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Figure 10: Coherent or spin independent scattering exclusi on limits from the dark matter
run. Using a quenching factor of Q = 7.4 to identify nuclear recoils as explained in the
text we obtain the full curve. Using Q = 40 to identify tungsten recoils and the data of
the better module Daisy/BE13 give the thick dashed line. Reg ions above the curves are
excluded at 90 % CL. The enclosed region represents the claim of a positive signal by the
DAMA collaboration [19].

For a better understanding of these matters, we have studied the quenching factors in
CaWO 4 for the di�erent recoil nuclei tungsten, calcium, and oxyge n in a separate experi-
ment. These measurements gave an extremely high quenching f actor, between 40 and 50,
for 18 keV and 36 keV tungsten energies. Such a high quenching factor will lead to no
signi�cant light for events with tungsten recoil energies b elow 40 keV. These quenching
factor measurements were performed at room temperature and will be published in a
separate paper [22]. Measurements at lower temperature, ne ar 8 K, are in progress and
seem to con�rm these results. Despite the di�erent experime ntal conditions we consider
it worthwhile to analyze our data under the assumption that a quenching factor of Q =
40 applies for tungsten recoils. We then expect 90 % of the tun gsten recoils to be below
the full lines in Fig. 8.

One of the two modules (bottom in Fig. 8) has no recoil events b elow this full line in the
energy range from 12 to 40 keV, while the other module has 3 eve nts.

This di�erence between the two modules is presumably due to t he better resolution in
the light channel for the module with no events, which will in hibit \leakage" of neutron-
induced recoils into the region of the tungsten events. This leakage can occur, for example,
when a statistical 
uctuation in the light channel produces a low light value for a neutron-
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the different thermal systems, and how each of
them varies with temperature. We also added
details about the read-out circuit such as the shunt
resistance R sh; the inductance of the input circuit,
the normal resistance of the TES, the logarithmic
temperature dependence of the TES resistance ( a),
and details about the amplifier noise. Our model-
ing software is able to calculate the TES current–
voltage characteristic, the detector noise spectrum
(including all thermal noise terms), the noise
equivalent power, the expected energy resolution,
the expected impedance variation, and the ex-
pected pulse shape. This pulse-shape is calculated
in two ways. In the first, it is calculated based upon
the assumption that the superconducting transi-
tion is a purely linear function. In the second, the
transition is assumed to have the shape of a
hyperbolic tangent function with a slope that
matches the a given at the 50% bias point.

2. Model results

For Constellation-X, we have designed a re-
ference detector that meets the count rate and
energy bandwidth requirements, which places
limits on the achievable energy resolution of the
detector. The detector has a 300 ms decay time and

a linear region defined such that an 8 keV X-ray
corresponds to a resistance excursion from the
optimum bias point to 80% of the transition.
Fig. 1 shows the expected noise spectrum for
the Constellation-X TES microcalorimeter where
the excess noise is 3.4 times higher than the NJat
the 30% bias point. To calculate the expected
resolution shown of 2 :0 eV for any energy X-ray
up to 8 keV ; all the noise contributions listed in the
caption are included to determine the noise
equivalent power as a function of frequency. The
heat capacity of the absorber was 1 :7 pJ=K and a
was 125. In Fig. 2 we show how the energy
resolution changes assuming that the excess white
noise (N ex increases for lower regions of the
transition, and varies approximately as
N exB NJr 3=2; where NJis the calculated Johnson
noise and r is the proportion of total resistance in
the transition ðr¼ R=R 0Þ: This is an empirical
relation that fits the variation of our noise data
reasonably well. The magnitude of N ex is labeled
by how large each noise level is compared to NJat
50% bias. At each bias point we have adjusted C
and G (for fixed a) so that the reference time
constant and energy bandwidth are maintained.
This is reasonable since the required C is
substantially larger than C for absorber materials
such as bismuth. It is clear that even with

ARTICLE IN PRESS

10-13

10-12

10-11

10-10

C
ur

re
nt

 [
A

/H
z]

100 101 102 103 104 105 106 107

Frequency [Hz]

