 90% %’Fe enriched 1.3um thick 310
more effective detection technique for SEDM then a proporstainless-steel fdif is the CED cathode. An enriched foil is
tional counter which cannot offer a greater than 10% absorpused to maximize the possible resonance events frgho-
tion signal from re-emitteds photons in a high count back- tons off the SEDM sample. The foil is clamped firmly in
ground. place with a 40 mm diam;-0.1 mm thick Plexiglas ring

A CED is basically a proportional counter with a reso- with a 9.8 mm diam center hole to expose the cathode to the
nant foil which acts as a cathode and a fine wire biased to & photons from the sample. The anode wire isg2% gold-
high voltage for an anode. A 14.4 keyY photon from a coated tungsten and soldered across the 4 mm sections of the
SEDM sample will resonantly scatter inside the cathode foildisk shown in Fig. 5. This anode holder is made of 2 mm
and excite @'Fe nucleus. Only about 10% of the nuclei will thick copper-clad circuit board. Facing surfaces of the detec-
return to their ground states via a re-emitted photon. Theor body and cover were polished and an o-ring is used to
other 90% emit a conversion electron followed by an x-rayensure a seal between detector body and cover. All inner
or Auger electron. On average, two conversion electrons arsurfaces were fully aluminized and connected to ground.
emitted for each resonant evéntso this process offers the Four nylon screws are used to fasten the cover to the body. A
greatest possible signal. To reduce the sensitivity of the CER250 mm long lightweight coaxial cablgRG-174/) with a
to photons, a fill gas of helium is used. A few percent of agold mini-SMC high voltage connector carries the bias volt-
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FIG. 5. Sectional view of the anode wire mount made of 2 mm thick copperFIG. 7. Effect ¢) and effective counting timg as functions of CED bias
clad circuit board. All dimensions in mm. voltage as described in the text. The solid line is a guide to the eye.

age from the preamp to the anode wire. One end of the SM&as calculated for each spectrum, as well as the following

connector was threaded into the detector body and the anodgeasure ~ of the effective counting —timefe=2(e

wire was soldered onto the center pin of the connector. Thirt 2)/(e%1.).*> The operating bias voltage for the CED of

coax is used to reduce mechanical stiffness which would00 V exhibited the minimum effective counting time and

interfere with oscillating the detector. The He with 4% £H maximum signal effect, shown in Fig. 7. A spectrum of the

gas mix enters and exits though two 2 mm diam plasticenriched stalnlgss-ste_:el cr_:lthode is shown in Fig. 8. The CED

tubes. The premixed gas flows through the detector at a rafg®S an operational linewidth of 0.158.002 mm/s, com-

of ~0.1 cn?/min. A photograph of the CED mounted onto pared to 9.1910.001. mm/s for a transmission spectrum of a

the CAD during a SEDM experiment is shown in Fig. 3. 10 um thick 310 stainless steel. _
The CED was optimized for counting efficiency in the Background contributions in the form of de_tector noise

following way. Initially, with the minimum possible lower and low-energy photoelectrons were reduced with the proper

level discriminator setting, pulse height spectra of the CEDSelection of the lower level discriminator setting for the de-

on and off resonance were collected at various bias voltagector electronics. Using the same method to find the optimal

The pulse height spectra, with the off resonance contributioRias voltage, a lower level discriminator setting of 10-12

subtracted, indicated when the conversion electron signdlV Was selectedsee Fig. 9.

was maximized. Figure 6 shows this trend for several bias ) o )

voltages, with the 800 V bias showing a clear maximum forB- Drive synchronization and data collection

the conversion electron signal around channel 100. To con- A requirement for SEDM spectroscopy is the synchroni-

firm this setting, conversion electron Msbauer spectra of zation of the CVD and CAD. The energy analyzer must

the single line stainless-steel cathode of the CED were cokweep across its range of velocities while the transition is

lected at different bias VOItageS. The effect /1., wherel being pumped by the constant Ve|ocity dr|@VD) trans-
is the peak intensity ant, is the baseline of the spectrum,

