@ CrossMark

research papers

Journal of
Synchrotron
Radiation

ISSN 1600-5775

Inelastic X-ray scattering with 0.75 meV resolution
at 25.7 keV using a temperature-gradient analyzer

Daisuke Ishikawa,*?* David S. Ellis,*$ Hiroshi Uchiyama®” and

Received 10 July 2014
Accepted 21 September 2014

Alfred Q. R. Baron™®

*Materials Dynamics Laboratory, RIKEN SPring-8 Center, 1-1-1 Kouto, Sayo, Hyogo 679-5148,
Japan, and bResearch and Utilization Division, Japan Synchrotron Radiation Research Institute
(JASRI), 1-1-1 Kouto, Sayo, Hyogo 679-5198, Japan. *E-mail: disikawa@spring8.or.jp

The use of temperature-gradient analyzers for non-resonant high-resolution
inelastic X-ray scattering is investigated. The gradient compensates for
geometrical broadening of the energy resolution by adjusting the lattice spacing
of the analyzer crystal. Applying a ~12 mK temperature gradient across a
9.5 cm analyzer, resolutions of 0.75 (2) meV FWHM at 25.7 keV for Si(13 13 13)
and 1.25 (2) meV at 21.7 keV for Si(11 11 11) were measured, while retaining
large (250 mm) clearance between the sample position and detector, and
reasonable (9.3 mrad x 8.8 mrad) analyzer acceptance. The temperature control
and stability are discussed.

Keywords: inelastic X-ray scattering; high-resolution analyzer; X-ray optics.

1. Introduction

Non-resonant high-resolution inelastic X-ray scattering (IXS)
with ~1 meV resolution is a spectroscopic technique that has
been widely used to study atomic dynamics, including phonons
in crystals and collective dynamics in disordered materials.
With the advent of intense and highly collimated X-ray beams
from synchrotron light sources, much effort has been made to
develop instrumentation for IXS spectrometers (Dorner &
Peisl, 1983; Burkel, 1991; Sette et al., 1998; Baron et al., 2000;
Sinn et al., 2001).

A key component in presently operating IXS spectrometers
is the spherical analyzer (Fujii e al., 1982; Masciovecchio et al.,
1996a,b; Verbeni et al., 2005; Said et al., 2011), and it is, in fact,
usually the analyzer performance that limits the spectrometer
energy resolution. Therefore, methods of improving energy
resolution of the analyzers are of interest, especially if this is
possible without reducing analyzer efficiency (e.g. Huotari et
al., 2005, 2006; Ishikawa & Baron, 2010). In this paper we show
that the temperature-gradient analyzer proposed by Ishikawa
& Baron (2010) can be used to provide 0.75 £ 0.02 meV
resolution at the Si(13 13 13) reflection, whereas an analyzer
without such a gradient is estimated to provide at best
0.81 meV in theory, and observed to provide not better than
0.9 meV resolution in practice. This validates the temperature-
gradient concept for high resolution. In addition, we explore
using such a gradient at the Si(11 11 11) reflection and show
that it can gain practical improvement in resolution to
1.25 meV, although, for the (11 11 11) reflection, this level of
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resolution is also theoretically possible with a uniform-
temperature crystal.

2. Basic concepts for temperature-gradient analyzers

The essential idea for a temperature-gradient analyzer is to
use a thermal gradient to tailor the d-spacing of a crystal to
compensate for the ‘demagnification’ aberration. This can be
useful when the experimental geometry forces the spectro-
meter to operate without the detector in a conventional
Roland geometry, something that becomes increasingly
necessary as resolution is improved and spherical analyzers
must operate close to backscattering. Ishikawa & Baron
(2010) provide an in-depth discussion of how temperature-
gradient analyzers operate. Here we briefly discuss the
concept again, but focus on the high (~meV) resolution case.

2.1. Spectrometer geometry

The high-resolution spectrometer at BL43LXU is designed
for ~meV energy resolution using photon energies E = 21.7,
23.7, 25.7 keV [for Si(nnn) reflections, n = 11, 12, 13]. The
monochromator uses a single backscattering reflection with
O = 89.98°, while the analyzers are ‘diced’ spheres with a
radius of curvature R = 9.8 m. Of the two geometries discussed
by Ishikawa & Baron (2010), here we use the ‘off-Rowland’
geometry because it minimizes the required size of the
detector, reducing noise, and allowing operation closer to
backscattering which gives better resolution.

