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low radon and low internal radioactivity
LowRad

Technology and Instrumentation in Future Liquid Noble Gas Detectors
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* Intrinsic radioactive backgrounds
On behalf of the ERC AdG LowRad at University of Minster

With information from the XENON collaboration * Cryogenic distillation

 XENONNT Kr/Rn removal systems

* LowRad project
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Intrinsic radioactive backgrounds

Intrinsic noble gas contaminants &Kr, 3’Ar and 222Rn
* Leakage events from the low energy B-spectrum (ER) contaminate the ROI for NR DM searches
* Physics searches in the ER band only sensitive with low background levels

cosmic radiation
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cosmic radiation

e]‘c LowRad

Intrinsic radioactive backgrounds

Intrinsic noble gas contaminants &Kr, 3’Ar and 222Rn

* Leakage events from the low energy B-spectrum (ER) contaminate the ROI for NR DM searches
* Physics searches in the ER band only sensitive with low background levels

85Kr

* Anthropogenic production (nuclear fission)
* Originates from Xe extraction from air
85Kr N 0.43 % 2 X 10711 85Ky jn natKy

« Commercial Xe: "atKr/Xe > 10~ (ppb)

99.57 %
* Needs to be removed once
v * Kr can re-enter via (tiny) air leaks
Qp = 687 keV * Monitoring: Coincidence analysis, RGMS, ...
85Rb

Requirements for "3'Kr/Xe
XENON1T: < 0.5 x 10712 (0.5 ppt)

XENONNT: < 0.2 X 10712 (0.2 ppt)
DARWIN: < 0.05 X 10712 (0.05 ppt) E
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cosmic radiation
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Intrinsic radioactive backgrounds

Intrinsic noble gas contaminants &Kr, 3’Ar and 222Rn

* Leakage events from the low energy B-spectrum (ER) contaminate the ROI for NR DM searches
* Physics searches in the ER band only sensitive with low background levels

85Kr 222Rn

* Anthropogenic production (nuclear fission) e Continuous emanation from detector materials

* Originates from Xe extraction from air * Background from B-decay, y-decay (Ovf3B), plate-out
85Kr 0.43 % 2 X 10711 8Ky jn natky * Main background in current and next-gen Xe experiments

« Commercial Xe: "atKr/Xe > 10~ (ppb)

99.57 % * Needs to be avoided (screening, selection, design, ...)
* Needs to be removed once e Mitigated by continuous removal d
v * Kr can re-enter via (tiny) air leaks 3.8d
Qp = 687 keV * Monitoring: Coincidence analysis, RGMS, ...
206Pb
85Rb . S . .
Requirements for "3'Kr/Xe Requirements for 222Rn/Xe Monitoring: a-analysis, Bi-Po, ...

XENON1T: < 0.5 x 10712 (0.5 ppt) XENONI1T: ~10 uBqg/kg (10~2%%)

XENONNT: < 0.2 X 10712 (0.2 ppt) XENONNT: ~1 pBg/kg (1072°)
DARWIN: < 0.05 x 1012 (0.05 ppt) DARWIN: ~0.1 uBqg/kg (1072°) 4
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condenser

Cryogenic distillation

Difference in vapor pressure of the noble gas (ng) elements
* Brought into our field by XMASS for Kr removal: Astropart. Phys. 31, 290-296 (2009) GXe
« Continued by XENON and enhanced to “online” Kr & Rn removal: TTIT] outlet
EPJ C77 277 (2017), EPJ C77 358 (2017), PTEP 053HO01 (2022), EPJ C 82 1104 (2022)
2 Q
104 = inlet S .
Relative volatility: @ = Pyg/Pxe (@ 178 K) - \JArgO o Ar, Kr 11T z S
R — ] Sk
85Ky S - Rn 11153
+ @ =10.5(@-100 °C) e — 55
* More volatile Kr collected at the top "% - F__,_,f—«f'"’“""’ S
. ] B L — e o i" f)
* Extract Kr-enriched Xe from the top (off-gas) = 10p — S 3
* Extract Kr-depleted Xe from the bottom S L rypton =
» 1L Kenon = = - = E
. % Radon
* Xe off-gas considered as loss N
20 “*1'56"1'55"1'so"'1'55"'iir;;:rju'r;[%gd"ws’"%gd"%gs"'zoo LXe iINEAR

a=0.1(@ -100 °C) X. Cui et al. (PandaX Collaboration, JINST 16 (2021) P0704 outlet [ VW«

Less volatile Rn collected at the bottom

Trap Rn in the reboiler until decay (t;,, = 3.8 d) Transiti.on .probabi.lities of single no{ole gas atoms reboiler
Extract Rn-depleted Xe from the top from gas to liquid and vice versa: saturation vapor pressure 5
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Phase-2 DST column

Krypton distillation column development

Phase-1 DST column
* Separation factor >5000
« natgr/Xe < 0.026 X 10712 (26 ppq)

o by multiple distillation cycles
m

Kr tracer method PhD S. Rosendahl (2015)
Rev Sci Instrum 86, 115104 (2015)
PhD S. Rosendahl (2015)

