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Radon - Some properties

* Noble gas.
* Heaviest existing gas —» not so noble.
* No stable isotopes — All radon is radioactive.

* Part of natural (primordial) radioactivity.

* Short-lived: 222Rn (3.82 days) by far the longest living, rest much shorter

* Followed by a chain of radioactive heavy metals (a-, p- and y-emitters)
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Radon detection (at low level)

* All radon detection by measurement of radioactivity

* Alpha emitter: ,High“ energy signal

* Low-level - Requires radon collection
* By cryo-trapping

* By electrostatic collection of charged daughters

* Low-level - Requires clean materials and vacuum

* Warning: ICP-MS / NAA has fantastic sensitivity for U/Th. But radioactive
may be broken, so no information about Rn!
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M

aterial screening by ??2Rn emanation

* 222Rn-emanation rate provides complementary
information

* MPIK 222Rn infrastructure:

* >20 ultralow background miniaturized proportional counters

* Sensitivity: ~10 atoms.

* 8 parallel counting lines

* Fully automated ?22Rn concentration system (AutoEma).
e ~15 sample vessels (0.1 - 80 lit.)
* 3 electro-static 22Rn monitors
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The radon emanation process

* Recoil-driven emanation:

* O(5 MeV) a-decay creates O(100 keV)
nuclear recoil

Thermochimica Acta
192,1 (1991)

* Recoild range 10 - 100nm,
depending on material

* Independent of temperature

* Diffusion-driven emanation
* Strongly depends on temperature

* Diffusion coefficient varies a lot
between materials

Fig. 2. Scheme of the release of radon from the sample by recoil and diffusion mechanisms.
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Radon sources in a generic
experiment
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Radon sources in a generic
experiment

* Intrinsic radium
(uranium/thorium)
contamination
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Radon sources in a generic
experiment

* Intrinsic radium
(uranium/thorium)
contamination
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Radon sources in a generic
experiment

* Intrinsic radium
(uranium/thorium) ©
contamination

* Diffusion through seals

H. Simgen, MPIK, GDR Deep Underground Physics 2023 22.06.23




Radon sources in a generic
experiment

* Intrinsic radium
(uranium /thorium)
contamination

* Diffusion through seals

* Emanation from vessel
and instrumentation
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Radon sources in a generic
experiment

* Intrinsic radium
(uranium /thorium)
contamination

* Diffusion through seals

* Emanation from vessel
and instrumentation

* A successful radon
mitigation strategies
must address all radon
sources!
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BOREXINO

<1 an/ton 222Rn
_,<2 an/ton 22°Rn
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BOREXINO

* Liquid target
e ,easy” to purify
* Repeated purification possible

* Minimization of vessel material
(nylon balloons)

- e — -

rfe

* Minimization of seals

i oty

* Thorough %??2Rn screening
campaign (complementing bulk
impurity screening program)
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* Thermal stability - No
convection = Inner , fiducial”
volume remains clean!
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G. Ranucci, Neutrino 2020
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* Switch off convection to achieve ultimate purity!
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Nylon film during measurement @ MPIK
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Radon in the BOREXINO nylon vessel

222Rn

222Rn

 —

226Ra on
surface

-
«

226Ra in
the bulk

226Ra on
surface

2

| 22Rn

222Rn
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* Radon measurement from
thin nylon foild yields

* Contribution from surface
plus

* Unknown fraction of bulk
contamination

* For 222Rn mitigation it is
crucial to know its origin.

* Nylon can absorb a lot of
water (10% of its weight)

* ,widening“ of polymers

* much faster radon diffusion
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Radon in the BOREXINO nylon vessel

‘\ 222Rp

dg, = (270 % 30) pm

dhumic= (7 £ 1) pm =40 x dg,
(NIM A 449 (2000) 158-171)

1-dimensional, stationary
model of diffusion:

* Ay = At 0144 XA
* Anumia = Agr + 0.988 X A

Disentanglement of bulk and
surface contribution

Finally upper limits for both:
* Apuk <15 uBa/kg
* A, <0.9 pBg/m?

urf

22.06.23



High Purity nitrogen for BOREXINO

* Radon-free nitrogen for
scintillator sparging

* Large flow-rate (100 m3/h)

* Simple concept withlittle
maintenance needed

* Lqgiuid nitrogen cooled
columns

| actlvated
carbon
columns

* Purifications of liquid
nitrogen (less efficient, but
high throughput)

* Key: Low ??2?2Rn emanating
activated carbon

N, prcn rate: 100 m3/h Appl. Rad. Isot. 52 (2000) 691

222Rn <1 atom/4m_3 (STP)

