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The magnetic inelastic neutron scattering at low temperatures has been measured from a large
single crystal of ' Fe(12 at. % Si) up to energy transfers of 100 meV using the constant-Q spectrome-
ter at the Los Alamos pulsed neutron source. The spin-wave energies and intensities were obtained
from the data by using a multichannel maximum-entropy technique, and we show that much more
detailed information can be obtained from the maximum-entropy analysis. The observed spin-wave
dispersion relations obtained in the present experiment are in excellent agreement with earlier data,
and we observe a sharp falloff of the (001) magnon intensity at approximately 80 meV, which is in
accord with previous experimental measurements and multiband theoretical calculations of the dy-
namic susceptibility of iron. We also compare the data rate obtained with the constant-Q spectrom-
eter to a triple-axis instrument and find that the spectrometer is competitive for this type of mea-
surement.

INTRODUCTION

The spin dynamics of itinerant ferromagnets like Fe,
Co, and Ni have been the subject of intense study for
many years; partly because they are elemental systems
with only one atom in the primitive unit cell and thus
they should be the simplest itinerant electron systems to
understand theoretically, and partly because iron and its
compounds have since ancient times been prototypes for
magnetism. Historically, however, the itinerant nature of
the 3d electrons has not always been obvious. The values
of the magnetic moments are nonintegral, which is
characteristic of a band ferromagnet, but the susceptibili-
ty obeys a Curie-Weiss law, the low-energy spin-wave
dispersion relations follow the quadratic form (E =Dq )

expected for a (localized) Heisenberg ferromagnet, and
the observed critical phenomena are typical of a conven-
tional three-dimensional ferromagnet. It has only been in
recent years that an itinerant description of the 3d "mag-
netic" electrons has become generally accepted as essen-
tial, due primarily to results from inelastic neutron
scattering, ' Fermi surface studies, and angle-resolved
photoemission measurements.

The most direct method of observing the itinerant
character of the "magnetic" electrons is to measure the
dynamic susceptibility g(q, co) via the inelastic scattering
of neutrons. This is because the nature of the magnetic
excitation spectrum should be qualitatively diferent de-
pending on whether the spins are itinerant or localized.
For a localized spin system the ground-state spin dynam-
ics are characterized by sharp spin waves throughout the
Brillouin zone, while for an itinerant system the lifetimes

of the spin waves may become quite large in certain re-
gions of the Brillouin zone, making the spin waves appear
to vanish. In a single band model, for example, the spin
waves would be well defined until the dispersion relation
enters the region of the single-particle spin-flip (Stoneri
continuum, whereupon their linewidths become compara-
ble to the bandwidth. The magnetic scattering will then
be spread over a huge range in energy, and a negligible
intensity would be observed within the resolution width
of a typical neutron measurement, making the magnons
"disappear. " In a multiband model, on the other hand,
qualitatively new behavior can occur. Numerical calcula-
tions of the dynamic susceptibility based on realistic band
structures were carried out by Cooke, Lynn, and Davis
for both Fe and Ni. The calculations provided a good
description of the low energy spin-wave dispersion rela-
tions and intensities, while additional "optical" spin-wave
modes were predicted to exist at high energies, which
were experimentally inaccessible at the time. Blackman,
Morgan, and Cooke have recently extended these results
by including off-diagonal matrix elements in the calcula-
tion of y(q, co), and these results have in fact been used as
a guide in recent neutron experiments. There are certain-
ly still some discrepancies between theory and experi-
ment, but the overall agreement is satisfactory, and can
be expected to improve further as more powerful comput-
ers become available.

