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The XRS microcalorimeter spectrometer at the
Livermore electron beam ion trap!

F.S. Porter, B.R. Beck, P. Beiersdorfer, K.R. Boyce, G.V. Brown, H. Chen,
J. Gygax, S.M. Kahn, R.L. Kelley, C.A. Kilbourne, E. Magee, and D.B. Thorn

Abstract: NASA’s X-ray spectrometer (XRS) microcalorimeter instrument has been operating at the electron beam

ion trap (EBIT) facility at Lawrence Livermore National Laboratory since July of 2000. The spectrometer is currently
undergoing its third major upgrade to become an easy to use and extremely high-performance instrument for a broad
range of EBIT experiments. The spectrometer itself is broadband, capable of simultaneously operating from 0.1 to

12 keV and has been operated at up to 100 keV by manipulating its operating conditions. The spectral resolution closely
follows the spaceflight version of the XRS, beginning at 10 eV FWHM at 6 keV in 2000, upgraded to 5.5 eV in 2003,
and will hopefully be ~3.8 eV in the fall of 2007. Here we review the operating principles of this unique instrument,
the extraordinary science that has been performed at EBIT over the last six years, and prospects for future upgrades.
Specifically, we discuss upgrades to cover the high-energy band (to at least 100 keV) with a high quantum efficiency
detector and prospects for using a new superconducting detector to reach 0.8 eV resolution at 1 keV and 2 eV at 6 keV
with high counting rates.

PACS Nos.: 52.25.0s, 52.70.La, 95.85.Nv, 32.30.Rj, 07.85.Fv, 78.70.En

Résumé : Le spectrometre-X a microcalorimetre (XRS) de la NASA est en opération au piege ionique a faisceau
d’électrons de Livermore (EBIT) depuis juillet 2000. Le spectrometre subit actuellement sa troisieme mise a jour pour
devenir un instrument facile a utiliser et extrémement performant dans un large domaine des mesures possibles a EBIT.
Le spectrometre lui-méme est a large bande, capable de fonctionner simultanément entre 0.1 et 12 keV et a opéré jusqu’a
100 keV en ajustant ses parametres d’opération. La résolution spectrale suit de pres la version en orbite du XRS, débutant
a 10 eV FWHM a 6 keV en 2000, améliorée a 5.5 eV en 2003 et nous espérons atteindre ~3.8 eV a 1’automne 2007.
Nous passons ici en revue les principes d’opération de cet instrument unique, 1’extraordinaire science faite a EBIT ces 6
dernieres années et les promesses d’avenir. Plus spécifiquement, nous visons des améliorations pour couvrir le domaine de
haute énergie (au moins jusqu’a 100 keV) avec une haute efficacité quantique et la perspective d’introduire un détecteur

supraconducteur pour atteindre une résolution de 0.8 eV a 1 keV et 2 eV a 6 keV, avec de hauts taux de comptage.

[Traduit par la Rédaction]

1. Introduction to microcalorimeters

Nondispersive X-ray spectrometers have distinct advantages
for both spaceflight X-ray observatories and ground-based X-
ray diagnostics. In general, they tend to be efficient, polariza-
tion insensitive, and broadband. However, most nondispersive
spectrometers based on gas proportional counters or solid-state
devices such as CCDs have severely limited spectral resolving
power compared to crystal or grating dispersive systems.

In 1984 a new type of nondispersive X-ray spectrometer
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was invented at NASA’s Goddard Space Flight Center (GSFC),
based on thermal X-ray detection at very low temperatures [1].
This conceptually simple detection scheme, shown in Fig. 1,
uses a very low heat capacity X-ray absorber attached to a high
sensitivity thermometer. When an X-ray is absorbed through
photoabsorption, the primary photoelectron is quickly thermal-
ized into the available excitation channels in the solid-state sys-
tem. For dielectric systems the photoelectron thermalizes into
phonons, in a metallic system into a combination of phonons
and electrons, and in a superconducting system it thermalizes
into a combination of phonons and quasiparticles. The ther-
mometer then measures the transient temperature increase of
the device and the temperature is reset to the heat sink through
a weak thermal link. The temperature excursion one expects
from such a system is then simply