For a spherical analyzer, focusing in the detector requires
2/R =1/L, + 1/L, where L, is the sample—analyzer distance, L,
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Figure 1

Schematic of the IXS sample-analyzer-detector geometry (side view).
Here, R, Ly, L, > | > d. The analyzer crystals are positioned to focus in
the detector. The energy—position (detector vertical position) correlation
(E — Ey versus d,) of crystallites (1)—(3) and all crystallites effects (total)
are also illustrated.

the analyzer-detector distance, [ = L; — L, is the sample—
detector horizontal offset (here, R >~ L; >~ L,, §, < 1, § =
7/2 — 6g) (see Fig. 1). Taking the analyzer radius of curvature
R = 9800 mm and clearance at sample / = 250 mm, then L; =
9927 and L, = 9679 mm." Taking the analyzer (vertical)
angular acceptance to be 2 = D/L; = 8.8 mrad, the minimum
detector offset in this geometry is given as d,;, = QU/2 + ¢’ =
3 mm. Here, ¢’ = ¢(1 + M)/2 =~ 0.86, where the analyzer pixel
size ¢ ~ 0.87 mm and magnification M = L,/L; = 0.975. In
order to accommodate four rows of analyzers [as is useful for
measuring transverse dispersion; see Baron et al. (2008)], two
rows of detectors are used above and below the scattered
beam, as shown in Fig. 2(a). This means that the spectrometer
has two different offsets, d, for the detectors, with d = 4 mm for
the first and fourth rows of analyzers and d = 10 mm for the
second and third rows of analyzers. Detector elements have a
size of p = 2 mm that is sufficient to accept the focused beam
size of 2¢’ >~ 1.7 mm, and are arranged on a 3.03 mm pitch.
Note that this off-Rowland geometry, as discussed by Ishikawa
& Baron (2010), generally requires a non-linear (quadratic)
temperature-gradient correction; however, a linear gradient is
sufficient in this case due to large, 10 m, arm length and small
solid angle 2 >~ 10 mrad at near-backscattering §, < 0.5 mrad.

2.2. Analyzer crystals

Analyzers were fabricated on rectangular substrates
[100 (H) mm x 95 (V) mm x 30 (t) mm] to facilitate creating
a one-directional temperature gradient, as discussed in detail

! The present spectrometer has flexibility to operate between on-Rowland and
off-Rowland geometry. The sample—analyzer distance L, is adjustable from
9800 to 10100 mm.
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Figure 2

Schematic view of the multi-element analyzer/detector focusing geometry
at BL43LXU (not to scale). (a) Side view, (b) view from above. The
signals from each analyzer are collected by individual detectors.

below. Single-crystal silicon was used as a substrate material
due to its high thermal conductivity, which both promotes
uniform temperature (Masciovecchio et al., 1996b) and makes
it relatively easy to control the small gradients (~0.01 K/
10 cm) needed for operation. Wafers were cut from a high-
purity single-crystalline silicon ingot (resistivity 2-4 k2 cm)
and then diced leaving a 0.2 mm backwall. The wafers were
etched in KOH solution, and then the diced side was bonded
onto the spherical substrate (R = 9800 £ 15 mm) by gold
diffusion, before removing the backwall by polishing and
etching in acid. The accuracy of the bonded crystallite align-
ment is typically <17 prad (r.m.s.) error from ideal curvature
on the spherical substrate (Miwa, 2002). The final crystallites
have typical dimensions of 0.87 mm x 0.87 mm x 4.9 mm on a
1.0 mm pitch on the 92 (H) mm x 87 (V) mm active analyzer
surface. 5 mm-thick crystallites were used to improve the tails
of the resolution function (Said et al., 2011). To reduce multi-
beam effects at the Si(11 11 11) reflection, the (111)-normal
wafers were cut with (110) 45° inclined from the (111) scat-
tering plane.