Experimentally, the first measurements reporting
itinerant electron behavior using neutron scattering were
performed on a triple-axis spectrometer at Oak Ridge
National Laboratory by Mook and Nicklow. These are
very difficult experiments to carry out at a conventional

43 2565 1991 The American Physical Society



2566 YETHIRAJ, ROBINSON, SIVIA, LYNN, AND MOOK 43

thermal neutron source, and they used a large single crys-
tal of Fe(4 at. % Si) to improve the signal-to-noise ratio.
This isotope of iron was used to reduce unwanted nuclear
scattering. The addition of silicon was necessary to per-
mit the growth of a large crystal; its presence does not
qualitatively affect the spin dynamics. They observed a
rapid drop in the strength of the spin-wave scattering for
energies above —80 meV in all three symmetry direc-
tions. After these initial experiments, the isotope crystal
was regrown in order to increase its size and mosaic qual-
ity. This new sample, presently weighing 166 g, has con-
siderably more Si incorporated in the crystal: 12 at. %.
Measurements on this sample by Lynn at Oak Ridge
showed that the increased Si content reduces the spin-
wave energies by approximately 20% in comparison to
pure iron, but the spin-wave intensities still fall-off at
high energies.

Measurements of high-energy magnetic excitations are
generally very dificult to make with neutrons, because of
low neutron cruxes at high energies and the rapid de-
crease of the magnetic form factor at large wave vectors
which necessitates scattering at small angles. In particu-
lar, there are a number of significant experimental correc-
tions which must be made to the triple-axis data in order
to obtain intensity information over the wide range of en-
ergy needed, as discussed elsewhere. ' There has been
concern (especially in the early measurements) whether
these corrections were made sufficiently well, or whether
some unknown instrumental artifact could make the spin
wave intensities appear to drop off. More recently,
Loong et al. carried out measurements on a time-of-
Aight chopper spectrometer at the Intense Pulsed Neu-
tron Source (IPNS) at the Argonne National Laboratory,
where the experimental corrections are of a totally
different nature. They observed spin waves in a 23-g
crystal of pure iron (with natural isotopic abundance) up
to an energy of 160 meV. The measurements were con-
centrated in the [111]direction, and while these authors
did not extract detailed intensity information from their
experiment, the observation of spin waves at these high
energies appeared to contradict the earlier results which
were obtained in the Si doped samples.

In this paper we report measurements on the 166-g
sample of Fe(12 at. % Si) using the constant-Q spec-
trometer at the Los Alamos pulsed spallation neutron
source. This spectrometer employs a pulsed white beam
of neutrons incident upon the sample, and then uses the
time-of Bight technique combined with an analyzer crys-
tal to obtain the spectrum of inelastically scattered neu-
trons. The instrumental corrections are fundamentally
different from those of the triple-axis technique. Our
measurements were concentrated close to the [100] crys-
tal symmetry direction. While spin-wave modes are visi-
ble in the raw data, we use a novel two-channel maximum
entropy (MAXENT) technique to separate the signal from
an unknown background and deconvolute the resolution
function from the signal simultaneously. This has en-
abled us to extract the maximum amount of information
from the raw data, and allows us to determine the mag-
non dispersion curve to higher energies and with better
intensity sensitivity than is possible from a conventional

least-squares analysis of the same raw data. Our results
clearly show that the strength of the magnetic scattering
decreases, as expected from the earlier triple-axis mea-
surements of Mook and Nicklow and Lynn. We also
make some comparisons concerning the utility of the
constant-Q spectrometer with respect to triple-axis and
chopper spectrometers for this type of experiment, and
about the general utility of the maximum entropy tech-
nique for data analysis.

During the course of this work, Paul et al. ' reported
measurements on the same Fe(12 at. % Si) sample taken
with the IN-1 "hot source" triple-axis spectrometer at
the Institut Laue Langevin. In the [100] direction they
found that the strength of scattering dropped rapidly
above approximately 75 meV and became unobservable,
but the spin waves reappeared above approximately 200
meV. In the [111] direction, however, the spin waves
were broadened and reduced in intensity at higher ener-
gies, but magnetic scattering could be observed all the
way to the zone boundary. Hence the apparent contrad-
iction between the original triple-axis experiments and
the recent time-of-Aight data '" in the pure iron sample
appears to be resolved. The overall agreement of both
triple-axis and time-of-Right experiments is quite good,
and they clearly show the itinerant character of the mag-
netic electrons.