E

~ D ey

where E is the energy deposited by the incident photon and
C(T) is the heat capacity of the detector. The spectral resolv-
ing power of this type of detector is then only limited by the
thermodynamic fluctuation noise due to energy exchange across
the weak thermal link. This is the fundamental limiting noise
term for all thermal detectors and limits the energy resolution
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Fig. 1. Functional diagram of a thermal X-ray detector. The
X-ray is absorbed into a high opacity, low heat capacity X-ray
absorber. The transient thermal signature is characterized with a
high sensitivity thermometer, and the temperature is reset to a
thermal bath through a weak thermal link.
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where T is the temperature of the heat bath and C is the heat ca-
pacity atthat temperature [ 1]. Theoretically, the resolving power
of such a device has no upper limit, but is normally limited by
practical considerations such as thermometer noise, amplifier
noise, and materials properties. Early results with these detec-
tors, termed an X-ray microcalorimeter, showed that aresolving
power of 1000 at 6 keV was not impractical, and recently re-
solving powers of E/AE = 3000 at 6 keV [2] and 3000 at
60 keV, as discussed later in this article, have been obtained.
An introduction to X-ray microcalorimeters can be found in
ref. 3, a detailed description of the physics of microcalorimeter
detectors can be found in refs. 4 and 5, and their use in X-ray
astrophysics in ref. 6.

The X-ray microcalorimeter spectrometer has become an im-
portant tool for X-ray astrophysics. The fact that it is nondis-
persive means that its energy resolution does not degrade with
the spatial extent of the source. Most dispersive instruments are
limited to nearly point-like objects since they are, in essence,
“slit-less” spectrometers. Thus, an X-ray microcalorimeter in-
strument can be used to study spatially extended X-ray emitting
objects such as supernova remnants, galaxies, galaxy clusters,
and comets. In addition, the use of an imaging microcalorime-
ter detector array provides true spatial-spectral diagnostics un-
available using any other type of instrument. The large band-
pass of the instrument, nominally 0.05-10 keV but extendable
to more than 100 keV, allows simultaneous spectral coverage
without difficult cross-instrument normalization. Finally, since
the instrument is single photon counting, event timing and co-
ordination with dynamics in the X-ray source is intrinsic to the
instrument.

In the 23 years since we built the first X-ray microcalorime-
ter, we have constructed a number of spectrometers for both
space flight and ground experiments. Our first flight instrument
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Fig. 2. A photograph of the new XQC flight microcalorimeter
detector array mounted in its detector housing. The XQC
detector is a 6 x 6 array of microcalorimeter detectors with
2000 x 2000 x 0.8um HgTe absorbers.

Fig. 3. An optical micrograph of the partially assembled XRS
flight microcalorimeter array. The detectors on the lower left show
bare pixels with their circular absorber mounting tabs and the
curved mechanical supports that serve as the weak thermal link

to the heat sink. The detectors in the center and upper right have
their 625 x 625 x 8um HgTe absorbers attached.

is the X-ray quantum calorimeter (XQC) rocket-borne subor-
bital spectrometer built in collaboration with the University of
Wisconsin [7, 8]. The XQC is a 36-pixel microcalorimeter array
with 1 mm? pixels operated at 60 mK using an adiabatic de-
magnetization refrigerator (ADR) and a 4 L liquid helium bath.
The spectrometer was built to measure the cosmic soft X-ray
background from 0.02—-1 keV and has a 1 steradian field of view
and an energy resolution of ~9 eV at 1 keV. The XQC has flown
three times in 1995, 1996, and 1999 and has shown that the soft
X-ray background is dominated by K-shell transitions in highly
ionized He-like and H-like oxygen that is almost certainly a su-
perposition of local and nonlocal thermal plasmas and charge
exchange between solar system neutrals and the solar wind [8].
We have recently developed and produced an improved detector
system with 4 mm? pixels and an energy resolution of 5-6 eV
FWHM at 1 keV for the next flight of the XQC. The new fully
assembled flight detector is shown in Fig. 2.
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Fig. 4. A photograph of the XRS/EBIT instrument, oriented
horizontally in the bottom center, attached to the EBIT instrument
(back, left) at the EBIT facility at LLNL. Reprinted with
permission of the Lawrence Livermore National Laboratory.