Single stage DST
* Separation factor ~10
* Operation in <ppt conc.
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Krypton distillation column for XENON1T/nT

Phase-2 DST column (design parameter | @XENON1T)

* Feeding flow rate: 8.3 slpm (3 kg/h)
Thermodynamically stable up to 18 slpm (6.5 kg/h)

condenser

* Separation factor: 10% - 10° GXe in

Measured separation of 6.4113 x 10° at 8.3 slpm Gas feed

« Krremoval: "tKr/Xe < 0.2 x 10712 (0.2 ppt) FEIE Ll
natkr/Xe < 0.026 X 10712 (26 ppq) (Phase-1) (multiple cycles)
natkr/Xe < 0.048 x 10712 (48 ppq) (Phase-2) (single cycle)

Input
condenser

e Xe recovery: 99% (1% offgas)

* Performance sufficient for XENONNT and DARWIN/XLZD

PhD S. Rosendahl (2015) P .
Eur. Phys. J. C 77 (2017) 275 Reboiler

PhD M. Murra (2019) Eur. Phys. J. C 77 (2017) 275
PTEP 5, 053H01 (2022)

LXe out
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. XENON

Online krypton removal for XENON1T

Requirements for 8°Kr removal system:
* Needs to be removed once
e Kr can re-enter via (tiny) air leaks

Reality check @XENONLIT:

e Estimated 3-4 weeks distillation for 3.2 t Xe

* Filled TPC without distillation to test functionality
[a few weeks of commissioning]

* Need to apply 8Kr removal! But without re-filling!

* Development of the online Kr removal method

Idea: S. Lindemann, M. Murra, G. Plante
PTEP 5, 053H01 (2022)
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XENON

Online krypton removal for XENON1T

Requirements for 8°Kr removal system:
* Needs to be removed once
e Kr can re-enter via (tiny) air leaks

Reality check @XENONLIT:
e Estimated 3-4 weeks distillation for 3.2 t Xe

* Filled TPC without distillation to test functionality
[a few weeks of commissioning]
* Need to apply 8Kr removal! But without re-filling!

* Development of the online Kr removal method

Idea: S. Lindemann, M. Murra, G. Plante
PTEP 5, 053H01 (2022)

Online Kr removal method

* Make use of the TPC as single stage DST
 Remove Kr from GXe, disturb equilibrium

e Kr migrates from LXe to GXe

* 1% offgas (0.85 kg/d | 6 kg/week), Tegr xr = 6 d

= All configurations

== Configuration 1

== Configuration 2

Configuration 4

Configuration 5

| — Configuration 6 |

PTEP 5, 053H01 (2022)

Configuration 7

X37F3

(

PTR 2

Feed-

PTR 1

Ii=;
|
FCOII

D
xg , Fg = Fp

X0 , FD' FID

2]

T offgas

Xl:FDA XDJFD ~

X1, I

X , Iy

)

*- ,

PUR
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PTEP 5, 053H01 (2022)

“: XENON

= All configurations Configuration 4 Configuration 7

= Configuration 1 Configuration 5

== Configuration 2 I === Configuration 6 I P

° X3, I's

Online krypton removal for XENON1T -
. . . . PTR 2 xo . Fp- Fp

* Online Kr removal in configuration 4/5/6 >

Feed- I PTR 1 I I LN, I E)EST |offgas|
xg, Fa = Fp :

* Reached a Kr conc. of "Kr/Xe < (360 + 60) x 1071 (ppq) ﬁu/i/%hs =,

* Online Rn removal in configuration 7

€ kg

* 20% reduction, no Kr conc. increase observed . xc,Fc B x,Fod %p , Fp i
e . Xy, , hL X1 , F] X , Fo
o[ Kr dominated I I l ™ }F 3y iy
- t  XLer HE PUR

— "' t Xeeems| -~ 0 W . P

o ™., } — |03 5, Fs EHE

9 ., Rn dominated ) [ I )|
on 10_2 L 't~+. Y =‘I_

T T .| — XENONIOO . )

FE e | "‘”f“ﬂ*};";; """"""" [510) G 410* &

2 H+++ —

= L it PandaX-II 2

> 10 - S il W{‘; “““““““““““““““““ E Event Rate in TPC (ER): Data give direct ,,online” insight
- . ol © ”‘HHNHHH‘ - Wﬁfm'ﬂf <10'® to innermost 700 kg of LXe (FV)

=o't 5 8 5 E E g "

> g E g E g s

e g B A z } j| Radon f“rthez 1 Rare Gas Mass Spectrometer (RGMS): Samples extracted
m N = .= = = reduced by 20% [710

5| & 8 5 & 5 g from LXe for off-site analysis at MPIK Heidelberg
10°F © O O O O o] .
1 1 1 1 1 1 Eur. Phys. J. C (2014) 74:2746
6 6 6 6 A q
Q> QY NN Qb QM I\
” o @ P o 7