EXPERIMENTAL METHOD

As stated above, the measurements were performed on
a large single crystal of Fe (12 at. % Si). The silicon
was added to stabilize the sample in the body-centered
cubic a phase at all temperatures, though 12 at. % Si is
rather more than is strictly necessary. Below 4 at. % Si
content, a face-centered-cubic y phase exists at high tem-
peratures' and this severely complicates the crystal
growth of single crystals of pure iron. The isotopic sam-
ple minimizes both the coherent and incoherent nuclear
scattering, since Fe has the smallest nuclear scattering
length of any Fe isotope and, by coincidence, Si has the
same scattering length as Fe. This is the identical single
crystal that was used by Lynn and by Paul et al. '

The spectrometer used in this study was the constant-
Q Spectrometer at LANSCE, the pulsed spallation neu-
tron source at Los Alamos. The spectrometer is shown
schematically in Fig. 1. The constant-Q geometry was
originally proposed by Windsor et al. ,

' who built a pro-
totype at Harwell. The idea behind the spectrometer
geometry is to be able to measure a complete constant-Q
scan for each setting of the spectrometer and sample
crystal. To do this, the analyzer is set such that the com-
ponent of Q perpendicular to the incident beam, Q~, is
kept constant and the spectrometer takes data in the
Q~~, E plane, where

Q~~ is the component of Q parallel to
the incident wave vector. A concise and general descrip-
tion of the kinematics for constant-Q~ spectrometers has
been given by Robinson and Pynn. ' The present spec-
trometer, which is fully described elsewhere, ' ' follows
Windsor's concept but includes many improvements. In
particular, for this experiment, we used a large multicom-
ponent copper analyzer. ' This particular analyzer
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FIG. 3. A typical detector spectrum in time of Aight, from
which it can be seen that the signal is much sharper than the
background and that the background can be approximated by a
straight line. Note that the peaks all have roughly the same
width in time of Aight.

the Cu(002) analyzer and the measurements are made for
Q values in a line perpendicular to Q~. Further, the
range in energy varies with Qii. The shaded region in
Fig. 2(b) shows the total (Qii, E) area accessible for the
chosen scan through the (110) reciprocal lattice point in
Fe using the Cu (002) analyzer. This data set was taken
with the sample cooled to 10 K and is the configuration
in which our best data were obtained, particularly with
respect to the energy transfer range covered. A time-of-
Aight spectrum from a single detector is shown in Fig. 3.

DATA ANALYSIS —MAXIMUM ENTROP Y

The problem of reducing our data is that a large quan-
tity of data is collected as a function of scattering angle P
and time of Aight t. In these coordinates, the instrumen-
tal corrections are relatively straightforward and the
resolution does not vary strongly. However, the physics
of interest is best thought of in wave vector and energy
transfer space, Q and E. The transformations' between
these coordinate systems are straightforward but non-
linear. At some point in the analysis, one must perform a
two-dimensional nonlinear rebinning from (P, t) to (QiiE)
and make all appropriate corrections to the intensities. '

The problem with doing this on the raw data is that sta-
tistical fluctuations are propagated in a correlated way
into a number of bins in the QiiE space. Furthermore, in
these coordinates, the resolution changes greatly. It is
clearly better to perform any smoothing or deconvolu-
tion, and correct for P-dependent systematic effects like
the background, in the P, t space and then rebin into Qii
and E. The maximum entropy method is the best way to
do this.

We have chosen to deconvolute our data using the
maximum entropy method. However, because the instru-
mental resolution is not suKciently well known, we do

not perform a "strict decon volution. " It has been
shown' that the resolution function need not be known
with absolute accuracy to obtain reasonable estimates of
the positions and relative intensities of peaks. In general,
utilizing a width slightly greater than the real resolution
results in suppressing ringing artifacts.