The first orbital microcalorimeter instrument was the XRS
(X-ray spectrometer) system on the Astro-E and Suzaku (Astro-
E2) observatories that were built as collaborations between
Japan and the United States [9, 10]. The detector system for
both of these instruments was a 32-pixel microcalorimeter ar-
ray based on resistive implanted silicon thermistors and 8 um
thick HgTe X-ray absorbers. The Astro-E/XRS instrument had
an energy resolution of 11 eV at 6 keV with a bandpass from
below 0.1 to 10 keV. After the Astro-E satellite failed to achieve
orbit, we re-designed the detector system to achieve higher per-
formance [11] for the Suzaku observatory. The Suzaku/XRS
detector system is shown in Fig. 3 and is comprised of a 6 x 6
detector array with 625 x 625 x 8um HgTe X-ray absorbers.
The energy resolution of the flight detector system was 5-6 eV
FWHM at 6 keV with a bandpass of 0.1-10 keV during pre-
flight testing. The XRS detector system was operated at 60 mK
using a single stage ADR with precooler stages at 1.3 K us-
ing space-pumped liquid helium, 17 K using solid neon, and
60 K using a Stirling cycle cryo-cooler. The XRS achieved
7 eV FWHM at 6 keV on-orbit using an on-board calibration
source. Unfortunately a design flaw in the accommodation of
the instrument on the observatory caused an early termination of
the three-year experiment. The XRS instrument, however, per-
formed flawlessly during its six weeks of on-orbit operation.

In our laboratory, we are currently developing detector sys-
tems targeted at the XMS (X-ray microcalorimeter spectrome-
ter) for the Constellation-X observatory. This is planned to be
a very large, 4096-pixel, microcalorimeter instrument with a
0.1-10 keV bandpass, an energy resolution of 2 eV at 6 keV,
and the ability to handle up to 1000 counts per second/pixel.
Our design for this system uses superconducting thermistors,
termed transition-edge sensors (TES), that are feedback biased
in the middle of their superconducting transitions. The TES
system results in a very high sensitivity thermometer over a
narrow temperature range. The TES thermometers are coupled
with in situ deposited Bi—-Au X-ray absorbers. We are currently
producing 8 x 8 arrays of detectors using this system and have
recently demonstrated 2.1 eV resolution at 6 keV [2].
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Fig. 5. The XRS/EBIT detector array installed in its detector
assembly. The array is composed of 32 625 x 625 x 8um HgTe
absorbers and four 30 um Bi high-energy absorbers at the four
corners of the array. The Bi absorbers are the gray squares
towards the middle of the detector dice.
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2. The XRS/EBIT microcalorimeter
instrument

In July, 2000, we delivered the first microcalorimeter array
instrument to the electron beam ion trap (EBIT) facility at the
Lawrence Livermore National Laboratory (LLNL). The EBIT
is a plasma generator that uses an accelerated electron beam,
an injected near-neutral target element(s), and a magnetic and
electrostatic trap to produce a plasma with a well-defined com-
position and ionization state. The EBIT system is described
in detail elsewhere [12] including extensive description in this
issue.

The microcalorimeter instrument, termed the XRS/EBIT, uses
an engineering model detector system from the Astro-E/XRS
program installed in a spare laboratory cryostat [13, 14]. The
first generation XRS/EBIT instrument, shown in Fig. 4, had an
energy resolution of 9-10 eV at 6 keV, a bandpass from 0.1-
12 keV in its standard operating mode, and 10 us event timing
that is phase-synced to the EBIT timing pattern. We upgraded
the system in October of 2003 to include the improved mi-
crocalorimeter detectors from the Suzaku/XRS program. The
current XRS/EBIT instrument has an energy resolution of 5—
6 eV at 6 keV using a 6 x 6 detector array fabricated on the
same silicon wafer as the array in the Suzaku/XRS flight in-
strument. The XRS/EBIT microcalorimeter array is shown in
Fig. 5. The array has 32 625 x 625 x 8 um HgTe X-ray ab-
sorbers. The four corners of the array have 30 wm Bi absorbers
that give an energy resolution of 70 eV FWHM at 60 keV on
two of the channels and 150 eV on the other two. These early
Bi high-energy absorbers yielded substantially lower perfor-
mance than we expected. As we discuss later in this article, the
third generation microcalorimeter instrument at EBIT will use
100 um HgTe absorbers that give 22 eV resolution at 100 keV
with substantially increased quantum efficiency.

