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A TES microcalorimeter was developed for the energy dispersive measurement of X-ray photons of the energy of 10

to 20 keV with the energy resolution better than 100 eV of FWHM value by holding the counting rate greater than 100

counts per second. The fabricated TES microcalorimeter chip was irradiated by LX-ray photons from an 241Am source

at a temperature of 150 mK. Detection signal pulses with decay time constant of 420 μs were observed by supplying

the bias current of 330 μA. The energy-resolution of 100 eV FWHM value was obtained at 17.75 keV by analyzing

detection signal pulses.
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I. Introduction

It is necessary to estimate the internal exposure dose with

high precision by monitoring the amount of the intake of plu-

tonium isotopes for the radiation protection of workers in such

as spent nuclear fuel reprocessing- and mixed oxide fuel fab-

rication facilities. Most transuranium (TRU) elements emit

LX-ray photons following the α decay.1) Since the energy of

LX-ray photons from TRU elements ranges from 10 to 20

keV, the LX-ray photons are expected to be utilized for a TRU

monitor. Typical values of energy and emission probability

of LX-ray photons are presented in Table 12). The energy-

resolution better than 100 eV full width at the half maximum

(FWHM) value is required to monitor TRU elements by spec-

troscopic measurements of LX-ray photons. However energy

resolution of conventional semiconductor detectors has not

been achieved better than 100 eV FWHM value.

A microcalorimeter with superconducting transition edge

sensor (TES) has been demonstrated an excellent energy

resolution.3)4) In this work, a TES microcalorimeter was de-

veloped for the energy dispersive measurement of X-ray pho-

tons of the energy of 10 to 20 keV with the energy resolution

better than 100 eV FWHM value by holding the counting rate

greater than 100 counts per second.

II. TES microcalorimeter

The microcalorimeter is detector which measures the en-

ergy of incident X-ray photon by the temperature rise of a de-

vice operating at a very low temperature5). Figure 1 shows

an operational concept of the microcalorimeter. The mi-

crocalorimeter consists of the energy absorber and the ther-

mometer. The energy of the incident X-ray photons is con-
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Table 1 Energy and emission probability of LX-ray photons

from 241Am and 239Pu.

241Am 239Pu

LX-ray
Energy(keV)

Emission
Energy(keV)

Emission

probability probability

LI 11.87 0.0104 11.62 0.001163

Lα2 13.76 0.017 13.44 0.00192

Lα1 13.95 0.149 13.62 0.01685

Lβ2 16.84 0.0314 16.43 0.00354

Lβ1 17.75 0.0837 17.22 0.01395

Lγ1 20.78 0.0192 20.17 0.00316

Lγ2 21.10 0.0040 20.49 0.00031

Lγ3 21.34 0.0039 20.72 0.000309

Lγ6 21.49 0.0038 20.84 0.000612

verted into the temperature rise in the absorber. The raised

temperature is decreased to the cold stage temperature by a

heat flow through the thermal link. The sensitive thermome-

ter is an important component for achieving excellent energy

resolution. The TES microcalorimeter utilizes a strong tem-

perature dependence of the electric resistivity of a supercon-

ducting thin film in the phase transition region for a precise

measurement of the temperature rise induced by energy depo-

sition of incident X-ray photons.

In this work, the TES microcalorimeter was developed for

spectroscopic measurements of LX-ray photons from TRU

elements with the energy resolution better than 100 eV of

FWHM value by holding the counting rate greater than 100

counts per second. The TES consists of bilayer structure of

Ti and Au thin films. The phase transition temperature of the

TES was designed to be 200 mK by the use of the proximity

effect between Au and Ti with taking the thickness of Ti and
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Fig. 1 Model of microcalorimeter.

Au to be 40 and 100 nm respectively. The Au absorber of 5.0

μm thick is deposited on the Ti/Au bilayer of TES for detect-

ing LX-ray photon of 20 keV with the absorption efficiency of

50%. The geometrical dimensions of the thermometer and the

absorber are 300× 300μm2 and 500× 500μm2, respectively.

TES chip was fabricated by SII NanoTechnology Inc. Figure
2 shows the photograph of fabricated TES chip.

sensor

absorber

Fig. 2 Photograph of fabricated TES chip.

III. Optimal filter
When all detected signal pulses are assumed to have the

same shape and consist of an X-ray pulse and a noise compo-

nents, the detected pulse D(f) in the frequency domain can be

expressed as

D( f ) = A×M( f )+N( f ) (1)

where M(f) is the normalized model pulse shape, A is an am-

plitude of the pulse height and N(f) is the noise component6).

The minimum value of the variance χ on A is achieved by

minimizing the difference between the detected pulse, D(f),
and the model pulse shape M(f). The condition to minimize is

χ2 = ∑ [D( f )−A×M( f )]2

N2( f )
. (2)

Setting dχ2/dA to zero and re-arranging to find the estimated

energy of the photon A, we obtain

A =
∑D( f ) M∗( f )

|N( f )|2

∑ |M( f )|2
|N( f )|2

. (3)

This expression can be transferred back into the time domain

as

A =
1

C ∑D(t)T (t) (4)

where C = ∑ |M( f )|2 / |N( f )|2 and T (t) is the optimal filter

template. T (t) is constructed by taking the inverse Fourier

transform of M∗( f )/ |N( f )|2.

