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Chapter 1

INTRODUCTION

1.1 Purpose of This Paper
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Fig.1.1: The Astro-E2 satellite
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1.2 Superconducting Transition-Edge Sensor (TES) Calorimeter
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1.2.1 Energy resolution
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1.2.2 X-ray microcalorimeter

XO0OOoOoOOoooooOOooooo XooOoo 1o 10ooooooooooooooooo (o
0 mK)OOUOOOOOODOUOOODOD0O0O0OO0O0OO00000000000oo0oo0oo0oo0oo0oooooo
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X-ray energy
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Fig.1.2: Schematic view of an X-ray microcalorimeter. The calorimeter consists of an absorber and a
thermometer which have a heat capacity C, and are connected to a heat sink with a thermal conductance

G of the thermal link.
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Fig.1.3: Schematic example of the R-T' curve of a TES.
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PRINCIPLE OF THE TES CALORIMETER
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000000000000 0000000000 Table 2.1: Summary of the transition temperature
T. and the critical magnetic field H,.
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2.2 Basic Parameters
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Electronic specific heat c,
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2.2.2 Thermal conductance G
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Fig.2.1: Comparison of the electronic specific heat.
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Fig.2.2: An electric circuit of a constant

voltage bias.

2.3 Operation of TES Calorimeter

2.3.1 ETF: Electro-Thermal Feedback
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2.3.2 Effective time constant 7.4 under ETF
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Fig.2.3: The ETF diagram of the constant voltage bias.
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2.3.6 Actual responce
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2.4 Intrinsic Noise
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Fig.2.6: ETF diagram including noises.

2.4.1 Phonon noise
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2.4.2 Johnson noise
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Fig.2.7: Estimated noise spectra, assuming a = 100 (left) or o = 1000 (right). Johnson noise is
suppressed at low-frequency side by the ETF.
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2.5 Responce in Actual Curcuit
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Fig.2.8: Electric circuit of TES at TMU. Fig.2.9: Electric circuit of TES at LLNL.
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Fig.2.10: The ETF diagram taking into account of the shunt resistance Ry and the parasitic resistance
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2.5.1 Current responsivity
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2.5.2 Pulse spectrum
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2.5.3 Noise spectrum
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Phonon noise Johnson noise
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Fig.2.11: ETF diagram including the phonon noise and the Johnson noise.

Johnson noise
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Bias voltage fluctuation noise
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Fig.2.12: ETF diagram including the bias voltage fluctuation of AV}
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2.6 Digital Filter Process
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2.7 Energy Resolution
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2.7.1 Intrinsic Energy Resolution
For TES only
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2.7.2 Contribution of the readout noise
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2.7.3 Contribution of the bath temperature fluctuation
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SII-14b CALORIMETER
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Fig.3.1: A microscope picture of SII-14b. The TES size is 0.5x 0.5 mm, thickness of Ti/Au = 40/110 nm,

and the Au absorber size is 0.3 x 0.3 mm, thickness of 300 nm, on the TES. Two black triangular areas

are completely removed. A thin silicon-nitride (SIN, ) membrane, which is processed into a bridge shape,

supports the TES and forms a weak thermal link to the silicon wafer.

25 Uum
>« 500
< = ¥ 95 4m
‘100um
“300um
&
500 ¢m \
> <« o
50 Um TES : 500 4m X 500 «m
Abs : 300 ym X 300 £tm X 300 nm
/
100 tm|/ ¢
Ti :30 nm
/
e / Nb :200 nm
JAu 110 nm A v
‘hTi 140 nm

Fig. 3.2: Dimensions of the SII-14b calorimeter, top view and

cross section.

Fig. 3.3: A picture of the SII-14 chip.
There are two TES calorimeters called
SII-14a (left) and SII-14b (right). Size
of the picture is about 15 mm X

15 mm.
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0 (0 3.4)0
TESOODDOO0OOO000000000O0O0O0D0000000000000000000000

00000000000000000000000000000000000000 (151 mK)OO
TioOO0OO0OO ¢ 000000000 ¢ 00000000 e

1
Ce(Ti) = §(Cen + Ces) (3-1)

0000000000000 0OO0O000000O000 CO000000 O 340000

Table 3.1: Material parameters of the SII-14 calorimeter [19].

Debye transition
atomic weight | Sommerfeld coefficient density | temperature | temperature (bulk)
element M [g/mol] v [mJ/mol/K?] p [g/cm?) Op [K] T. K]
Si 28 0 2.33 645 -
Ti 48 3.35 4.51 420 0.39
Au 197 0.689 19.28 165 -
Nb 93 7.79 8.56 275 9.23

Table 3.2: Heat capacity of the TES [pJ/K].

Ti Au Au (absorber)
size [pm X pgm X nm)| 500 x 500 x 40 500 x 500 x 110 300 x 300 x 300
normal state 247x 107 x T° +3.15 x T LITXxT?+1.89xT | 115 x T° +1.83 x T
superconducting state | 2.47 x 1072 x T2 4243 x 3.15 x T
QT, = 151 mK 0.97 0.29 0.28
0.48: normal state
1.16: superconducting state

Table 3.3: Heat capacity of wires [pJ/K].

Ti Nb

size [pm X pm X nm)| 600 x 100 x 40 x 2 600 x 100 x 200 x 2
superconducting state | 0.01 x T2 + 5.01 x exp(—0.56/T) | 0.21 x T® +7.32 x 107 x exp(—13.29/T)
Q@T. = 151 mK 0.12 0.07 x 1072

Table 3.4: Heat capacity of the membrane [pJ/K].

SiN (calculation of Si)
size [pm X pm X pm] 1700 x 700 x 1
0.72 x T?
@T, = 151 mK 0.25 x 1072

00000000000 Sli4b0 TESOOODODODODOOOOOODOOOO-0000000 T=
51mKOOODOOOO COoo

C =17 [pJ/K]
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Resistance R (mQ)

0.5

Chapter 3 SII-14b CALORIMETER

Temperature T (mK) Temperature T (mK)

Fig. 3.4: Left: R-T curve (the details are described in § 5). Right: The TES temperature T' vs. the heat
capacity C using Table 3.2, Table. 3.3, and Table 3.4.
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Chapter 4

EXPERIMENTAL SETUP AND
MEASUREMENT ENVIRONMENT
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4.1 Refrigerator
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4.1.1 Dilution refrigerator
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Fig.4.1: Cross section of a dilution refrigerator  Fig.4.2: Close up view inside the IVC of the di-
Kelvinox 25 (Oxford Inc.) at TMU. lution refrigerator.
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Fig.4.3: Left: The outside view of the dilution refrigerator. Right: The experimental setup of the
SII-14b calorimeter, installed in the dilution refrigerator. The center is 400-series SQUID array (400-
SSA) fabricated by SII inside the Nb (inner) and Permalloy (outer) shield to avoid magnetic interference.
The calorimeter and the shunt resistor made of 1 mm¢ manganin wire were placed at the experimental
platform (E/P), and the 400-SSA were at the ~ 1.6 K stage. Lower right : The 5°Fe isotope and the
calorimeter holder. The %°Fe isotope was fixed just above the sapphire collimetor, and 5.9 keV X-rays

continuously irradiated the calorimeter.

4.1.2 ADR : Adiabatic Demagnetization Refrigerator
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Fig.4.4: Cross section of the Adiabatic Demagne-  Fig.4.5: A picture of the detector stage inside the
tization Refrigerator (ADR) at LLNL. ADR.
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Table4.1: The parameters of 420-SSA.

input coil
self inductance Li, 90 pH (contain wire 190 nH)
mutual inductance M; 58 pH

feed back coil
mutual inductance Mg 58 pH

gain G (= M;9%) 1400 V/A

current resolution O 10 kHz 6.8 pA/ VHz

Fig. 4.6: Microscope pictures of the 400-SSA. Left: The overall picture of the chip, and the picture size
is 3 mmx 3 mm. Right: The enlarged picture of a DC-SQUID pixel, and the picture size is 200 pm X

200 pm.
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[ AMP-RTN

= R gl 050:2 7O
/{I _l_-'_ (DBiasZ—RTN, FB-RTN
Input I
-RTN I
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Fig.4.7: Wiring pattern on an FRP substrate.
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AEsquip ~ 2.35in VB/Teft (4.5)
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4.3 X-ray Sourse

4.3.1 5°Fe isotope

DIZIIZIDXDDDDDDDDDDDDDDDDDDDDDDDDDDDDD55Fe(Mn—Ka:5.9
keV) 0o0oo00oo0DooooooooD 273 0DoO0oO0oOooooOo 300 kBgqmooooO 97.1.8 O
096 MBq D00ODOO0ODOOO0ODDOOODOD 5mm 000000000000 0.2 mm
¢ 00000D0SI-14 0000000000000000000D00000D0O00000000
D~1cts/sDDDDIZIIZIDIZIIZIDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
0000000000000 00000O0000 Xooooooooooooo

D0D00000000XODO0O000000000000000 Mn-Ka; 5.80875 keV : Kay
5.88765 keV : K3 6.486 keV =20 : 10 : 30000 Kal 0000000000000 %Fe O
0000000 KeODOO 5.9 keV O MnDDDDDn:2DDnleDDDDDDD2P%D
ooooad KalDIZI2P%DDDDEIEI Kae200O0ODOOOOOODOO SI-14000000000
0O Kl Ke2 OOOOOOOODODODOOOODOOOODODOOODODOO Kael OO 500 K203
02000700000000 Lorentzian 0 000000000000 DOODO0O0ODOOOO
D000 B.10O AlD CrOFe0ODOOODOOO [24]0

4.3.2 X-ray generater
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:
500 0scw/die] !

Fig.4.8: The SII-14b calorimeter with a sapphire collimater of 0.3 mm thick and 200um diameter
attached on the absorber. The collimater was fixed on the SiN, wafer of the calorimeter with varnish
inserting si wafers of 300 um thick at both ends. The distance between the *Fe isotope and the collimater

was ~ 5 mm.

000 0O B10DOOO0O NaClOOODOODOODOOODOO NaOODOODOODO ~1keVOOODO
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Fig.4.9: A picture of the ADR named “ION” at LLNL (right) and the X-ray generator (left).

4.4 Experimental setup

4.4.1 At TMU

goboooogoooboobooboboooobobooboobooooboboboooooobboobo
0000000000000 00000000O0DO0O0DO0D0O0ODOOODOOOODOnO OFC(O
000)00000000000DLO0OD0000000000D0O0O0O0D0O0D0O00O00OD OO APIEZON-
NOOOO0OOOUOOooUo 410000000000000000000O000ODOO0OO0 AuOOO



54 Chapter 4 EXPERIMENTAL SETUP AND MEASUREMENT ENVIRONMENT

755 15
X s,
| | | [N N A
as] [Nres &l
A4 |
350 | M2ty a Y
hd ! ! 91 18.5
I I \‘
15 | ! ! o
I I I )
S B -
© B
125 | | Lo 50
| | | I
I I I \‘
oo |
10 | ! K
| | I
O e - o
8 M2/\ }
N © %
I I
10 16 14

40

Fig.4.10: Drawings of the calorimeter holder parts. Base (left), cover (center), and collimator (right).
The collimator part is not used when the sapphire collimator is on the chip. All of them are made of

oxygen free copper.
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Fig.4.11: The biasing circuit of the TES calorimeter. The bias resistance is Ry, = 10.3 kQ at TMU.
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Improvement of measurement environment
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Fig.4.14: A picture of the condenser of 1.0 uF  Fig.4.15: A picture of the condensers in the

soldered on the ~1.6 K stage. commom-mode filter box.
Iy = I.+1
= wCRYI+1 (4.8)
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Fig.4.16: A circuit to calculate the cut-off frequency.
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Table 4.2: Conditions of the frequency scan measurement.

measurement range | AC bias | bath temperature DC bias
f [Hz] Vo—p [mV] Ts [mK] Voftset [mV]
0.1-100 k 100 115.2 0

output amplitude Vout (mV)

\VHT \\HHH“\\HHH‘ \ V\'\'\'H’\'\"” V\”\V\V\V\;H"V \\ HHH‘ \”\”HV\VHV\‘” )
1 2 3 4 5
10 1 10 10 10 10 10

frequency f (Hz)

Fig.4.17: Frequency f vs. output amplitude Vyt for the frequency scan measurements. Black circles
are measured data, and magenta line is the estimation using eq. (4.20). The cut-off frequency is around
fev =~ 1516 Hz.

