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What is BASE?

* Baryon Antibaryon Symmetry Experiment
* Founded at CERN in 2013

* Measurements of the fundamental properties of protons/anti-protons
* Magnetic moment 4 .' ‘High-Precision C‘Q~r_|fibaris.;c:>n'
 proton/antiproton q/m ratio . *THEHle.

Borchert, M.J., Devlin, J.A., Erlewein, S.R. et al.
A 16-parts-per-trillion measurement of the antiproton-to-proton charge—mass ratio. &
Nature 601, 53-57 (2022). https://doi.org/10.1038/s41586-021-04203-w

Antiproton-to-Proton
Charge-to-Mass Ratio

* Use Penning trap systems to make extremely precise measurements



Physics Motivation

* Charge-Parity-Time invariance is one of the most fundamental discrete
symmetries in the standard model

* All matter/anti-matter particles should have same fundamental properties

* CPT violation is a potential source for the observed baryon asymmetry of
the universe in some models

Baryon/Photon Ratio 1018 0.6*107°
Baryon/Antibaryon Ratio 1 10,000

* BASE compares properties of protons/anti-protons as a very precise direct
test of CPT



Penning Traps

T

Axial Motion

| &

* How do these frequencies tell us g/m or 8p°

radial confinement: B = B,2

2
axial confinement: d(p,2) =V,C, [22 —%)

| hope you attended the Summer
Student Lectures! B

Axial 680 kHz
Magnetron 8 kHz
Modified 28.9 MHz
Cyclotron

Schematic of BASE Penning trap



Invariance Theorem E\

* For properly aligned traps:

1 dp
v, = —-2 I
E—) C anp

vcz\/vf+vzz+v2

G. Gabrielse, The true cyclotron frequency for particles and ions in a Penning trap, International Journal of Mass Spectrometn
Volume 279, Issues 2—3, 2009, Pages 107-112, ISSN 1387-3806, https://doi.org/10.1016/j.ijms.2008.10.015.

* For precise measurements of g/m we must precisely measure:
e 3 different trap frequencies
e B, the magnetic field

* B must be homogenous across the trap, and not change over time



Superconducting Shim Coil System

* Magnetic field expansion in our trap:
B(z) =B,+ Bz + B,z* + -

e Around centeroftrapatz=0

* By using a set of shim coils, we can tune B,, B; and B, around the center of
our trap (the PT)

Penning Trap



Superconducting Coil Schematic

Blue is SC

superconducting coil

quench heater permstent joint

\ Red is non SC
loading joints

* A loaded Persistent Coil produces stable field without needing current
supply — a perfect candidate for long term field control!




Superconducting Electrical Joints

* Good joints are necessary for a good system

* My role is to test joints and develop alternative ways to make them for comparison
- T .o

* 2 Types:
* Loading: Put current into the system
e Persistent: Keep current flowing in the coil

* Any experiments coil system is only as good as its joints! \
* BASE joints can go at least 2 months |




Current BASE Joints

e Superconducting NbTi coil (¢ =125 pum)

e Copper loading joint connects Cu to NbTi
* Passes current into system

e Spot Welded Persistent Joint

* Inside permalloy shield




Lowest Operating

Temperature:

Lowest Operation Pressure

4 e-8 mbar

§ non persistent P
coil ‘

i

persistet joint
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Testing a Joint

* Loading current as a function of B field
1. Change values of external field with NPC

2. Measure the critical current we see in the PC 7
?1.5—

:
* Of course, B, and B, =0 is ideal ;f L0
* B(z) =B,+B,z+ B,z*+ - %0.5
0.0+

Development of a Test Setup to Characterize Persistent Joints
for Future High Precision Penning Trap Experiments, Bachelor
Thesis by Maylin Schiffelholz Gottfried Wilhelm Leibniz Universitat Hannover
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external magnetic field Bype (T)

* New: | am implementing a new cryogenic hall probe for these tests

* This should reduce problems with overheating the system
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Tuning B, and B,

- 21/03/2022: B2 coil B2 coefficient

¥ Data
Fit B2: -1.526(31) T/m%/A

100
» Joints stop operating persistently at ol “\\\\
loading currents near 250 mA of *\k
50