SR T : .-.- e *-ﬁ?‘-’f
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Col 1
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Improving adsorption gas purification

Improving performance by doubling
columns and avoiding equilibrium

Vacuum swing adsorption technique can
reduce amount of adsorbens

Gain in radiopurity = purer gas
JINST 16 PO7047 (2021)

22.06.23



Improving adsorption gas purification

Col 1

Rn reduced carrier gas >

* Improving performance by doubling
columns and avoiding equilibrium

* Vacuum swing adsorption technique can
reduce amount of adsorbens

* Gain in radiopurity — purer gas
JINST 16 PO7047 (2021)

* New adsorber materials —» José Busto

 Carbon molecular sieves

metal organic frameworks

molecular cages

carbon aerogel
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Improving adsorption gas purification

Col 1 * Improving performance by doubling

columns and avoiding equilibrium

* Vacuum swing adsorption technique can
reduce amount of adsorbens

* Gain in radiopurity = purer gas

Col 2 JINST 16 PO7047 (2021)

K_factor for several materialsin N,

New adsorber materials — José Busto

Carbon molecular sieves

metal organic frameworks

molecular cages

carbon aerogel

=L | 3 Busto,
“ #44 | GDR Nov. 22 22.06.23




222Rn emanation rate of some
stainless steel vessels

I N
BX storage tank HT2 2.1 m3 1.2 +04
BX storage tank D330 1.6 m3 7.1 1.2
GERDA cryostat 64 m3 13.7 £ 1.9
XENONIT cryostat ~2 m3 1.8 £ 0.3
XENONNT cryostat ~4.5 m3 1.9 +0.2
BX water extraction column 0.6 m3, 608 m? 4.8 = 0.7 --> 8 pBg/m?

(SS packings)
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Understanding 2?2Rn source

Example: XENONI1T setup

heat exchangers + heater "
: 7
---cable feedthrough
pipe:with cables Q EZ’ - QDrive pumps
: 9.
cryogenic

cryo:genic pipe

system -t gas purifiers

cryostat .......

purification system

EPJC (2021) 81:337
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Understanding 22?2Rn source

Example: XENONI1T setup

heat exchangers + heater ~
: 2

cable feedthrough

pipe with cables ,
Q K2}{- QDrive pumps

O ~19]
‘ - gas purifiers

= ~1]

cryostat ....... - - .
- \ / purification system
EPJC (2021) 81:337
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Radon removal by xenon distillation

Radon is less volatile than xenon — reverse operation mode Re-condenser Overhead

w.r.t. Kr removal mﬁ%gﬁ‘;‘;‘;‘
* Feasibility demonstrated in Xenonl1l00: EPJC (2017) 77:358 Rectying _:_..;,; " Plate n by
* Applied in XENON1T: 4.5 uBg/kg achieved: EPJC (2021)81:337 section L TV
* High flow radon removal system developed for XENONNT: F.'_;Q_.___
arXiv: 2205.11492 e RN s
AN
0.8 uBqg/kg achieved :F i _______'.___\Kratom
L ) /\V’
Stripping ] .\_.—
uture: Further upscaling? i I i e
== Plate 1
* Need to process entire budget in O(%??Rn half-life) ,
: — Reboiler with
* Processing speed for DARWIN must be >=10 tons/day % heater
* Efficiency in power consumption and xenon holdup versus let/ Kr-
radon reduction is crucial product | free
liquid-out Xe
B
Cs out
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Radon removal by xenon distillation

Rn-
free
Radon is less volatile than xenon — reverse operation mode Re-condenser W@ oaydihead
w.r.t. Kr removal M
* Feasibility demonstrated in Xenon100: EPJC (2017) 77:358 . sl ol Plate n fb
eC|_y|ng _,_.._._._.-_
* Applied in XENONL1T: 4.5 uBg/kg achieved: EPJC (2021)81:337 section L Ty
* High flow radon removal system developed for XENONNT: F._;.i.'_._._
arXiv: 2205.11492 e e
] F [ AT N
0.8 uBqg/kg achieved Cr i _______'.___\Kratom
L/ /\V’
Stripping ] .\_.—
uture: Further upscaling? seetion =) Plate 2
== Plate 1
* Need to process entire budget in O(?22Rn half-life) =
: — Reboiler with
* Processing speed for DARWIN must be >=10 tons/day % heater
* Efficiency in power consumption and xenon holdup versus ﬂ,
radon reduction is crucial X
ligiaggut
B
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Radon mitigation by surface coating

O 222Rn

O 226Ra
Material recoil

surface range

o 222Rn
Material O %%°Ra
surface

Coating

N\

Bulk material Bulk material

® |dea: A Rn-tight, clean (Ra-free) surface coating blocks Rn-emanation

® Should work for recoil-driven (86 keV) AND diffusion-driven emanation
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Radon mitigation by surface coating

Countless different coating techniques exist: Where to start?