2.3. Creating the temperature gradient

The gradient is created by using the analyzer as one
component in a thermal circuit. The required heat flow
through the circuit, for a desired temperature gradient AT/,
may be estimated as Q = ASAT/h, where, A is the thermal
conductivity, AT the temperature difference of the two
surfaces, S the heat transfer areca and / the heat transfer
distance. Taking A = 156 W m~' K™' [single-crystalline silicon
at 7 = 300 K (Glassbrenner & Slack, 1964)], S = 30 mm x
100 mm, A = 95 mm and AT/A = 11.9 mK/95 mm (= 10 mK/
80 mm), the required power is Q = 58.5 mW. To accomplish

4  Daisuke Ishikawa et al.

Inelastic X-ray scattering with temperature-gradient analyzer

J. Synchrotron Rad. (2015). 22, 3-9



research papers

analyzer substrate 100mmx95mm t30mm

\crystallites (active area) 92mmx87mm

| \ ]

i bracket 2
interface: )
polyimid sheet offset heaters (cold side)
ot} - T1
4L 750
L g
| — mi |
main heater
main heater plate bracket 1
water cooling plate (hot side)

Figure 3

/ /

[ [ I [l

v

interface:
mirror polish + liquid Ga-In

interface: Indium foil
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conditions.

this, the analyzer is mounted between upper and lower L-
shaped angle brackets made of Ni-coated oxygen-free high-
conductivity (OFHC) copper. One of the brackets is heated
and insulated from the other, as seen in Fig. 3. A 1inch x
1 inch film heater (78.4 2, Minco HK5163) is used as a main

heater for base temperature control,
and two power resistors (1.5W
maximum, each 100 €2, in parallel,
Alpha Electronics PDY100R00A) are
used to generate the gradient. The
assembly is mounted on a water-cooled
plate. Heating points are located some
distance away from the silicon to
improve thermal homogeneity perpen-
dicular to the gradient direction. The
assembly is mounted in-vacuum (pres-
sure < 5Pa) to thermally isolate the
system.

The contact between the crystal and
the two L-brackets requires care. To
improve thermal contact, the surfaces
were mirror finished and parallel to
<0.1 mrad. To promote temperature
uniformity and reduce thermal contact
resistance, several materials were tried,
including indium foil, silver paste,
thermal grease and InGa eutectic. The
best results were obtained with a small
amount of InGa eutectic.

Temperatures were measured using
glass-encapsulated thermistors with a
~2 mm-diameter bead, 10k resis-
tance (at 298 K) and four-wire readout,

with four temperature sensors per
gradient analyzer (Fig. 3). The sensors
T, and T, were mounted near the center
of the substrate at each side, and sensors
Ts; and T, were attached 80 mm apart
each from other. Sensors 7; and T, were
for monitoring the temperature of the
center of the analyzer, Ty [= (T + T,)/
2], while the sensors 75 and T, were for
monitoring the temperature gradient in
the vertical direction, AT, (= T5 — T4).
T, and AT, were used as the feedback
parameters for control of the main
heater and the offset heater, respec-
tively.

2.4. Temperature control and stability

The temperature control system was
built in-house in order to keep it both
compact (see Fig. 4) and precise over
many channels operated in parallel.
Standard 1.5 V batteries (AA-cell) are
used as ultralow-noise power supplies

for the thermistors. The voltage drop across each thermistor is
then compared with that across a precision resistor using a
switching digital multimeter (Keithley 3706A) with plug-in
multiplexers cards (model 3720, 7.5 digit). Typically 24 ther-
mistors are used in parallel with a given reference resistor. The

Vacuum chamber for analyzer array
(Max 42 analyzer)
Hz = 12 m shield cables
analyzer [N heaters
Lt
H, souriau” |~
feedthrough
o (Y () . 48pin
thermistors OR, ORz
SOURIAU
feedthrough
48pin
[ |
oo [ (]| 7 12mishleld cables multi-channel low voltage
50pin Ny ] 26 x 16 x 4 cm3 power supply
Terminal box (24 + 1 ch. / box) Wiener MPOD
- - s L] | Max
é reference 8ch. x 10 module
g | g || —
5 Vi ||V2 Vier ref ™ Z
» || [ H
(T T 9 ML 8
5| & 5 voltage source (battery) 8
box1 l | T 3 19 inch rack mount x 6U
box2 I I
- B 3T heater output control
cables
[ ]I ] voltage
Keithley3706A Max(30ch.x 2) x 6 slots| readout PC I'= Vret! Reet
19 inch rack mount x 2U e

switching and multi-channel DMM

Figure 4

calculate resistance and convert temperature
PID feedback control

Schematic of the compact multi-channel temperature control system.
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Table 1

Resolution for the BL43LXU spectrometer as calculated via ray-tracing.