* If we can do Better than this, a better joint N§ 100 [ +
has been made! £ il
(9]
m —
_ 2021 residual 2024 *tunning i | \3\ ;
250 + N
B1 (linear) 0.0270(7) T/m  0.011 T/m 290 <
-300
B2 (quadratic)  0.1298(8) T/m? 0 (0.0003) T/m? “\I¥
-350 | o
-400 *+ : : - . ! . :
0 50 100 150 200 250 300 350
* Problem: To make B1 = 0. We need to load RZ.loacing cuierent. (me)

several amps (which we can’t sustain with
our persistent joint)
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New BASE Joint Concept

* When not in vacuum, NbTi oxidizes

e Formation of Nb,O. layer affects superconductivity O ' Np™* Nb**

 Solution: Remove this layer with acid and store NbTi wire in vacuum
chamber before we implement — no loses in superconductivity

 This is done for RF cavities in CERN accelerators

Patel, D., Kim, SH., Qiu, W. et al. Niobium-titanium (Nb-Ti)
superconducting joints for persistent-mode operation. Sci Rep 9, 14287 (2019

* This has not been done with single NbTi wires tips/ ot org/ 10,1038/ s41598.015.50545.
* Critical currents of >200A in joints using copper matrix setup

13



Conclusion/QOutlook

* BASE makes world leading measurements of protons/anti-protons

* The primary systematics they must account for are magnetic field
inhomogeneities

* This is done with a Shim coil system, where good SC joints are a must!

* Joint development and testing will continue for the rest of the |

* Currently commissioning old joints
and preparing NbTi samples for acid treatment

Thanks to my supervisor

Barbara Maria-Latacz for BASE and BASE-

picking me to be apart of STEP Students :D
BASE for the summer
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Coil Loading Sequence

Ig

—
Iy (T) Ig Rg Rw Coil
-—

Ig

B0

(a) The quench current ¢ dissipates power in
the quench heater R and warms up part of
the superconducting wire above its critical
temperature. This creates a small resistance
Rw in the superconducting coil.

-— -—
I L I L

(c) After removing the quench current and mak-
ing the coil persistent, flux conservation
keeps the current flowing through the field-
creating part of the coil.

I (‘D Io " RQ Coil Eln_.

I L I L
— —

Ig

Ig

I L I L

(b) Applying a loading current to the coil ini-
tially creates an induced current of same
magnitude in the opposite direction, how-
ever, this current decays over Ry with a
time constant 7 = % and after a short time
the full loading current flows through the
coil.

-—
I

(d) After the external loading current is re-
moved, the current flowing in the coil is
conserved and the system can be decoupled
from the outside to reduce noise.

Figure 1.9: Coil loading scheme: (a) Apply quench current. (b) Apply loading current. (c) Remove
quench current. (d) Remove loading current.

I (D Io { ) Ro| | |rw Coil%lh

I (‘D IQ RQ TI;__ Coil%lh_.
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BASE-Mainz

BASE-STEP

BASE-CDM

o 100
Measurement Cycles (#)

o Axial Frequency Fluctuation (mHz)

S. Ulmer, et al.,

(2011)

200 300 400 500

PRL 106, 253001

3ppb proton moment

A. Mooser, S. Ulmer, et al., Nature 509, 596 (2014)

BASE-Lepton

BASE-Logic i ; @

General: Use ultra-high precision methods to
measure fundamental constants and study
fundamental symmetries with highest fractional

aCcuracy

Main tools: advanced Penning trap systems

(q/m)p
14 Y™p _
+ (q/m)p

0 5 10 15 20 25 30 35 O 0.05
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S. Ulmer, et al., Nature 524, 196 (2015)

0.1

2017 pbar moment, proton moment,

pbar lifetime, proton mass

1972 - Winkler et ai, Phys. Rev. A'S, 83 lindirect)

2014 - Mooser et al, Nature 509, 596 (direct)
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1(69) x 1012 \
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BASE, Nature 575, 310 (2019)
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G. Schneider et al., Science 358, 1081 (2017).
C. Smorra et al., Nature 550, 371 (2017)

4 ¢ F 02 4 B 8 0
im i

ma (eV)

J. A. Devlin, et al., PRL, accepted (2021)

Laser-cooled Be* ions Single protgh Cryogenic LC circuit
sim ol | ]
cooling laser AR < sose o) i
= i d=5mm d=9mm b
8 ey okt |
Be* wrap aem Proton trap)

M. A. Bohman, et al., Natur¢ 596, 514 (2021)

time (d) time (d)

timerh)

S. Ulmer, et al., Nature, accepted (2021)



Matter / Antimatter Asymmetry

Combining the A-CDM model and the SM, our predictions of
the baryon to photon ratio are inconsistent by about 9
orders of magnitude

Baryon/Photon Ratio 1018 Baryon/Photon Ratio 0.6 * 10°°
Baryon/Antibaryon Ratio 1 Baryon/Antibaryon Ratio 10 000

Universe Mass
Composition

.8%
Dark energy
68.3%

NASA Figure

Sakharov conditions Alternative Source: CPT violation —

adjusts matter/antimatter
asymmetry by natural inversion

given the effective chemical
3.) Arrow of time (less motivated) potential.