O0000000SQUIDOOO Vouu DO SQUID DDOODDOOOOOOOOO Z0000

;o You (4.19)

[11

gogoobooooboooobon

- \%5 1
_‘RO + Ry /1 + (27Tf7’v)2

| Vout| (4.20)

000000000 41700000000 2=50kV/A, W=V, , =01V O0O0000O 4.17
00000000 0o0o0oo0oo0ooooo0ooooooooog fov ~ 1516 HzOOOOOooOooOO
ooooooooooooO f, 0000000000 DO000O00DO0O0O0D0O0O00O0O00O00O
o000 500000

Measurement condition

ooo0ooooo SI-14000000000000000000000000000 O 4300
gooo

000000000 s0mK OOOODOOOOOooooooooooo SQUIboOooooo
ggobdodouoodoouooooboooobobbobbboooodboooob oo oobDbo
ggboboobooboobooboooooboobooooon



4.4. Experimental setup 59

Table4.3: Summary of the measurements at TMU.

comments date | shunt resistance | E/P temperature
[mO) [mK]
first measurement 020214 9.8560 80, 50, 20

a change of a shunt resistor | 020214 3.0880 20
Pb magnetic shield 020704 3.0880 20
parallel magnetic field (20 G) | 020808 3.0880 20
lowpass filter (condenser) 020817 3.088 20
without X-ray isotope 021015 4.4402 80

without magnetic shield 021022 9.8560 50, 80

0000oo0oOooOooOo IveOoooooo (PppO0OODOOD)0DDO0OOOOOOODOOOO
gogboogoobooboboboooobooboboboobboboobobobooobooobooooon
00 150 G/1.52A 000000000 HEWLETT PAKARD O E3616A DC POWER SUPPLY
00000000 HeOOODOOODODOOODOG6mMQOODOODO

4.4.2 At LLNL
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doooUoooUooooooooSI-140000000 Si00D0OUOO0OO0DUOO0DOOUOOOOOOO
gbdooooooobobooooooooboboobobobobobooboobboboboboooon
oo0o0oU0o00oooO0o0O0ooO0oO0O0OOOU000DO0U0DO0DOOOODUOOOD SI-14000000
00 SPI Conductive Silver Paint 000 00000000000 LLNLOOOOOOOOOOOO
O00OO000odUoooOooUoU0ooUoooooDOoDOOO 4180419 00000000 0O0DOO
ubobogbooooboooobooooboooooooooboooboa

SII-14b

Fig. 4.18: The microscope picture of SII-14b after ~ Fig.4.19: The SII-14b calorimeter after mounted
cut by a diamond pen. Many white objects are on a small oxygen free copper holder. Al bonding

powder of shaved Si. wires were connected to Au plated bonding pads

from the Nb lead of SII-14b.
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Fig.4.20: A picture of the detector stage on Fig.4.21: A SQUID used at LLNL located in a
which the SII-14b calorimeter was mounted. Pb plated shield beside the detector stage. The
detector stage and the SQUID were screwed on
the 0.1 K stage and the 1 K stage of the ADR,

respectively.

041900000000 ADROODOOODO0O0OODOODO0O0O0OO0OO00O0O0DOO0O00OD0 4200000
0000 SQUID 00O 421 000000 0O0OOOO0DOO0OOOO0O0OOOOOOODODOOOOOO
O0oo0o0oooOd ~02mmeg O CuNi 0000 NbTi OOOOODOOOOODOUOOOOOOOOO
ADR O 01 KOOOODOODOOOODOOSQUIDO 1IKOoODOOoOoOoooooooooooooo
O55mQUI00000

Fig.4.22: A picture inside the ADR after mounting the SII-14b calorimeter. The detector stage was
covered by a p-metal shield, which has a small hole put on an aluminized mylar in the direction of the

X-ray generator.
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Chapter 5

PERFORMANCE ANALYSES
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5.1 R-T Properties
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5.1.1 R-T properties with a constant current
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e | R0=80.00  0.00

1. Tc=144.222 +.0.0;
+T1=0,667 ¥ G.05¢

e 1. T2=0.667 +0.056
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Calorimeter Sll-14a Resistance (mQ)

Calorimeter SllI-14b Resistance (mQ)
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Temperature T (mK)
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Fig.5.1: Measured R-T curves of the SII-14a (right) and SII-14b (left) calorimeters on 14 Feb, 2002
(020214). For the SII-14b, the transition temperature of T, = 145 mK and the transition width of
AT, ~ 2 mK were obtained. The R-T' curve with a constant current of 1yA for SII-14b (red) is fitted
with a function of R(T') = Ro/[1 + exp(—(Tite — Tc)/T1)])/[1 + exp(—(Tie — Te)/T2)] + R , and the best

fit values are written in the panel.
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5.1.2 R-T properties with a constant voltage bias
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Fig.5.2: Measured R-T curves of the SII-24a (right) and SII-24b (left) calorimeters on 05 Sep, 2002

(020905). The SII-24 has the same structure as SII-14 without the membrane. For SII-24a and b,
T, = 135 mK and AT, ~ 1 mK were obtained.

Table 5.1: Conditions and environments of the SII-14b R-T measurement.

place date merker oooo magnetic shield | magnetic field [G]
T™MU 020214 red A constant current (1 pA) x x

TMU 020704 magenta e | constant voltage (100 mV) o x

T™MU 020808 blue o constant voltage (100 mV) o 0

TMU | 020808-20G red o constant voltage (100 mV) o 20

TMU 020818 black e constant voltage (100 mV) o x

T™MU 021022 yellow o constant voltage (100 mV) x x

LLNL 021113 green e constant voltage (100 mV) - -
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Fig.5.3: Comparison of the RT curves of the SII-14b obtained under different conditions. Red triangles
were measured using LR-700 resistance bridge (Linear Research Inc.) with a constant current of 1uA
on 020214. The others (circles) were measured using a combination of SQUID and a shunt resistor of
Ry = 3.0880 mf2 at TMU or Ry = 4.3 m{2 and parasitic resistance of R, = 5.0 m{2 at LLNL, with nearly
constant voltage bias. Details of the measurement conditions are shown in Table 5.1. In this plot, the

normal resistance of R, = 80 m{) is assumed .
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Fig.5.4: Comparison of the TES current in R-T
measurements of SII-14b. See Table 5.1 for mark-
ers. At large resistance (R > 30 m{2), the TES

current is smaller than 1 pA.
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5.1.4 Estimations
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Fig.5.6: R dependences of « calculated from the R-T curve. See Table 5.1 for markers. A black
horizontal line represents the value of average a (@ = 157) between R = 71m{2 and 1.2 m$) with regard

to the red triangles which is measured with a constant current.

5.1.5 PH and NL in R-T measurements with a constant voltage bias
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Fig.5.7: Right : The relation between R and the pulse height PH in R-T measurements. See Table 5.1
for markers. Left : The relation between R and the noise level NL at 4096 Hz in R-T measurements.

The NL is roughly in proportion to 1/R (a dotted line represents 70 x 1/R).
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5.2 ETF Properties at TMU

5.2.1 Principles of ETF measurements
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Fig.5.8: Relations between (left) the bias current Iy and the TES current I, (right) I, and the TES
resistance R, measured at almost the same heat sink temperature (see Fig. 5.9), with the same shunt
resistor of Ry = 3.0880 mf2. See Table 5.2 for markers. I-I relations were corrected at the jump at
I, ~ 200pA to follow the red dashed line in the left panel when the TES is normal (I}, & 600uA). The
normal resistance of TES is Rn = 80 m{? (red dashed line in the right panel).

Table 5.2: Conditions and environments of the SII-14b ETF measurements.

date marker magnetic shield | magnetic field [G]
020214 red A x x
020704 magenta e o x
020808 blue o o 0
020808-20G red o o 20
020818 black e o x

5.2.2 Measurements of NL, PH, and S/N
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Table 5.3: Experimental setup parameters when SII-14 calorimeter operated at TMU on all days shown

in Table 5.2. The shunt resistor were placed at an experimental platform (E/P).

shunt resistor | E/P temperature

place Rs [mQ] [mK]
TMU 3.0880 ~ 20

110
100 [ o aamo)
é [
n [ L
= 90 ‘ S
9 I A
> L oo A
‘§ 80 ;,,,.,,,,,.,,,,.,,,,,.,..".---"" ooqpee 0 o o ...
() AAAAAAA MM
g. kasaa AAAAAAAAAAMAL
O 70 GO
E : | @@%8:88%8@%:8 o
& 60 ;,?,,,?,,?,,,,.g,".,..o-f"'°""'§ ,,,,,,,,,,,,,,

:
0 200 400 600 800
Bias Current I, (LA)

50

Fig.5.9: Relations between the bias current I, and the bath temperature Ty measured with a RuOs
thermometer attached on the TES holder. See Table 5.3 for markers. Typical errors of Ty is about
+5 mK.
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PHyint = PHa (5.11)

5.2.3 Calculations of thermal conductance G

0000 TESOOOOO O (5.3)00

RR2
P=I’R= s I? 5.12
(R+ Ry + Rp)2 P (5.12)
000000 O (2.166) 00
G
P==2(1" —T") (5.13)

n
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Table 5.4: Experimental setup parameters when the SII-14 calorimeter was operated at LLNL.

shunt resistance | parasitic resistance | bath temperature
place | marker R, [mQ] R, [mQ] Ts [mK]
LLNL | green 4.30 5.0 ~ 100

O00O00o0ooOoooOoooooo GO

G = GoI™'=nP(T"-T")
nI:RR? 1
= d ™ 5.14
(R+ Ro 1 Ry)2(T" —T7) (5.14)
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Fig.5.10: Relations between (left) the TES resistance R and the Joule heat P in TES, (right) R and
the thermal conductance G, measured at almost the same heat sink temperature (see Fig. 5.9), with the
same shunt resistor of Ry = 3.0880 mf). See Table 5.2 markers. We assume n = 3.21 in the calculation

of GG, in order to obtain consistent values of G among these measurements.

5.2.4 Calculations of sensitivity «

O00TESOOOOO0OODOOOOOOOOO
dv

=7 5.15
Ooo0oOoooP=IVOR=V/IOO
dlogV’ I
dlogP  dlogV +dlogl  Gogr t1  Z+1
- _ ~ dlogV I
dlogR dlogV’ — dlogl dlcc>>ggl -1 Z-1
Z+ R
_ ZF (5.16)
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gopogooood

dlogP _ RdP _Rygr R G
dlogR Pdr Pt pE,
GT _ 1
googo
Z+R GT _ 1
LAk (5.18)
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od

5.2.5 Calculations of heat capacity C

000000000000 00O0OD0OO0OD £0 0 (2105 0000000000 0O0O (2.122) O
O00GO Ly O0ODOOO COO0O0O0OO0oO0ooooooooooon

R — R, C

1 = = — 1
R+R5+ )Teff T0 e (5.19)
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Fig.5.11: The relation between R and the heat capacity C calculated from the effective time constant

Teft Using eq. (5.19). This plot also contains the result calculated from the measurement at LLNL.
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5.3 IV Measurements at LLNL

LLNLOODOOOO sin 0000000000000 0000000O0 TESOOODOOOOQ
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00000000000 0D0000000DO000O0oooOooooO SQUID boooooooo
0000000000000000000000 HP33120A 000000000000 0.1 Hz O
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Table 5.5: Setup parameters of the SII-14b IV measurement at LLNL.

bath temperature Ty [mK] | offset voltage [Vpc] | amplitude [V,_p]
90 0.230 0.20
100 - 0.20
110 0.216 0.20
115 0.215 0.20
120 0.203 0.20
130 0.187 0.20
135 0.176 0.20
140 0.163 0.20
145 0.142 0.20
147 0.102 0.14

5.3.1 Determinations of R, and R,

LLNLOOOODOOOOOOOODODOOoOOoooOooooOoo Ivoooooooooo TESO
go0ooo0oOOoOoO00oOoOoOoUoUOOoOoocU0obDOoO0OoOoOoobDOogoooogoIvooooo
OO0 TESOOOOOO VOUOOUOOOOoOoOooooooooooooo TESOOOOOOoooo
0000000000 R,0 R, 00000000000000D0O0O0TESOODOODOO 71000

Voooo gos3000000000000000R=0,R=R, 000
Ry

I(R=0) = ———=1Iy)=a1l 5.20
I(R=R,) = —————1I =asl (5.21)

ooooodod R=0,R=R,0000 I-,O00OOO0OOO a,aee OOOOOOOOGQODOOOO
R,0 R, O

Ry = -1 p (5.22)
al — ag
CLQ(]_ — al)
= =" R, 2
Ry == "= R (5.23)
goodboboooboboboobon
8RS _ CL% Rn ’ 8Rp _ _(1 — al)ag Rn ’
aal (a1 — a2)2 80,1 (a1 — CLQ)Q
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Fig.5.12: Upper: The relations between the bias
current [, and the TES current I at Ty = 100 mK.
The superconducting part of the I,-I relation, is
fitted with a function of y = azx + b (red dashed
line), and the best fit values are written in the
panel. Lower: The fit residual. Error bars are
scaled as x2/d.o.f = 1, assuming to have a constant

value.
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“a= 0.048417443 + 0.000002116
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Fig.5.13: Upper: The relation between the bias
current I, and the TES current I at the bath tem-
perature of Ty = 100 mK. The normal part of the
Ip-1 relation is fitted with a function of y = ax +b
(red dashed line), and the best fit values are writ-

ten in the panel. Lower: The fit residual.
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5.3.2 R-I and V-I relations

77

RO R,0000000000DO00O0 R-I0ODD V-IOODODOOOTESODOO ROOO (5.3)

g

R=(Iy/I—1)Rs — R,

(5.25)
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Fig.5.14: Upper: The relation between R and T
at Ty = 100 mK. R is calculated using eq.(5.25)
with the parameters written in the panel. The TES
current [ is calculated for every 0.1 mf2 bin of the
TES resistance R, by averaging the measured ones.
Lower: Standard deviation of the TES current I
for each 0.1 m{2 bin.