The maximum entropy (MAXENT) technique is a gen-
eral image reconstruction method which is routine in a
wide variety of fields, including ratio astronomy, photo-
graphic enhancement, and medical imaging. More re-
cently, this method has been applied to a number of
diA'erent types of problems in neutron-scattering data
analysis. '

We,describe here the multichannel MAXENT used to
analyze our data. Our primary reason for choosing to
carry out the data analysis by this method is that it pro-
vides a good model-independent way of estimating the
scattering law. We do not make any a priori assumptions
about the number, type, or shape of the excitation disper-
sion curves inherent in the scattering law. The general
properties of the MAXENT technique are as follows. (a)
Several statistical arguments strongly suggest that MAX-

ENT is the preferred method for inferring positive addi-
tive distributions, such as the neutron-scattering law, (b)
MAXENT enforces positivity, and (c) MAXENT tends to put
structure in the reconstructed image (inferred scattering
law) only if it is warranted by the data. As such, we are
using MAXENT as a powerful tool to help with the data
analysis, but this technique is not central to our con-
clusions. Detailed explanations of MAXENT can be found
in Refs. 20—23 (and references therein).

We begin by illustrating the use of MAXENT on a sim-
ple simulation of a straightforward convolution problem,
computed on a grid of 128 points. We start o6'with a test
profile, which we refer to as the "true" object. Our
"true" object, shown in Fig. 4(a), consists of two spikes
separated by a small plateau on the left and a broader
peak on the right. Since we assume that the resolution
function of the constant-Q spectrometer can be approxi-
mated by a Gaussian, we convolved our "true" object
with the broad Gaussian shown in Fig. 4(b); we added to
this blurred object a small flat background (about S%%uo of
the peak signal) and random v X noise, to generate the
simulated data set shown in Fig. 4(c). Given these data,
and a knowledge of the background and resolution func-
tion, Fig. 4(d) shows the MAxENT reconstruction of the
object. This is a very satisfactory reconstruction in that
we see no spurious features, and the "true" structure has
been recovered with approximately the correct positions
and integrated intensities. If the spikes had been much
closer together, however, the integrated intensities of the
individual peaks would not necessarily have been
preserved although the total Aux in the reconstruction
would be conserved. We also note that the two sharp
spikes are reproduced with a finite width rather than as 6
functions; this is because there is not enough information
in the data (alone) to safely infer the presence of sharper
structure.

Next we consider the more dificult case when, as for
our constant-Q data, the background function is not
known. To deal with this situation we need to use a more
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FIG. 4. A simple maximum entropy simulation: (a) the "true" object, (b) the resolution function which is, in this case, a Gaussian,
(c) the simulated data, obtained by convoluting the object with the resolution function and then adding a small background and ran-
dom noise, and (d) the MAxENT reconstruction of the object.

advanced MAXENT technique: multichannel entropy.
We can use this method to make an automatic separation
between broad structure, which we will interpret as the
"unknown background, " and sharp structure, which we
will interpret as the scattering law of interest. In essence,
we create two "image" (or reconstruction) channels with
the following properties: (a) one channel is only allowed
to have broad structure while the second is permitted
high resolution and (b) it is arranged so that it is "entrop-
ically cheaper" to put structure in the broad-feature
channel rather than in the high-resolution channel. This
ensures that if the broad structure can account for the
data, it will appear in the broad-feature channel; if sharp
structure is required, it can only appear in the high-
resolution channel. An algorithm designed to implement
this idea is described elsewhere, ' but we demonstrate its
use on another simple simulation.

The set-up is much the same as before. The object in
Fig. 4(a) was convolved with the resolution function of
Fig. 4(b), but now a large broad background was added to
generate the noisy data set shown in Fig. 5(a). These data
are far worse than our raw data, but the exaggeration
merely serves to emphasize the power of the analysis
method. Figure 5(b) and 5(c) are the MAXENT recon-
struction for the signal and background channels, respec-
tively, obtained using the algorithm outlined above. This
is quite impressive given the data.