The XRS/EBIT cryostat uses a single stage ADR based on
our XQC sounding rocket instrument to operate at 60 mK from
a pumped liquid helium bath. The ADR runs for 12 h at 60 mK
between recharges and the liquid helium about 36 h between
fills. The cryostat runs either vertically or horizontally using
offset cryogen ports. Since the detector system looks out the
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Fig. 6. XRS/EBIT spectra of K-shell emission of highly ionized elements injected into the EBIT: (a) O VII/OVIIL, (b) Ne IX/X, (c)
S XV, (d) Ar XVII/XVIII, (e) Fe XXV/XXVI, (f) Ni XXVII/XXVIII, and (g) Kr XXXV.
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bottom of the cryostat, the XRS/EBIT nominally operates hor-
izontally when attached to the EBIT, as shown in Fig. 4. The
XRS/EBIT aperture uses a series of three calibrated aluminum-
on-polyimide IR blocking filters to minimize heating of the
detector system by environmental radiation, while maximizing
the X-ray throughput at low energies [15]. The blocking fil-
ters, staged at 0.06, 1.5, and 77 K, are composed of 500 A of
aluminum on 1000 A of polyimide and are manufactured by
Luxel [16].

The XRS/EBIT has operated nearly continuously at the EBIT
facility at LLNL since the summer of 2000. Figures 6a—6g
demonstrate the performance of the instrument across its spec-
tral band, showing the K-shell transitions from several He and
H-like elements in the range from 0.4 to 12 keV. The XRS instru-
ment on the Suzaku observatory was constructed principally to
use the K-shell transitions of, for example, Fe as diagnostics of
the plasma conditions in cosmic sources. Since the XRS/EBIT
is essentially identical to the XRS flight instrument, the results
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Fig. 7. XRS/EBIT spectrum of Fe XVII showing the electron
impact excitation and (inset) the 400x weaker radiative
recombination (RR) emission.
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shown here represent the extraordinarily detailed spectral sig-
natures that we would have seen from astrophysical sources had
the XRS instrument continued to operate.

3. Laboratory astrophysics with the
XRS/EBIT

The primary purpose of the XRS/EBIT spectrometer is in lab-
oratory astrophysics, i.e., the production of astrophysical plas-
mas in the laboratory, a task for which the EBIT is uniquely
suited, and the study of the subsequent X-ray emission. By
varying the ionization state, equilibrium state, and elemental
composition, we can relate the observed X-ray emission to the
source conditions and translate this knowledge to observations
of celestial sources. The phase space for the source parame-
ters, however, is very large, particularly since cosmic sources
are usually thermal plasmas with a wide distribution of elec-
tron energies. Thus, spectral modeling of astrophysical plasmas
requires spectral synthesis models based on detailed calcula-
tions of the atomic physics. It is impractical and unnecessary to
provide a complete laboratory verification of the entire phase
space of input parameters, but benchmarking the spectral syn-
thesis models for carefully selected input conditions is key to
enabling robust interpretation of the astrophysical spectra. This
is the primary goal of our laboratory program.

Lawrence Livermore National Laboratory, in collaboration
with Columbia University, Stanford University, UC Berkeley,
and NASA/GSFC, has been using the EBIT for the produc-
tion of laboratory astrophysical plasmas since the early 1990s.
Extensive work has been done, for example, on wavelength de-
termination, absolute electron impact excitation cross sections,
and characterization of charge exchange recombination emis-
sion. The installation of the XRS/EBIT has added considerably
to the laboratory astrophysics program by supplementing the
existing solid state and dispersive spectrometers to give wide
simultaneous bandpass coverage at relatively high spectral res-
olution. This is important for measuring absolute cross sections
since the radiative recombination signature used to normalize
the electron impact excitation cross sections occurs at a much
higher energy and with 100x—-1000x lower flux than the di-
rect excitation emission, as shown in Fig. 7. It is important to
note that most laboratory astrophysics experiments at the EBIT
facility use a suite of simultaneous diagnostics. In particular,
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Fig. 8. XRS/EBIT measurement of photon energy versus time
for 10 EBIT Fe injection cycles. Each cross in the figure is an
individual photon measured with the XRS/EBIT. Each EBIT
cycle typically consists of filling the trap, ionizing-up the trapped
species to the target ionization state, and then a time period
where the ionization state of the trapped ions is in equilibrium.
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high-resolution crystal spectrometers are used to resolve line
blends in the XRS/EBIT, while the XRS/EBIT provides high
efficiency and a broad bandpass. We have utilized this system
to make extensive measurements of the emission cross sec-
tions of L-shell transitions for Fe XVII-XXIV [17-21] and are
preparing measurements for the other astrophysically important
elements Ni and C through Ca.