1.) B-violation (plausible)

2.) CP-violation (observed / too small)

Experimental signatures sensitive to CPT violation can be derived from precise
comparisons of the fundamental properties of simple matter / antimatter conjugate
systems 19




CPT tests based on particle/antiparticle comparisons[a

R.S. Van Dyck et al., Phys. Rev. Lett. 59, 26 (1987).

B. Schwingenheuer, et al., Phys. Rev. Lett. 74, 4376 (1995).
H H H. Dehmelt et al., Phys. Rev. Lett. 83, 4694 (1999).
antldeUten um Im C E R N G. W. Bennett et al., Phys. Rev. D 73, 072003 (2006).

Pa st M. Hori et al., Nature 475, 485 (2011).
: : - C G. Gabriesle et al., PRL 82, 3199(1999).
antihelium qlm ALI E J. DiSciacca et al., PRL 110, 130801 (2013).
S. Ulmer et al., Nature 524, 196-200 (2015).

ALICE Collaboration, Nature Physics 11, 811-814 (2015).
M. Hori et al., Science 354, 610 (2016).

H. Nagahama et al., Nat. Comm. 8, 14084 (2017).

ple DN © M. Ahmadi et al., Nature 541, 506 (2017).
M. Ahmadi et al., Nature 586, doi:10.1038/s41586-018-0017 (2018).

Recent

on g
antiprotonic He mg/m, A
antiproton g/m I
antiproton g
sl | antihydrogen 1S/2S
Al antihydrogen GSHFS )
107 10° 10" 107 1!0'9= 00 100 10

relative precision
comparisons of the fundamental properties of simple matter / antimatter conjugate systems



10 years of Community Progress

~ 10—2\0

— 10—21

~ 107

[A2D)] peqoid [oa9] AS10uyg

4 E + b + + - - - } . - - : - I

10-1" 1012 - 1" 1)~ 1"
relative precision

current goal

=

Coming soon: studies of the ballistsic properties of

recent study

M. Borchert, et al., Nature 601, 53 (2022)

antihydrogen by ALPHA-g, GBAR, AEglIS.

21



Main Tool: Penning Tra

radial confinement: B = B,2

axial confinement:
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O(p,2) =V,C,| 2° - —

Axial Motion
V
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v, =680kHz
v_=8kHz
v, =28,9MHz
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P
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BASE — Multi-Trap-Syste

5. .M.

Degrader HV Electrodes

Spin flip coil

Electron gun Pinbase

Reservoir Trap: Stores a cloud of antiprotons, suspends single antiprotons for measurements.
Trap is “power failure save”.

Precision Trap: Homogeneous field for frequency measurements, B, < 0.5 uT / mm? (10 x improved)

Cooling Trap: Fast cooling of the cyclotron motion, 1/y < 4 s (10 x improved)

Analysis Trap: Inhomogeneous field for the detection of antiproton spin flips, B, = 300 mT / mm?

( Invariance Theorem \

Ve = [VE4+vZ+ V2

Gives undisturbed
access to cyclotron [V

— ih B
. c
Qrequenaes

r m,,
-/

= Special Relativity

* Resistive cooling changes

Image current oscillation frequency

NAVA Low Noise Amp

Particle Oscillation
| —
II,A
!
V

Inductor ¢ es system
capacitance

q
J,J.x'-r”urrvt)x

Ipx~ 0.1 fA /(MHz pm) « Special relativity changes pitch

Frequency (Ha

In our experiments we are «listening» to the sound of extremely simple, well understandable dmtfmatter systems to

detect exotic physics , which appears as changes in pitch / frequency beating



Measurements in Precision Penning Traps

Cyclotron Motion Larmor Precession
g: mag. Moment in units of

B nuclear magneton {t_p
%g/ € v
o =—~8 o

I ' m ho,
simple eppe
p P difficult
- ? m — 03
S 1 ¥
© 3 02
‘_g "i'-'[. :| % 01
2 LI i % b ool N
e | : V.= e _/m _ g 5] v,
<< vV, Y, C g = ]
— , P _ P P C o * & spin down
20 -0 (] 20 4 03
AUERY I:HZ} V e /m 0 20 40 80 8 100 120
£ ¢p p p Time (min)
S. Ulmer, A. Mooser et al. PRL 107, 103002 (2011) A. Mooser, S. Ulmer, et al. PRL 106, 253001 (2011)