Eur. Phys. J. C 81 (2021) 337
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Online Argon removal method for XENON1T

37Ar calibration source:

» A gaseous 3’Ar source was deployed in XENON1T in October 2018

Eur. Phys. J. C 83, 542 (2023)

* ER calibration at 2.8 keV and 0.27 keV (from EC)

= All configurations
= Configuration 1
= Configuration 2

PTEP 5, 053H01 (2022)

Configuration 4 Configuration 7

Configuration 5
I === Configuration 6 I

x3 , F3

| &=

X0 , FD- FID

| offgas I

€ kg

PTR 2
equ—
Feed- || PTR 1 | [ LN, | DST

* Half-life of 35 days — too long for regular use | | - -
Xag , Fa X1,ID1q XD D
Fmig ' / m
xi, , FL X1, Fy Xz , 2
175 : > y )y
o I Configuration 2: Configuration 6: HE PUR
3 : | Evaporated-liquid- Standard purification with e
1507 & o only purification upgraded gas-volume-only . Fs _Hh w
: I without distillation distillation xs, Fy ¢ !
Z o125 | : <
< Do c
o P
= e o * Online Ar distillation in standard Kr removal
= S | o .
= 75{ % | configuration mode
‘:’ | . 2 :
2 o] TL_ect_O | e Reduction of the 37Ar event rate with effective
r":', """ 1’1_] 10N .
- o TN ® time constant of Tegr or = 1.7 d
: —+— Injection 3 * Enabled 37Ar as calibration source in XENONNT
& 7
e
Z L T T ]
0 5 10 15 20

Time since 22 Oct 2018 [d]
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Design, construction and commissioning
of a high-flow radon removal system for
XENONNT

Radon removal strategy Eur. Phys. J. C 82, 1104 (2022)

Different Rn source types:

Type 1b

Type 2

* Type 1: enters the detector before RRS

ky * Type 1b: enters the GXe phase with a rate k;; from cables
AR or lines to the outside, can be extracted directly with a
Radon fraction £ to the RRS
Removal . .
TR T TN | System * Type 1a: enters the LXe phase in the detector with a rate
b T X —— k14, can be extracted with a low effective flow f to the RRS
Rigs RRS

* Type 2: enters the RRS with a rate k, before the LXe phase

_n
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Radon removal strategy

Design, construction and commissioning
of a high-flow radon removal system for

XENONNT
Eur. Phys. J. C 82, 1104 (2022)

Type 1b

Type 2

Different Rn source types:

Ky
Radon
Removal
ek, + ko + £+ N(t) 1 System
Rgrs RRS

. )\Rn + f . ktot

r(Rrrs — 00, f,€) =

* Type 1: enters the detector before RRS

* Type 1b: enters the GXe phase with a rate k;; from cables
or lines to the outside, can be extracted directly with a
fraction € to the RRS

* Type 1a: enters the LXe phase in the detector with a rate
k14, can be extracted with a low effective flow f to the RRS

* Type 2: enters the RRS with a rate k, before the LXe phase

)\Rn

No GXe extraction (¢ = 0):

* Reduction of type 1 -> factor 2 for f = Ag, .

e Reduction factor with total LXe exchange .
timeT: 1ixe = 1 + 'R"/; = 2 to0 4

kia + (1 — €)k1p

~ 2 +2 = 4 for XENONNT at a flow of ~ 80 kg/h

GXe extraction (¢ > 0):

Additional reduction converting type 1b to type 2
Depending on extraction efficiency and

source distribution of the experiment

For XENONNT typically 7gxe = 2

7
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Radon removal strategy @ XENONNT v
aO0I
Removal
- - . . ) System
* Input from material screening and selection studies Lo )
RRS
 XENONNT expectation using the online radon removal model
] Eur. Phys. J. C 82, 1104 (2022)
I RRS : LXe only
TPC 5 €c=0.00 (cable)
(26%) Ecry = 0.00 (cryogenics)
4 1 1.1

Cable Pipes
(20%)

('S
=N
Reduction r

(]
nflnnc

222Rn activity concentration [uBg/kg]

LXe PUR 2.1
(10%) Fxe = 200 slpm (72 kg/h)
GXe PUR ] Rers =100

(5%) "

Cryostat Pipe Eur. Phys. J. C 82, 599 (2022 ’ : 10 P . 20 = 30 3
(27%) ur. Phys. J. , ) Time [d] 3
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Eur. Phys. J. C 82, 1104 (2022)

Radon removal system for XENONNT

High-flow radon distillation column:
e Less volatile Rn trapped in reboiler until it decays

* Rn-depleted GXe extracted from top condenser

GXe/GXe
Design parameters: H.E.