(5.26)

3]
o

Rn = 80.0 mQ (assumed)

N
a

Rs = 4.325478 +:0.002592 mQ

N
o

Rp =5.011707 +£0.050764 mQ

w
a

w
o
T

TES Curent (WA)
nN N
o ol

[
3]
T

[
o
T

Error (nA)

o P N W A OO O
T T T T

0 025 05 075 1 125 15 175 2 225 25
TES Voltage (V)

Fig.5.15: Upper: The relation between V and T
at Ts = 100 mK. V is calculated using eq.(5.26)
with the parameters written in the panel. Lower:
Standard deviation of the TES current I for each
bin.
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5.3.3 Calculations of thermal conductance G
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Fig.5.16: Relations between the TES resistance R
and the TES current I for the bath temperatures
of T, =90, 100, 110, 115, 120, 130, 135, 140, 145,

147 mK from upper to lower, respectively.
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Fig.5.17: Relations between the bias current V'
and the TES current I for the bath temperatures
of T, =90, 100, 110, 115, 120, 130, 135, 140, 145,

147 mK from upper to lower, respectively.
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Fig. 5.18: The result of fitting for Gg, n, and T using the R-T relations of Fig. 5.16 at R = 72 mQ, and
the best fit values are written in the panel. The best fit curve is indicated by a red dashed line, and the
TES current at R = 72 m{2 for various bath temperatures are plotted by blue circles. Error bars are
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Fig.5.19: Red, green, blue: Calculated RT curves at Ty = 100,120, 140 mK, respectively, using the
eq. (5.30). They give almost the same results. Black: Measured RT curve same with green points of

Fig. 5.3.
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Fig.5.20: Red, green, blue: Relations between o and R at Ty = 100, 120, 140 mK, respectively. The a
is calculated from the I-V measurements using eq. (5.34). The value of k defined by eq. (5.32) is derived
from fitting the R-I relation (Fig. 5.16) within a range of 1 mQ for every R. Black: The R-« relation
calculated from the RT curve (black points in Fig. 5.19). The « is derived from fitting the RT curve

within a range of 1 mQ.
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5.4 Pulse Analysis

5.4.1 PH changes by magnetic shield
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Fig.5.21: Comparison of the pulse height (PH) under different conditions on the magnet shield. Red
triangles: Results of the measurement without the magnetic shield, on 020214. Magenta and Black

circles: Results of the measurements with the magnetic shield on 020704 and 020818, respectively.
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Fig.5.22: Comparison of « calculated from the

ETF measurements using eq.(5.18). Markers are

same as Fig. 5.21.
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Fig. 5.23: Comparison of the loop gain Ly calcu-
lated from the ETF measurements using eq.(5.18).

Markers are same as Fig. 5.21.
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Fig.5.24: Comparison of a calculated from the RT curves measured with nearly constant voltage bias.

Magenta and Black circles: Results of the measurement with the magnetic shield on 020704 and 020818,

respectively. Orange circles: Results of the measurement without the magnetic shield on 021022.

0 5.6 0 PHrrestimate = 11 pA 0D 0000O000O0000000O0O0O0OO00O0OO0O00OO0
000000000000000000 ¢« 000000000000000 5220 apy (0000
00)00 5240 app 000000000000000000000 PHO PHgrestimate D 00
D00000000000O000000

0000000000000 DO0O0O000O0O0DO0ODOD0ODO0O0O0D 0000 (020214) 00O0ODO
000000 5.250 (020222) 0000000000000 0O0OOOOOO Ry=9.8560mNQ00



5.4. Pulse Analysis 83

000000 (020222)00000000000DO0O0O0O0OODO0O0O 525000000000 (020222)
0 PHOOODOOODOOD (020214) D00DDO0OODODODDOOO0D PHODOOODDOODODOOODOO
gbooooboooobooboboobooobbboooo

250
225
200
175
150
125
100

75

50

25

1 osdmki(020214)
; ioB0m

e
.

PH (mV)

: A

TH\‘HHMHJHHiHHiHHiHHiHH:rHHiHH

0
0 10 20 30 40 50 60 70 80 90 100
TES Resistance Rtes (mQ)

Fig.5.25: Comparison of PH without the magnetic shield measured at Ty ~ 130 mK with Ry =
9.8560 m<2 on 020214 (red triangles), and on 021024 (green circles). Because these two measurements at
an interval of 10 months show similar dependence on R, the decline of PH at R < 40 m{Q is due to the

absence of the magnetic field, and not to the long-term change of the TES.

5.4.2 PH changes by magnetic fields
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Table 5.6: Change of PH by the magnetic field parallel to the TES. Left: First measurement. Right:

Second measurement.

magnetic field [G] | pulse height PH [mV]
magnetic field [G] | pulse height PH [mV]
0 460.4
0 489.6
5 485.4
10 450.0
15 466.7
20 450.0
20 433.3
25 400.0
25 385.4
20 395.8
20 389.6
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Fig.5.26: Comparison of PH observed with (red circles, B = 20 G) and without (blue circles) the
magnetic field parallel to the TES. The PH is suppressed with the magnetic field at R < 40 mS2, which
shows a similar trend of PH without the magnetic shield (Fig. 5.25).

5.4.3 R dependence of PH
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Fig.5.27:  Comparison of « calculated from  Fig.5.28: Comparison of the loop gain Ly calcu-
the ETF measurements. Markers are same as lated from the ETF measurements. Markers are

Fig. 5.26. same as Fig. 5.26.
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5.5 Noise Analysis

5.5.1 Noise reduction by low-pass filter
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Fig.5.29: Noise spectra before (green) and after (magenta) adding condensers into the bias line as a
low-pass filter (Fig. 4.13). Both were measured at the bias voltage of V;, = 3000 mV with R, = 9.8560 m$2
at Ts = 130 mK. After adding condensers, peaky noise components at higher frequency (f 2 1500 Hz,
see § 4.4.1) was much reduced, and even the white noise level looks improved by ~ 10%. Since these
noise spectra are considered to consist of the readout noise and the Johnson noise, this plot represents

that the readout noise becomes smaller.

5.5.2 Readout noise
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Table 5.7: Setup and operating parameters for the noise spectra shown in Fig. 5.30 and Fig. 5.31.

measurement places TMU | LLNL
voltage V V] 5.0 0
TES resistance R [mQ] 80 80
shunt resistance Rs [m€] | 3.0880 | 4.3
parasitic resistance R, (mQ)] 0 5.0
TES temperature T [mK] 191 155
bath (shunt) temperature Ts [mK] | 137 155
R, temperature T, K] - 1.0
SQUID input coil inductance Li, [nH] | 190 200

Table 5.8: Conditions of data acquisition for noise records.

place | Record Length | sample rate [MS/s| | number of Records
T™MU 10k ) 1020
LLNL 100k 5 20
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NLiadiiny = 7.0 [pA/vVHz] @ 4275 Hz (5.39)
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5.5.3 Excess noise
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Fig.5.30: Estimated readout noise spectrum at  Fig.5.31: Estimated readout noise spectrum at
TMU (orange), which is calculated by subtracting ~ LLNL (orange), calculated in the same way as
the estimated Johnson noise (green) from the noise  Fig. 5.30.

spectrum (purple) when TES was normal. The

noise spectrum at lower frequency (f < 1 kHz)

was taken by an FFT analyzer.
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Table 5.9: Summary of the parameters to estimate the noise level.

I R I Ty T G o
A] | Q) | [uA] | K] | K] | pW/K]

233.01 | 5.27 | 86.10 | 58.90 | 143.52 0.927 0
310.68 | 16.92 | 47.94 | 59.89 | 144.12 0.921 662.8
330.10 | 20.00 | 44.14 | 60.13 | 144.22 0.923 358.8
349.51 | 23.23 | 41.01 | 60.47 | 144.33 0.926 206.9
368.93 | 26.57 | 38.41 | 60.61 | 144.43 0.929 153.3
427.18 | 37.89 | 32.19 | 61.18 | 144.74 0.929 103.0
446.60 | 41.88 | 30.67 | 61.28 | 144.86 0.932 229.88
466.02 | 46.20 | 29.20 | 61.46 | 144.99 0.931 175.4
485.44 | 50.44 | 28.00 | 61.57 | 145.12 0.935 49.8
504.85 | 54.63 | 27.01 | 61.51 | 145.26 0.940 37.9
524.27 | 58.98 | 26.08 | 61.58 | 145.42 0.946 47.66
543.69 | 63.62 | 25.17 | 61.66 | 145.63 0.948 21.9
563.11 | 67.43 | 24.66 | 61.63 | 145.84 0.963 17.77
582.52 | 72.10 | 23.93 | 61.64 | 146.18 0.967 0
728.16 | 81.15 | 26.69 | 63.08 | 150.89 1.310 0
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Fig.5.32: Black: R dependence of the noise level NL at 4096 Hz on 020818. Magenta: Estimated NL
using eq.(2.95), with parameters summarized in Table 5.9. The readout noise at TMU is 12.8 pA/v/Hz
as indicated by eq. (5.39). Green: Scaling the magenta line by a factor of 1/(3v/R). Orange: Plot of a
function of f(R) = 1500/R. The measured N L are roughly in proportion to 1/R.
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Fig.5.33: Comparison of the NL under the magnetic field parallel to the TES. Black: No magnetic field
on 020818 same as Fig. 5.32. Blue: No magnetic field on 020808. Red: With the magnetic field of 20 G.
They give similar NL, and the NL does not change very much by the magnetic field. The NL with
B = 20 G looks slightly lower, probably owing to the smaller a.
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Fig.5.34: Comparison of NL for different bias

voltage V4. This measurement was conducted by

the bath temperature under a scanning constant

voltage bias. For V;, < 100 mV, the NL is much

suppressed when compared with those of higher

biases.

green: V, = 100 mV, red: V, = 500 mV, blue: V;, = 1000, yellow: V;, = 2000 mV, light blue: V}

2000 mV.
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Fig.5.35: The TES current I in measuring the
NL in Fig. 5.34. Markers are same as Fig. 5.34.

At very small current of I < 5 pA, the excess noise

is almost negligible.
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Fig.5.36: Comparison of the NL at TMU with the NL at LLNL. Black circle: R dependence of NL at
4096 Hz on 020818 at TMU. The black line is the estimated N L, and the orange dashed line represents
a function of f(R) = 1500/R. These plots are same as Fig. 5.32. Green circle: R dependence of NL at
4272 Hz on 021122 at LLNL. the green line is the estimated NL. Both NL are larger than the estimates.
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5.5.4 Noise changes by X-ray irradiation
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Table 5.10: Data acquisition conditions of noise records with and without °Fe isotope and operating

parameters.

with 55Fe | without %°Fe

date 020817 021015
sampling rate [MS/s] 1 5
Record Length 100k 10k
number of counts [cts] 34 1020
shunt resistance Ry [mQ] 3.0880 4.4402
bath temperature 7Ty [mK] 61.2 75.89
bias current I, [mV] 4400 3000
TES resistance R [mQ) 37.9 36.23
TES temperature 7T [mK] 144.74 144.73
TES current I [pA] 32.19 31.80
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Fig.5.37: Comparison of noise spectra with/without the *Fe isotope (X-ray on/off) at TMU. Operating

parameters are summarized in Table 5.10. The noise with X-ray on is larger than that with X-ray off.

Table5.11: Data acquisition conditions of noise records with the X-ray generator valve open/close at

LLNL, on 021121, and their operating parameters.

marker Black and Blue | Green and Magenta
sampling rate [MS/s] 5 1
Record Length 16384 100k
Band Width [kHz 300 100
number of counts [cts] 2000 15
filament current [A] 10

shunt resistance Rs [m() 4.3

parasitic resistance Rp [mS2] 5.0

bath temperature Ty [mK] 100

bias current I, [mV] 320

TES resistance R [mQ] 46

TES temperature T [mK] 150.96

TES current I [uA] 24.88
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Fig. 5.38: Comparison of noise spectra with X-ray on/off (valve open/close) at LLNL. Operating param-
eters are summarized in Table 5.11. The noise with X-ray on is larger than that with X-ray off at low

frequency (f < 10 kHz).
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Table 5.12: The change of DC offset in mV with X-ray generator valve open/close.

first | second | third | average
close — open | 3.6 6.0 7.0 5.5
-2.0

open — close | — —-2.0

Table 5.13: Change of DC offset as a function of the X-ray generator intensity.

heating filament [A] | DC offset [mV]
10.0 (close) 413
10.0 (close) 420
9.5 411
9.0 415
8.5 414
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Table 5.14: Estimated change of operating parameters for the DC offset measurements.

current variation AT | 0.367 uA

resistance variation AR | 0.815 mf

temperature variation AT | 0.017 mK

051400000000 ~17 KO ADROODODOOODODOOOODOOOOODOOOOOOO
00000000000 00O0O0D0OOoOO0 TESODOODODODOO ~17pKOOOOODOOOOOOOO
0000000000000 00000000000000000000DoDO0O0O00 41.9eV 0O
00000000 LLNLOOOOOoOoooDbCOouooooooooooooooood TESOO
000D0000000000000000000C00000DDoD00o0oooooolIvVooooo
000 XOOOooooooooooooooooooo bCOoooooooooooooooao
O0o0oooolIv Ooooooooooo TESODOOODODODODOODODOODODODOOOOOoooooo
0000000 DCUOUOO0OUODOUODOO XOOOOoOOoUoOooUoooooooouoooooooo
LINLOODOOO0OODO0O00000O0O000 X000Ooooooooooooooooooo
gboopooobboooobobobobbboobobooboo