A unique and highly desirable feature of the XRS/EBIT is its
ability to perform phase resolved spectroscopy with the EBIT.
The EBIT is fundamentally a pulsed X-ray source. A typical
EBIT cycle lasts from a few ms to tens of seconds and consists
of filling the trap, ionizing up the trapped species to the target
ionization state, and then a time period where the ionization
state of the trapped ions is in equilibrium but with a decaying
flux as ions slowly escape the trap. The cycle is then repeated.
An XRS/EBIT event stream is shown in Fig. 8 for a number of
EBIT cycles. In a typical experiment many thousands of EBIT
cycles are integrated to form an emission spectrum. However,
it is important to synchronize the phase between the instrument
and the EBIT and to perform phase resolved spectroscopy to
isolate the equilibrium parts of the spectrum from the times
when the ionization state is changing. Figure 9 shows a phase
resolved XRS/EBIT measurement of the entire EBIT timing
cycle for 10 000 overlaid EBIT cycles. One can clearly see the
plasma ionizing up from mostly Fe XVII through every inter-
mediate charge state and finally settling into an equilibrium
state dominated by Fe XXIII and XXIV. Figure 10 shows the
relative flux of dominant lines from several ionization species
versus time, and Fig. 11 shows the emission spectra at early and
late ionization times. We note that precise phase-resolved spec-
troscopy is required to unambiguously interpret results from
observations with the EBIT. Integrating spectrometers without
event timing will lead to spurious results.

Interestingly, the ionization parameter for the EBIT is very
similar to the ionization parameter characterizing supernova
remnants. The ionization parameter, measured in s cm™3, pa-
rameterizes the nonequilibrium state between the electron tem-
perature and the degree of ionization of the ions [22]. Small
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Fig. 9. (a) XRS/EBIT phase-resolved energy versus EBIT
injection time for 10000 EBIT cycles and (b) a zoomed-in
portion of the first 200 ms of the 5 s EBIT cycle. One can clearly
see the nonequilibrium part of the EBIT cycle, where the charge
state of the Fe ions is increasing before reaching a steady state
value around 200 ms after injection.
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Fig. 10. Intensity versus time plot from Fig. 9 of diagnostic

lines from several Fe ionization states showing that the plasma
consists of mostly Fe XVII at very early phase times and comes
into equilibrium consisting mostly of Fe XXIII and XXIV for this
particular electron beam energy (4.5 keV).
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Fig. 11. Spectra for two different EBIT phase times of the data
from Fig. 9. (@) 10 ms after Fe injection with an ionization
parameter of 5 x 10° s cm™ and (b) in equilibrium with an
ionization time >1 x10'"' s cm™3. Data taken with the first
generation XRS/EBIT with 10 eV resolution at 6 keV. The
phase-time integration is 5 ms in (@) and 4000 ms in (b).
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ionization parameters indicate that the ions are still at a low-
ionization state compared to the equilibrium value based on the
electron temperature. While the electron density in the EBIT is
close to coronal densities near 10'> cm™3, the time scale is fairly
short. This produces an ionization parameter in the range from
~5 %108 to ~5 x10'2 s cm™3, encompassing the entire range
of supernova remnants from very young to old. We are thus
able to study the nonequilibrium phase of material behind the
shock-front in supernova remnants and to provide independent
verification for the nonequilibrium spectral synthesis models
currently used to interpret these observations.

