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» 2vBP is a rare standard model process

* Broad energy distribution

* Observed half-lives T > 1017 years

* OvBB is a hypothetical, unobserved
process

Counts

* Immediate implication of AL# 0

* Lepton number violation = new physics!

* Can imply Majorana mass of v

QBB

* Possible connection to baryon asymmetry Total electron cenergy
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Background Limited Background Free

Beyond CUORE

Bl e s e P PSPPSR Naane | MT N qane
» CUORE is a tonne-scale cryogenic bolometer Vi WA E
. . mol mol
searching for OvBB with 130Te (Q-value 2527.515 keV)
Phys. Rev. Lett. 120, 132501
D ded o bl Phys. Rev. Lett. 124, 122501 CUPID Goal CUORE Goal
egraae X's pose probiem TeO,: natural radioactivity o
, , NOSV Cu: natural radioactivity | From Cu towers #
« CUORE Upgrade with Particle ID (CUPID) :
NOSYV Cu: cosmogenic activation [
» Use scintillating bolometers => Li21°MoO4 (LMO) TeQ,: cosmogenic activation
OFE Cu: natural radioactivity
¢« 100Mo Q-value (3034 4 ke\/) Roman Pb: natural radioactivity_
4500 :_480& Modern Pb: natural radioactivity :
r Superinsulation: natural radioactivity
4000 — -
- Stainless steel: natural radioactivity ——e

— 3500 Zr - PNd :
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Si Heater

\

Scintillating Bolometers

* Low heat capacity => very temperature sensitive

LMO ' - Ge
* Neutron transmutation doped (NTD) Ge sensor R — Roe Lo/ T Polomeiey , i\ Light Detector
* Method has good energy resolution Eev
AT =
* NTD meet technical needs for CUPID bolometers Ccrys

» Additional energy from scintillating light

Light Detector
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TES operated in transition region
Small AT => Big AR

,""-"————

Transition Edge Sensor

( ~ Cbolo (T3> + CTES (T) + Cimpur.

TES heat capacity is small and thin Si wafer C ~ 20 pJ/K

TES response to temperature and current changes can be parameterized

T, OR I, OR I’R.a
a = 0 ‘ ﬁ — 0 ‘ 30 p— 070
RO ol 1 RO ol 't GTO

* Energy threshold and resolution for LMO T

TES operated at lo, Ro, To, and with thermal conductivity G from TES to bath

« O(keV) detection at Q-value due to scintillation

T=£ L T = C
G ¥ G(1+ %)

Electrothermal feedback enhances thermal decay constant

* 7100 eV (FWHM) resolution for light sensor

* Timing resolution is important

* 2vBP decays in 10Mo (T2 = 7.1 x 1078 y)

4kBTgC 7 » Pileup from 2vBB decays become a background
ALpwgy ~ 0 B

* ReqUires rise ﬁmes ]OO”S or be"er Chernyak, D.M. et. al, Eur. Phys. J. C (2012) 72:1989

Very high intrinsic resolution ~ 10 eV at typical operating values
(T ~ 40 mK, C ~20 pJ/K, @~ 50, n = 5) * Negative Electrothermal feedback keeps TES stable and decreases sensor

time constant => faster pulses

K. D. Irwin and G. C. Hilton, Topics Appl. Phys. 99, 63-149 (2005)
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* Investigate control of Tc via proximity effect
* Normal metal on superconducting layer suppresses Tc
* IrPt bilayer

* Collaboration between LBNL + ANL + UCB
» Sputtering fabrication at Argonne

* Test facility at UCB and ANL

5
h

IrPt chips (100nm/80 nm) in a sample holder

e Tc: 20mK - 110 mK demonstrated
with IrPt chips

» T. stable over time - repeated
measurement of chips gives
consistent T

Bradford Welliver, LBNL
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Measured T in

C

Journal of Applied Physics 128:15
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®
T E S LI g hlll D ellle CIIIO r » IrPt bilayer deposited on Si water (5.08 cm dia., 275 pm width)

* Variable TES sizes: 300-500 pm x 300-500 pm

* Nb leads to Al wire bonding pads

Schematic thermal model for TES light detector

* Tuning TES coupling to Si wafer and water coupling to bath is
important for optimal operation

+ Sapphire used for weak link
* wafer glued to sapphire, sapphire clamped to holder