Counts (103)

Velocity (mm/s)

FIG. 6. Pulse height spectra with off resonance background subtracted &G. 8. CED spectrum of the enriched 310 stainless-steel sample. A line-
various bias voltages for the CED. The conversion electron peak is clearlyidth of 0.153-0.002 mm/s and an effect 6¢800% are substantial im-
seen in the 800 V spectrum around channel 100. provements over conventional transmission measurements.
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Out Frequency

CAD

ducer and exactly the same velocity should be recorded ir
each channel of the multichannel scaler during a scan. A
Wissel! velocity transducer MA-260, NMesbauer driving
unit MDU-1200 with a digital function generator DFG-1200
was used for the__CVD and a Msebauer velocity transducer The function generators provide a sign signal which in-
MA-260 with a Massbauer driving unit MR-360 and a digital dicates when the wave form generates a positive or negative
function generator DFG-1000 was used for the CAD. Thevelocity and a count enable signal which establishes when a
drive function generators are essentially digital-to-analogzonstant velocity section of the wave form has been reached.
(DA) converters with internal clocks which supply the driv- with the circuit in Fig. 12, counts from the detector are gated
ing unit with a wave form and provide logic pulses during with the CVD sign and count enable signals. This way, signal
different parts of the wave form for data collecti@g., TTL s collected by the multichannel scaler data acquisition sys-
pulses for the channel advance, a start signal denoting them only when the transition is being pumped by the CVD.
beginning of the wave form and a sign signal for the positive

and negative velocities of the drive wave fgrmhe internal
clocks of the drive function generators can be disabled an
an external TTL stepping pulse can be used to provide th
channel advance for DA conversion to the driving unit. This It is very important when performing SEDM experi-
feature allows the two drive systems to be used in a mastements to provide proper shielding of the detector from un-
slave configuration. With an external channel advance fre-
quency of~100 kHz (4096 channels25 Hz drive resonant
frequency the CAD is slaved to the CVD using the circuit
shown in Fig. 10. The start signal from the CVD and the sign
signal from the CAD ensure that both wave forms begin at
their maximum velocities at the same time. To establish syn-
chronization after a drive has been turned off, a reset trigger
is provided. The drive function generators are operated in a
standard 512 channel/cycle configuration. The CAD uses a
triangular, constant acceleration, wave form. To minimize the
velocity error of the CVD proportional-integral feedback
loop, a square wave form with a 20% sine wave component
at the discontinuitiegsee Fig. 11 is used. Examining the
diagram of the CAD and CVD wave forms in Fig. 11, it
seems reasonable to have the CAD double its oscillation pe-
riod so data can be collected during the positive and negative
accelerations of the CAD and standard folding of a spectrum
can occur to alleviate possible background problems. This
was not possible with our Wissel drive units. The servo loop channel

was !-mable to cope when operating at twice the 25 Hz megig 11 Diagram of the CVOtop) and CAD (bottom) wave forms used
chanical resonant frequency. during a SEDM experiment.

FIG. 10. Schematic of the CVD and CAD synchronization circuit.

g. Shielding

arb. units
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FIG. 13. Velocity calibration of CAD with respect to the six lineswofre.
FIG. 12. Schematic of the velocity gating circuit. Residuals of the fit4) are shown in the bottom part of the graph.

wanted radiation. Optimum CED performance is achievedional transmission Mssbauer spectrum of the sample in
with a low background,so keeping nonresonant counts to ahand, it is a simple task to determine the line energies for a

bare minimum is crucial. CVD velocity. The experimental procedure for conducting an
The biggest source of background counts is line-of-sighSEDM experiment is:
photons from the source. The 122 key) rays from the (i) Conventional transmission \debauer spectra are col-

nuclear decay of’Co can penetrate any shielding materialslected. These spectra are used to determine the transducer
between source and detector. To improve the shielding fovelocity for pumping a selected transition. Fits to the trans-
the detector, it is better to use many materials with complemission spectra offer necessary information to fit SEDM
mentary y-ray absorption coefficients. With this in mind, spectra, e.g., distribution of hyperfine fields.