* Target flow: 72 kg/h (200 slpm)

* Reduction factor: 100 between inlet and top

* Enrichment factor: 1000 between inlet and bottom Compressor

e Reflux ratio: 0.5
e LXeinlet and outlet @

* Requires 1 kW cooling power at top Reboil
ecpoller

* Requires additional 2 kW cooling for LXe outlet
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Radon removal system for XENONNT

Thermodynamic concept:

Clausius-Rankine cycle with phase changing medium xenon

Reboiler acts as heat exchanger to liquefy
Rn-depleted GXe with the stored Rn-enriched LXe

Compressor acts as heat-pump
Requires two special hardware developments

 Radon-free compressor
JINST 16 P09011 (2022), based on EPJ C78 604 (2018)

* Radon-free heat exchangers
JINST 17 P05037 (2022)

Reduce required external cooling power from 3 kW to 1 kW

Drastically reduce nitrogen consumption and
electrical heating power

Eur. Phys. J. C 82, 1104 (2022)

GXe/GXe

Reboiler
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=i XENON

Radon removal system for XENONNT

Top Condenser

Custom bath-type LN,/GXe heat exhanger

Package Tube

Large surface package material

Auxiliary

Commercial GXe/GXe heat exchangers' |

Compressor -&i&

1

Custom four cylinder magnetically- ?

coupled piston pump I ' ‘ I

Reboiler

: i = J‘j__.
' 1
g

L —

Custom bath-type Xe/Xe heat exhanger

]' N
1
|

17
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Radon removal system for XENONNT

Operation @XENONNT:

* Reduction factor 2 for cryogenics’ sources
by GXe extraction at 25 slpm

Another reduction by factor of 2 for sources within detector by
high-flow LXe extraction at 200 slpm

CRY PTR Heat Exchanger

o Cable Feedthrough 1

>

y <

Cable Feedthrough 2

__Mag-
Pump
Cable Pipe1 =W\ ||
Y A __GXe
_______________________ Filter
Rn-DST - i _ g
Mag-Pumps A i
ik iy GXe-PUR
— Monitor Wb o
-~ " ¥
< Connector

Cryostat

I U

Column LXe LXe
Filter Pump Water Tank/Muon Veto

Neutron|Veto

Eur. Phys. J. C 82, 599 (2022)

18
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Eur. Phys. J. C 82, 599 (2022)

: XENON

Radon removal system for XENONNT Radon concentration at XENONNT

4.0 /

b Radon Removal System: Radon Removal System:

. GXe-only mode GXe+LXe mode
Operation @XENONNT: s ;
« Reduction factor 2 for cryogenics’ sources g science run 0 5

o g L il .8 nBag/k 2 ¢ ]
by GXe extraction at 25 slpm g 29 LBk : -
. . ] E el Preliminary
* Another reduction by factor of 2 for sources within detector by £ 20 B science run 1 :
&) [ .
high-flow LXe extraction at 200 slpm Z st 25 N ;
3 _ % E- -0 pbg/kg
g 1o i bt ATE
CRY S Heat Exchanger : sk 5 & } ty TR { 1
LN2 4 Cable Feedthrough 1 L
¢ e
’ R
- Cable Feedthrough 2 E
Cable Pipe 2 8 L L s L 1 L/ f s 1 1 L L
0 20 40 60 80 100 1207 £ 340 360 380 400 420 440
__Mag- Time since 01 July 2021 [d]
Pump
- CablePipe1 ——\\\\ || XENONNT as Rn source and monitor:
\ A __GXe
_______________________ Filter
Rn-DST * No RRS: 3.4 uBg/kg
Mag-Pumps A
Lxe RUR purity GXe-PUR * SRO— GXe-only: 1.8 uBg/kg
- 1=8-- iy « SR1-GXe + LXe: 0.8 uBq/kg
> - Connector
QDllive GXe ERo=ac . 0
Filter | | mT Rn-induced background rate in [1, 10] keV same
Column LXe LXe

Filter  Pump Water Tank/Muon Veto as expected by solar pp neutrinos induced rate 19
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Radon distillation
* SRO - GXe-only: 1.8 uBqg/kg

Krypton distillation

e Offline distillation demonstrated

. 1o * SR1-GXe + LXe: 0.8 uBq/kg
Kr/Xe < 0.026 X 107" (26 ppa) with 200 slpm GXe + 25 slpm LXe
* Online distillation @XENON1T
natir/Xe < (360 & 60) X 101> (ppq) N0 — /
amashita-san plot
e Offline + online distillation @XENONNT = S
natkr/Xe < (56 £ 36) X 10715 (ppq) wlg B _ &
* Processed 6 t commercial xenon offline h“'“-—-%___ % 8 g S §
« Additional 3 weeks of online distillation F} g ";"3-1‘.____% =
S o T o -2 EN
5 = [ J=" Yt
= o ~ v S=o
< G e Xe recovery: 99% (1% offgas) & B el
* Kr can re-enter via (tiny) air leaks 10° 5 % @ GxerLxe extr
« 1 day of Kr distillation generates ~0.7 kg offgas G
107" { —= surface/volume: x'23)/x
0t 102 10° 10 107
LXe mass in active volume [kg]
/
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Radon requirements for future experiments — Towards DARWIN/XLZD

* Next-generation experiments with > 50 t of LXe
10—43

e Multi-purpose observatory for dark matter, neutrino and rare

. i PRL 127, 261802 (2021
events, probing WIMPs down to the neutrino fog

)
PRL 121, 111302 (2018)
PRL 131, 041003 (2023, this work)

)

10—44
PRL 131, 041002 (2023

* Huge requirements for the 222Rn concentration!
e 222Rn continuously emanates from detector materials
e Additional factor 10 reduction
* Need combination of many Rn mitigation strategies!