Charge exchange recombination, where a highly charged ion
passing through near neutral material captures an electron, is
becoming increasingly important in interpreting astrophysical
spectra [23]. X-ray emission due to charge exchange is believed
to existin comets, short- and long-term enhancements to the soft
cosmic X-ray background, interactions between shock-heated
plasmas and molecular clouds in supernova remnants, and per-
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Fig. 12. Phase-resolved photon energy versus EBIT cycle time for
a charge exchange experiment measured with the XRS/EBIT. In
this experiment the electron beam is turned off at 0.2 s and the
plasma is allowed to recombine through charge exchange for the
remainder of the cycle. One can clearly see the 1000x weaker
intensity of the charge exchange emission compared to the direct
excitation.
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haps X-ray emission from the galactic center. The XRS/EBIT
has played a substantial role in understanding the spectral sig-
nature of charge exchange emission under a variety of plasma
conditions. The EBIT produces charge exchange recombination
by first trapping and ionizing a plasma of the receptor species
and then turning off the electron beam. Without the electron
beam, the plasma is no longer radially confined and fills the
trap volume. The plasma then recombines with neutrals that are
separately injected into the trap. The approximate 1000 x lower
X-ray flux compared to collisionally excited emission and the
lack of radial confinement, and thus an effective “slit”, makes
dispersive spectrometers impractical for charge exchange mea-
surements. The XRS/EBIT, however, is nearly the ideal choice.
Since it is a nondispersive spectrometer its spectral resolution
does not depend on the source extent, and the high efficiency
of the detector makes the low-flux observations practical in a
finite observation. Figure 12 shows a phase resolved observa-
tion of charge exchange with highly ionized oxygen showing
the high contrast measurement, and Fig. 13 the resultant spec-
trum for a 48 ks observation. The spectrum in Fig. 13 shows the
telltale signature of charge exchange emission in the distinctly
nonthermal enhancement of the high Rydberg transitions. See
also Wargelin et al. in this issue.

We have successfully used the XRS/EBIT to make a num-
ber of important measurements of charge exchange including a
full laboratory simulation of the emission from comet C/1999
S4, as observed with the Chandra X-ray observatory [24]. This
measurement is one of the key demonstrations that cometary
X-ray emission is produced by charge exchange. Another key
result from the XRS/EBIT is that charge exchange spectra are
dependent not just on the species of the ions and the relative ve-
locity of the interaction but also dependent on the donor species
[24]. This result demonstrates that observations of astrophysical
charge exchange are highly diagnostic. Using a high resolution
nondispersive spectrometer like the XRS/EBIT, one can deter-
mine the ion species, ionization state, donor species and ion-
ization state, and the relative velocity of the interaction. Thus,
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Fig. 13. Charge exchange spectrum of O VIII measured with the
first generation XRS/EBIT. The spectrum shows the distinctly
nonthermal line ratios in the high Rydberg characteristic of charge
exchange emission.
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Fig. 14. A simulated 500 s observation of charge exchange
emission from a comet using the proposed Constellation-X/XMS
instrument. The spectrum shows the extraordinary signal to noise
achievable with a high-resolution instrument in the absence of
broadband continuum. The simulation uses the observed fluxes
from a Suzaku observation of comet 73P/SW3-C at 0.2 AU and
charge exchange cross sections from ref. 25.
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for example, we can use the solar wind as the ion source to, in
principle, remotely probe the distribution and state of neutral
material throughout the solar system including comets, plan-
etary atmospheres, heliospheric gas, and the geotail. The lack
of continuum emission in charge-exchange dominated spectra
makes these measurements relatively simple to interpret. Fig-
ure 14 shows a simulation based on cross sections [25] of only a
500 s observation using the proposed Constellation-X observa-
tory. The XRS/EBIT and the EBIT facility will continue to play
a key role in interpreting these measurements and will be criti-
cally important in interpreting the data from the next generation
of X-ray observatories.

Finally, the XRS/EBIT has been used extensively to study
hard X-ray and gamma ray emission at energies up to 60 keV.
A recent example is the observation of a low-lying nuclear state
in22°Th using the XRS/EBIT [26]. This measurement was made
using the cascade shown in Fig. 15 and a differencing scheme,
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Fig. 15. Nuclear cascade for the decay of 2**U to ?*Th showing
the gamma ray energies, in keV, of the emission. The energy of
the ~0.008 keV state is derived by measuring the differences
between the two decay paths from the 71.82 keV J = 7/2 state
using the XRS/EBIT.
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measuring gamma ray emission at 29 and 42 keV from the de-
cay of 23U to 2**Th. To extend the bandpass of the XRS/EBIT
to higher energies without modifying the detector electronics,
we operated the detector array at 90 mK, reducing the sensi-
tivity of the thermometers and increasing the heat capacity of
the detectors. In this mode, we achieved an energy resolution of
26 eV at 60 keV, although with a fairly low quantum efficiency
because of the low stopping power of the 8 um thick X-ray
absorbers. To compensate for the low quantum efficiency, the
233U source was placed inside the cryostat, about 1 cm in front
of the detector. The result of these measurements was a pre-
cise determination of the lowest lying observed nuclear state of
7.640.5 eV above the ground state in 22 Th with important im-
plications to such diverse fields as general relativity, quantum
computing, and the variability of physical constants [27].