each metal used for the CED shielding has an absorption (i) With the drives synchronized for a SEDM experi-
coefficient which is optimum for a range ofray energies. ment, the CVD energy is tuned across a range of energies
The metals are placed in a sequence so photons of loweentered about the calculated drive velocity and the gated
energies will be absorbed as they scatter on toward the CERounts from the proportional counter behind the sample are
By the time photons have penetrated all the shielding materecorded in timed binge.g., 100 s/channelThe absorption
rials, their energies are too low to create photoelectrons ims a function of drive energy will yield a maximum when the
the CED. An example of our shielding is schematically dis-peak of the line is encountered. This is an important check of
played in Fig. 3. 10 mm of tungsten is followed by 10 mm of the CVD energy calculated from the transmission spectrum.
lead, and then 3 mm of cadmium, 2 mm of brass, 2 mm of  (iii) Once the CVD energy is confirmed, the SEDM ex-
aluminum and 3 mm of Plexiglas. Although tungsten has geriment begins with one MCS collecting the SEDM spec-
lower Z then lead, its higher density makes it a better abtrum and the other MCS recording the CED counts in timed
sorber. Collimation of the scattered radiation from thebins as a check of the detector performateg., the number
sample is provided by an 11 mm inner diameter copper shethf counts per bin remains constant for the duration of the
which passes through the shielding and is level with thesxperimenk

10X10 mm cathode. A 2 mm think copper shell sitting inside  Since the data gating electronics collect during half of

a 7 mm lead shell shields the source. the CVD wave form, no background corrections, typically by
folding, are possible. However, with our thin samples as well
D. Operation as source—sample and sample—CED distances of 2-5 cm,

Our SEDM apparatus uses standard detector electroniclat Packgrounds were always measured.

i.e., detector preamps, high voltage power SUDDQ:LES’ multi-

channel analyzers and rate meters, from ORTEE@nd

Canberrd! An Intel-based PC having two ORTEC multi- Il SPECTROMETER PERFORMANCE
channel scalefMCS) data acquisition cards collects the Using a 1 GBq(25 mCj °’CoRh source, the SEDM
spectrum. One MCS card is used to collect counts comingetup was tested am-Fe. At first, with no calibration for the
from the CED(the SEDM experimentand the other MCS CVD velocity, all six lines of thex-Fe spectra were found by
card is used for collecting counts from the proportionalvarying the CVD velocity and recording the absorptiomof
counter when checking the CVD energy or recording therays in the sample. A linear relationship between the ac volt-
long term CED stability. The back of the CAD transducerage of the monitor output of the CVD and line positions for
has a source holder. A source is attached here when it ig-Fe was demonstrated and used as a calibration of the CVD
necessary to calibrate the CAD velocities. With a convenvelocity (Fig. 13.
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Collecting a SEDM spectrum while driving line No. 1 of ,1.00
a-Fe provided a strong indication that selective population-g
of the me= —3/2 nuclear sublevelshown schematically in g%
Fig. 1) was happening. With the largest cross section, driving &
line No. 1 would produce the strongest signal, and after ap-[g
proximately 1 day of counting, a single-line SEDM spec- 90.94
trum, shown in Fig. 2, was the result. With a line position of .2
—5.3120.01 mm/s, in agreement with the line No. 1 energy §0.92
of a-Fe, the appearance of a single line agrees with the seé
lection rules.

SEDM spectra when the excited states of lines Nos. 2
and 3 in a-Fe were populated established that selectiveg o.2
population of a nuclear sublevel was indeed occurring. The@
population of them,= — 1/2 state results in de-excitations to
the my= —1/2 andmgy= 1/2 stategsee Fig. 1, i.e., pumping
line No. 2 yields a spectrum with lines Nos. 2 and 4. When
line No. 3 is driven, populating then,=1/2 state has de-
excitations occurring to theny=—1/2 andmgy=1/2 states,
resulting in both lines Nos. 3 and 5 in a SEDM spectrum =015
(Fig. 2). This last SEDM spectrum is the most convincing ©.10
evidence that selective population of the nuclear sublevels is g g5
happening, as the de-excitations via thg=1/2—my=
—1/2 transition has a larger nuclear cross section than the = 1 — 5 % 4 3
pumpedm,=1/2 state, resulting in the return line No. 5 Velocity (mm/s)