10—45

Solid lines: recast using
our power constraint

10-16 ¢

10~

DARWIN/XLZD

1—48---- : e B L
0 10 1@2
WI eV/c?]
final goal: neutrino fog!

7

WIMP-nucleon cross-section o5![cm?]
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Radon requirements for future experiments — Towards DARWIN/XLZD

Rn background rate 10 times smaller

e Next‘generat|0n exper'ments W|th > 50 t Of LXe than solar neutrino contribution

103 -
« Multi-purpose observatory for dark matter, neutrino and rare i 222Rn concentrations achieved so far:
events, probing WIMPs down to the neutrino fog 12 = .
{10 — =
= e _ n
* Huge requirements for the 222Rn concentration! 10% 4 5 S Z - k
e 222Rn continuously emanates from detector materials "'."--..._% X 83 & 5
« Additional factor 10 reduction = g~~~ % ¥ 3
. . e . . = .."i..., %
* Need combination of many Rn mitigation strategies! 3 10! 4 3 = o ~8_5 -
.nEcl — » I'%.goal it
& E pGXe extr. o
ERC Advanced Grant LowRad of C. Weinheimer: 10° ; 2 & @cXerxeextrg -
g Q = Z 3
* Develop technologies for: | o = i e
. . | x O E =
e * Continuous/online &Kr removal (30 ppg "?Kr) 600 atoms, 0. 25 pBq/kg 8 =
. . -1 J .
B * Another factor 10 in 222Rn reduction (0.1 pBg/kg) 10 1 == surface/volume: x/x 0.1 uBa/ke > —
. l....... .. . . . ] T T T LB AL | T T T T Trrryg T T T ™T T
-:grc * R&D for novel purification methods 108 102 108 ok "Tos
BIRARY * Methods for physics searches/analyses LXe mass in active volume [keg]

* Complete purification & distillation demonstrator Yamashita-san plot

* Reach: “less than 1 Radon atom in 100 mol of xenon” /
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Key aspects of the LowRad project

How to purify 50 t of Xe from Rnin < 2d ?
* Full heat pump to achieve enormous cooling
throughput: 75 kg/h (LowRad demonstrator)
750 kg/h (final system)

Demonstrator

 Radon-free heat exchangers

« 2" Xe heat pump cycle

* With online Rn decay monitor

Final system

e Should be integrated with purification system
for removal of electronegative impurities

* With online Kr removal system

* Installed in a water shield to avoid Xe activation

R&D and demonstrator within ERC AdG LowRad

»V
Heat
. j pump
LXe in B cycle
LXe out
GXe
compressor

R&D currently focusing on:
e Kr-concentrator distillation system
 Demonstration of a Xe heat pump concept

23
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Krypton distillation for XENON1T/nT

Challenges of the current system

* Initially not designed for continuous online distillation

e Limited to gas flows of up to 18slpm = 6.5kg/h

* Planned for an offgas fraction of 1%

* Replacement of the offgas bottle after ~ 60 days of distillation

condenser

GXein

Gas feed

Package tube

-
s
(
Input 11
condenser

2 ei"::&\

b

Y P — " g
) Frw -
‘. ~ - £ —t y
= — - L
4 ; = =
{ o g f A y
\ - i == //
z e L . i\
Wree 2 S = e -
: X Sy L :
.t A L
| 7 \ -
1 3 R\
N A = =
h ) "Iy -
. | A%l A
- 53 ~ e . W
o \ <

]

==\

LXe out

Reboiler

Eur. Phys. J. C77 (2017) 275
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Krypton distillation for XENON1T/nT

Challenges of the current system

* Initially not designed for continuous online distillation

e Limited to gas flows of up to 18slpm = 6.5kg/h

* Planned for an offgas fraction of 1%

* Replacement of the offgas bottle after ~ 60 days of distillation

condenser

GXein
Online distillation for DARWIN/XLZD

Assuming a runtime of 5 years for a 50t detector Gas feed

Package tube

distillation offgas

speed fraction

\ 50t 5 3 —_92 Input
5yr><8.3s|pm><86t>< 10 =5yrx3 kg/hx5.81x10 condenser
/ =5yrx0.174 kg/h
detector = 7620ks : .
runtime mass ebolier

scaling = 4kg/d offgas Eur. Phys. J. C 77 (2017) 275
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concentrator