* Adjustable Cu clamps can allow adjustment for link to bath

 Clamps are coated in Ge varnish to provide electrical isolation

~
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TES LD IV Characterization ..

o)
o
©

* TES power in biased region
is constant but varies
depending on temperature

U1
o
Q

» UCB test facility Oxford Triton 400
dry dilution fridge

TES Power [fW]
AN
o
(@]

w
o
o

* Would like to increase G to
Improve sensor operation

x2/ndf = 4.75578/14
k=2267.70 = 1747.41nW/K5-00
n=5.00 % 0.27

100! | T7es =52.29 + 0.00mK

* 4 Magnicon SQUIDs + 1 noise
G(Tres) = 84.74 + 90.65pW/K
thermometer , +

4% 20 30 40 50 60
Temperature [mK]

Channel 7 TES Resistance vs Voltage

N
o
<

Channel 7 TES Current vs Voltage

3.0 i 600
2.5 c00 1+ j‘ 2;’;{ » Sweep bias voltage to
3 normal — I ¢ d
— g s §fils produce output response
3 2.0 . = 4001 b 7S
= 0 - H (IV measurement)
- Poei%h g . - i 3”:
15 i -._&‘f&_blased S 3000 | i
= E ':;. 25':\& g ‘! .f .5'?. ° ° o
O Bt o TeyasTek| 0 ;i - -7m | o Proyide information on
D 1.0 SRAL Te3ewmk | & oggl f{E . T 2585 mK :
= 3 . t;zggmi i ! f:;‘ o T=26.355mK IOCId I'eSISfCInce, TES
4 ® T=22841mK = 5 ;;‘;} o T=122.841mK .
0.5- o T- 19334 mK 1001} {7 - 1=wankl normal resistance, Tc,
sc | T = 16.07 mK F i =16.07m
) e T=13192mK ! jd e T=13192mK . o
T - 10954 mK N7 ~-wseme | and thermal conductivity
0075 0.0 05 10 15 5.0 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
TES Voltage [uV] TES Voltage [uV]
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Improvmg

“ 300 Hm x 300 pum IrPt TES (100nm/50 nm)
!  No Au Pads

*  2x300 pm x 300 Au Pads

* 2 x600 pm x 600 Au Pads

* 2 x600 pm x 600 Au Pads

| 3 mm TES - TES spacing

<
5 um Au on inner side of Nb leads -
5 um TES on outer side of Nb leads TES length
N -

2-in x 275 pm Si wafer

250 pm x 250 pm x 200 nm Nb pads

-~ Nb lead 10 um wide and 200 nm thick

~ .~ 1r100 nm
. Pt 40 to 80 nm

Au 150 to 200 nm

Si substrate

Cross-section view of TES

Bradford Welliver, LBNL

Relatively small pulses seen with plain IrPt TES

Relatively weak coupling of TES to absorber can
be improved by adding Au surfaces near the TES

» 4 TES with various Au pad sizes deposited onto

single wafer

CPAD 2021.03.18 mﬂ
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Improving G

g b x
Q 0.6_— X o _
* Clear improvement in thermal conductivity with addition of Au - sl ) X §
pads Tk [
0.4 —
* For the devices n is between 4 and 5 =
0.3—
* n = 4: Kapitza-boundary resistance -
0211 x  Bare IrPt %
* n = 5: electron-phonon decoupling ol 300 wm x 300 um Au
[ X 900 um x 900 um Au
12 O_— : ; t Limmmnit ¢
s T - T S O Y, E.Y: -
= [ e X —_— n . n ' ' ' ' Temperature [K]
e P =k (Tqp—T") :
s * TES normal resistance has slight suppression
8:_ X Bare IrPt With more AU
61 300 um x 300 um Au
Ll X 900 um x 900 um Au . .
o * Tc slightly lower with smaller Au
2
N R A e I * Bare IrPt shows lowest Tc => excess noise with
0.015 0.02 0.025 0.03 0.035
Temperature K less strong coupling to absorber
Bradford Welliver, LBNL 10 CPAD 2021.03.18 @uﬂa