Determinations of the g/m ratio and g-factor reduce to measurements of frequency ratios -> in principle very
simple experiments —> full control, (almost) no theoretical corrections required.

High Precision Mass Spectrometry

High Precision Magnetic Moment
Measurements 53




The Result

* Most precise test of CPT invariance in the baryon sector

Campaign Reyp 0(R)stat
2018-1-SB 1.001089218748 27 10712 27 * 10712
2018-2-SB 1.001089218727 47 x 10712 49 x 10712
2018-3-PK 1.001089218748 19 x 10712 14 x 10712
2018-1-SB 1.001089218781 19 x 10712 23 % 10712
Result 1.001 089 218 757 (16)
-12 -9 -6 10—3
SME Limits 10 10 10
BWE = R exp®WE = 2R ) ;80 |<1.96 X107 GeV,
H Coefficient ‘ Previous Limit ‘ Improved Liniit ‘ Factor ‘
|eXX] <3.23-1071 | <7.79.-107° | 4.14
leyy| <3.23-1071 | <7.79.1071% | 4.14
|eZ 2] <214-1071 | <4.96-1071% | 431
XX EX A | < 11910710 [ < 2.86-1071 | 4.14
|5§Y\, @YY <1.19-10710 | <2.86-1071 | 4.14
|eZ%],|e%%] | <7.85-1071 | <1.82-107' | 431
I

Result consistent with CPT invariance R_p = —1.000 000 000 003 (216)

Ding et al., Phys. Rev. D 102, 056009 (2020) D,




Larmor Frequency — extremely hard

Measurement based on continuous Stern Gerlach effect.

Energy of magnetic dipole in ®, = —(i, - B)
2 p
magnetic field (Frequency Measu rement\

Spin is detected and analyzed via
an axial frequency measurement

. H H 2
Leading order magnetic field B, =By + B, (z* — %)

correction

t 9
)
. . . . . =
This term adds a spin dependent quadratic axial potential 5 spin down
-> Axial frequency becomes a function of the spin state o o
Wy B> B, the curse (and blessing): 1000 times % spin up
Av,~ P= oy — harder than el : - >
msz v, arder than electron experiments Time

60
50
40]
30
20
104
0-
-104 4
498 49.9 500 50.1 502 50.3 50.4 50.5

- Very difficult for the proton/antiproton system.

B,~300000 T /m?

- Most extreme magnetic conditions ever applied to single
particle.

effective potential
"spin down"

hAv,=0.8neV

Limited to p.p.m level

spin flip probability (%)

effective potential

"spin up" drive frequency (MHz)

Axial Trap Potential (a. lin. u.)

Av,~170 mHz

Position (a. lin. u.) S. Ulmer, A. Mooser et al. PRL 106, 253001 (2011)

Single Penning trap method is limited to the p.p.m. level \ 25




Sub-Thermal Cooling

* Prepare particle with low radial temperature
based on a 4K resisitive cooling circuit.

analysis

>l
O
=
LV
=
=
[
—

=

shuttling

signal (dBV)

a.) cooling trap - temperature analysis trap
: A i % A 5005 -> 65
&3 segmented electrode N Y
X ‘ time (s
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b & 40 v
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£ 0F | 2" :
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) A 2 o \ o\ Status 2022 .
Qar = 22000 5, -— }\ 0 5 10 15 20 25 30
to frequency analyzer B = 266KT 2 g \ time (h)
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g ||®uonTRAP . °§“°° EHLLE o il ; & .
= TRAP ° ;‘3:400 l ] ‘ ‘”llu | i || ] . l | b L aaas, T
g 1004{® BASE (PT) ee® Fom l‘\;ll.ll;:‘u,;l' "]‘.‘ W ;\”."l ] M ‘| , ‘|liml" Jh ‘ Q LT 1"—41.;4._._..‘._.__4_‘_._. »
50 9 IR RIS 1 1 ¥l i i "
‘: g a) ’ " 2ooam;mpt o = 8 0 0 2 0 4 U 6 0 B 1 0
= 60|
E 10 . ] d.) target temperature (K)
£ <] this experiment i =
8 @
O . . . . . .
el T Bl i * Demonstrated single spin flip resolution in 8 min. of
b.) Pickup Length (m) -l

preparation time, took 15h in 2016.



