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Abstract

X-ray detectors based on the concept of magnetic calorimetry are well suited for high-resolution spectroscopy.
Metallic magnetic calorimeters (MMC) make use of a metallic paramagnetic temperature sensor, which is in tight
thermal contact with a metallic X-ray absorber. The paramagnetic sensor is placed in a small magnetic field. Its
magnetization is used to monitor the temperature, which in turn is related to the internal energy of the calorimeter.
High-energy resolution can be obtained by using a low-noise, high-bandwidth DC SQUID to measure the small change
in magnetization upon the absorption of an X-ray. With recent prototype detectors an energy resolution of AEpwpm =
34 eV for X-ray energies up to 6.5keV has been achieved. We discuss general design considerations, the
thermodynamic properties of such calorimeters, the energy resolution, and the various sources of noise, which are

observed in MMCs.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The detection of a particle with a metallic
magnetic calorimeter (MMC) is based on the
measurement of the change of magnetization of a
metallic paramagnetic sample sitting in a small
magnetic field. This change of magnetization is
proportional to the temperature change caused by
the absorption of the particle. A magnetic
calorimeter consists of an absorber suited for
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stopping the particle to be detected and a
paramagnetic sensor that is thermally coupled to
the absorber. To obtain high sensitivity a DC
SQUID is used to measure the magnetization.
Metallic sensors are used to achieve fast
thermalization at operating temperatures well
below 100 mK [1]. In recent years the physics of
one system, gold doped with erbium, has been
studied extensively [2,3]. Based on a detailed
knowledge of Au:Er it is possible to optimize the
performance of an MMC employing this material
as a sensor. Given the temperature of operation
and the heat capacity of the absorber, the values of
the adjustable parameters, magnetic field, dimen-
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sions of the sample and erbium concentration can
be calculated to maximize the signal.

2. Experimental technique
2.1. Detector design

The magnetic calorimeter in these studies con-
sists of two Au:Er sensors with a separate X-ray
absorber attached to each of them. The sensors
were laser-cut discs, 50 pm in diameter and 25 pm
thick, made of Au containing 300 ppm of iso-
topically enriched '°Er. To stop 6 keV X-rays
from a »Fe source 150 pm x 150 pm x 5 pm gold
foils were used as absorbers. The quantum
efficiency for 6 keV X-rays of this thickness of
Au is higher than 98%. These absorber foils were
attached to the Au:Er sensors using a wedge
bonder. The completed sensor/absorber sand-
wiches were positioned manually into the two
loops of a SQUID gradiometer [6,7] and were held
in place with a thin layer of vacuum grease.

2.2. Two-stage SQUID readout

A two-stage DC SQUID system was employed
in this experiment, consisting of a primary detector
SQUID and a secondary amplifier SQUID.
Because of the absence of an on-chip field coil
capable of producing a field localized to the
sensors, the entire SQUID chip with Josephson
junctions was located in a magnetic field of about
3mT. The magnetic field reduces the critical
current of the SQUID by almost a factor of eight.
In turn, the peak-to-peak voltage is reduced to
7.5 uV and the slope of the characteristic curve
becomes 21 uV/®@y. If the detector SQUID were
read out with room temperature electronics having
a pre-amplifier noise of 0.3 nV/ \/E, the apparent
flux noise level would be 15 p®,/+/Hz. At this
white noise level the performance of our detectors
would be significantly degraded. To reduce the
white noise level in our experiments we have used a
second SQUID as a voltage amplifier. A sche-
matics of the circuit diagram of the two-stage
SQUID system is shown in Fig. 1.
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Fig. 1. Schematic circuit diagram of the two-stage SQUID
system.

The double-stage SQUID system has a common
feedback loop. The gain is determined by the
resistor R,. To achieve stable operation the flux
gain between the SQUIDs was chosen to be about
3. For gains larger than 4 the U-®-characteristic
becomes very complex and, in particular, exhibits
multiple working points with different slopes. At a
gain of 3, the maximum slope of the characteristic
curve becomes 600 uV/®, and the white-noise
level of the two-stage SQUID is 0.5 ud)o/\/ﬁi.

Due to the relatively weak feedback coupling of
the detector SQUID the slew rate of the two-stage
system is only about 0.1 ®,/us. This slew rate is
not sufficient to follow the fast rise of the signal
and therefore the rise time of the pulses in our
experiment is determined by the SQUID electro-
nics. As a side effect this limits the usable signal
size to about 0.6 @.