>

Krypton distillation for XENON1T/nT

Challenges of the current system

* Initially not designed for continuous online distillation

e Limited to gas flows of up to 18slpm = 6.5kg/h

* Planned for an offgas fraction of 1%

* Replacement of the offgas bottle after ~ 60 days of distillation

offgas 2

offgas bottle

Online distillation for DARWIN/XLZD offgas 1 Heat
Assuming a runtime of 5 years for a 50t detector pump
cycle
distillation offgas offgas 2
speed fraction fraction
5yr x 8.3slpm x x 1072 x 1073 =5yrx0.174 g/h
8.6t Xe out GXe
/ =7.6kg _ - compressor
GXe in 1T/nT style column
detector = 4 g/d offgas (with heat pump)

runtime Mmass = Can be easily compensated
scaling 26
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erc LowRad

LowRad prototype construction

Krypton concentrator prototype

Similar scale as the final concentrator

Design as a tool — “as simple as possible”
Demonstration of high separation and the 1073
offgas fraction for low flows (few slpm)

Design and test of a heat pump cycle using a suitable
process gas (design for Xe)

heat

pump
cycle

GXe in

LXe out

— >
offgas

offgas bottle

<

Concentrator with
heat pump

compressor

7
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erC LowRad Figures: Patrick Alexander Unkhoff

Model Graph Temperature Simulation

Fluid name:

Reflux: 4 Rectifying section —
LowRad prototype construction o | Fecd gas- i |||
Out liquid conc.: 0.9 — Relative volatility 4
Development of a McCabe-Thiele calculator Feed flow: 0 kg |/ sec — s (rebolen) 0 kg |
* \ersatile McCabe-Thiele calculator Out liquid flow: 5 kg —i|/ sec —i Decay constant: 00 secr-1 — |

e Estimation for required number of distillation
stages and expected performance

e Arbitrary selection of conditions 1: LXe out
Y McCabe-Thiele method

* Integration of TESPy and CoolProb tools L0 concentration
| — equilibrium line |
| —— collection line :l@
0.8 - —— condensation line ¢

©)

Rectification i intersection line

— steps

4 (vapour phase)
o
N
T T I

+
I
1
1
I
1
1
I
1
1
I
I
1
I
T
I
I
1
1
I
1
+
1
1

. '
I
|
i
- 04— 2D
I l i
i i
I 1
0.2 0 : @ i
Acgmp : Ci/') @ Ci[“ ‘ |U
e 0 O 1 : | 1 1 1 1 1 : 1 | 1 1 1 | 1 II 1
0.0 0.2 04 0.6 0.8 1.0
B 6: GXe offgas xy (liquid phase)

—> concentration 28
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Krypton distillation column

. * Size of the condenser and reboiler depend on the

LOWRad prOtOtype COﬂStrUCtlon heat pump design

* Package height of 2.2 m (extension possible)

e Using a 2cm diameter package material
(type EX, Sulzer AG)

* Height-equivalent of one theoretical plate (HETP):
9-24 cm (PhD M. Murra)

—_—
offgas

offgas bottle

GXe in
@ XENONNT
Rn column
20
4Lxe out & — XENON1T/nT
_ C ol N N Kr column
Concentrator with 3.9¢cm
heat pump
LowRad Kr
concentrator
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Miinster :5':: QTC LowRad

Krypton distillation column
* Demonstrate performance using regular

LowRad prototype construction cold heads

* Modular design to switch to heat pump

concept (re-evaluate performance)
—— * Characterize separation and show 1073
offgas offgas fraction for low flows (few slpm)

offgas bottle

o G Inlet: 1 kg/h (3 slpm)

GXe in Reflux: 1200
@ Theoretical stages: 9
LXe out
< @ Bottom reboiler

Concentrator with
heat pump
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]‘C LowRad

Design of a heat pump cycle
Investigating several process gases including Xe

Need to supply the required heating and cooling power
at reboiler and condenser (roughly 10 W per 1 slpm)

LowRad prototype construction
Design using custom numerical calculator for heat pump

3 4
concepts/heat cycles

heat [ *
purT|1p e Construction of first test setup started
cycle
10 T T T ]
‘ ;/ [ ] ] F_f' [ COPyurmn = 5.3
] /’ L] COPpo =43
/ [ | f |
v /.‘ ‘f' 4" 2 {If )JI Jll
78’]’C - Fg{,‘:,.-‘ iidc H‘catPump |
/ [ '
/ / ]
1 _— {Ii If If Iﬁl |
.'E. | f JIJ f’ |I
o [ | . |
Compressor § f—’f—)j i -T |P5\do clolumnf
‘ o / [ If {I
q e .’ ,ll | JI
Concentrator with ]
| [ I} 4 | |
heat pump 1 1([)!8 1€ J‘ PLou f‘swde i—‘leatPump
: —ﬁ—f— f‘ -112 "‘C - T'I.,._M 1t Xlenon . |
5 . |
1: compression 3: expansion | |I |
|
60 80 100 120 140

2: condensation 4: evaporation
0 20 40
Enthalpy [kJ/kg]
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Design of a heat pump cycle
* Investigating several process gases including Xe