TES Energy Measurements

* Examine cosmogenic muons

» Scintillating muon paddle placed ~1.5 m
below TES => 2 days of operation

» Amplitude spectrum shows broad
cosmogenic muon peak

 Fit with convolution of Gaussian +
Landau function

» Gaussian for detector resolution

* Landau for muon interactions with Si
wafer

Bradford Welliver, LBNL

Muon Data hData
Entries 3153
%120_1_ T | T T T I T T T I T T Mean 40.64
3 Std Dev 18.21
g - 2 / ndf 169.7 / 83
<100 B " Width 5 +0.0
‘uE, B MP 30.83 + 0.22
3 T ' | Area 3118 = 58.5
o 80— ‘ ‘ l GSigma 4.344 +0.336
u \ _
u ’ \ _
60— ‘ _
u \ _
u ‘ } \| _
40— ‘ ' —
B ] I ]' _
20— |"‘ N K | L .
i / z
0 | | | | | | I | | | I | | | I | | | I |
0 20 40 60 80
Amplitude (arb. units)
AErwHM/E ~ 0.3
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7000 e
6000} 2" s
5000 f_ p3 2.585 = 'D—.-'I 4.9
» 55Fe source installed below wafer ool
. o 3000?—
* Resolution 35% (FWHM) at 5.9 keV :
2000/—
» Pileup — high intensity source T
J _0 30|00 — 40|00 | I5()00
* Vibrations
Bradford Welliver, LBNL 12 CPAD 2021.03.18 iiflﬂ




Pulse

—0.7dd

—0.748

* Installed 2 fiber optic cables
directly below Si water

* Inject train of blue LED light
pulses of variable duration

Bradford Welliver, LBNL
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Fiber Optic cables
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— LED Mean 1667
Std Dev  752.8

6000

* Run LED pulses alongside 55Fe s000
Cd|ibrdﬁon 4000

3000

» Allows rough calibration of LED energy
scale based on a linear calibration from o

i'he 5.9 keV 55Fe peCIk 7% 1000 500030062000 5000

-3
= 0.003- _ o05xl0 — 160
: - —45 g =
5] 0025 +— —4 2 [
g 00025 R
- N = —120
~ N ® o35
. Risetime ~ 75 pus ™ |
- —30 = —100
Isetime Us : . | e
— B abend ' . _ —
0.0015 e 25 0.25[— 80
B 20 =
- 021 60
D . ~ e 15 0.15 ‘
ecaytime ms N o
0.0005 |43 E :
O _I -'--d L | J | | | | | | | | | | | | | | | | | | | | O O :I | | d | | | | | | | | | | | | | | | | | | | | | | O
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Amp [arb] Amp [arb]
. rererrrer /]
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Pulse Measurements 3004m x 3004m Au Pad
g F
% 0018 — 0'004;
3 - -
ooe 0.003 —
e o.oozf—
E 0.0013—
= I
e B 0 I0.0|02I | I0.0|04I | I0.0|06I | I0.0|08I — 0._|(|_)_1 | »
omebem 1 L L A
P P P P P . P oy . Tlm;slrce st [5]
> B
o 0.007—
» Remove 55Fe source and examine LED only =R \ 700pum x 900um Au Pad
§ 0.006 | —
» Retrofit new active vibration dampening system between 0005
measurements 0.004—
0.0033—
* Lower incident energy of LED pulses 0002~
0.0013—
» 7 LED pulses of duration 250 — 2750 ns :
O_ — e
- e
° 500 ev _ 3500 ev 0 0.002 0.004 0.006 0.008 O.'(l')i:ne »
Average TES Pulses _
Bradford Welliver, LBNL 15 CPAD 2021.03.18 "/:ﬁﬂ

BERKELEY LAB



107°

200um x 200pum Au pad IrPt 300pum x 300pum Au pad IrPt

= 055 — 05210
e TE —100 2 UE —100
E 045F E 045
* LED pulses on TES at 15.4 mK, TES resistancz o4F Ly, ©o0af o
200 mQ 035 0asE
0.32— — 160 0-32— — 60
« Risetimes are fast (<100 ps) 0.25F 0.25F-
0.2;— 40 0.22— 40
* Decaytimes =~ Tms 015 015
0.1 20 0.1 : 20
» Amplitude dependence possibly due to oo 005
° - | ] ] ] | ] ] ] - | ' - ] ] ] | | | |
noise 0 800 1000 O 0 cl) 200 400 6(|)O 8(|)O 1000 O
Amplitude [arb] Amplitude [arb]
* Walking average pulses: s 3% s B S 1240
E £ — 220
N S 25 —30 & 25 m
* No more amplitude dependence g h 8§ L 200
2: e 2: — 180
B B — 160
* Large Au Pad: - . : 140
1.5 1.5 120
+ Risetime 71 ps, decaytime " 1.5 ms | ® - 100
1= 1— 80
B 10 B
| | 60
* Small Au Pad: 05l 5 05 0
B B 20
* Risetime ~ 6] Us, decaytime ~0.73 ms o— — 7000 © 0 S0 s0 000 ©
Amplitude [arb] Amplitude [arb]
Bradford Welliver, LBNL 16 CPAD 2021.03.18 ;}ﬂ
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ulse