96 Chapter 5 PERFORMANCE ANALYSES

5.6 Properties of The X-ray Response

5.6.1 Changes of the energy resolution by measurement conditions
Influence of magnetic field
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Fig.5.39: R dependences of the baseline width AFEy under different measurement conditions.
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Fig.5.40: The magnetic field dependences of the  Fig.5.41: The magnetic field dependences of the

pulse height PH. Open circles indicate the mea- energy resolution AE. Contributions of pulse vari-
surements when the magnetic field is reversed. ation (\/AE2AFE}), are 30.10 54.80 87.3 eV, re-
spectively.
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Fig.5.42: Pulse and noise spectra of the data summarized in Table 5.15. The pulse data was taken
with the heating currents of X-ray generator of 10.0, 9.5, 9.0 and 8.5 A (black, green, blue and magenta,
respectively). Each noise data was taken with the valve closed (X-ray off). There is no significant count

rate dependence in this range.
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Table 5.15: The count rate dependences of the energy resolution AE. The energy resolution of Al-Ka
(1.49 keV, AEy)) is the value of x? fitting after the correction of linearity using a quadratic polynomial.

heating filament | count rate | baseline | Al resolution | contribution of pulse variation
[A] [count/s] | AEp [eV] | AEa; [eV] VAE, — AE?
10.0 ~13.6 6.3 £ 0.2 6.0 £ 0.1 192+ 14
9.5 ~8.2 6.3 £ 0.2 6.3 £0.1 0.0+1.1
9.0 ~4.3 6.3 £ 0.2 5.9 + 0.1 221 +1.1
8.5 ~2.0 6.5 £ 0.2 6.1 £0.1 224 + 1.2

0 515 00000000000000000000D00O00DOODO0O0O 13.6 ~ 2.0 count/s O
gogooobooboobooogobobbbooooobobobboobbobbbbbOooooobon
goobooobooboooodoooobooooobooboobobooobooboobboon
gobooogooooo

*00000000000D00D00000D 5620000000000
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5.6.2 Energy spectra
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V() = a (exp (-t ;f‘]) - (-t ;2’50)) (5.41)

00020000000000000000000 (020818)000000DO0OO0DOO V, =4400mV
000000000000000000 LLNLOODOOO o0o0ooood V, =55%R, =315 mV
00000000000 AlIK, 0000000000000000000000000O00000
ooooooobOoOooboooobOooOooDOo s1l6e0bOnO

Table 5.16: The experimental setup and calculated operating parameters where the best energy resolu-

tions were obtained at TMU and LLNL.

measured places T™™U LLNL
incident energy E [eV] 5895 (Fe-Ka) | 1487 (Al-Ka)
bias current Iy, [pA] 427.2 315.0
shunt resistance R [mQ] 3.0880 4.3
parasitic resistance R, (mQ)] 0 5.0
bath temperature Ts [mK] 61.2 100.0
TES resistance R [mQ] 37.9 44.0
TES current I [pA] 32.19 25.74
TES temperature T mK] 144.74 ¢ 150.91
thermal conductance G [nW/K] 0.9294 ° 0.845 ¢
Joule heat P [pW] 39.27 29.15
effective time constant ¢ Teg [us] 74.2 117.8

“To estimate T for R calculated from the I-V relations, the R-T relation is assumed to have the same curve
measured with nearly constant voltage.

*Thermal conductance G calculated by eq (5.14) and n = 3.2.

“Thermal conductance G calculated by egs (2.17), (5.27) and (5.28).

IThe fit parameter 71 of eq (5.41) obtained by fitting the average pulse.

Energy spectra for MnKa (TMU)

MnKe 000CO0OO0OOOCDOOOO0OOOOOOOCOOOOOCOOOOOCCOCODOUOUOODOO
000000000000 0DO0O0D0O000D 290000 MnKaeO XOOOOOOOO XODO
00000000000000o0o0o000000 PHADOOOOOOOOOODOOOOOOODOOO
05430000 PHAOOOOOO Mn-KaeOOOOO H894ch000000000O0OOOOO
0000000 Mo-KgOOOOOOOOOOUOOO FPOOOOOOO PHAOOOOO Mn-Ka
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O Mn-KgO 2000000000000 200000
PHA = aE? +bE (5.42)
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PHA
— = =E+ %E2 (5.43)
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AEMnKa =6.6+£04 [eV] (5.44)
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AE)=6.340.2 [eV] (5.45)
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T, = 60.48 + 0.03 (rms)  [mK] (5.46)

0000000000000 00 ~3wKOODOOODDODOUOOOODOODO O (2179) 000000
000000000000 O0516000000000000000000000bB9keVO X0OO
goooboooooogoo

AEde:1-4 [eV] (547)
oo o000 oo boooooo
goooooad
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Fy = x-0.0153 x?
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Fig.5.43: A pulse height spectrum of the SII-14b calorimeter ~ Fig.5.44: The relation between en-
at TMU at the operating point shown in Table 5.16, accumu- ergy and pulse height fitted by sec-
lating 1020 pulses. The pulse height channel is normalized so ond order polynomial (see eq (5.42),
that the Mn-Ka peak corresponds to 5894 ch, i.e., 1 ch roughly eq (5.43)) passing the origin of the co-
corresponds to 1 eV, although the Mn-Kg3 peak significantly ordinates, and the best fit values are
deviates from the expected channel due to the nonlinearity of  written in the panel. In the following
the relation between energy and pulse height. figures, the pulse height is converted

to the energy using this relation.
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Fig.5.45: An energy spectrum of X-ray pulses
around the Mn-Ka lines. The obtained spectrum
is fitted by seven Lorentzians convolved with a
Gaussian, and its FWHM is written in the panel.
The natural widths of the Lorenzians and their
intensity- and energy-ratios are fixed, according to

the literature [24].
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Fig.5.46: An energy spectrum around the Mn-
K/ lines. The obtained spectrum is fitted by seven
Lorentzians convolved with a Gaussian of FWHM

fixed at 6.6 eV.
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Table 5.17: Energy resolutions for the chosen cut-off frequency.

cut-off frequency | number of | baseline width

[kHz] cut-off bin AEy [eV]

Al resolution | Cr resolution | Fe resolution

AEAl [eV] AECr [eV] AEFe [eV]

300 1000 6.3 £ 0.2
60 200 6.4 £ 0.2

6.0 £ 0.3 109 £ 1.1 18.0 &£ 2.2
6.3 £ 0.3 8.3 £ 0.8 8.8 £ 1.2
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Fig.5.47: Energy spectra of noise records, namely
the baseline spectrum. The wider is obtained at
the same operating point with pulses, and the nar-
rower is at the higher bias where the TES is in
normal state. The obtained spectrum is fitted by
a Gaussian, and FWHM of baseline and contribu-
tion of readout noise are written in the panel at

upper and lower, respectively.
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Fig. 5.48: Upper: The bath temperature Ty mea-
sured by a RuOs thermometer plotted versus time
during the pulse data accumulation. Lower: Pro-
jected histogram of the Ts. The fit result is shown
in eq. (5.46).
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Fig.5.49: An energy spectrum of the SII-14b
calorimeter at LLNL at the operating point shown
in Table 5.16 accumulating 2000 pulses and 1000
noises. In this panel, Al-Ka, K3, K-Ka, Cr-Ka,
K@ and Fe-Ka, Kf lines are seen. The energy
channel is not corrected for linearity, and the peaks
significantly deviate from the expected channel due

to the nonlinearity of the relation between energy

and pulse height.
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Fig. 5.50: The relation between energy and pulse
height fitted by a second order polynomial (see
eq. (5.42), eq. (5.43)) passing the origin of the coor-
dinates, using the Al-Ka, Cr-Ka and Fe-Ka lines,
and the best fit values are written in the panel. In
the following figures, the pulse height is converted

to the energy using this relation.
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/tes/LLNL-0211/gage/biasscan/100mk315mv/fit-al-kal2-lorenz-lcorr.com
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Fig.5.51:

around the Al-Ka lines. The obtained spectrum is

An energy spectrum of X-ray pulses

fitted by Lorentzians convolved with a Gaussian,
and its FWHM is written in the panel. Smaller
line at 1498 eV originate in AlyOgs, due to Al the
fluorescence taget, and possibly the sapphire colli-

mator.
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Fig.5.53: An energy spectrum of X-ray pulses
around the Fe-Ka lines. The obtained spectrum is
fitted by Lorentzians convolved with a Gaussian,

and its FWHM is written in the panel.
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Fig.5.52: An energy spectrum of X-ray pulses
around the Cr-Ka lines. The obtained spectrum is
fitted by Lorentzians convolved with a Gaussian,

and its FWHM is written in the panel.
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Fig.5.54: The baseline spectrum at LLNL. The
obtained spectrum is fitted by a Gaussian, and

FWHM are written in the panel.
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5.6.3 Contents of the energy resolution
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Fig. 5.55: Pulse and noise spectra at TMU.

Fig.5.56: Pulse and noise spectra at LLNL.

Red lines: From upper to lower, respective lines represent the measured pulse spectrum by Fourier trans-
forming the average pulse, and the measured noise spectrum at the same operating point by averaging
the Fourier transform of noise records. Dashed lines: (blue) The expected intrinsic noise spectra which
consist of the phonon noise (light blue) and the Johnson noise (green). Parameters used for the calcu-
lations are written in Table 5.16. orange line: The readout noise spectrum same as Fig. 5.30 (TMU) or
Fig. 5.31 (LLNL). Black: Total estimated noise spectrum. Purple: Cut-off frequency of 25 kHz (TMU)
or 300 kHz (LLNL). Contributions of energy resolution are written in the panel.
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Table 5.18: Contents of energy resolution.

data ID 020818-60mK4400mV | 100mK315mV
measured places T™U LLNL
incident energy E [eV] 5895 (Mn-Ka) 1487 (Al-Ka)
bias current I, [HA] 427.2 315.0
TES resistance R [mQ?] 37.9 44.0
cut-off frequency fe [kHz] 25 300
energy resolution AFE [eV] 6.6 £04 6.0+ 0.3
pulse variation /AE2 — AEZ  [eV] 1.6 £1.2 -
baseline width
measured AF) [eV] 6.4 + 0.2 6.3 £0.2
expected AFE) estimate [eV] 3.19 3.60
intrinsic noise A Fintrinsic [eV] 2.37 3.17
readout noise AFE cadout [eV] 2.13 1.47
excess noise A Eoxcess [eV] 5.55 5.24
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5.6.4 Comparison between TMU and LLNL
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Table 5.19: Parameters of operating points at R ~ 43m{) when comparing Xray pulses and noise spectra

between TMU and LLNL. As for the TMU measurement, parameters on 020817 are used.

measurement places TMU | LLNL
bias current Iy [HA] 446.6 | 315.0
TES current I [A] 30.67 | 25.46
TES resistance R [m$?] 41.88 | 44.0
TES temperature T [mK] 144.9 | 150.9
bath temperature T [mK] 61.28 100
shunt resistance Ry  [mQ] | 3.0880 | 4.3
parasitic resistance R,  [mQ)] 0 4.9
thermal conductance G [nW/K] | 0.932 | 0.845

Comparison of pulse shape
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Fig.5.57: Comparison of X-ray pulses measured at TMU (magenta) and at LLNL (blue). As for the
LLNL pulse, the Al-Ka pulse is scaled to the energy of Mn-Ka using eq (5.53), to compare pulses with
different incident X-ray energies. The scaled LLNL Al-K« pulse is smaller than the TMU Mn-Ka pulse.
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Table 5.20: Derived parameters from the Xray pulses in Fig. 5.57 at the operating point of R ~ 43m¢).
MAX: maximum of average pulse. PM AX: The best fit value of a in the fitting of the average pulse
by eq. (5.41). The heat capacity of C' = 2.0 pJ/K is assumed for both TMU and LLNL.

measurement places T™MU LLNL
maximum pulse height [pA] | MAX\m = 8.74 MAX A = 6.59 (1.94, before scaling)
fitted pulse height [WA] | PMAX\m = 10.50 | PMAX A = 7.07 (2.08, before scaling)
effective time constant  [us] | Tegt Mn = 78.27 Teff Al = 117.81
sensitivity apr = 136.34 apr = 276.33

ary = 229.88 ary = 175.93

Oputser, = 162.06 | crputses, = 143.99

apMAXy, = 112.94 | aparax,, = 124.24

Orog oy = 104.95 Orog v = 127.66
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Fig.5.58: Noise spectra at TMU at the oper-
ating point of R ~ 43mf) shown in Table 5.19.
Magenta dashed line: The estimated noise spec-

trum corresponding to the fluctuation of bias

voltage of 1.5 ©V/v/Hz.
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Fig.5.59: Noise spectra at LLNL at the op-
erating point of R ~ 43m{) shown in Ta-
ble 5.19. Magenta dashed line: The estimated

noise spectra for fluctuation of bias voltage of

0.8 uV/VHz.