J. Devlin et al., (FHASE|—

Constraining Axion/Photon Coupling s, sz

Letters. 126, 041301 (202%%
e Axions at the right Compton frequency would source a radio-frequency signal that could

be picked up by our single particle detection systems

—gol
* Important feature: cold axions and axion like o5l .
N particles oscillate at their Compton frequencies
NbTi housing—__ 2 : {
Vg = mgycy/h S _100[ -
Inductor . pe . §
, * In a strong external magnetic field axions can % _1051
Penning trap B . . . . <
o convert into photons via the inverse Primakoff 2
NbTi wire : =
@ Antiproton PTFE former EffeCt’ 1 'g -11og
Copper wire Ba - - Ega]/r paCOhBeeqb e
Sapphire spacers 674800 674850 674900 674950

Frequency (Hz)

T
* Axion Signal: Vo = Egayva\/ pahicy * Q+f (v, 0, p)KNT(rZZ - le)Be

* Noise-Floor: Vn=\/e,%Av+4kBTZRpT(v,Q,p)K2Av

b) 107

-

o
L
o

The most important parameter to derive appropriate limits is the
resonator temperature T,

Gay (GeV™)
S

N

o
L
N

674.85

F " " " T " 11 -
}0.5 —21(2) K » gay <1071 Gev?

Z0.4; —4.1(4) K 674841 1
= —5.7(4) K

10
2790627908 2791 2791227914 107" 107'° 10° 10°® 107 10°® 10'5
674.83
ma (neVic?) m, (eVic?)
674824
Limits Hints
674814
3

[l SN-1987A [ Cavities M CAST M ADMX-SLIC B FERMI-LAT X Excess y-rays
4 60 8 100 120 B HESS. WSHAFT N BASE W ABRACADABRA Pulsars

L
w

Axial frequency (Hz)

0 2 4 6 8 10 12

Axial energ! Number of measurement
oz K

Penning trap: calibrated by single particle guantum thermometry 27



bandwidth tuner of
r

Future Projection

* With a purpose-built experiment we should
be able to improve sensitivity considerably somsvan o g
V, m f(Q) A" _JF Devlin et al., BASE,
— X =gy VaPallCy * J(ry —r)(ry +11)3?B, e Phys. Rev. Lett. 126, 041301
Vn 2 4kBg(TZ) 10% ‘\ _
10°
Temperature 5.5 K 0.05K — 0.1K > 3 Laboratory
10®
Q 40 k 160 k > 1.4
=~ 10710 Helioscopes (CAST)
en 1nV/VYHz 0.1nV/VHz >3 S 107
By 1.8T 7.0T 3.9 & qo12
Geometry 1 16 16 - l
10
Peak Sens. 1 > 260 o
107°
§mm ? BandWidth-gain: X 3000 0 10'11 10° 10>7 107 10—3 107 10 103 105 107 10°
c' sunoa//r‘% ma(eV) ’\“ ,u~,:‘:
""""" __| Technologies available to build such an experiment / discussion with IAXO started N

500000 550000 600000 650000
Frequency (Hz)



Summary of SME Limits by BASE h@

* Magnetic Moment Measurements e 2022 Charge-to-Mass Ratio Measurement
|52] < 1.8-1072% GeV Coefficient Previous Limit | Improved Limit | Factor

BXX 4 BYY | <11-10-8 GeV-1 |cf§y < 3.23. 10—31 < 7.79- 10—12 4.14

- — &} <3.23-1071 | <7.79.10" 4.14

|65 | <78 A0 ey 622 <214-1071 | <4.96-1071% | 431

by S 85 L0 Gel XX @XX T <119-10°10 | <2.86-10711 | 4.14

BiXX 4 peYY | <7.4-107° GeV? '?’Y\ |6*YY| <1.19-10710 | <286-1071 | 4.14

ez < 27.10-8 Gey-1 |cZZy \a*ZZ| <7.85-10711 | <1.82.1071 | 431

* Time-base Charge-to-Mass analysis ongoing
bX

< 9.7 10725 GeV

bY < 9.7-1072% GeV
BX — B | <54.10"9 GeV-1 Work in progress, to be finished within
5 the next 3 months.
byXz <3.7-107° GeV?
byY* <3.7-107° Gev~?