|_Energy (eV) hEnergy
— Entries 177263
~0.018 — - Me an 2395
— § 3000 Std Dev 885.1
: 8 Underflow 0
oo — Overflow 58
— 2500 integral 1. 7720405
N A | ndt 1.393/6
—n.022 — Constant 8085 » 153
- 2000 Mo an 463.2 : 1.5
N Sigma 9 28 : 2.05
—0.024 _— 1500
~0.026 " 1000
o028 by z.lz — 2.132 — z.lza — 2.IEE — 2.'1:& — z.ls — 2.132 — z.lsa — E.ISE — e .
Time since start [s]
° 00 500 1000 1500 2000 2500 3000 3500 000 4500 S000
» Fit LED pulser peaks and v o6
.
extract baseline energy ;
I . . h 9:4 120 OE = Oﬁoise + 0ztochastic
resolution (using photon b
ok 110
statistics)
100
2 2 2
* Op =0 + O E % 2/ ndf 2.851/5

noise stoch. O ise 71.61 = 0.6506

0stochasti1:-61 4 +(0.0139

80

° 72 ev b Cl S e I i n e ‘ 500 1000 1500 2000 2500 3000 3500

Energy (eV)
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TES LD Timing

* Generate a train of LED pulses with some
separation time >> decay time

« Examine distribution of times between
some set of subsequent pulses in TES

Distribution of At between two consecutive LED pulses

E:}m5 ;— At —; response
§1O4§_ — S * Here LED pulses injected with frequency of
10" E 30 Hz
10 - —
* Distribution is peaked at 33 ms with width
NE o HE 8.7 Us
1L _

= o oy by by by o R o .
00333 003335 00334 003335 00335 00335 (OS.)0336 . P||eup studies still needed but previous
iterations of slower TES showed < 70 ps
» Timing resolution ot =~ 9 s

Bradford Welliver, LBNL 18 CPAD 2021.03.18 :"}ﬁ



Multiplexing R&D

CUPID would require ~3000 TES sensors for
both light detectors + crystal readout

Heat load from SQUIDs + cabling should be

minimized
Frequency domain multiplexing can be of use

CUPID would need small multiplexing factors
on the order of 10

Materials and location

Cross-talk and parasitics

Active area of R&D

Bradford Welliver, LBNL
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Courtesy of Aritoki Suzuki
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L=4 pyH
C =[4.5 nF, 3.2 nF, 2.6 nF]

Li

Rsh
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Conclusmns

. TES R&D progress From ANL cmd UCB/LBL

* Thermal conductivity of sensor to absorber improved via

Au pads

* Energy scale calibration with 55Fe + photon statistics
(LED pulses)

+ 770 eV baseline resolution would meet CUPID energy
resolution requirement

0.006

Amplitude [V]

0.005

» Timing resolution =9 ps with risetime =~ 70 ps satisty 3
CUPID requirements oozt

* Further tests underway to optimize Au pad area and o NS —
Improve In situ. noise environment | | | | Tine )

Bradford Welliver, LBNL 20 APS 2020.04.19 izl
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Complex Impedance Transfer function

o ;
* Suggests we have about 1 uH of parasitic input line inductance
—2
* This needs to be improved
R = 3166702  2.40616m0
* Normal and load resistances agree very nicely with IV data 4 Ly = 110589 0 Gassou
S
* Obtaining actual Zis requires a few improvements to DAQ process and noise environment - .
_6- Ay
+ Required for full electrothermal characterization y
Imag Plot of Ratio Model 0.0 Real Plot of Ratio Model ”'. ol
0- 8] “ :
17.5] e
15.0
—2- ~10 . . . - . ' '
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Real Zn/Zsc
Z% ;%12.5-
£ élo.o-
g ol % 7.5
5.0
-8 Rl =31.66702 + 2.40616m0 - g Rl =31.66702 + 2.40616m0
Li» =1.10389 + 0.08490uH ? - in=1. +0. V)
10 10! 102 103 10° o0 10! 102 103 10°