4. The EBIT calorimeter spectrometer
(ECS): The third generation
microcalorimeter spectrometer at EBIT

The XRS/EBIT was built quickly, over a four-month period
in early 2000 from available resources in our laboratory. It is a
difficult system to operate, requiring relatively frequent ADR
cycles and cryogen fills and the added complexity of a pumped
liquid helium bath. We are currently completing a facility-
class instrument, the EBIT calorimeter spectrometer (ECS),
to replace the XRS/EBIT at the EBIT facility at LLNL. The
ECS spectrometer is a low-maintenance, high-performance mi-
crocalorimeter spectrometer that incorporates a new type of re-
frigeration system developed at NASA/GSFC and an improved
detector system that allows the same Suzaku/XRS detector ar-
ray to operate with higher spectral resolution and much larger
band pass with significantly higher quantum efficiency. The
ECS spectrometer is in its final phase of construction and will
be delivered to the EBIT facility in the fall of 2007.

The ECS spectrometer uses a single-stage adiabatic demag-
netization refrigerator with a 100 g ferric ammonium alum
refrigerant and a 40 kG superconducting magnet. The ADR
is precooled using a completely self-contained *He/*He sorp-
tion pumped refrigerator constructed by Chase Cryogenics [28].

Can. J. Phys. Vol. 86, 2008

Fig. 16. The modular refrigeration and microcalorimeter detector
system package in the new ECS spectrometer. The *He/*He
sorption precooler is in the left foreground, the ADR is in the
background behind the sorption cooler, and the detector module is
in the upper right with the aperture to the right in the photograph.
The length scale of the photograph is about 35 cm horizontally.

This was chosen over a more traditional two stage ADR because
of the ~100 W of heat generated at the detector housing from
the 130 K JFET (junction field effect transistor) preamplifiers
in the XRS design [29]. The *He/*He sorption cooler provides
substantial cooling power at 340 mK, which is used to cool
the outer detector housing and to precool the ADR during the
heat rejection part of the cooling cycle. The heat of magneti-
zation in the salt pill is rejected to the sorption cooler using a
passive gas-gap heat switch. The end result is a compact, high-
performance, high duty cycle refrigeration and detector system
package as shown in Fig. 16.

The ECS cryogenics package is completely self-contained,
requiring no external plumbing and a simple thermal interface
below 5 K to operate. In the ECS cryostat, the thermal interface
is provided by an atmospheric liquid helium bath at 4.2 K,
but we are currently constructing a cryogen-free system in our
laboratory that will use an identical refrigeration package. In
its first test run, the ECS detector system operated at 50 mK
for 54 h before the sorption cooler needed to be recharged.
Minor modifications to the detector system support structure
will allow the system to operate for over 70 h with a 2 h recycle
time giving a duty cycle of 97%. The ADR itself has very low
parasitic power because of the 340 mK interface temperature.
Even with the relatively high off-conductance of the gas-gap
heat switch, we measure the parasitic load on the ADR at only
54 nW. The duty cycle of the refrigerator is entirely limited by
the 15 J cooling capacity of the He-3 stage. The ECS uses a
32 L unpumped liquid helium bath with a hold time in excess
of 14 d and a 25 L liquid nitrogen bath with a hold time in
excess of 7 d. The ECS refrigeration package automatically
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Fig. 17. The emission spectrum for a >>Fe radioactive source
measured with a standard XRS microcalorimeter detector cooled
to 50 mK and using 180 M€ load resistors. The instrumental
broadening of the natural line shape is fit to be 3.76 eV FWHM.
We expect similar performance for the final detector array to be
installed in the ECS spectrometer.
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Fig. 18. The emission spectrum for an *! Am source measured
with a 500 um x 500 pm x 100 um high-energy HgTe absorber
on a standard XRS microcalorimeter detector. The instrumental
response is measured at 22 eV FWHM with 30% quantum
efficiency at 60 keV. We expect similar performance for the
high-energy pixels in the final ECS detector array.
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recycles under software control every three days in the middle
of the night. The end result is a low maintenance instrument for
long-term use at the EBIT facility at LLNL.