Required properties: Tight, homogeneous, stable (also at low temperature)

Coating cleanliness may be ultimate limitations --> start with the cleanest!

* Vacuum processes

* Physical Vapor Deposition (PVD)

* Chemical Vapor Deposition (CVD)
* In-house electro-deposition

* Experience from electro-formed Cu

55

Samples: Metallic (ideally stainless steel) with high radon emanation rate

Initially 4% thoriated tungsten welding rods

2 1,0x 175 mm

Los-Nr.: / Lot-no.: 86801
Inhatt / Content
10 Stock / pes

* Wrong substrate tungsten

* Wrong isotope 22°Rn: Much shorter half-life than ?22Rn

e
INDUSTRIE TR
lhhh .3
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Investigated vacuum coating techniques

substrate

0000000000000000000000000000000000000000000000
coating

* Physical vapor deposition (PVD) i |

line of force ""/-6
of magnetic-field !

* Titanium sputtering

* Chemical vapor deposition (CVD):

* Amorphous hydrogenated carbon coating (a-C:H)

* Copper plasma deposition

/

PLASMA SPRAY PROCESS

anode

,,,,,,, : ‘4 .:; ta-C : ta-C:H
2 \ ! — Substrate HC polymers
TS Arc - sputtered a-C
B Molten Particle Splat
Anode ;
= no films
Cathode graphitic C

Water Ar,H, Water

" ,

H. Simgen, MPIK, GDR Deep Underground Physics 2023 J. Robertson, Materials Science and Engineering, 2002 (129-281)




Results: 222Rn emanation reduction factors

Coated 220Rn 222Rn
m

Physical vapor
deposition Ti Europcoating 1-5 ~1
(sputtering)

Plasma

deposition Cu Dr. Laure 2-20
Chemical _
vapor C-H Ir.movatlve. 3 15
4 Coating Solutions
deposition

® Little 22°Rn reduction and essentially no 2?22Rn reduction
® Best result for ,,hot” plasma depsoition, but re-evaporation due to hot substrate
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Thornton structure zone

2.6
Argon

pressure

(mbar)

Substrate
temperature

(T/Tr)
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model:

* Sputtering is low
temperature process

* Growth of vertically
aligned grain boundaries

* May block reactive gases
(corrosion protection),
but , diffusion highway*
for noble gases.

* Focus on high
temperature applications
(plasma coating) or non
vacuum-growth
technique.

* But what about CVD?
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Copper electro-deposition

* Motivated by experience with electro-formed copper (clean!)
* In-house development at MPIK: 5 um thick Cu layer

* Anode made from copper

* Good mechanical stability on tungsten

* Efficient blocking of 22Ra alpha-decay

* 220Rn reduction factor up to 100 observed!

e

H. Simgen, MPIK, GDR Deep Underground Physics 2023

22.06.23



Optimization

of Cu coating procedure

and 220Rn reduction results

Surface current density [mA/cm?]

H. Simgen, MPIK, BPB PMaf-MedtirggR 0l PhiyEs 2023

Thatn[°Cl
I @ StUdy -93.15 -73.15 -53.15 -33.15b Ei3.3.15 6.85 26.85 46.85 66.85
F4 No stirring : ' ' = ' ; : :
v 4 Fit function: A = k -e”r-T, where
B Repetition 20 K2 (12.00+ 059) . 1e3
- E = (3.30  0.83) kj/mol
E ++  Discarded for fit
El _
=
C
©
S =
S
g 1T
= E
s
4
N
o=
| o |
I - 1
5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5

260 280 300 320

Thatn [K]

180 200 220 240 340

Optimum surface current density identified.

Avoid whisker growing by careful parameter control.

Diffusion-driven emanation confirmed by tests at different
temperatures.