Red: Measured noise spectrum at the operating point of R ~ 43m¢). Black: Estimated intrinsic 4+ readout
noise spectrum. Orange: readout noise spectrum same as Fig. 5.30 (TMU) or Fig. 5.31 (LLNL). Blue
dashed line: Estimated phonon noise spectrum. Green dashed line: Estimated Johnson noise spectrum.
For Fig. 5.59 (LLNL), these noise spectra are same as Fig. 5.56. Light blue line: Sum of black noise
spectrum (intrinsic + readout) and the magenta noise spectrum (bias voltage fluctuation). However,
each of the bias voltage fluctuation is introduced artificially to account for the observed noise level, and
has no basis on the actual biasing circuit.
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Table 5.21: Energy resolution at each operating point obtained at LLNL. All of them are derived with
the x? fitting considering the natural widths of Ka; and Kas lines. The cut-off frequency for the optimum
filtering is 30 kHz for 391-351 mV, and 60 kHz for 343-240 mV. The best energy resolution for each line

is indicated by a bold font. The underline represents that the energy resolution is better than the lower

energy lines.

bias current | TES resistance | baseline energy resolution

Iy, [pA] R [mQ] AEy [eV] | AEa; [eV] | AEcy [eV] | AEge [eV]
391.0 76.0 22.2 25.4 65.0 144.2
381.0 72.0 10.5 12.5 28.1 44.0
371.0 68.0 8.5 10.4 20.3 21.2
362.0 64.0 7.8 8.4 13.2 18.4
353.0 60.0 6.6 7.7 11.6 14.4
343.0 56.0 6.3 7.0 13.7 15.1
334.0 52.0 6.9 6.9 10.8 15.4
325.0 48.0 6.2 6.8 9.9 16.4
315.0 44.0 6.4 * 6.31 8.3 8.8
305.0 40.0 6.5 7.1 7.7 9.1
295.0 36.0 6.3 8.2 6.5 6.8
285.0 32.0 6.4 8.0 8.0 4.1
274.0 28.0 8.7 8.2 14.9 9.6
264.0 24.0 13.7 13.5 15.9 20.3
254.0 20.0 7.8 8.8 174 23.6
247.0 16.0 6.6 6.9 17.9 10.0
240.0 12.0 6.7 7.1 18.1 22.8

* 6.3 eV for 300 kHz cut-off.
t 6.0 eV for 300 kHz cut-off.
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Table 5.22: Operating parameters. TES current I, thermal conductivity G and TES temperature T are

calculated from the I-V measurements.

Bias TES TES TES Thermal effective
current | resistance current temperature conductivity time constants
Iy [pA] | R [m&) I [pA] T [mK] G W/K] | Tem ar [ps] Teff Fo [is]
295 36.0 28.38 £ 0.0013 | 150.72 £ 0.0031 0.842 124.92 + 0.03 | 133.05 £+ 0.04
285 32.0 30.05 4+ 0.0014 | 150.60 4 0.0032 0.841 143.37 + 0.03 | 140.67 £+ 0.03
b FWHM:‘G.310.2‘6V 35’ ;FV\I‘HM:12.0“: 0.6 eV‘ 4 30 —FWHM:‘7.1t0.7‘eV ‘ — ;FWHI\‘/I:10.4“t1.3 e\)
0 L L 0 7n 1 o0, o ] o L - larunn, o
’ Energy (eV) Energy (eV) Energy (eV) Energy (eV)
100 7FWHM=‘6.310.1‘eV 1 50 ,F\N‘HM=8.21‘0.4 ev ‘ 4 FWHM=‘6.510.6‘9V iz 7FWHI\‘/I=6.8 1‘0.9 eV‘ 3
° | | ] n e i i Il‘ | i

L b-Ja
320 6340 6360 6380 6400 6420
Energy (eV)

5420
Energy (eV)

S o ol Lo
1500 1520 5400

Energy (eV)

-40 -20 20 40

Energy (eV)

Fig.5.60: Energy spectra at R = 36 m{2. Upper panels represents the cut-off frequency of 300 kHz, and

lower panels represents 60 kHz. From left to right, baseline, Al, Cr, and Fe.
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Fig.5.61: Energy spectra at R = 32 mf). Upper panels represents the cut-off frequency of 300 kHz, and

lower panels represents 60 kHz. From left to right, baseline, Al, Cr, and Fe.

Table 5.23: Resistance changes dR evaluated from M AX of average pulses for Al, Cr, and Fe lines.

bias TES resistance MAX of average pulses resistance changes

Iy, [A] R [mQ] dIa [pA] | dlcy [pA] | dIre [pA] | dRA1 (M) | dRey [m€] | dRpe [mS]
295 36.0 2.14 7.09 8.01 3.70 15.08 17.83
285 32.0 2.04 7.34 8.46 3.00 13.37 16.21

0O R+dRODOODODODO XOOODODODDOOODDOOODODOODDOOOOOODOOOOooooOO
00 R+dRODOOCODODOOOOOOO0ODOODOOOOOOOODODOOOODOOODOOO 5.240
R+dRODODODOOODOOODOODOODOOO

Table 5.24: Chosen data which is close to R + dR, and their biases.

calculated chosen data
Iv(R) [pA] | R+dR [mQ] | ~ R+dR [mQ)] | Iy(~ R+ dR) [pA]
Al 295 39.70 40.0 305
Fe 295 53.83 52.0 334
Al 285 35.00 36.0 295
Fe 285 48.21 48.0 325

sensitivity change
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Fig.5.62: TES resistance R vs. a. The apylse Fig.5.63: TES resistance R vs. a. The apyise
at the operating point V4, = 295 mV are shown at the operating point V4, = 285 mV are shown
in horizontal lines. in horizontal lines.

Table 5.25: Estimation of a.

R [mQ] Qoperate Qpulsen; Qpulsec, Qpulsere
36.0 134.28 £ 5.25 | 165.80 £ 4.96 | 142.62 £+ 0.50 | 149.67 £ 0.45
32.0 123.50 £ 3.91 | 151.35 £4.94 | 168.62 £ 0.75 | 161.34 £+ 0.53
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Comparison with estimated energy resolution
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Fig.5.64: Estimation of energy resolution at R = 36 €. Left panel represents noise spectra for Al,
and right panel represents noise spectra for Fe. Red pulse spectra are common for both panels and is
calculated from the average pulse of Al after the linearity compensation of energy scale. Purple noise
spectra are calculated from measured noise records at R, which are also common to both panels, and
they are used for the calculation of AEy (baseline). Red noise spectra are calculated from measured noise
records at ~ R+dR, and they are used for the calculation of AEa; or AEg, (pulses). Orange noise spectra
are estimated contribution of readout noise, and also common to both panels. They are calculated from
the measured noise records when TES is normal subtracting the contribution of the Johnson noise, and
used for the calculation of AFE;e.d0ut- Thin dashed noise spectra are estimated maximum contribution of
the intrinsic noise (phonon noise + Johnson noise) for baseline, using the parameter set (R, coperate), and
common to both panels. Thick dashed noise spectra are estimated minimum contribution of the intrinsic
noise for pulses, using the parameter set (R + dR, opuise). Black noise spectra are square root sum of
thin dashed blue line (maximum contribution of the intrinsic noise for baseline) and orange line (readout
noise), and common to both panels. The vertical cyan lines labeled “fi,.x" represent the position of

cut-off frequency.

0 52600 52y 0000000000 0DODODODODOOODOODODODOODOODOODOODDOO



118

Noise Power (pA/VHZz) Pulse Power (pA/Hz)

10

10

10

103
Frequency (Hz)

2
10

Noise Power (pA/VHZz) Pulse Power (pA/Hz)

Chapter 5 PERFORMANCE ANALYSES

=
o

=
o

=
o

N

AE.,=5.60 eV

ST

DEexcesssd.57ev | ¢

2 3 4
10 10 10
Frequency (Hz)

Fig. 5.65: Same as Fig. 5.64 but for the operating point R = 32 m{2.

Table 5.26: Obtained energy resolution.

bias current | cut-off | baseline | Al resolution | Fe resolution
Iy, [pA] [kHz] | AEy [eV] | AFEx [eV] AFER, [eV]
295 300 |6.3+£02] 120+ 0.6 104 + 1.3
295 60 6.3 £0.1 8.2+ 04 6.8 £ 0.9
285 300 | 63+£0.1| 10.5£0.5 5.6 £ 0.9
285 60 6.4 £ 0.1 8.0+ 0.3 4.1 +£0.8

Table 5.27: Estimated energy resolution.

bias current | cut-off | baseline | Al resolution | Fe resolution
Iy [pA] [kHz] | AEy [eV] | AFEx [eV] AFER, [eV]
295 300 6.17 6.89 5.09
295 60 6.18 6.90 5.09
285 300 6.47 6.32 5.58
285 60 6.50 6.35 5.60
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Fig.5.66: Energy spectra at R = 36 mf). Same as Fig. 5.60 but with the Poisson Likelihood fitting.
From left to right, Al, Fe (300 kHz cut-off), Al, Fe (60 kHz cut-off).
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Fig.5.67: Energy spectra at R = 36 mf). Same as Fig. 5.61 but with the Poisson Likelihood fitting.
From left to right, Al, Fe (300 kHz cut-off), Al, Fe (60 kHz cut-off).

Variation of pulses
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R=440mQ 000 AlOO0DO0O0O0COO0OOOO dROOOO
R+ dRp = 44.0 + 4.34 = 48.34  [mQ) (5.62)
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Fig.5.68: R vs. energy resolution. Fig.5.69: R+ dR vs. energy resolution.
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Fig.5.70: R vs. pulse variation. Fig.5.71: R+ dR vs. pulse variation.
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Fig.5.72: R vs. a. The calculation of « is conducted around R £ 2 mS2 for the specified TES resistance
R, and the plot is smoother than Fig. 5.62, and Fig 5.63, which are conducted around R £+ 1 mS).

10

Noise Level (pA/VHz) at 10 kHz
.

0O 10 20 30 40 50 60 70 80 90 100
TES Resistance R (mQ)

Fig.5.73: R vs. NL. Red circles: Noise levels at 10.07 Hz. Solid line: Estimated noise level, using

Qoperate (Magenta), apulse,, (blue), apuisec, (green), Apuiser. (red).

5.6.6 Compensation of PH linearity
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Teff



5.6. Properties of The X-ray Response 123

00000000000 XO0OODO0O0O00000000000000000000 PHA = aE? +
bEOO000DDODODOO0ODODODOOO0OOODOODn

Extent of linearity

000000000 PHAOODOOO 5%R,000000 MnK-«OOOOOOOO PHAOOO
00000000000 000000000000 5740000000000000000 LLNL
05%R, 0000000000000000000000 Mn-KaeDO XO000O0O000 Euvnke O
000000000D0000000000000000 PHA,, O0000O00DO0D0OOO0OO
00000000 PHAw, 00O

PH Ay _ aBNinKa EvinKa + D EMnKa
PH AOMn bEMnKa
FE
“MT“KO‘ +1 (5.67)

gobogoboooooooobooo

0574000 ROOODODODOODOOUUOUOOOO PHAODODOOOOUOOOOOOOOOOO
gooOdOoo0o0o0ooOoooO0o0ODoOOoOoOMan ODOOO0DOOODODOODODOO XODOOOOoO
O00Al0D000D0000000000 XO00O0D000O0o0oooooooooooooooo
gogodgoboobooboboobooobbboooooooboboooooboboobobbooooo
gobogobooobobbodoobooooobboobbobobood0 oo bbbobbbo o
00o0d0ooooooo0oddD ROOOODOOQOUOUOODUOODDODOOOOOOOODODOOCOOO
od

100 e ; ;
80 -t
B0 o
L R R
S St S
B v
S e S S
B0 Eovovodeeen e
20/
10 ; ,,,,,,

0\\\i\\\i\\\i\\\i\\\
0O 20 40 60 80 100

TES Resistance Rtes (mQ)

PHcor / PHO (%)

Fig.5.74: The linearity correction factor at the energy of Mn-Ka for the LLNL data. See eq. (5.67) for
the details. At smaller resistances R < 40 mS2, the linearity are better.

Linearity after optimum filter prosess
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/ D)dt = 1 (5.69)
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Comparison with pulse shape
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Fig.5.75: Upper left: Average pulses of Fe (magenta), Cr (green) and Al (blue), fitted by double
exponential of eq. (5.41), and the best fit values are written in the panel. In averaging, only the X-ray
pulse in the Al-Kea, Cr-Ka and Fe-Ka energy band (within twice FWHM for energy spectra shown in
Fig. 5.51, Fig. 5.52 and Fig. 5.53, respectively) were selected. Center left: The standard deviation of
pulse, calculated for each sampling bin. Lower left: Double exponential fit residuals for the upper left
panel. Upper center: Average pulses of Fe, Cr and Al with their pulse heights normalized to 1.0. It is
apparent that the fall time becomes longer as the incident energy goes up. Upper right: Average pulses
with Al and Cr pulses shifted horizontally to match their pulse height maximum on the falling tail of the
Fe pulse. Center right: The differences of Fe pulse for the upper right panel. Lower center: The energy
dependences of SUM (magenta), PHA (green) and M AX (blue), and the fit result. SUM is the integral
of a pulse, M AX is the maximum of a pulse. All of them decline at higher energy, though its degree is

the smallest for SUM. Lower right: fit residuals for the lower center panel.
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Fig.5.76: TES resistance R vs. a. The apuise, for Al, Cr and Fe are indicated by horizontal lines, at the

operating point Iy, = 315 uA where the best Al resolution was obtained as summarized in Table 5.16.

Table 5.28: Values of apuise shown in Fig. 5.76.

incident energy Qpulse
Al 142.7 £ 3.29
Cr 126.3 £ 0.52
Fe 119.4 £+ 0.39
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Fig.5.77: R dependences of the effective time con-  Fig.5.78: R dependences of the ratio of the lin-
stant of Al (magenta), Cr (green) and Fe (blue)  earity correction factor a/b of SUM (blue), PHA
pulses, which is the value of 7, fitted by double (green) and M AX (magenta). See eq. (5.82) for
exponential of eq. (5.41) the detail.