Resolutions given are FWHM. E: photon energy; d: sample—detector vertical offset; §,: deviation angle from exact backscattering at the center of the analyzer;
= Adtand,: fractional energy resolution by demagnification contribution;
(AE/E)geomi = (c/Li)tandy: fractional energy resolution by crystallite size contribution; AEg..m: geometrical broadening; AE,: theoretical total energy

A8 (= S —

resolution; AE!

geom>

Omin): Bragg angle distribution over the analyzer; (AE/E)geom2

AE(: AE,com and AE,, with temperature gradient; AT,: temperature gradient to reduce demagnification contribution. Here, radius of

curvature: R = 9800 mm; sample-analyzer distance: L; = 9926.6 mm,; analyzer—detector distance: L, = 9676.6 mm; sample—detector horizontal offset: / = 250 mm.

Uniform temperature

Temperature gradient

E d 80 AS (AE/E)geomZ Ang:om AElol (AE/E)geoml AEg’eom AE[’O\ A Tg
Case (keV) (mm) (mrad) (mrad) (x107%) (meV) (meV) (x107%) (meV) (meV) (mK/80 mm)
1 25.702 4 0.204 0.112 229 0.57 0.81 1.79 0.43 0.65 8.08
2 25.702 10 0.510 0.112 57 1.46 1.64 4.47 1.06 1.21 20.2
3 21.747 4 0.204 0.112 229 0.48 1.27 1.79 0.37 1.21 8.08
4 21.747 10 0.510 0.112 571 1.22 1.74 4.47 0.96 1.42 20.2
heater power was controlled using a multi-channel low- p—
voltage power supply (W-IE-NE-R MPOD crate) with low- 15 | T gradient start e T2 —
voltage modules type MPV-8060 (16-bit resolution, maximum Eg P ATg=10mK; H —
50 V). The temperature parameters T, and AT, were o z J o R B Y
controlled by a PID feedback program based on Bechhoefer 3 5 E Tf N\ —t E
. . oo . © i
(2005), which has online monitoring and logging. The feed- 5 10 qo LA LL L. 1
. . o 2 0 2 4 6 8

back loop takes about 9 s per iteration to scan 72 temperature £ 5l o ) -
channels. ':) '

The temperatures must be stable to better than 4-0.3 mK? % (A s N
for this system to work properly over the ~day, or longer, © |
. . @ .5 |
time scale of IXS measurements. In order to determine the !
PID feedback parameters, the open-loop thermal frequency 10 L . . . .

response of the analyzer over long time scales was measured.
Bode plots were made from 0.2 to 6 mHz, and the amplitude
and phase open-loop response of the analyzer were fit to
polynomials, which were used to construct a model of the
analyzer’s thermal system in frequency space. Fig. 5 shows the
temperature stability over a period of seven days, with
temperature gradient AT, = 10 mK/80 mm. The stability was
within +0.3 mK (<0.08 mK r.m.s.) for all temperature
sensors. During the initial adjustment phase, it took a few
hours for the system to reach steady-state condition (e.g. from
AT, = 0 to 10 mK; see inset in Fig. 5) after a change.
Measurement of the energy resolution multiple times over
a 30 day period confirmed the stability of the setup. The
analyzer array is now operating with 72 channels of readout
and 40 channels for control.

3. Results and discussion

Tests were performed at BL43LXU at SPring-8 in Japan
(Baron, 2010). Two different geometries, d = 4 and 10 mm
(Fig. 2a), and two different photon energies, 21.7 and 25.7 keV,
were tested. The bandwidth of the X-rays from a segmented
undulator source was reduced by a liquid-nitrogen-cooled
high-heat-load double-crystal ~ Si(111) monochromator
followed by a pair of Si(400) offset crystals. A high-resolution
1.25° grazing-incidence backscattering monochromator using
the Si(13 13 13) or Si(11 11 11) reflection was then used to

2403 mK corresponds to #0.017 meV for 21.7 keV and #0.02 meV for
25.7 keV.