LowRad prOtOtype construction * Need to supply the required heating and cooling power
3 4 at reboiler and condenser (roughly 10 W per 1 slpm)
heat IS 7IN * Design using custom numerical calculator for heat pump
concepts/heat cycles
pelnnl * Construction of first test setup started
Cyc | e ¥ Lowrad simulator - i ®
e Settings panel Canvas
Tm"lw‘r.;::“"“’"’: | iﬂr.lmm.-
v ety | e |
= SOURCE
i )] |
1
SOURCE >
compressor Iﬂ ﬁ |J1L| S S
| ot | LOOITID
Concentrator with g g <] ® G 10
heat pump CH A0 || Lt E\-”.- :|- Vst resailbs:
@ @ @ : Flusrate [uut): nr |=J Al.fl ...... _-|}|- TID ky Al huu _-|
. . P Temperaturs [put); z . , .
1: compression 3: expansion [ ] - ,
2: condensation 4: evaporation
COII]I)OﬁEﬂtS CDIlllelCIlt- menu
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LowRad prototype construction :

3 4
heat P>

pump
cycle

compressor

Concentrator with
heat pump

1: compression 3: expansion
2: condensation 4: evaporation

Design of a heat pump cycle

Investigating several process gases including Xe

Need to supply the required heating and cooling power
at reboiler and condenser (roughly 10 W per 1 slpm)
Design using custom numerical calculator for heat pump
concepts/heat cycles

Construction of first test setup started
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Conclusion Heat

: : . . : pump
Classic (offline) and online Kr removal essential for future experiments LXe in eycle
Radon mitigation needs to start with material screening & selection B
as well as smart detector design, all Xe-systems including purification LXe out
system must be “Rn emanation free”
Online Rn removal (GXe+LXe) is the last step! GXe

compressol

ERC AdG LowRad:

103

. . Yamashita-san plot
* Develop technologies for: = o
o — E
* Continuous/online 8Kr removal (30 ppg "¥Kr) 102{ & 3 =_ 0
. . ~& w T n oz
* Another factor 10 in 222Rn reduction (0.1 uBg/kg) el 389 8¢
* Complete purification & distillation demonstrator (75 kg/h) 2 ol § ;“‘f’i\’éj -
o < ~~<
= ° s 0@~ ___
4 % _ @goal
. . . . . o] : § GXe extr. @ -c
This research at University of Minster is funded by N 10 2 g @oeweans N S
% ‘ Bundesministerium q = | s 600 0 ZSQB (/C)k E:‘ ) / ;
“kF | fir Bildung Y ] atoms,0.25uBa/kg - i co o
und Forschung 'E GRK21 DFG ; 3 B 10 —— surface/volume: x1%3/x 1 uBa/kg >
%Hi 49 5 ” '.:‘::::':::,I'C 10! 102 103 10 105

LXe mass in active volume [kg] 34
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erc LowRad

Cryogenic distillation (in the Miinster context)

Cryogenic distillation was brought into our field by XMASS for Kr removal: Astropart. Phys. 31, 290-296 (2009)
This technology was taken over by the Columbia University group for XENON100 and taken over for XENON1T/nT by Miinster University.

Publications on cryogenic distillation related topics by Miinster group/XENON:

M. Murra, D. Schulte, C. Huhmann, C. Weinheimer, Design, construction and commissioning of a high-flow radon removal system for XENONNT, Eur. Phys. J. C 82 (2022) 1104

M. Murra, D. Schulte, . Cristescu, J.-M. Disdier, C. Huhmann, D. Tatananni, C. Weinheimer, Cryogenic bath-type heat exchangers for ultra-pure noble gas applications, JINST 17 (2022) PO5037
E. Aprile et al. [XENON Collaboration |, Application and modeling of an online distillation method to reduce krypton and argon in XENONA1T, Prog. Theor. Exp. Phys. 2022 (2022) 053H01

D. Schulte, M. Murra, P. Schulte, C. Huhmann, C. Weinheimer, Ultra-clean radon-free four cylinder magnetically-coupled piston pump, JINST 16 (2021) P09011

E. Aprile et al. [XENON Collaboration], 222Rn emanation measurements for the XENON1T experiment, EPJ C 81 (2021) 337

E. Brown, A. Buss, A. Fieguth, C. Huhmann, M. Murra, H.-W. Ortjohann, S. Rosendahl, A. Schubert, D. Schulte, D. Tosi, G. Gratta, C. Weinheimer, Magnetically-coupled piston pump for high-
purity gas applications, Eur. Phys. J. C78 (2018) 604

E. Aprile et al. [XENON Collaboration], Online 222Rn removal by cryogenic distillation in the XENON100 experiment, Eur. Phys. J. C 77 (2017) 358
E. Aprile et al. [XENON Collaboration], Removing krypton from xenon by cryogenic distillation to the ppq level, Eur. Phys. ). C 77 (2017) 275

R. Rosendahl et al., Determination of the separation efficiencies of a single-stage cryogenic distillation setup to remove krypton out of xenon by using a 83mKr tracer method, Rev. Scient.
Instr. 86 (2015) 11, 115104