Linearity correction by fourth order polynomial
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Fig.5.79: Upper panels: Relations between energy and pulse height fitted by fourth order polynomial
of eq. (5.85) passing the origin of the coordinates, and the best fit values are written in the panels. In
the fitting, Al-Ka, Cr-Ka, Fe-Ka (red circle) are used, and Al-KG, K-Ka, Cr-K and Fe-K/3 lines (blue
circle) are plotted only for reference. Lower: fit residuals. The operating points are R = 44.0, 36.0 and
32.0 m2, from left to right, which correspond to the operating points where the best energy resolution

of Al, Cr and Fe are obtained.
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Table 5.29: Energy resolution after correction by fourth order polynomial of eq. (5.85).

best resolution energy Al Cr Fe
TES resistance R [mQ] 44.0 36.0 32.0
baseline AFEy [eV] 6.4+0.2 | 64+0.1]65=£02
energy resolution AFE [eV]
X2 fit 58+ 03 |64£06|44+£09
Likelihood fit | 6.4 £ 0.3 | 74 £ 0.7 | 5.7 £ 0.9
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Chapter 6

CONCLUSION

6.1 TMU Results

6.1.1 Dependence of a on magnetic environment
By magnetic shield

The TES sensitivity a was successfully recovered owing to the superconducting magnetic
shield made of Pb, which had been suppressed without the shield when the TES current was
large (Fig. 5.22 and Fig. 5.24). The pulse height becomes larger than that without the shield
by about twice at R < 40 mQ (Fig. 5.21).

By magnetic field

The « is confirmed to be suppressed by the magnetic field parallel to the TES, while the noise
level dose not change very much (Fig. 5.27 and Fig. 5.33). The pulse variation increases as the

magnetic field becomes larger (Fig. 5.41),

6.1.2 Contents of energy resolution

In Table 6.1, operating parameters and contents of the energy resolution are summarized,

where the best energy resolution of AF = 6.6 + 0.4 eV was obtained at TMU on 020818.

Pulse variation

The contribution of the pulse variation of \/AE? — AEZ = 1.6 + 1.2 eV is consistent with
that of the bath temperature fluctuation of AE;r, = 1.4 eV for dTy = 30 pK.

Baseline width

Since the pulse variation is small for the SII-14b, it is important to improve the baseline width
for realizing better energy resolution. The baseline width is determined by the signal to noise
ratio, therefore both pulse-height increase and noise reduction take effect.

With regard to the pulse height, almost the same level of the estimation from the RT curve

measurements was obtained by improving the magnetic shield (§5.6.4). Increase of pulse height
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by making R smaller or Ty lower is only slightly for the current setup at TMU.

With regard to the noise, the most dominant contribution is the excess noise. The excess
noise has a dependence on the TES resistance R, roughly in proportion to 1/R (Fig. 5.32). We
found that the excess noise is much suppressed at the very small TES current (Fig. 5.34 and
Fig. 5.35). The readout noise was significantly reduced by adding condensers into the biasing

circuit (Fig. 4.14 and Fig. 4.15) as a low-pass filter (Fig. 4.13).

6.2 LLNL Results

6.2.1 Contents of energy resolution

In Table 6.2, operating parameters and contents of the energy resolutions are summarized,
where the best energy resolutions were obtained at LLNL for Al-Ka, Cr-Ka and Fe-Ka. At
LLNL, much precise parameters of SII-14b can be estimated owing to the accurate IV measure-

ments at several bath temperatures.

Pulse variation

The contribution of the bath temperature fluctuation for d7s = 10uK is negligible, and the

contribution of pulse variation is generally small.

Baseline width

The energy resolutions are determined by the baseline width, in which the contribution of the

excess noise is the largest similarly to TMU.

6.2.2 Operating point depensence of the energy resolution

The energy resolutions do not always worsen as the energy of incident X-rays get higher, and
some show even better resolution than the baseline width. Assuming that the noise level for
pulses is determined by the noise spectrum NS(f; R+ dR) considering the resistance change of
dR, instead of NS(f;R) at the operating point, the energy resolution of Fe can be better than
that of Al and the baseline width (Fig. 5.64 and 5.65). We also found that the pulse variation
appears to have a minimum at a certain resistance (R + dR ~ 48 m{2) when plotted versus the
resistance R + dR of the pulse peak (Fig 5.71). The best energy resolution for each line was
obtained at such an operating point (Fig. 5.69). One important factor for the suppression of the
pulse variation could be that the fluctuation of « is small at the resistance of the X-ray pulse

peak (Fig. 5.72).

6.2.3 Energy dependence of the pulse

The nonlinearity of the pulse height originates in the different o5 values for incident X-ray
energies (Fig. 5.76). Relations between the energy and the pulse height are corrected within the
accuracy of 20 eV by using fourth order polynomial (Fig. 5.79).
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6.3 Comparison between the TMU and LLNL measurements

The pulse height at LLNL is by a factor of 1.3 smaller than that at TMU when compared at
the same operating point (Fig. 5.57). This arises from the contribution of the parasitic resistance
R, and the higher bath temperature than TMU (Table 5.19). By only making R,, = 0, better
resolution than 6 eV should be obtained at LLNL.

The readout noise at LLNL is smaller than that at TMU, while the intrinsic noise at LLNL is
higher, due partly to the parasitic resistance I2;,. The most dominant contribution to the baseline
width at both TMU and LLNL is the excess noise. However, the excess noise at LLNL is smaller
than that of TMU especially at the small TES resistance. The observed noise levels can be
explained by introducing the bias voltage fluctuation of 1.5 uV/ VHz at TMU and 0.8 pV / VHz
at LLNL (Fig. 5.58, Fig. 5.59), although the origin is not clear after all.

6.4 Future Prospects

Measurement of SII-14b again

It is important to measure SII-14b again, for the confirmation of the presence of the excess
noise at TMU with a low-noise bias circuit and the measurement with the perpendicular magnetic

field to the TES.

Pursuit of the excess noise

To begin with, I continue to reduce the readout noise to examine whether it results from the

readout systems, and pursue the possible causes of the excess noise.

Realization of reproducibility in the device fabrication

In practice, it is most important to realize the reproducibility of the TES properties in the

device fabrication, e.g. the transition temperature, the sensitivity, and the pulse variation.

Production of a device with uniform o

Considering that the operating point of the best energy resolution is determined by the «
variation, it is necessary to produce the TES not only with large a but also with uniform a. It
will improve the relation between energy and pulse height, too. With regard to SII-14b, the «
has a maximum around R ~ 40 m(2, which might originate in the TES itself and/or the change
of the current flow in the TES [28]. Making a bank- or overetching-structure may take effect
on the production of such a device, although realization of the reproducibility is crucial for this
kind of evaluation. Numerical simulations of the TES transition considering the current flow in

the TES would be useful to optimize the design of the TES and the absorber.
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Improvement of measurement way

In order to characterize TES calorimeters, it is important to perform more accurate and

efficient measurements at TMU under several conditions. For example, the IV measurement at

LLNL gives us detailed information on «.
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Table6.1: Operating parameters and contents of energy resolution at TMU.

incident energy E | 5894 eV (Mn-Ka)
bias current Iy 427.18 pA
TES resistance R 37.9 mQ2
TES current I 32.19 pA
bath temperature T 61.2 mK
TES temperature ¢ T 144.74 mK
sensitivity b apr 109.57
© Qoperate 103.0
4 apuise 154.4
¢ apypAx 98.80
I oy 112.94
thermal conductance ¢ G 0.9294 nW/K
Joule heat P 39.27 pW
effective time constant * Toff 74.2 ps
pulse height maximum MAX 9.58 uA
resistance change dR 14.75 m$)
cut-off frequency Sfmax 25 kHz
energy resolution AFE 6.6 0.4 eV
baseline width AEy 6.44+0.4eV
contribution of pulse variation /AE? — AE2 1.6 +1.2 eV
contribution of intrinsic noise A FEintrinsic 2.37 eV
contribution of readout noise AFE cadout 2.13 eV
contribution of excess noise AFExcess 5.55 eV
contribution of bath temperature fluctuation
(dTs = 30 uK) AFEqT, 1.4 eV

“To estimate T for R calculated from the I-V, the R-T relation is assumed to have the same of shape as that
measured with a nearly constant voltage bias.

*The sensitivity arr calculated by eq (1.14).

°The sensitivity « calculated by eq (5.18).

IThe sensitivity apuise calculated as described in § 5.6.4.

°The apmax calculated by eq (5.54).

’The a,,, calculated by eq (5.55).

9Thermal conductance G calculated by eq (5.14) and n = 3.2.

hThe fit parameter 71 of eq (5.41) obtained by fitting the average pulse.
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Table6.2: Operating parameters and contents of energy resolution at LLNL.
incident energy E 1486.56 eV (Al-Ka) 5411.65 eV (Cr-Ka) 6399.51 eV (Fe-Ka)
bias current Iy 315 pA 295 pA 285 pA
TES resistance R 44.0 m2 36.0 mS2 32.0 mf2
TES current 1 25.74 + 0.0011 pA 28.38 4+ 0.0013 pA 30.05 4+ 0.0014 pA
bath temperature Ts 100 mK 100 mK 100 mK
TES temperature ¢ T | 150.909 + 0.0029 mK | 150.718 + 0.0031 mK | 150.597 4+ 0.0032 mK
sensitivity b QRT 276.33 132.04 179.85
¢ Qoperate 175.93 134.28 123.50
d Qipulse 143.99 142.62 161.34
¢ apmax 124.24 109.20 92.34
Crogs 127.66 127.82 106.75
thermal conductance ¢ G 0.845 nW/K 0.842 nW/K 0.841 nW/K
Joule heat P 29.15 pW 28.99 pW 28.89 pW
effective time constant " Teffa, 117.81 £ 0.03 us 124.92 £ 0.05 ps 143.37 £ 0.05 us
Teff, 136.90 £+ 0.08 us 129.69 £+ 0.03 us 139.76 £+ 0.04 us
Teffpe 143.04 £ 0.11 us 133.05 £ 0.04 ps 140.67 £ 0.03 us
pulse height maximam MAX 1.94 pA 7.09 pA 8.47 uA
resistance change dR 4.33 mQ2 15.08 m$2 16.20 m$2
cut-off frequency Sfmax 300 kHz 60 kHz 60 kHz
correction using the second order polynomial
energy resolution AFE
X2 fit 5.8+ 0.3 eV 6.5 £ 0.6 eV 4.1 £ 0.8 eV
likelihood fit 6.3 +£ 0.3 7.1+ 0.6 54 + 0.8
baseline width AFE)y 6.0£0.2 eV 6.3 £ 0.1 eV 6.4+ 02eV
correction using the forth order polynomial
energy resolution AFE
X2 fit 5.8 £ 0.3 eV 6.4 + 0.6 eV 4.4+ 09eV
likelihood fit 6.2 +£0.2eV 74+ 0.7eV 5.7+ 09eV
baseline width AFEy 6.44+0.2 eV 6.4 + 0.1 eV 6.5+ 0.2 eV
contribution of pulse variation
VAE? - AE} - 3.7 eV -
contribution of intrinsic noise
A Eintrinsic 3.17 eV 3.61 eV 3.85 eV
contribution of readout noise
AFEeadout 1.47 eV 1.39 eV 1.36 eV
contribution of excess noise
AFEexcess 5.36 eV 5.10 eV 5.06 eV
contribution of bath temperature
fluctuation (dTs = 10pK) AFEqt, 0.38 eV 1.55 eV 1.64 eV

%The TES temperature T calculated by eq. (5.30).

5The sensitivity arr calculated by eq
°The aoperate calculated by eq (5.34).
9The sensitivity apuise calculated as d
°The apmax calculated by eq (5.54).
’The a,,, calculated by eq (5.55).

(1.14).

escribed in § 5.6.4.