For the analysis of our Fe data, the multichannel en-
tropy algorithm of' was generalized to two dimensions

and the only correction made to the raw data was to
divide it by the integrated intensity for an elastic in-
coherent scatterer (ZrH2), detector by detector. For the
broad-feature channel, we assumed that the background
was linear in I; for each detector, but the slope and inter-
cept of this line was allowed to vary from detector to
detector. The linear assumption appears to be borne out
in practice by both the raw data and the ZrHz (normali-
zation) scans, and is a more stringent constraint on the
nature of the background channel than the "broad-
feature" criterion used in Fig. 5. This formulation has
the advantage that changes in the background cannot ac-
count for data which give rise to sharp features in the
scattering law, while it still allows enough flexibility to
accommodate different levels of noise in the various
detectors.

For computational reasons, the MAXENT reconstruc-
tion is carried out in the P tspace since, in t-his space, an
invariant resolution function in (P, t) is a reasonable ap-
proxirnation. We have used the resolution calculation of
Ref. 15 to study the variation of the spectrometer resolu-
tion function over the range of interest in this experi-
ment. The angular resolution is constant to within better
than +10% over the whole map. The time-of-flight reso-
lution at the elastic line is calculated to be independent of
the scattering angle within better than +10%. This is in
agreement with the data in Fig. 6. However, the calculat-
ed time resolution for energy loss scattering decreases
significantly with increasing energy transfer and is small-
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shoulder on the high-t side of the most intense inelastic
peak (A); this is now resolved in the reconstruction, espe-
cially at lower angles, as can be seen in Fig. 7(b). A one-
dimensional plot of a typical detector is shown in Fig.
7(c).

In addition, a broad horizontal feature labeled X is
seen in the raw data which disappears in the reconstruc-
tion. This intensity can obviously be taken care of by the
background channel alone and is due to a few slightly
noisy detectors.

The centers of the peaks in the MAXENT signal channel
are now transformed to momentum and energy transfer
in Fig. 8. The features 3, B, and C correspond to the
( —q) branch of the magnon, the (+q) branch of the mag-
non and a phonon that is mainly transverse in character,
respectively. In order to compare these results with pre-

Fe Dispersion Curve
I I I I

I
I I

I
I I

CQS DATA: 54Fe(12 at. % Si); Cu (002) Analyzer
FIG. 8. The dispersion curve obtained by converting the

centers of the peaks in the MAxENT high-resolution channel to
units of energy and momentum transfer. The solid line is the
quadratic E =Dq, where D, the stiftness constant =230
meV A and the dashed line is the transverse phonon calculated
from published force constants (Ref. 26).

Time of Flight

MaxEnt Reconstruction: "Signal" Channel
II
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(c)

2500 .3000 .3500

Ti inc of fl igh t {usec)

FIG. 7. Maximum entropy treatment of our raw data in P, t
space: {a)The raw data and (b) the MAxENT reconstructed high
resolution channel. The P and t limits were chosen to include
all the data of interest, while the upper left band excludes
second-order contamination and the lower right bound excludes
energy-gain scattering. A and B refer to the —

q and +q mag-
non branches, respectively, while C refers to a transverse pho-
non mode.

vious measurements, the quadratic equation E =dq 2

(where D is the stiffness constant and set equal to 230
meVA ) is plotted as a solid line. The dashed line is the
Born-von Karman calculation for the transverse phonon
along this particular direction using force constants from
previous work by Brockhouse et al. There is also a
longitudinal phonon in this vicinity, but its intensity is
insignificant for this experimental geometry. The agree-
ment between the present data and the previous work is
excellent.