IV. Experimental apparatus
The TES microcalorimeter was cooled down to the operat-

ing temperature by the Liquid-Helium-Free 3He-4He dilution

refrigerator manufactured by Taiyo Nippon Sanso Corpora-

tion. Figure 3 shows a schematic drawing of a cross section

of the dilution refrigerator.
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Fig. 3 Schematic drawing of the liquid-helium-free 3He-4He

dilution refrigerator.

Figure 4 shows a circuit diagram of the TES mi-

crocalorimeter and the superconducting quantum interference

device (SQUID) amplifier. TES is connected to input coil in

series and connected to shunt resistor in parallel. TES mi-

crocalorimeter was operated with applying a constant DC cur-

rent. When the temperature rise is caused by energy deposi-

tion, the magnetic flux in the input coil decreases with the

current flowing through the TES. This change is read out by a

SQUID amplifier fabricated by SII NanoTechnology Inc.

V. R-T curve
The values of output voltage of SQUID was measured with

changing temperatures of the cold stage with applying a con-
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Fig. 4 Circuit diagram of the TES microcalorimeter and the

SQUID amplifier.

stant bias current. The measured voltage was converted into

the resistance of TES by equation

RT ES =
(

IB

ηVout
−1

)
Rshunt (5)

where RT ES and Rshunt are electric resistance of the TES and

the shunt resistor of 7 mΩ, IB is the bias current, Vout is the

output voltage of the SQUID amplifier, η is a factor of SQUID

converting Vout into a current flowing TES.

Constant bias current of 5 and 10 μA was supplied to sup-

press the temperature difference between the TES and heat

bath with small Joule heat generation. Figure 5 shows the ob-

tained relationship between the electric resistance of the TES

and the temperature (R-T curve). A phase transition tempera-

ture was found to be 208 mK with a width of 12 mK.
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Fig. 5 R-T curve of the TES microcalorimeter.

VI. R-I curve
The value of the bias current is determined for maintaining

the TES in the phase transition region by use of relationship

between the electric resistance and the bias current (R-I curve)

at an operating temperature. The voltage output of the SQUID

amplifier was measured with changing bias current at a bath

temperature of 150 mK. The electric resistance of the TES was

evaluated by use of eq. (5) as a function of the bias current.

Figure 6 shows obtained R-I curve. The TES was found to

be maintained in the phase transition region by applying bias

current from 300 to 440 μA. The bias current of the TES was

determined to be 330 μA.
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Fig. 6 R-I curve of the TES microcalorimeter.

VII. Detection of LX-ray from 241Am source
The fabricated TES microcalorimeter chip was irradiated

by LX-ray photons from an 241Am source at a temperature

of 150 mK. Detection signal pulses with rise and decay time

constant of 30 and 420 μs, respectively were observed by sup-

plying the bias current of 330 μA. The decay time constant of

420 μs allows the TES microcalorimeter operating with the

counting rate higher than 100 counts per second. Figure 7
shows examples of detection signal pulse. Base line fluctua-

tions were observed in Fig. 7.
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Fig. 7 Voltage signal pulses of the TES microcalorimeter in

detection of LX-ray photon from 241Am source.

Fig. 8 Pulse height spectrum of LX-ray from 241Am source.

Figure 8 shows an energy spectrum of LX-ray photons

from the 241Am source obtained from the pulse height dis-

tribution of detection signal pulses processed with using a low

pass filter with cut-off frequency of 50 kHz. The value of the

energy-resolution was estimated to be 300 eV FWHM value

at Lβ1 X-ray of 17.75 keV.
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Figure 9 shows relationship between values of pulse height

corresponding to detection of Lβ1 X-ray photons and the base

line level. Pulse height distribution was obtained by calcu-

lating eq.(4) with consideration of dependence of the pulse

height on the base line fluctuation.

Pulse height = -0.1916 Base line + 
0.1802
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Fig. 9 Relationship between base line and pulse height of de-

tected Lβ1 X-ray from 241Am source.
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Fig. 10 Energy spectrum of LX-ray from 241Am source with

base line correction and optimal filter.

Figure 10 shows obtained energy spectrum of LX-ray pho-

tons from the 241Am source obtained from the corrected pulse

height distribution of detection signal pulses. The value of

energy-resolution was improved to be 100 eV FWHM at Lβ1

X-ray of 17.75 keV.

VIII. Conclusion
The TES microcalorimeter was developed for precise spec-

troscopic measurement of LX-ray photons from TRU ele-

ments. The fabricated TES microcalorimeter chip was irra-

diated by LX-ray photons from an 241Am source at a temper-

ature of 150 mK. Observed detection signal pulses with decay

time constant of 420 μs allows operating the TES with the

counting rate higher than 100 counts per second. The value

of the energy-resolution was estimated to be 300 eV FWHM
value at 17.75 keV. The energy-resolution was improved to

be 100 eV FWHM value by analyzing detection signal pulses

with correction of the relationship between base line level and

pulse height of signal pulses and using optimal filter.
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