9Thermal conductance G calculated by eq (2.17), eq (5.27) and eq (5.28).
hThe fit parameter 71 of eq (5.41) obtained by fitting the average pulse.
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LISTS OF MEASUREMENT RESULTS

A.1 TMU Result

Table A.1: RT property at TMU on 020818

T R « T R o
143.72 | 0.12 - 151.39 | 33.21 | 97.69
144.95 | 0.11 - 151.73 | 41.79 | 136.34
146.28 | 0.11 - 152.39 | 70.76 | 56.48
147.58 | 0.11 - 153.23 | 81.13 | 7.15
148.20 | 0.11 - 154.76 | 79.73 -
148.98 | 0.11 - 156.18 | 80.66 | 0.28
149.16 | 0.11 - 157.70 | 77.94 -
149.45 | 0.10 1029 159.37 | 80.66 -

149.77 | 0.53 | 1144.96 160.80 | 78.38 -
150.03 | 2.45 | 626.58 162.49 | 80.66 | 2.57
150.33 | 6.26 | 506.08 164.09 | 82.57 | 0.28
150.57 | 13.83 | 309.36 165.88 | 81.13 -
150.86 | 21.32 | 189.47 167.62 | 79.28 -
151.15 | 29.36 | 115.49 169.10 | 79.28 -
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Table A.2: ETF property at TMU on 020818 (1)
Vi I R 1 P Ts T
V] | (5A] | 0] | (k4] | pW) | (K] | oK
2.4 233.01 | 5.27 | 86.10 | 39.06 | 58.90 | 143.52
2.6 25243 | 8.36 | 68.10 | 38.76 | 59.12 | 143.73
2.8 271.84 | 11.15 | 58.96 | 38.76 | 59.3 | 143.88
3.0 291.26 | 13.98 | 52.70 | 38.82 | 59.56 | 144.00
3.2 310.68 | 16.92 | 47.94 | 38.90 | 59.89 | 144.12
3.4 330.10 | 20.00 | 44.14 | 38.98 | 60.13 | 144.22
3.6 349.51 | 23.23 | 41.01 | 39.07 | 60.47 | 144.33
3.8 368.93 | 26.57 | 38.41 | 39.21 | 60.61 | 144.43
4.0 388.35 | 30.08 | 36.16 | 39.32 | 60.71 | 144.53
4.2 407.77 | 34.08 | 33.88 | 39.11 61.1 144.64
4.4 427.18 | 37.89 | 32.19 | 39.27 | 61.18 | 144.74
4.6 446.60 | 41.88 | 30.67 | 39.39 | 61.28 | 144.86
4.8 466.02 | 46.20 | 29.20 | 39.39 | 61.46 | 144.99
5.0 485.44 | 50.44 | 28.00 | 39.56 | 61.57 | 145.12
5.2 504.85 | 54.63 | 27.01 | 39.86 | 61.51 | 145.26
5.4 524.27 | 58.98 | 26.08 | 40.12 | 61.58 | 145.42
5.6 543.69 | 63.62 | 25.17 | 40.30 | 61.66 | 145.63
5.8 563.11 | 67.43 | 24.66 | 41.00 | 61.63 | 145.84
6.0 582.52 | 72.10 | 23.93 | 41.27 | 61.64 | 146.18

Table A.3: ETF property at TMU on 020818 (2)

Iy Z Lo G PH NL SN | a
(nA] | [m@ mW/K] | [mV] | [uV/VHz]
233.01 | - - 0.9268 | 1008 | 8374 | 1204 | —

252.43 | 7.506 -18.64 0.9188 | 808.3 5.007 161.4 -
271.84 | 10.875 -80.50 0.9182 | 708.3 3.828 185.0 -
291.26 | 13.970 | -3877.03 | 0.9195 | 606.2 3.391 178.8 -
310.68 | 17.097 194.17 0.9214 | 533.3 2.827 188.6 | 662.8
330.10 | 20.387 105.03 0.9233 | 479.2 5.068 94.6 358.8
349.51 | 24.009 60.49 0.9257 | 460.4 1.915 240.4 | 206.9
368.93 | 27.783 44.82 0.9285 | 487.5 3.646 133.7 | 153.3
388.35 | 29.537 | -109.90 0.9309 | 518.7 2.699 192.2 -
407.77 | 33.356 -93.13 0.9263 | 506.2 2.426 208.7 -
427.18 | 40.493 30.07 0.9294 | 479.2 2.263 211.8 | 103.0
446.60 | 43.142 67.09 0.9318 | 425.0 2.153 197.4 | 229.88
466.02 | 48.036 51.17 0.9313 | 372.9 1.795 207.7 | 175.4
485.44 | 57.897 14.53 0.9346 | 318.7 1.610 198.0 49.8
504.85 | 65.482 11.06 0.9404 | 263.5 1.488 177.1 37.9
524.27 | 68.121 13.91 0.9456 | 216.7 1.423 152.3 | 47.66
543.69 | 87.184 6.40 0.948 164.6 1.306 126.0 21.9
563.11 | 99.64 5.19 0.9630 | 111.7 1.141 97.9 17.77
582.52 - - 0.9668 | 61.46 1.160 53.0 -
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Table A.4: Bias dependence of energy resolution by 2 gaussian fit. The data at 4400 mV on 020818 is
fitted by seven Lorentzians convolved with a Gaussian, and its FWHM is obtained 6.6+£0.4 eV.

TES effective time | baseline energy resolution
bias voltage | resistance constant width before after cut-off
Vp [mV] R [mQ] Teft 18] [eV] cut-off [eV] | cut-off [eV] | frequency [kHz]
on 020214
4600 42.07 144.263 10.7 20.3 12.6 25
on 020704
5400 57.0 105.4 9.6 32.1 17.8 5
5200 52.6 88.6 8.8 254 13.2 25
5000 48.3 79.5 8.0 30.3 10.0 25
4800 44.3 75.9 8.2 294 11.6 10
4600 36.4 72.5 8.7 31.5 10.0 25
4400 40.3 69.8 7.3 29.8 11.7 10
4200 32.7 69.1 7.6 24.3 9.2 25
4000 29.2 56.2 8.5 65.8 10.8 10
3800 25.8 81.3 7.5 188.6 15.8 5
3600 22.6 68.8 8.7 59.6 12.8 5
3400 19.4 106.9 8.2 65.0 18.0 10
on 020808
4000 32.37 80.177 9.5 26.6 12.1 25
4200 (2) 36.24 80.595 9.7 29.9 12.4 10
4200 (0 G) 36.24 80.162 9.5 31.6
4200 (10 G) 36.24 86.935 8.4 55.4
4200 (20 G) 36.24 99.390 12.2 88.1
4200 (3) 36.24 82.859 8.3 43.0 11.6 10
4000 (3) 32.37 87.527 9.2 108.4 124 10
on 020817
4600 41.88 78.273 7.3 20.7 9.0 25
4400 37.89 74.198 7.0 19.8 8.4 25
4200 34.08 74.763 7.3 25.0 9.9 25
4000 30.08 82.171 7.5 62.4 10.6 5
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A.2 LLNL Results

Table A.5: IV property at LLNL

Wy Iy R I T G
mV) | [nA] | o Al [mK] nW/K]
391 391.0 | 76.0 | 19.98 4 0.0011 | 152.290 + 0.0038 0.862
381 381.0 | 72.0 | 20.40 £ 0.0010 | 151.843 + 0.0035 0.856
371 371.0 | 68.0 | 20.93 & 0.0009 | 151.642 4 0.0032 0.854
362 362.0 | 64.0 | 21.52 4 0.0009 | 151.459 + 0.0029 0.851
353 353.0 | 60.0 | 22.17 4 0.0010 | 151.303 + 0.0031 0.849
343 343.0 | 56.0 | 22.91 £ 0.0009 | 151.196 4 0.0028 0.848
334 334.0 | 52.0 | 23.74 £ 0.0013 | 151.080 + 0.0038 0.847
325 325.0 | 48.0 | 24.68 4 0.0011 | 150.997 4 0.0030 0.846
315 315.0 | 44.0 | 25.74 4 0.0011 | 150.909 + 0.0029 0.845
305 305.0 | 40.0 | 26.97 4 0.0013 | 150.821 4 0.0034 0.843
295 295.0 | 36.0 | 28.38 4 0.0013 | 150.718 + 0.0031 0.842
285 285.0 | 32.0 | 30.05 £ 0.0014 | 150.597 4 0.0032 0.841
274 274.0 | 28.0 | 32.05 4 0.0014 | 150.426 + 0.0030 0.839
264 264.0 | 24.0 | 34.55 4 0.0016 | 150.305 + 0.0032 0.837
254 254.0 | 20.0 | 37.70 £ 0.0016 | 150.040 4 0.0029 0.834

Table A.6: Measured pulse height M AX at LLNL

Vi MAXA | MAXcr | MAXFe
mV) | Q] | pA] | pA] | [uA]
391 76.0 0.130 0.326 0.359
381 72.0 0.369 0.932 1.007
371 68.0 0.638 1.586 1.735
362 64.0 0.795 2.219 2.425
353 60.0 1.024 2.855 3.158
343 56.0 1.209 3.433 3.836
334 52.0 1.496 4.150 4.598
325 48.0 1.775 4.868 5.436
315 44.0 1.936 5.617 6.235
305 40.0 2.126 6.415 7.148
295 36.0 2.145 7.086 8.014
285 32.0 2.036 7.342 8.465
274 28.0 1.956 7.223 8.567
264 24.0 1.863 6.931 8.203
254 20.0 1.889 6.767 7.984
247 16.0 2.090 7.167 8.345
240 12.0 2.320 7.840 9.076
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Table A.7: Measured pulse height PM AX at LLNL

R
(me

PMAX
[1A]

PMAXc,
[nA]

PMAXp,
[1A]

76.0
72.0
68.0
64.0
60.0
56.0
52.0
48.0
44.0
40.0
36.0
32.0
28.0
24.0
20.0
16.0
12.0

0.1292 £ 0.0000
0.3800 £ 0.0001
0.6504 £ 0.0003
0.8508 £ 0.0010
1.0677 £ 0.0006
1.2927 £ 0.0002
1.6161 +£ 0.0005
1.9349 £ 0.0024
2.0811 £ 0.0006
2.3222 £ 0.0005
2.2797 £ 0.0009
2.1717 £ 0.0009
2.0758 £ 0.0007
1.9720 £ 0.0004
2.0281 £ 0.0008
2.2157 £ 0.0006
2.4254 £ 0.0007

0.3444 £ 0.0001
1.0297 £ 0.0005
1.7599 £ 0.0009
2.4756 £ 0.0009
3.2023 + 0.0014
3.9135 £+ 0.0022
4.7403 £+ 0.0031
5.7006 £ 0.0043
6.5526 + 0.0035
7.3309 £ 0.0025
7.8794 £ 0.0026
7.7709 £ 0.0034
7.5097 £ 0.0029
7.1565 £ 0.0030
7.0089 £ 0.0030
7.5271 £ 0.0025
8.1369 £ 0.0029

0.3810 £ 0.0002
1.1422 + 0.0007
2.0169 £ 0.0015
2.7875 £ 0.0014
3.6194 £ 0.0020
4.4391 £+ 0.0032
5.3780 £ 0.0041
6.4417 £ 0.0058
7.4140 £ 0.0051
8.3482 £ 0.0042
9.0806 £+ 0.0029
9.1052 £ 0.0035
8.8216 £ 0.0035
8.4481 £ 0.0042
8.2694 £ 0.0034
8.7326 £+ 0.0027
9.4486 £ 0.0040

Table A.8: Effective time constant 7eg

at LLNL

Vi
(mV]

R
(mQ]

TAl

(5]

TCr

(5]

TFe

(5]

391.0
381.0
371.0
362.0
353.0
343.0
334.0
325.0
315.0
305.0
295.0
285.0
274.0
264.0
254.0
247.0
240.0

76.0
72.0
68.0
64.0
60.0
56.0
52.0
48.0
44.0
40.0
36.0
32.0
28.0
24.0
20.0
16.0
12.0

765.221 + 0.203
379.000 = 0.092
250.803 + 0.103
209.043 £ 0.174
176.556 £ 0.079
156.179 £ 0.032
133.711 £ 0.041
119.891 £ 0.095
117.808 £ 0.034
114.525 £ 0.024
124.923 £ 0.050
143.370 £ 0.054
168.293 £ 0.062
203.525 = 0.049
234.705 £ 0.079
261.900 £+ 0.063
307.219 £+ 0.081

988.543 £ 0.514
502.926 £ 0.292
334.815 £ 0.239
259.736 = 0.110
215.845 £ 0.115
188.066 £ 0.110
166.925 £ 0.115
149.125 £ 0.119
136.901 £ 0.081
131.118 £ 0.052
129.686 £ 0.030
139.764 £ 0.040
162.570 £ 0.048
192.824 £ 0.073
233.583 £ 0.070
262.750 £+ 0.049
305.219 + 0.081

1043.57 £ 0.616
531.315 + 0.394
351.507 + 0.306
273.008 = 0.159
225.797 £ 0.140
196.652 £ 0.149
174.177 £ 0.145
155.536 £ 0.142
143.038 £ 0.107
136.140 £ 0.076
133.051 £ 0.042
140.673 £ 0.033
161.944 £ 0.047
190.768 £ 0.077
231.296 £+ 0.091
263.638 + 0.047
305.076 + 0.077
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Table A.9: Noise levels N L for measured noise spectrum.