The MAXENT technique tends not to put any structure
in the reconstruction that is not supported by the data.
This leads the reconstruction to be smooth in a statisti-
cally significant fashion. The smoothness of the recon-
structed image avoids the pitfalls of propagating statisti-
cal Auctuations in (p, t) into QI~ Ecoordinates when -per-
forming the two-dimensional nonlinear rebinning, since a
single (p, t) pixel can contribute to several (QI, E) bins,
especially at small P.

The entire MAXENT signal channel is now transformed
to a QI~ Emap, followin-g the transformations given by
Robinson and Pynn, ' and is shown in Fig. 9(a). The in-
tensities were corrected for the effects of variation in in-
cident spectrum and instrumental resolution volume, fol-
lowing the recipe given in the Appendix to Ref. 15. Note
that the intensity at high energy has disappeared on the
+q side, while there is still significant intensity at the
same scattering angle, at lower energies. This is strong
evidence for the drop in intensity on the +q side being a
real physical effect, rather than an instrumental artifact.
The intensity profiles, rather than merely the positions of
the three excitations, can be seen more clearly in this
map. In comparison, the dispersion relations obtained
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from the raw data are shown in Fig. 9(b), and Fig. 9(c)
shows the Ql E-map obtained when the MAXENT back-
ground was subtracted from the raw data prior to the
conversion to Q~~

and E. As one might expect, the raw
data without any background subtraction is an extremely
poor representation of the dispersion surface. But even
using the same (MAxFNT) background, the nondecon-
volved picture has not resolved the ( —q) magnon and
phonon excitations into being two distinct features as the
MAXENT image has done. In other words, in Fig. 9(c),
the (

—q) magnon branch and that TA phonon branch
run together and cannot easily be separated. In addition,
the (+q) magnon branch (8) is clear enough in the MAx-
ENT picture to be transformed to higher than 90 meV. It
is important to note that there are no artifacts in the
reconstruction.

Since the (+q) magnon branch is well separated from
the other peaks, it is expected that the integrated Aux in
this peak will be conserved locally. However, this is not

necessarily true for the ( —q) branch of the magnon due to
its proximity to the phonon excitation. In this case, the
total Aux of the two excitations should be conserved, but
the individual peak (lux may not be. From the Q~~-E

map, the magnon intensities are obtained by integrating
over

Q~~ at constant energy. These intensities are correct-
ed for the variation of the magnetic form factor as a func-
tion of Q. In the energy range of 40—100 meV, the
dispersion curve is linear. Hence, as the angle between
the integration direction (constant E) and the dispersion
surface is independent of Q, no further corrections are
made to the magnon intensity. The integrated magnon
intensity as a function of energy is shown in Fig. 10 and
agrees well with the data in Ref. 7. The large number of
data points in this figure is simply due to the choice of a
64X64 pixel array to represent the (1.5 —3.5 A ', 0—100
meV) Q~~ Emap. -Each pixel in the Q~~-E map is correlat-
ed with its nearest neighbors and will cause the adjacent
points in Fig. 10 to have strongly correlated errors.
Hence, the local variations of the magnon intensity as a
function of energy may not be significant. The present
data are represented by the points while the solid curve is
the original triple-axis data, which is given for compar-
ison.

At first glance it may seem that a drop in intensity of
this magnitude would render the excitation unobservable
at 100 meV. However, it must be borne in mind that the
Jacobian of the transformation from (P, t) to (Q, E) varies
by almost a factor of 20 between 40 and 100 meV.
Hence, the observed drop in intensity would be only one
order of magnitude. In addition, the normalization by the
incoherent scatterer can also account for more than 2 or-
ders of magnitude. Again, since the time resolution was
overestimated by a factor of 2 for 100-meV energy
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C3-40
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FIG. 9. (a) The entire MAXENT reconstruction from Fig. 7(b)
rebinned into Q~~ and E coordinates, in comparison to (b) the

Ql Emap of the raw dat-a and (c) the Ql Emap of the raw dat-a

with the MAXENT background subtracted from the data prior to
rebinning into Ql and E. Again, the zone center (i.e., 110 re-

0
ciprocal lattice point in Fe) corresponds to Q~~

=2.56 A '. The
0

solid line is the quadratic E=Dq, where D =230 me V A .
The intensity scale is logarithmic and has been truncated to pro-
vide the best contrast for the +q spin waves.