0 20 40 60 80 100 120 140 160

Ti h
Figure 5 ime (hours)

Temperature stability of the analyzer over one week. The temperature
gradient is set to AT, = 10 mK/80 mm. 7'-T, are sensors positions as
indicated in Fig. 3. The inset shows the transient when establishing the
temperature gradient (AT, = 0 to 10 mK/80 mm).

reduce the bandwidth to below 1 meV. The focal spot size
at the sample was 40 pm (H) x 45 pm (V) after focusing
by an elliptically bent cylindrical mirror. The resolution
was measured using a 2 mm-thick polymethyl-methacrylate
(PMMA) sample with the analyzer placed at the structure-
factor maximum. The full analyzer surface was illuminated,
corresponding to momentum resolutions of AQ ~ 1.25 nm™"
(full-width) at 25.7 keV and AQ ~ 1.05 nm™ ' (full-width) at
21.7 keV X-rays. The incident energy was scanned by changing
the temperature of the backscattering monochromator with
slope of 5mK min~' for 25.7keV and 10 mK min~' for
21.7 keV X-rays, while the analyzer temperature was kept
constant. The energy scale was calibrated as described by
Fukui et al. (2008).

3.1.Si(131313),d = 4 and 10 mm

The best resolution was obtained using a temperature
gradient at the Si(13 13 13) reflection, E = 25.7 keV and d =
4 mm. Fig. 6 shows the calculated energy—position correlation
in the detector for a uniform temperature (top) and
temperature gradient (bottom). The geometric contribution
(Table 1, case 1) is calculated to be AFE,.on = 0.57 meV
(Fig. 6¢) for uniform temperature and 0.43 meV (Fig. 6d) for
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Figure 6

Simulated results for case 1 (E = 25.7 keV, d =4 mm) with and without the
temperature gradient. (a, b) Energy transfer versus detector vertical
position. (¢, d) Geometric resolution function. (e, f) Total resolution
function convolved with the intrinsic response of the of Si(13 13 13)
reflections.

linear temperature gradient. The measured resolution as a
function of the applied gradient is shown in Fig. 7, with the
resolution improving from 0.96 meV without a gradient to
0.75 meV at the optimum gradient AT, = 10 mK/80 mm
(58.7 mW) and then becoming worse as the optimum gradient
is exceeded. The values of 0.75 and 0.96 meV are both slightly
larger than our ray-tracing results of 0.65 and 0.81 meV,
respectively, possibly resulting from residual non-uniformity
in the lattice spacing over the analyzer surface. However, the
value of 0.75 meV is, to the best of our knowledge, the
narrowest resolution achieved with a spherical analyzer with
~10 mrad acceptance. The gradient also allows us to improve
the resolution beyond the best value calculated without the
gradient. It is also notable that the width of the tails on the
resolution function are reduced (Table 3) by the gradient and
that there are no changes in the integrated intensities to a level
of 2%.

For the d = 10 mm case the geometrical contribution to the
resolution is about 2.5 times larger than for d = 4 mm due
to the larger deviation from backscattering, (AE/E)geom> =
tandyAS (Table 1, case 2). A larger
gradient is then expected. Figs. 8(a)

1.00 120

(@ 10° f and 8(b) show the temperature gradient
§ 0.95 1 100 and resolution as a function of
= \ > temperature gradient in case 2 (d =
= \ —1 g B Z 107 10 mm). The energy resolution has a
g 0% t\ l g é minimum at around A7, = 25mK/
H \ /l 60 ;1” 3 80 mm (155.9 mW), which is roughly
2 0.8 ._\§ / & 3 102 consistent with estimated value of
: \ / © 3 =1 AT, = 20mK/80mm (118mW) as
3 080 \ / = = _ noted in Table 2. The experimental
1% | \ T 20 5 ”"'f°'5v'}t§f%“.‘;?£§‘i‘éﬁi p energy resolution was improved 32%

075 ¢ B 1w (aTg = 10mK) from AE, = 1.92 to AE[, = 131 meV

0 5 10 1l5 200 10 o 1‘0 '2}0 (FWHM). The observed minimum

Temperature Offset (mK/80mm)

Figure 7

Resolution with the temperature gradient for E = 25.7 keV, d = 4 mm (case 1). (a) Energy resolution
as a function of temperature gradient. The curve is to guide the eye. (b) Experimental resolution
with best-case gradient (AT, = 10 mK/80 mm) and uniform temperature. The solid lines are fitted

curves. The solid angle is 9.3 (H) mrad x 8.8 (V) mrad.

Energy Transfer (meV)

resolution AE), = 131meV is in
reasonable agreement with our calcu-
lated limit AE/,, = 1.21 meV (FWHM).
Note that, again, the tails on the reso-
lution function are reduced compared
with operation without the gradient
(Table 3, cases 1 and 2) and no changes

are observed in integrated intensities.