2.3. Data acquisition and analysis

The analog output signal of the SQUID
electronics was digitized by a 12-bit AD converter
and subsequently processed. For each event, traces
of 16 k samples were acquired. Besides the actual
X-ray events, an equivalent number of randomly
triggered baseline traces were recorded.

The pulse height of individual events was
determined by applying an optimal filter. The
filter function was obtained in the usual way by
calculating the signal responsivity and the spectral
noise density and constructing a weighting func-
tion. The optimal filter function was Fourier
transformed back to the time domain and the
height of an individual pulse was determined by
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the convolution of the single pulse with this filter
function.

3. Results and discussion
3.1. Resolving power

The detector described in Section 2.1 was cooled
to a temperature of about 35mK and its
performance tested using a 3Fe source. A typical
spectrum of the source is shown in Fig. 2. It
contains the K, and Kg lines of *Mn. Due to the
high quantum efficiency of the gold absorber the
spectrum is very clean indicating that very few
events are not associated with the expected lines.
The trigger level was set at about 100 eV in this
experiment.

The inset of Fig. 2 shows an unfiltered single
pulse. In the actual experiment a 10 Hz high pass
and a 10 kHz low pass was used. The rise time of
the signal is about 5 ps and, as stated before, is
determined by the slew rate of the SQUID system.

The thermalization time is about 60 ms due to
the weak coupling to the thermal bath via vacuum
grease.

To determine the instrumental resolution of our
detector we have used the K, line and fitted it with
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Fig. 2. X-ray spectrum of *Mn.

the line-shape determined using a crystal spectro-
meter.

The experimental spectrum is best described
with an instrumental resolution of 3.4 ¢V. Fig. 3
shows a blow-up of the K, line data together with
the theoretical spectrum accounting for the natural
and instrumental linewidth.

Using the same instrumental resolution one also
can describe satisfactorily the Kg line. Fig. 4 shows
the Kp line together with the theoretical spectrum.
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Fig. 3. K, line of >*Mn. The solid line represents a fit of the
data taking into account the natural linewidth as determined
with a crystal spectrometer [4].
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Fig. 4. Kp line of ¥*Mn. The solid line represents a fit of the
data taking into account the natural linewidth as determined
with a crystal spectrometer [4].
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Recently, it has been shown that the shape of the
K line of >*Mn depends strongly on the chemical
composition in which the manganese is present [5].
The shape of the Kg line measured in our
experiment is consistent with the fact that our
source is made of metallic > Fe.

3.2. Noise

To evaluate the random noise contribution to
our instrumental resolution, we have analyzed the
baseline traces. The result is shown in Fig. 5.

The fact that the width of this histogram is
3.26 eV and thus is very close to the instrumental
resolution of 3.4 eV indicates that random noise
dominates the resolution of our detector.

The expected noise from intrinsic thermody-
namic fluctuations is small. Since the heat capacity
of the absorbers plus sensors in the two loops is
approximately 3 x 1072 J/K at 35 mK the noise
contribution of thermodynamic fluctuations
should be only 0.7 eV. Here we have taken the
ratio of rise time and thermalization time to be
3 x 1073, The difference between the measured
baseline noise and the thermodynamic fluctuations
consists of two components, white noise and 1/f
noise. A noise spectrum for our detector under
operational conditions is shown in Fig. 6. The
white-noise level is about 1.4 pd,/ V/Hz. It has two
contributions, the flux noise of the detector
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Fig. 5. Histogram resulting from the analysis of baseline traces.

SQUID of 1.1 p(DO/\/E and the magnetic John-
son noise of the sensor of 0.9 pd,/+/Hz.

The noise spectrum at low frequencies can only
in part be explained by the contribution of
thermodynamic fluctuations. In addition, 1/f
noise appears in our experiment. Surprisingly, this
noise component is temperature independent in
the experimental range from 30 mK to 4 K. Fig. 7
shows the noise spectrum of our set-up without the
contribution of thermodynamic fluctuations at
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Fig. 6. Noise spectrum of our detector taken under operational
conditions.
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Fig. 7. Noise spectra of our detector at different temperatures
in zero magnetic field.
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different temperatures. Here the 1/f component is
clearly wvisible. The white noise level varies
proportionally to ﬁ as expected. Although we
do not know the origin of the 1/f noise, it is
associated with the presence of the spins in the
sensor. A pure gold sample, when substituted for
the sensor, does not show the effect. At this point
we can only speculate about the physical nature of
the 1/f noise. One possibility might be hierarchical
relaxations within the interacting spin system.
Whether this is, in fact, the case remains to be
determined by further experiments.
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