The detector system in the ECS has also undergone substan-
tial improvements. We have recently demonstrated [30] that
reducing the operating temperature and optimizing the bias
point of a standard XRS detector array can improve the en-
ergy resolution to 3.7 eV, as shown in Fig. 17. Further, we have
shown that using thinly diced commercially produced 0.5 mm
thick HgTe wafers, we can fabricate 100 wm thick X-ray ab-
sorbers that give 22 eV resolution at 60 keV with almost 30%
quantum efficiency at 60 keV, as shown in Fig. 18. We are
currently producing the final detector array for the ECS in-
strument that will be based on another detector array from
the Suzaku/XRS flight wafer. We will use a hybrid checker-
board absorber scheme, where every other pixel is a mid-energy
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625 um x 625 um x 8 um HgTe absorber interspersed with
high-energy 625 um x 500 um x 100 um HgTe absorbers.
This is predicted to give a simultaneous high-resolution band
pass of <0.1-12 keV with a resolution of below 4 eV at 6 keV
and 0.5-100 keV with a resolution of below 25 eV at 60 keV.

5. The future fourth generation
microcalorimeter instrument at EBIT

The next generation of X-ray observatories including
Constellation-X, NeXT, and XEUS will include very high reso-
lution X-ray spectrometers with resolving powers of up to 3000
across a bandpass from 0.1-10 keV. This will produce extraor-
dinary demands on our knowledge of the atomic physics that is
used to model the complex astrophysical observations. In the
past, our measurements of simulated astrophysical plasmas in
the laboratory have been key to refining our understanding of the
limits of the current spectral synthesis models and for guiding
the atomic physics calculations used to improve these models.
The ECS spectrometer that we are about to install at the EBIT
facility at LLNL will continue this process for the next several
years. However the performance of the next generation of ob-
servatories will drive us to make measurements on the ground
with, minimally, the same precision as the orbital observatories.
We have thus conceived a fourth generation microcalorimeter
system for the EBIT facility based on the same technology we
are developing for the Constellation-X observatory.

We have recently demonstrated a transition edge sensor (TES)
microcalorimeter array with 2.1 eV resolution at 6 keV [2] and
have produced a hybrid low-to-mid detector array that is pre-
dicted to have 0.8 eV resolution at 1 keV on absorber-less de-
tectors. In addition, NIST/Boulder has produced a high-energy
TES detector array with 25 eV resolution at 100 keV and 70%
quantum efficiency (QE) at 60 keV [31]. The fourth genera-
tion EBIT microcalorimeter instrument, termed the transition
edge microcalorimeter spectrometer (TEMS), could be based
on these developments. The TEMS may consist of a cryogen-
free spectrometer using the refrigeration package developed for
the ECS spectrometer and a hybrid focal plane consisting of a
16 x 16 low-to-mid energy checkerboard hybrid array and an
8 x 8 high-energy array. The readout could use advanced su-
perconducting multiplexer electronics developed at NIST [32].
The predicted performance of such a spectrometer is 0.8 eV
FWHM with a bandpass from 0.02-1 keV, 2.0 eV FWHM from
0.05-10 keV with 95% QE at 6 keV, and ~25 eV FWHM from
0.5-100 keV with 70% QE at 60 keV.

6. Summary

Over the last six years, microcalorimeter spectrometers have
made important scientific contributions to our understanding of
astrophysical observations through our laboratory astrophysics
program at the EBIT facility at LLNL. The original XRS/EBIT
instrument, based on a spare detector system from the Astro-
E/XRS flight system, has been in nearly continuous operation
since the summer of 2000. In 2003 the XRS/EBIT was sig-
nificantly upgraded to use the improved detector system from
the Suzaku/XRS flight instrument. We are currently perform-
ing the final assembly of the ECS spectrometer that will be the
third generation microcalorimeter spectrometer at the EBIT fa-
cility. The ECS spectrometer will be an easy to use facility-
class instrument that will be a primary contributor to future
laboratory astrophysics measurements. The next step will bring
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the most advanced X-ray detector technology to our laboratory
astrophysics program, utilizing the substantial investment of
the Constellation-X observatory program in microcalorimeters
with superconducting thermistors. The resulting TEMS spec-
trometer would bring the same high-resolution broadband ca-
pability to our laboratory program as will be achieved in the
next generation of orbiting X-ray observatories.
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