S. Rosendahl, K. Bokeloh, E. Brown, I. Cristescu, A. Fieguth, C. Huhmann, O. Lebeda, C. Levy, M. Murra, S. Schneider, D. Venos and C. Weinheimer, A novel 83mKr tracer method for
characterizing xenon gas and cryogenic distillation systems, JINST 9 (2014) 10, P10010

E. Brown, S. Rosendahl, C. Huhmann, C. Weinheimer and H. Kettling, In situ measurements of Krypton in Xenon gas with a quadrupole mass spectrometer following a cold-trap at a
temporarily reduced pumping speed, JINST 8 (2013) P02011

36
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LowRad

83mKr tracer method for single stage DST

e

flange coldhead cold head CP50
flange coldfinger
Si-Diode
heat cartridge 100W (2x)
PT1000
<
coldfinger DN100 %
cooling surface: 1000 cm?*
CF DN100 flange
GXein (VCR1/2°)
GXe out

to feed point (VCR 1/4%)

LXe out
to feed points (VCR 1/4%)

w
<]
k3]
=
c
2
<
]
&
w
Gas
circulation
pump
— Getter
FIC
\_03 J
BSmKr JL
S
generator
V5 83m
Kr ™
Kr
Detector
“lout” Detector
“gout”
________ -
83mKr
Detector
“gin"
Vi i—u %iv2
(P | | (P
Cryo
cooler
(P
Heat P1
exchanger|
Vacuum
insulation
pumps

25

20

15

10

Rev Sci Instrum 86, 115104 (2015)
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Radon mitigation strategies

. Screen materials for gamma emission/Rn emanation and selection
Il.  Avoiding Rn migration into LXe by coating, hermetically-sealed TPCs, xenon ice, ...
lll.  Use larger volume-to-surface ratio to reduce impact of Rn emanation from walls

V. Identify radon progeny decays by observing co-localized progenitor or other progeny decays

/ 214Bj-214pg tagging
3.8d
218PO

V. Extract GXe from regions of large Rn emanation/injection (e.g. cables entering the TPC),
into a Radon Removal System (e.g. by chromatography or distillation) this talk

"

B

SN 00 min

VI. High flow LXe extraction from the detector into a high throughput Radon Removal System
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XENON

EPJC 82, 599 (2022)

222Rn budget in XENONNT  cryostat pipe

(27%)

Cryostat
(7%)

Cable Pipe 2
& Feedthrough 2

Material screening and fiducialization

Cooling-Towers

(5%)
Radon prevention and radiopurity & Feasthmooan 1
(13%)
. . . LXe-PUR
e Careful selection of materials & screening of all detector parts (10%)
GXe-PUR
(5%)
TPC
(26%)
CRY PTR Heat Exchanger
- Pl crvostat Pipe % Cable Feedthrough 1
. cooling S -
* Total radon emanation rate: 36 mBq C =
\
*  Further reduction of material backgrounds by fiducialization H Cable Feedthrough 2
I ER I Wall Neutron I AC 00 WIMP Cable Pipe 2
! M
L] P ag_
4 Pump
—25F _”'. . = Cable Pipe 1
L Y p—rn o __GXe
=50 o ° N s 11 1| |5 Filter
= } S o . _ Mag-Pumps
E i R I - ! LXe-PUR Purity GXe-PUR
., O . A Monitor
N | . . . : B “l:l““'- |
=100 .7 . RN : S HV
L5 'y . N > < Connector
. . . e - I Cryostat
—125} c N QDrive GXe i
> Fter | | . Neutron|Veto
—-150 = I I T R iy St Il;i)l(teer Iﬁ)l.(lﬁ'\p Water Tank/Muon Veto
020 30 40 50 63 39
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Radon removal system for XENONNT

Top condenser JINST 17 P05037 (2022)

* Custom bath-type LN,/GXe heat exchanger

e Large surface OFHC copper fins

* Cooling power: > 3 kW (required 1 kW)

* Xe liguefaction rate: > 113 kg/h (300 slpm) (required 36 kg/h)
* Cooling efficiency: 0.98

* LN, consumption: 660 kg/d @ 1 kW cooling power

Compressor JINST 16 P09011 (2022)

wo 8°99

* Magnetically-coupled piston pump based on XENONI1T
prototype: EPJ C78 604 (2018)

* Four piston pumps in parallel operated phase-shifted
* Flow: 170 kg/h (474 slpm) (required 72 kg/h or 200 slpm)

Compression: 1.8 bar (required 1.5 bar) /
40
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Heat cycle of the XENONNT RRS

Top Condenser

Package Tube
@§©@ L.
Valve
Reboiler

1: compression 3: expansion
2: condensation 4: evaporation

5
aSOURCE

Pressure o [bar]

Temperature T [K |

Specific enthalpy i [kl/kg]

300

280

260

240

220

200

18

1.5 bar
RS L
1] 104 200 300 4000 500 600
Specific entropy b [Mikg-K)| 41
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