Frequency [Hz] Frequency [Hz]
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TES LD Energy Response

» Send a known voltage excitation across known resistors (33 kQ on each branch) to get a
known current across the Pt resistor (23 Q)

* In this way we know the energy we send into the wafer

* Observe TES response to these pulses to determine energy response and threshold

-0.005

A Heater Input = TES Response
B ~0.01F-

08— _ _0015F Pulse

S S -
S S -
S s -0.02
s 06 N -
5 -0.0251
04— -
- 0.03}-
02 -0.035
o | ||| | II 0.04-

L1 1 [ W N TR (N NN WRNN NN TN (NN NN SN SN SNNN SN SN SN SN S N _0045:1 T T T T e ' e

100 101 102 103 104 105 ' 100 101 102 103 104 105
Time s Time s
Bradford Welliver, LBNL 24 CPAD 2021.03.18 /\ﬂ
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0.018 —
T E S L D E ne I"g)’ Re S p onse o016 | Energy dependent pulse shape
S 0014 |
o 0012 A
. . . g 001 AN Decay time ~ 4 ms
ETF allows naive computation of energy from integral of pulse = - Risetime ~ 200 us
€ 0008
< B
Discrepancy between input heater energy and ETF pulse-integral 0.006-
computation 0.004
0.002—
* This could suggest poor thermalization of the TES to the substrate e 1 =
resulﬁng in energy Co”ecﬁon Iosses 0.048 0.05 0.052 0.054 0.056 0.058 0.06 0.062 0.064 0.066
Time (sec)
. . . . . . . > —
* This will be investigated further with different designs ©
: Applied heater energy: Units in keV
£ 10°
§ EO 73 72.55
Pulse shape also has an energy P el
dependence mn s1.81  103-0% 00 43 207,24 259.10
102 f A W ﬁ ﬂ N 310.87 362.75 414.56 466.39 518.13
* This needs to be better understood ;l ﬂ 1
and investigated as a function of -
temperature 0E
Two optical fibers installed in cryostat can -
allow for study of position dependence 'E
and energy scale once calibrated o 1 2 4 6 7 8 9 10
Energy estimate using ETF (keV)
Two optical fibers =

=
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~0.01 [

-0.0105

Bradford Welliver, LBNL

Distribution of At between two consecutive pulses

o o
T E L D T _ Tnd ETE
I m I n g :,3)“ B Constant 24.77 + 1.91
- - - o  \d o o @ > Mean 0.08343 = 0.00000
5 20—
=L
* Send heater pulses with variable time separation -
15_— l *
* Examine timing resolution and pileup of
* Pulses for a given train have fixed time separation 5
. . . . . Ly o L A N L Ly
* Can be used to give approximation of time resolution Joo828” 0083 0083 00834 OO0 00838 0084
COTET 1732 mK |
00075 F=—  Ib "~ 7.6 A |
-0.008 E— E
-0.0085 E—
~0.009 f— Tr 80 ps
-0.0095 f— :

| | 1 | 1 | | 1 | 1 | | 1 | | 1 | 1 | | | | | 1
8.01 8.02 8.03 8.04 8.05 8.06 8.07

fo's) _|.| ;'.-

Timing resolution o1 ~ 20 ps

38 CPAD 2021.03.18 2l
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» Pileup discrimination needs to be quantified
beyond simple ‘by-eye’ examination

* Timing only examined in 32 mK data
* This is very close to device T,

» Studies at lower temperature underway

-0.0055

-0.006

—-0.0065

-0.007

-0.0075

-0.008

-0.0085

—-0.009

—-0.0095

.|.|§~.|.|.|.|.‘.|.|.|.|.‘.|.|.|.|.‘.|.|..|..|..|..|..|..|..|..'..|..|..|..|..|..|..|..|..|..‘.