3.2.Si(111111), d = 4 and 10 mm

Operation at the  Si(11 11 11)
reflection is interesting because the
relaxed resolution, compared with

the Si(13 13 13) reflection, allows an
increase in count rates, although it is still
desirable to obtain the best possible
resolution. For the d = 4 mm geometry,

with T-gradient -~
(ATy = 25 mK)

Tiform temperature ~

2.00
@ 107 F o)
S 190 250
= 1
E \
s 180 f) 200 2 >
R g &
< \ 150 & =
S 160F \ = ®
g 1 \ g N
2 \ 100 5 &
& 150 F \ 5 E 0
o [}
> / 2 z
l% 1.40 \\ 50
1301/ “ %4
——J 9 10° ' '
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Temperature Offset (mK/80mm)
Figure 8

Resolution with the temperature gradient for E = 25.7 keV and d = 10 mm (case 2). See caption for

Fig. 7. The best-case gradient is AT, = 25 mK/80 mm.

Energy Transfer (meV)

2:0 the calculated contribution of the
demagnification aberration is small
enough that the gradient does not make
that big a difference: 1.27 meV without
the gradient becomes 1.21 meV at the
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Table 2
Offset heater output for two focusing geometries at BL43LXU.

Parentheses indicate calculated minimum values. P: applied power for offset
heaters; V;: measured applied voltage for offset heaters.

Measurement Calculation
d AT, P v, AT, P
Case (mm) (mK/80mm) (mW) (V) (mK/80 mm)  (mW)
1 4 10 58.7 1.6-1.7 8.1 47
2 10 25 1559 2.6-28 202 118

optimal gradient. However, we find that the observed reso-
lution improved from 1.48 meV to 1.25 meV by adding the
gradient (Fig. 9b). While this suggests the presence of some
residual gradient even when the gradient heater output was
zero, it also suggests that practically some improvements can
be made. For the case of d = 10 mm, when the analyzers are
further from backscattering, the calculated improvement (1.72
to 1.45 meV) is more substantial, and we find that the best-
case measured resolution is 1.55 meV (Fig. 10).

Table 3
Measured total energy resolution width with temperature gradient at
BL43LXU.

Parentheses indicate uniform temperature values. The theoretical limits with
the temperature gradient are also listed. FWM/10: full-width at tenth of
maximum; FWM/100: full width at one-hundredth of maximum.

Calculation ~Measurement
E d FWHM FWHM FWM/10  FWM/100
Case (keV) (mm) (meV) (meV) (meV) (meV)
1 25.702 4 0.65 0.75 (0.96) 1.9 (2.2) 7.4 (8.0)
2 257702 10 1.21 1.31(1.92) 2.8(3.7) 9.9 (11.9)
3 21.747 4 1.21 125 (1.50) 3.1(3.6) 109 (12.2)
4 21.747 10 1.42 1.55(1.97) 4.0 4.5) 126 (142)

4. Conclusion

We have shown that careful application of a temperature
gradient allows us to improve the resolution of ~meV-scale-
resolution spherical analyzers. We show a significant, ~22%,
improvement in resolution, with a best case of 0.75 meV
(FWHM) using 25.7 keV X-rays, without loss of intensity. The

gradient also improves the tail of the

response function. This shows that the

200 10° g gradient design, which was originally
_ ®) discussed primarily in the context of 10
%E) meV-resolution analyzers with large
s 150 § > solid angle (~50 mrad x 50 mrad), may
§ g g 10" also be used for high-resolution analy-
uc'- v = zers. Work is continuing on the 10 meV
o o
2 100 = 2 setu
3 g X p-
2 = E
& 15 = uniform temperature — We acknowledge JASRI proposals
[} T i -
2 W|th( gmdient ) Nos. 2010B2056 and 2010A1981 for
el M | o | optimization of analyzer fabrications.
L 0 5 10 15 20 250 -10 0 10 20 The authors thank S. Shibutani for
Temperature Offset (mK/80mm) Energy Transfer (meV) technical assistance.

Figure 9

Resolution with the temperature gradient for £ = 21.7 keV and d = 4 mm (case 3). See caption for

Fig. 7. The best-case gradient is AT, = 8.8 mK/80 mm. References
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