E;XY <2.7-107° GeV~1



Dominant Systematic Limitations

* Lineshape Shift

Offset=- 0.042 p.p.t.

6 Uncertainty=14.55 p.p.t.
5.x10 °F

Vz,p/V z,H~™ ‘JR_
I

0 =
T
-5.%x10 8
Slope=-76.79 p.p.t. Hz
Uncertainty=17.82 p.p.t. Hz
-4.x10°8 -2.x10°8 0 2.x10°8 4.%x10°°
o
I> 4.x10 B}
. 2.x10°8F ]
T i
2 -2.x108 ]
% - 4.x10 % ;
> -4.%x10°8 -2.x10°° 0 2.x10°8 4.x10°°
Vr,p/Vr,H' \‘ R

Scaling of particle frequency with respect to
frequency center of the detection resonator leads

to frequency dependent shift of the measured
frequency ratio.

Strong suppression in PEAK measurements

* Temperature Shifts

— = —Av+, —Av. —kgT. = —23.5(1.5) ——,
Ve V2 T2 4mmoVvIBy U C 3:5(19)
E(®) . .
1 CIEO ;&: 1.0
= 2 m *t 4+ Po,th ﬁ 0.8
g 0%
= Eexc + 2\/Eth\/Eexc £ o4
iE, - A
0 2 4 6 8 10 12 14

Cyclotron Energy (eV)

~
o

T, =20.93(74) K
Ty =2128(84)K ]

T,=20.93(74) K
Ty = 21.28(84) K

(=2}
o

wn
o

temperature (K)
8 5

AR 10}

N
O

ﬂ V \&N fg': “’hh ‘?_,ﬁ"y/

L,?

—
o

. L - 3 M . 0
0 100 200 300 400 20 40 60 80

time(h) temperature (K)

Continuously measured in PEAK measurenients



Electron/Positron Magnetic Moment

( . . . .
L Prototype Fundamental Physics Experiment: A stable lepton in an empty, conducting box )
4 : X A
e Status G. Gabrielse, D. Hanneke, B. Odom, B. D’Urso, et al. —% =2 * Electron and Proton
n=2 -t -/t —
% = 1.001 159 652 180 73 (28) (0.28 p.p. t) Hzt? p/p
B, 1539 T/m? 278 000 T /m?
(a)z iy (a)3 iy (a)4+ t g +a ta AVZ 3Hz 0.17 Hz
— 6\ 8\ , had k
T T T (v-T)/ppb o a(v-Vawppb vl V, 200 MHz 0.6 MHz
\ (/7<T>m (Q/’T:T\'\i\ - U Ug Uy
BRIV T m 1/1836 u 1u
- J_CP
T T e e Have the methods at hand to reduce the
Experiment is dominantly limited by magnetic . magnetic bottle strength by a factor of 30
bottle strength B, i 5 . Muon
* Smoothing of cyclotron edge 2. Heru s e g
* Width of transition line — - 7” = 1.001 165920 80 (63) (0.63 p.p.b.)
\_ Most precise test of QED ™ a1 137.035000130 - 1) 100 Potential to probe same physics as (g — 2),
( . )
headroom for a factor of 100 of improvement 31

\_ _J




Sub-Thermal Cooling 4. %@

. icle with | dial — SN

Prepare particle with low radial temperature o 1 ey

based on a 4K resisitive cooling circuit. E IR Raa A ™. S hahs

T 5300s > s
) 600 1 »>
z time (s)
S 400 * Thermalization is stopped once particle at low
3 200 radial temperature is found.

0
) . .
2) * New cooling trap implemented
B 3.6mm 2016 measurement (PT) 2022 measurement (CT)
> rEx detector temperature 12.8K 42K
detection Q 450 1250
RS 75.000 Q 360.000 Q
pickup length (Deff) 21.5 mm 4.8 mm
thermalization time T 370s 4.2s
E : Transport time 2x78s 2x4.6s
= Readout time 64s 16s

* Improves sub-thermal cooling cycles from hours
to minutes (factor of 60 improvement) .