Vi R NLQ4272 Hz
V] | Q) | [uA/ViT]
391.0 | 76.0 13.30
381.0 | 72.0 15.57
371.0 | 68.0 18.83
362.0 | 64.0 19.48
353.0 | 60.0 20.28
343.0 | 56.0 22.03
334.0 | 52.0 27.94
325.0 | 48.0 30.75
315.0 | 44.0 32.62
305.0 | 40.0 42.03
295.0 | 36.0 34.63
285.0 | 32.0 36.30
274.0 | 28.0 52.97
264.0 | 24.0 117.26
254.0 | 20.0 44.58
247.0 | 16.0 41.81
240.0 | 12.0 47.84

Table A.10: Energy resolution at LLNL (300 kHz cutoff)

Vb R | AEy | AEan | AEc, | AEpe | a b

mQ] | [eV] | [eV] | [eV] x10°

391.0 | 76.0 | 22.0 28.8 121.6 | 1193.6 | -6.4 | 1.0935
381.0 | 72.0 | 104 15.2 36.5 59.1 -5.4 | 1.0751
371.0 | 68.0 | 8.5 13.8 32.2 44.4 | -5.2 | 1.0762
362.0 | 64.0 | 7.7 10.4 26.4 34.3 | -4.0 | 1.0571
353.0 | 60.0 | 6.1 9.8 25.8 31.2 | -3.9 | 1.0563
343.0 | 56.0 | 6.3 8.5 30.1 424 | -3.8 | 1.0542
334.0 | 52.0 | 6.8 8.3 27.6 44.0 | -4.2 | 1.0635
325.0 | 48.0 | 6.0 8.4 21.3 48.7 | -4.2 | 1.0633
315.0 | 44.0 | 6.3 7.5 17.9 31.7 | -3.2 | 1.0450
305.0 | 40.0 | 6.5 9.0 16.2 21.2 | -2.7 | 1.0415
295.0 | 36.0 | 6.3 15.0 15.9 21.7 | -1.4 | 1.0212
285.0 | 32.0 | 6.3 13.3 15.5 21.3 | -0.6 | 1.0133
274.0 | 28.0 | 8.6 11.7 33.1 25.8 | -0.3 | 1.0083
264.0 | 24.0 | 134 | 16.6 31.6 46.6 | -0.6 | 1.0055
254.0 | 20.0 | 7.7 11.1 30.5 49.6 -0.8 | 1.0121
2470 | 16.0 | 6.4 9.6 27.9 25.2 -1.5 | 1.0212
240.0 | 12.0 | 6.6 10.0 294 38.0 | -1.8 | 1.0252
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Table A.11: Resistance changes and current changes
W R | dRa1 | dRcy | dRre | R+dRa1 | R+dRcr | R+ dRye dla | dlcy | dlpe
mV] | mQ] | Q] | (mQ] | m®] | [m€)] [m2] [m€] (LA] | [wA] | [pA] | [nA]
391.0 | 76.0 | 0.56 | 1.41 1.56 76.56 77.41 77.56 19.98 | 0.13 | 0.33 | 0.36
381.0 | 72.0 | 1.50 | 3.89 4.22 73.50 75.89 76.22 20.40 | 0.37 | 0.93 | 1.01
371.0 | 68.0 | 243 | 6.34 | 6.99 70.43 74.34 74.99 2093 | 0.64 | 1.59 | 1.74
362.0 | 64.0 | 2.81 8.43 9.31 66.81 72.43 73.31 21.52 | 0.80 | 2.22 | 2.42
353.0 | 60.0 | 3.36 | 10.24 | 11.51 63.36 70.24 71.51 22.17 | 1.02 | 2.85 | 3.16
343.0 | 56.0 | 3.64 | 11.51 | 13.13 59.64 67.51 69.13 2291 | 1.21 | 343 | 3.84
334.0 | 52.0 | 4.12 | 12.99 | 14.73 56.12 64.99 66.73 23.74 | 1.50 | 4.15 | 4.60
325.0 | 48.0 | 4.44 | 14.08 | 16.19 52.44 62.08 64.19 24.68 | 1.77 | 4.87 | 5.44
315.0 | 44.0 | 4.33 | 14.88 | 17.04 48.33 58.88 61.04 25.74 | 1.94 | 5.62 | 6.23
305.0 | 40.0 | 4.22 | 15.38 | 17.78 44.22 55.38 57.78 2697 | 2.13 | 6.41 | 7.15
295.0 | 36.0 | 3.70 | 15.08 | 17.83 39.70 51.08 53.83 28.38 | 2.14 | 7.09 | 8.01
285.0 | 32.0 | 3.00 | 13.35 | 16.20 35.00 45.35 48.20 30.05 | 2.04 | 7.34 | 8.46
274.0 | 28.0 | 2.42 | 10.85 | 13.61 30.42 38.85 41.61 32.05 | 1.96 | 7.22 | 8.57
264.0 | 24.0 | 1.90 | 8.36 | 10.37 25.90 32.36 34.37 34.55 | 1.86 | 6.93 | 8.20
254.0 | 20.0 | 1.55 | 6.41 7.87 21.55 26.41 27.87 37.70 | 1.89 | 6.77 | 7.98
Table A.12: Estimated « from IV measurement
Vi R Qoperate @Al acy OFe
[mV] | [m)
391.0 | 76.0 11.41 4+ 0.09 12.01 4+ 0.96 7.57 £ 0.11 7.05 + 0.09
381.0 | 72.0 | 29.41 £+ 0.47 26.66 + 0.98 19.73 + 0.13 | 18.93 £+ 0.11
371.0 | 68.0 | 42.74 £ 0.97 43.26 £ 1.16 33.39 £ 0.17 | 30.83 £+ 0.12
362.0 | 64.0 | 73.75 £ 2.77 59.04 £+ 1.62 44.08 £ 0.18 | 41.53 + 0.14
353.0 | 60.0 | 74.90 £ 2.51 68.91 £ 1.50 56.79 £ 0.21 | 53.10 £ 0.15
343.0 | 56.0 | 104.50 4+ 4.48 87.27 £+ 2.04 69.54 + 0.24 | 66.31 + 0.19
334.0 | 52.0 | 100.45 + 3.77 | 115.40 £+ 2.85 | 83.00 + 0.28 | 78.88 + 0.21
325.0 | 48.0 | 152.69 + 8.33 | 145.92 £ 3.94 | 101.88 £ 0.35 | 96.25 + 0.26
315.0 | 44.0 | 175.93 £ 11.05 | 143.99 + 3.47 | 119.90 £+ 0.41 | 112.02 £+ 0.30
305.0 | 40.0 | 182.46 £+ 10.33 | 140.02 + 3.16 | 129.52 + 0.43 | 127.60 £+ 0.35
295.0 | 36.0 | 134.28 + 5.25 | 165.80 + 4.96 | 142.62 + 0.50 | 149.67 + 0.45
285.0 | 32.0 | 123.50 + 3.91 | 151.35 + 4.94 | 168.62 £+ 0.75 | 161.34 £+ 0.53
274.0 | 28.0 | 127.19 + 3.62 | 114.03 + 3.43 | 147.25 £ 0.69 | 155.67 & 0.57
264.0 | 24.0 | 116.04 + 2.58 | 388.25 + 54.39 | 136.22 £+ 0.77 | 123.36 £+ 0.46
254.0 | 20.0 | 133.87 + 2.50 | 115.60 + 4.27 | 149.09 + 1.08 | 149.05 + 0.79
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From right, baseline, Al, Cr and Fe energy spectra at LLNL
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Fig. A.14: V = 274 mV
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Fig. A.16: V, = 254 mV
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A.2.1 Average pulse

Upper left: Average pulses of Fe (magenta), Cr (green) and Al (blue), fitted by double ex-
ponential of eq (5.41), and the best fit values are written in the panel. In averaging, only the
X-ray pulse in the Al-Ka, Cr-Ka and Fe-Ka energy band (within twice FWHM for energy
spectra shown in Fig. 5.51, Fig. 5.52 and Fig. 5.53, respectively) were selected. Center left: The
standard deviation of pulse, calculated for each sampling bin. Lower left: Double exponential
fit residuals for the upper left panel. Upper center: Average pulses of Fe, Cr and Al with their
pulse heights normalized to 1.0. It is apparent that the fall time becomes longer as the incident
energy goes up. Upper right: Average pulses with Al and Cr pulses shifted horizontally to match
their pulse height maximum on the falling tail of the Fe pulse. Center right: The differences of
Fe pulse for the upper right panel. Lower center: The energy dependences of SUM (magenta),
PHA (green) and M AX (blue), and the fit result. SUM is the integral of a pulse, M AX is the
maximum of a pulse. All of them decline at higher energy, though its degree is the smallest for

SUM. Lower right: fit residuals for the lower center panel.
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Fig. A.20: average pulses 2. Upper: I, = 381 uA, Lower: I, = 371 pA.
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1,=362.0 mV, R = 64.0 mQ
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Fig. A.21:

average pulses 3. Upper: [, = 362 pA, Lower:

I, = 353 pA.
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Fig. A.22: average pulses 4. Upper: I, = 343 uA, Lower: I, = 334 pA.
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Fig. A.23:

average pulses 5. Upper: I, = 325 pA, Lower:

I, = 315 pA.
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Fig. A.24: average pulses 6. Upper: I, = 305 uA, Lower: I, = 295 pA.
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Fig. A.25: average pulses 7. Upper: I, = 285 uA, Lower:

Ib =274 ,U,A.
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1,=264.0mV, R =24.0mQ
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average pulses 8. Upper: [, = 264 pA, Lower:

Ib = 254 ,U,A.
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Fig. A.27: average pulses 9. Upper: I, = 247 pA, Lower: I, = 240 pA.



160 Appendix A LISTS OF MEASUREMENT RESULTS

A.2.2 Linearity correction by fourth order polynomial

Upper panels: Relations between energy and pulse height fitted by fourth order polynomial of
eq. (5.85) passing the origin of the coordinates, and the best fit values are written in the panels.
In the fitting, Al-Ka, Cr-Ka, Fe-Ka (red circle) are used, and Al-K3, K-Ka, Cr-Kj and Fe-Kj
lines (blue circle) are plotted only for reference. Lower: fit residuals. The cut-off frequency for

the optimum filtering is 60 kHz for all operating points.
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Fig. A.28: Upper: The operating points are R = 76.0, 72.0 and 68.0 m{2, from left to right. Center:
The operating points are R = 64.0, 60.0 and 56.0 m{2, from left to right. Lower: The operating points
are R = 52.0, 48.0 and 44.0 m2, from left to right.
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Fig. A.29: Upper: The operating points are R = 40.0, 36.0 and 32.0 m{2, from left to right. Center:

The operating points are R = 28.0, 24.0 and 20.0 m(2, from left to right. Lower: The operating points
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A.2.3 Energy resolution after correction by fourth order polynomial (Likelihood

fitting).

Table A.13: Energy resolution after correction by fourth order polynomial of eq. (5.85). All of them are
derived with the Likelihood fitting considering the natural widths of Kal and Ka2 lines. The cut-off
frequency for the optimum filtering is 60 kHz for all operating points.

Vo [mV] | R [mQ] | AEy [eV] | AEa; [eV] | AEq, [eV] | AEge [eV]
391.0 76.0 2144+06]291+1.1|61.1£65 | 715+ 134
381.0 72.0 103 +£03|134+£06 | 321 £1.8 | 36.6 £2.8
371.0 68.0 84+02 |108+05|239+14 | 241+ 22
362.0 64.0 76+02 | 88+£04 |191+£14 | 23.6£0.2
353.0 60.0 63+02 | 86+04 | 165+12 | 174 £ 1.7
343.0 56.0 63+£02 | 72£03 |154+£11| 181+1.6
334.0 52.0 66+02 | 72+£03 |146£12 | 174+ 1.7
325.0 48.0 6.1+02 | 71+£03 [103£1.0| 19.0+ 24
315.0 44.0 65£02 | 64£03 | 99+£09 | 128 +14
305.0 40.0 65£02 | 71+£03 | 105+£11| 100+1.1
295.0 36.0 64+01 | 8704 | 7.4£07 8914
285.0 32.0 6.0+02 | 82+£05 | 94+£1.0 5.7+ 0.9
274.0 28.0 87+02 | 88 +£05 [ 16.0£1.1 | 11.3+14
264.0 24.0 135£04|145£06 | 188+13 | 229+ 1.9
254.0 20.0 78+02 | 95+£03 | 202+£14 | 23.8+£1.38
247.0 16.0 66+02 | 7704 |188£13 | 143+1.6
240.0 12.0 6.7+02 | 8604 |255£1.6 | 26.7+ 2.2
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X-RAY ENERGIES AND NATURAL WIDTHS

TableB.1: Al-Ka [25], Mn-Ka, Mn-Kf3, Cr-Ka and Fe-Ka [24] emission lines. In the fitting of
energy spectra the Al-Ka (§ 5.6.2), Al-Kas and Al-Kag was neglected.

element | peak | energy (eV) | natural width (eV) | amplitudes relative intensities
Al a1 1486.94 0.43 1.0
a2 1486.52 0.43 0.5
o 1492.94 1.34 0.033
a3 1496.85 0.96 0.12
oy 1498.70 1.25 0.11
as 1507.4 1.5 0.07
o 1510.9 0.9 0.05
element | peak | energy (eV) | natural width (eV) | amplitudes | integrated intensities
Cr ann | 5414.874(2) 1.457(2) 0.822(2) 0.378
Q12 5414.099(6) 1.760(7) 0.237(2) 0.132
a1z | 5412.745(16) 3.138(20) 0.085(1) 0.084
a14 | 5410.583(30) 5.149(51) 0.045(1) 0.073
ais | 5418.304(38) 1.988(58) 0.015(1) 0.009
as1 | 5405.551(3) 2.224(4) 0.386(1) 0.271
Q22 5403.986(3) 4.740(50) 0.036(1) 0.054
Mn 011 5898.853(2) 1.715(2) 0.790(2) 0.353
Q12 5897.867(6) 2.043(7) 0.264(2) 0.141
a13 | 5894.829(22) 4.499(33) 0.068(1) 0.079
a4 | 5896.532(15) 2.663(20) 0.096(1) 0.066
a5 | 5899.417(17) 0.969(20) 0.007(3) 0.005
a1 5887.743(3) 2.361(3) 0.372(2) 0.229
azs | 5886.495(13) 4.216(21) 0.010(1) 0.110
Ba 6490.89(1) 1.83(1) 0.608(5) 0.254
By 6486.31(7) 9.40(9) 0.109(2) 0.234
Be 6477.73(8) 13.22(15) 0.077(1) 0.234
Ba 6490.06(2) 1.81(2) 0.397(5) 0.164
Be 6488.83(3) 2.81(4) 0.176(4) 0.114
Fe a11 6404.148(2) 1.613(3) 0.697(2) 0.278
Q12 6403.295(4) 1.965(5) 0.376(2) 0.182
a1z | 6400.653(19) 4.833(26) 0.088(1) 0.106
a4 | 6402.077(12) 2.803(15) 0.136(1) 0.094
a1 6391.190(4) 2.487(6) 0.339(1) 0.207
a2 | 6389.106(22) 2.339(19) 0.060(1) 0.066
az3 | 6390.275(33) 4.433(12) 0.102(1) 0.065
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