FIG. 10. A plot of spin-wave intensity as a function of energy
transfer, corrected for the effects of variation in incident spec-
trum, instrumental resolution volume, and form factor. The
present data are represented by the open squares. The corrected
magnon intensity shows a sharp fall-off in the scattering at ap-
proximately 80 meV. The solid line which is from Ref. 7, has
not been corrected for instrumental resolution.
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transfer excitations, the intensity of the 100-meV magnon
maybe be underestimated by as much as a factor of 2. It
should be noted that the present data have been corrected
for instrumental resolution by the MAXENT technique and
hence, represent the intrinsic spin-wave intensity. The
original triple-axis data, on the other hand, still include
instrumental resolution. The effect of the resolution will
be to spread out the intensity in energy. This may ac-
count for a slower falloff than the intrinsic intensity.
Considering that the present data underestimate the in-
tensity and that the original triple-axis data have rather
large error bars at higher energies, the overall agreement
is reasonable.

DISCUSSION AND CONCLUSIONS

There are three principal results of the present work.
The first addresses the physics of itinerant electron mag-
nets. A rapid decrease of the magnon intensity with in-
creasing energy has been observed close to the [001] sym-
metry direction. The instrumental conditions and correc-
tions in the present case are fundamentally different than
for triple-axis spectrometers, and the present data
confirm the basic results that have been obtained with the
triple-axis technique. The data are consistent with each
other, and are in semiquantitative agreement with calcu-
lations of the dynamic susceptibility of the band electrons
of iron. '

The second aspect concerns the performance of the
constant-Q spectrometer. Considerable spectrometer
time was used to set up the experimental and test various
instrumental conditions, but the actual data we analyzed
and reported here were obtained in a total running time
of approximately 20 h, with the proton storage ring
delivering —30 pA to the spallation target. Reliable spin
wave energies and intensities, as well as a portion of a
phonon branch, were obtained over an energy range from
-20 to 100 meV. Thus it is clear that the data collection
rate is quite high. The background in the present experi-
ment was also rather high, but even so, the signal-to-
background ratio (in the raw data) was approximately
1:1.5 in the range of 80—85 meV. In comparison, the
measurement of a single magnon peak along the [001]
direction at 83 meV energy transfer took over 4 hr, using
a traditional triple-axis spectrometer at HFIR at Oak
Ridge, where the signal-to-background ratio was ap-
proximately 2:1. Furthermore, the background varied
strongly and the assumption of linearity may be
unjustified. In contrast, our background is almost Oat
and can be identified on both sides of the scattering of in-
terest.

A number of substantial improvements could be made
which would enhance the performance of the instrument.
The incident beam collimator only uses approximately
35% of the available moderator field of view, as the
present collimator was designed and built at a time when
the upstream aperture could be placed no closer than
2.24 m from the moderator. The field of view was re-
duced substantially in order for the sample to view only
the moderator. The moderator size has also been in-
creased since the spectrometer was built. Hence with a

new collirnator the incident Aux onto the sample could be
increased by a factor of 3. In addition, the proton beam
current incident on the neutron production target during
these experiments was approximately 30 pA. Thus a fur-
ther increase in Aux of a factor of 3 can be realized when
the PSR, currently operating at 60 pA, achieves its
design current of 100 pA. An additional increase in in-
tensity, as well as a reduction in background, could also
be obtained by using Be analyzers instead of Cu. It
would also be worthwhile to install a "to" chopper to
block the beam at the time (to) that protons strike the tar-
get and thereby reduce the background due to unwanted
fast neutrons. If the above improvements were carried
out, it would then be possible for the magnon branch in
Fe to be measured up to 100 meV in under 2 hr, which
would be considered an impressive achievement even in
the most conservative circles.