Even hints for slight 222Rn reduction.
22.06.23



Recoil-implanted %?“Ra

\ H. Simgen, MPIK, BPB PMaf-MedtirggR 0l PhiyEs 2023

From tungsten to stainless steel:

228Th a 224Ra a N 220RnN o il 216P0 a _ 212Pb
. 191y 5.52 MeV 3.66d 5.79 MeV 55.6 5 6.40 MeV 145 ms 6.91 MeV 10.6 h
224Ra : 2128' B 208
» i 136% 9 Tl
~ : :
‘_. Cl_’ - o 60.6min | 6.21 Mev | 3.05 min
224Ra ez L g ° B B
Oil Pump : 212pg . 208
228Th 299 ns 8.95 MeV stable
232Th
] 14.1 Gy Test coating
228 50 A [ | — Syrface current density - 200
Th ;E' — \bltage 175
source - 3 40
Particle E L 150
1 Filter % o SEHS
5 L100 &
Holder g 1 LA g
_ Vacuum 5 L0.75
L 0.50
gauge E -
E L0.25
o . : : 0{ — L looo
228Th source recoild 224Ra into SS disc , , , , , ,
0 00 400 §00  BOO 1000 1200
e Short-lived (t,=3.7 days) ??°Rn-emanating SS disc Time (s)
p * Easy to produce, relatively high activity Procedure modification : A.dheS|on. .
e T layer (~1 um) for mechanical stability
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PIN -1 kV

Coating (and de-coating) Diode [ 1
of 22*Ra-implanted SS disc

224Ra implanted stainless steel sample #3 detection
To(implantation stop) volume (4l)
--- T1(coating)
--- T2(de-coating) * 224Ra decays on SS disc

* 220Rn is emanated and decays in
electrostatic radon monitor

* Charged 2*?2Pb (??2°Rn-daughter) is
collected on PIN diode

1
1
1
i
4
1
[
y
1
i
I
[

[
i

Rate (1/s)

* Counting of 212Po a-decays

(- et
o o
L

i |
lig}
|
W H * Possible issue: Activity wash-off in
electrolyte

* Procedure: Implantation - coating
— de-coating

Residuals

* Upper limit from coating,

0 > 10 15 20 lower limit from de-coating
Time (days)

* Results for reduction factor R:
\\ H. Simgen, MPIK, GDR Deep Underground Physics 2023 20 < R < 1000 22.06.23




. target - ion source
electrostatic lens 9

Finally: 222Rn on SS ereivng magnet

proton beam(1l GeV)

ISOLDE @ CERN

\\\ radioactive ion beams

/

. il * 226Ra-implanted stainless steel discs (2cm x 2cm)
jt'; * Produced at ISOLDE facility (CERN)
g * 30 keV implantation energy
;;‘m_z_ * lon range distribution simulation in SS (SRIM):
% * L=7.9nm, 0 =2.3nm
1 * 2 test samples produced in 2017

103 * Summer beam time for 20 new samples approved

Y ethe om0

\\ H. Simgen, MPIK, GDR Deep Underground Physics 2023
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Novel 222Rn sources

* 226Ra implantation in SS, Cu, Ti, Pb, Ge, Si,
PTFE, SiO,, acrylic.

* 20 - 24 new samples.

* Similar development at PTB
(Braunschweiq): Traceable 222Rn sources.

* Deposition on an active Si detector allows
online emanation rate monitoring.

68
o <
O 66 =
2 &
¥ 64 " ]
< g =
62 ' / : ' 48
A
@ 160.0 = S
~ 14rees, —
5 S a7
£157.5 . 2
< =
155.0 + + + + 4.6
95.0 !
w N
S T "y ~ 92 \
90.0} :
60
T
X 40
S
20 78 80 82 84 86 88 30

At/ d

Appl. Rad. Isot. 196 (2023) 110726
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ISOLDE sample
characterization

Alpha measurement:
* Short-lived contaminants (from 235U chain)
* ~8.5 Bg ??°Ra activity

* Central deposition confirmed

* Unexpected *3°Ce discovered (t, = 137.6 d)

Direct 222Rn emanation test with proportional
counters:

* Sample a: (2.00 = 0.05) Bq
* Sample b: (2.07 = 0.05) Bq
Wipe test: Less than 1% of activity removed

Appl. Rad. Isot. 194 (2023) 110666
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4000

Energy (keV)
5000 6000 7000 8000 9000

IIITII|TIII1II

10?