Two heat pulses 70 ps apart

(00]
SH

1 1
8.7702

1 1
8.7706

8.771

8.7714 8.7716 8.7718

-0.007

T~ 32mK |
lb ™ 7.6 VA

-0.0075
-0.008
-0.0085
-0.009

Tr~ 80 Hs

-0.0095

-0.01

-0.0105

-

Bradford Welliver, LBNL
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TES Energy Measurements ion Dats

%120; | I I I I | I | | I I I Mean 40.64
S L Std Dev 18.21
g [ 2 / ndf 169.7 / 83
o <100 — Width 5+0.0
° Aﬂempf to get IdeCI Of phonOn _,2 - MP 30.83 + 0.22
- . . . = — Area 3118 + 58.5
collection efficiency by using cosmic ray S so[- GSigma 4344 < 0,39
muons i i
60 B _
* 2 days of data taken with scintillating ol -
muon paddle placed 1.5 m below TES -7 -
o ey, [\
o L_Muon Data e - —
% 90—_I l S l o I S l o l o I - ill;\lvr:i;th 0 _I | I | 1 1 | 1 | | | | | | | | | | I | |
> £ 0! e 7 0 20 40 60 80
s 905 m - E Amplitude (arb. units)
3 70 'l —~71 keV =
" eoE JJ | = * Vertically traveling muons will deposit = 71 keV in 275 pm of Si
50;_ _; * Integrate total power through the TES pulse => Gives a rough estimate of energy through
402— I —; the TES
20F- = « Egrp = (igR;, — V) Jéi(t)dt + RL[éi(t)zdt

10

1]

Using ETF integral muon peak located around 2 keV

| I | n.ﬂrldlmm,m o0 10k eo

| | | | | | | | | | I | | | | | | |
0 1000 2000 3000 4000 5000 6000 7000
energyETF (eV)
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TES Requirements

» Change in TES current response is relatively
large...

* ...but absolutely small

+ Use SQUIDs to amplify signal

* Default operation is 1 SQUID per TES

* Requires magnetic shielding
* Minimize noise by moving SQUIDs closer to TES

* Power dissipation

* Magnicon SQUID: 1 nW

* Shunt Resistor: 20 pW

* Scaling up to CUORE sized electronics would
require O(UW) cooling power!

Bradford Welliver, LBNL
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o 3
> 10 )
QO 1 X n.d.f. =286.6/243 100 18 >
NTD Light Detector 3" 69402107 |
- )
...« — | , “K (internal) = 0.8(3) mBg/kg S
i | "y i
S 104 v . 2v2p kg =
* Energy threshold and resolution possible with S iR LW 208 =
NTDs for LMO 1Ay ext Ok ! | >
I W . AN
4 -1 .o : “” |
_' }n P : n \ &
o . ) o . o fu;\"f"‘,, : ¥ | i
O(keV) detection at Q-value due to scintillation 10 -} i :a\ 0 ™ ".| |
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e Can estimate pulse rise fime needed AIP Conference Proceedings 1894, 020017 (2017) -D.V. Poda  Energy (keV)
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CUPID-Mo = 3 ms rise time demonstrated

 Some hints that Neganov-Luke assisted collection
can help

* 3 ms rise time with SNR > 800 (Chernyak,
D.M. et. al Eur. Phys. J. C (2017) 77:3)
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4500, -
|sotope Choice e
P 4000 :_ v Easy to enrich (7 97%)
2500 - 6, 1% v A high Q-value (3034.4 keV)
. . . — I
* Look at 2vBp isotopes with even-even nuclei ; — e ® N‘O v Easy to grow crystal —> source = detector
B 32
C 3000 >e
* Desired traits for OV search isotope ‘% E o 11C . 7 2615keVTiline 7
Do : . = 2500 Xe —  \
» High isotopic abundance (active mass) = -~ “Sn4 N - 13Te
? 2000 :_ ® Ge v A high natural abundance (7 34%)
* ngh Q-VCIIUG (IOW Y bkg) O E v Can be enriched
%A Even Mass Number 1500 — v A relatively high Q-value (2527.518 keV)
° IOOMO > B
L§ 1000 — v Easy to grow crystal —> source = cliggector
2 —
» Relatively easy to grow and enrich E o €
I | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | |
» High Q-value (3034.4 keV) 0 S 10 15 20 25 30 35
1307 Isotopic Abundance [atomic %]
. e
» High natural abundance (7 34%) P P
Atomic Number
* Relatively high Q-value (2527.515 keV)
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