which wasnot pumped having a much greater intensity in ,
FIG. 14. Transmission Mssbauer spectrum of gB,, and SEDM spectra

the SEDM spectrum than the pumped line No. 3. ) ” 50220 <
. _ hen lines Nos. 1 2 .
To evaluate the SEDM line shape the energy distripy""e" "1eS NOS and 2 are drivepump energies indicated by th9

tions of the source radiation and scattered radiation from the
sample as well as the detector energy resolution are requirethe source during the SEDM experimehit. andP(B) cor-
These items are characterized by their linewidths. Includingectly predict the SEDM line shapes with fitted linewidths of
the energy distribution of the sourdé-gp=0.153+0.002 0.165+0.002 mm/s, which includes the CED energy resolu-
mm/s, collected in a transmission geometry, describes thgon, describing the energy distribution of scattered radiation
energy resolution of the CED. A measure of the source enfrom the sample. These SEDM fits indicate that only part of
ergy distribution is given by the inner linéblos. 3 and #of  the hyperfine field distribution is being probed by the SEDM
a a-Fe transmission spectruni;=0.120+0.001 mm/s, experiment. Compare the narrower SEDM linewidths to
which defines the excitation process of as$dbauer nucleus
in the source and the subsequent de-excitation. With this in-
formation, a SEDM model assuming Lorentzian line shapes 0.3 110 K
and a single hyperfine field, corrected for the CED isomer g, ! i
shift, was used to fit thee-Fe SEDM spectra. These spectra 100 K

: . T L 0.3 E 1ty 3
required approximately 1 day counting times, and exhibit a 3
order of magnitude improvement in counting efficiency over _ 9.0
previous experiments*
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IV. EXAMPLES OF APPLICATION 0.3 80 K
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We are currently using SEDM to separate static and dy--‘_v.
namic magnetic disorder in paramagnetic and superparamagg 0.3 70 K
netic systems. To demonstrate the effects of static disordel®
SEDM spectra of the metallic glass dgB,, when driving
lines Nos. 1 and 2, were collected. Figure 14 presents the
transmission Mesbauer and SEDM spectra of gf&,, at
room temperatur€0.45 T.). The transmission spectrum ex-
hibits the usual broadened six-line pattern of a metallic glass
with a broad hyperfine field distributioR(By). SEDM data ~10 -6 = -2 2z 6
obtained driving lines Nos. 1 and 2 show a single broad line Velocity (mm/s)
which may be fl.tte.d assuming the SarﬁeBhf). d?ter.mmed FIG. 15. SEDM spectra of a k@, ferrofluid when line No. 1 is driven at
from the transmission spectrum. From the distribution of hy-gitterent temperatures. Notice the appearance of line No. 6 above 50 K
perfine fields, a range of transitions can now be pumped bwhen superparamagnetic spin flips start happening.

i
e
o
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those from the individually fitted lines of the transmissionbe applied to problems of current interest, such as spin
spectrum of FgB,o; line No. 1 gives 0.7£0.02 mm/s and dynamics:?> magnetically disordered systemsand spin

line No. 2 0.390.01 mm/s. This is direct evidence that glasses.

static disorder can be detected. using S_EDM SpeCtro.SCOpX(CKNOWLEDGMENTS

The effects of superparamagnetic spin flips of magnetic mo- . )

ments in a F§0, ferrofluid upon SEDM specttaare shown The authors would like to thank Dr. A. Kuprin for help-

in Fig. 15. These SEDM spectra display a striking new pheing with CED design and optimization and L. Cheng for
nomena: a new line, not available via the normal, static sesPuttering aluminum onto the detector components. This
lection rules(Fig. 1), appears. This is possible because wherVork was supported by grants from the Natural Sciences and
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