T [IIIHI

10

Detected rate (mHz)
T I TTT Hll

T I\HIIl

—
<

226Ra

1|IIIIIIIIIIIIIIIIIlIIIIITII}IITIIIT]I'TI

218P

222Rn

214Po |||‘
|\I.. \\...I|\\

200 250

Gamma measurement confirms alpha measurement

| ‘ Il
300 350 400 450 500 550

Energy channel (A.U.)
Measurement Result (Bq)

222Rn emanation

Y-spectrometry

X-spectrometry

2.07 + 0.03 (stat) = 0.04 (syst)
2.00 £ 0.03 (stat) £ 0.04 (syst)
7.4 + 0.1 (stat) = 0.9 (syst)

8.4 + 0.3 (stat) + 1.0 (syst)

8.7 + 0.1 (stat) i%:g (syst)

9.1 + 0.1 (stat) ig:;{ (syst)

o & o &0 O &
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Coating of the 1t ISOLDE sample

* Standard MPIK electrochemical Cu-on-SS

PhD thesis Florian Joerg coating el

Heidelberg University
e 222Rn emanation rate

* Before coating: (2.00 = 0.05) Bq
* After coating: (4.3 = 0.3) mBq

* Unexpected large 222Rn reduction factor: ~465

* Gamma spectroscopy results:

i 226Rg (186 222Rn
Activity [Bq] keV)
8. 6.0 £ 0.3

ISOLDE sample
before coating

ISOLDE sample

after coating 7.7 1.0 7.2+0.4

Electrolyte

after coating 0.34 +0.02



1st coated ISOLDE sample: Temporal
development of 222Rn emanation rate

—— A(t) =A; - exp(—t/T) + Ao * 222Rn emanation rate was
5 ¥ Sample B found to decrease
WL * Coating is getting “tighter”

* Oxidation?

* But storage under protective
atmosphere

L
8

* Re-crystallisation?

Final 222Rn reduction
factor: ~1700

Emanation (mBqQ)
W
o

N

un
AL

°

2.0-
* Currently: Temperature
1.5 dependency studies ongoing
i i O D ek *— ---------------- ey — *“*
1.0+ f ; : :
0 50 100 150 200

Days after coating
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Secondary Electron Microscopy (SEM)
investigation of our coating

1oy 59mm Width = 300.0 pm IA=SE2  File Name = A230301_024if

00

Rough surface texture
with spherical
structures.

* Unhomogeneous
adhesive layer with
small grain size and
holes.

* Tight cover layer with
larger grains.

WD = 6§0mm Width = 25.00 pym Signal A=InLens File Name = A230301_19.tif
EHT = 3.00 kV Stage at T= 54.0° Tilt Corrn.= 0On 151443-Imp-S5-6-00
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X-ray diffraction

(1,1,1) (2,0,0) | ] (2,2,0)
' _ * Very preliminary study

] - * Done at Heidelberg University

%/ (IMSEAM: Institute for molecular
m : ] systems engineering and

T3 A4 a5 o 5973 74 78 advanced materials)

=
o
wn

* Basic features as expected, but
some unexplained effects:

=
o
I~

Intensity in cps
1
|

* Amplitude ratios doesn’t always
match expectation (directionality
in lattice?)

=
o
[958

* Peak positions slightly shifted
—— Copper coating —— Copper —— Stainless Steel (material stress?)

* Not understood low intensity

40 5 60 70 80
peaks

0/26 in degrees
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222Rn

"

222R

226Ra

PDF of depth of Implanted Rn-222 in Cu
T T T T T

0.2 -

015

0.05

0

0 20 40 60 80 100 120 140 160
Depth of Implanted Rn-222 in Copper, 10%m
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Radon diffusion studies

226Ra source: How to measure only 222Rn
emanation by diffusion (no recoil)?

Need 222Rn source without 226Ra

Recoil-implant 222Rn in substrate and
measure 222Rn emanation

Diffusion in metals is low — only 222Rn
close to surface relevant.

Alpha counter — Total activity

Proportional counter - Emanation
fraction

Simple diffusion model predicts
emanated radon fraction:

- Emarfa.tlon (t) o
Activity (t)
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PRELIMINARY
results

Radon diffusion
constant

Copper

HP Germanium
HP Germanium (Li-doped)
Stainless steel
Quarz glass (amorphous)
Quarz crystal

Relative Emanation
o o

0.002 fgp

06
V4
7/ 7
0.004 |- 4 , ”

R:Emarfa.tlon(t)Nm !
Activity (t) °
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Emanation Days

0.015

0.01F

0.005F

(5 = 2) x 1022 cm?/s
~2 X 1022 cm?/s
~2 X 1022 cm?/s
~1 x 1022 cm?/s

(4 £ 2)x 102 cm?/s

(3 x£1)x1022cm?s

Rn diffusion from Ge Crystalline and Li contact

8

T ///l
o
LT 1
//{/
/ + Ge LU Surface| |
/ _o Ge Crystall
2 3 4 6 7
Days
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