 Total noise
 SQUID 
 Absorber to TES electrons
 TES e-p coupling
 TES phonons to bath
 Johnson noise of shunt
 Johnson noise of TES
 Excess noise

Energy Resolution = 1.99 eV FWHM
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diation was cut, the current could either go back to low val-
ues or remain large, suggesting the existence of a self-
sustaining mechanism.19,45

This mechanism could be the following. When V IO

,2 V IN’ 2 0.7 V ~see Sec. V C!, the electrons drift towards
the B-doped electrode. When an electron reaches the elec-
trode, it loses an energy EG2 EB’ 0.73 eV. EG is the gap
and EB the boron energy level with respect to the valence
band edge. A part of this energy can be transferred to holes
in the electrode, hence allowing them to reach the valence
band in the crystal, and be drifted across it. Similarly, the
holes may excite electrons when they reach the P electrode.
This mechanism should give comparable electron and hole
currents: this explains the efficiency of our regeneration ~see
Sec. III! in which the amounts of negative and positive neu-
tralized levels in the gap must be comparable. On the con-
trary, for V IO.2 V IN a very low current is allowed because
the low energy ( ’ 10 meV! released when the electrons
~resp. the holes! reach the P ~resp. the B! doped electrode
forbids such a mechanism.

We did not measure any noticeable permanent NTD
temperature increase when we switched the ionization bias to
the standard value V IO5 2 V. In what concerns the shot
noise, we calculated that its contribution to the energy reso-
lution is below 0.5 keV FWHM for the low currents mea-
sured in the range 0.5 , V IO, 5 V.

B. Energy resolution

Figure 3 gives an example of the spectra obtained for
V IO5 2 V. The resolutions for the 155Eu 86.5 keV peak
ranged from 0.966 0.08 to 1.26 0.05 keV ~FWHM, equiva-
lent electron energy!. The total contribution of the electronic
and microphonic noise to the resolution is given by the mea-
sured baseline resolution of 0.936 0.07 keV FWHM, which
is defined as the width of the peak obtained at 0 keV by
randomly triggering the signal recording at the output of the
charge preamplifier. The improvement is noticeable since
previous results yielded 1.7–1.9 keV FWHM for the 86.5
keV peak, and a similar baseline resolution.15,30,58 To our

knowledge, the resolution is also improved in comparison
with other published data for this kind of detector ~typically
1.5–1.6 keV FWHM in the photon energy range 40–100
keV14,17!. The value of 1.06 keV has also been published, but
for a lower photon energy of 10 keV.16 We interpret our
resolution improvement as due to a reduction of the carrier
trapping and we shall see that the contribution of this effect
to the resolution is weaker for low photon energies ~see Sec.
V B!. Finally, we observed an improvement of the energy
resolution of about 25% when V IO increases from 0.2 to 2 V.

C. Pulse height as a function of the charge collection
bias

Figure 4 shows that the charge pulse height measured for
light pulses emitted towards the detector depends on the
charge collection bias V IO . The polarity of the pulses is in-
verted when V IO goes from below to above 2 V IN’ 2 0.7 V.
The V IO dependence was investigated more in detail using
the 155Eu source. The light excitation has the advantage that
the hysteretic behavior observed close to V IO’ 2 0.7 V is
weak probably because the charge state of the impurities is

FIG. 2. Absolute value of the measured current through the detector ~be-
tween the implanted electrodes! as a function of the polarization bias ~50 M
V resistor in series!. For V IO, 0.7 V, the current is not stable: it may remain
below 100 pA or become larger than 10 nA. The figure corresponds to such
a jump for 2 2.8 V, V IO,2 1.8 V.

FIG. 3. Experimental 155Eu spectrum for the ionization channel. The larger
low energy peak is due to the superposition of the 42.30 and 42.99 keV X
lines. The other peaks correspond to the 48.7 keV X photons and to the
86.54 and 105.31 keV g photons.

FIG. 4. Charge pulse height as a function of the polarization voltage V IO for
LED light pulses. The line is a guide to the eye.
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