Finally we turn to a discussion of the maximum entro-
py data analysis technique, and to a comparison of the
method of carrying out experiments on the spectrometer
versus a conventional triple-axis instrument. The
constant-Q spectrometer, as any time-of-Aight instru-
ment, maps out large regions of (Q, E) space simultane-
ously. Under favorable conditions, the region where the
data are collected is of direct interest, and a large amount
of usable data can be collected at the same time. Often,
however, in setting up to observe a particular dispersion
surface, much of the (Q, E) space where data are collected
may not contain any signal and hence these data will be
of no use. In addition, geometrical restrictions caused us
to take data along a direction in reciprocal space which
was 11' from the [010] direction, rather than exactly
along the symmetry direction as would be preferred.
With a triple-axis spectrometer on the other hand, we can
in principle make measurements at any chosen (Q, E), and
thus can measure along any of the principal symxnetry
directions, or at off-symmetry points, at the experi-
menters' discretion. These measurements are rather time
consuming, though, and generally data are taken only in
narrow "known" regions of interest. Thus it is less likely
that a totally unexpected result would be obtained with
the triple-axis technique.

The simplicity of the triple-axis data usually makes the
data analysis straightforward. Typically the instrumental
resolution does not vary significantly over the range of a
scan, and then a least-squares fit of a measured peak with
a Gaussian or Lorentzian is sufficient to extract the essen-
tial information such as the position, width, and intensity
of the excitation. With the vast amount of data obtained
with the time-of-Aight technique, on the other we need a
data analysis procedure which can extract the maximum
amount of information from the data, in a systematic and
unprejudiced way. The maximum entropy method is
clearly the method of choice for this purpose. It assures
the positivity of the cross section, and extracts the best
estimate of the intrinsic cross section from the data in a
statistically significant way, but without making any as-
sumptions about the number of excitations or detailed
shape of the scattering function (such as a Gaussian or
Lorentzian).

One of the powerful features of the MAXENT technique
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is that we can include in a systematic way ' prior
knowledge" of what the scattering cross section should
be. One obvious requirement which must always be valid
is that the cross section be positive definite, and the MAx-
ENT technique incorporates this in a natural way. In our
present analysis, though, we have made an additional as-
sumption that the scattering can be separated into two
components —one channel contains only a relatively
broad feature whereas the other we assume consists of
distinctly sharper peaks. This is additional "prior
knowledge" that we are putting into the analysis, since
we "expect" sharp magnon and phonon peaks, and an in-
strumental background which is very broad. The two-
channel analysis in fact does an impressive job of analyz-
ing the data in this way, and of extracting the signal from
the "background. " The detailed energies and intensities
of the magnons which have been obtained from the
present data (Figs. 8 and 10) could not have been extract-
ed at the higher energies by a traditional 1east-squares
fitting method. This was also the case for the data ob-
tained earlier at IPNS. It is important to keep in mind,
however, that the two-channel analysis is strictly an as-
sumption and as such must be checked for consistency at
the end of the analysis. In fact in the present case the
magnetic intensity, integrated over all energies (up to the
bandwidth), should be a constant, and the intensity which
is disappearing from the sharp magnon peak should be

distributed over a very large energy range which is ex-
pected to be too large to have an observable signal over
the range of energies explored here. With the present
analysis technique, though, any broad magnetic com-
ponent would be included with the "background" chan-
nel, and hence would not be properly identified. At
elevated temperatures, in addition, where the magnetic
scattering is known to be broad, the two-channel tech-
nique might not be very successful in properly identifying
the magnetic scattering.

In conclusion, we have confirmed the itinerant electron
behavior of magnetism in iron and have demonstrated
that, even with a first-generation instrument, spallation
sources are competitive with reactors in terms of intensi-

ty for this type of experiment. It is clear that maximum
entropy techniques should become an essential and rou-
tine part of data collection and analysis procedures in the
field of neutron scattering.
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