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PAUL SCHERRER INSTITUT UCN production ‘ _

L_ ] a neutron creates a phonon and looses almost all its energy e BolE a1 S e

R. Golub, K.Boening, Z.Phys.B 51 (1983) 95
New type of low temperature source of ultracold neutrons and production of continuous beams of UCN

Z.-Ch.Yu, S.S.Malik, R.Golub Z.Phys.B 62 (1986) 137

A thin film source of ultracold neutrons UCN production per molecule in sD2
multiphonon Debye-Model
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nicsamisinitt  strong dependence of the UCN production ‘
== rate on state and temperature -> solid
deuterium as production medium
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Ultra Cold Neutron Source

several pioneering

N
X
=
Y
< . .
- 400 ~ - experiments in
el Gatchina by
o 1 A.Serebrov's Group in
£ 300 - 4 1990'ies demonstrated
Q feasibility and high
.'f_’) yield in sD2.
S .S 200- .
4
g ; absolut cross section
O "E 100 was measured
o g h 5 1 subsequently at PSI
8- 0 o © o
§ E 0. sold g gas o ]
Nt
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Temperature [ K ]

. . F. Atchison et al., Phys. Rev. C 71 (2005) 054601.
operation point for F. Atchison et al., Phys. Rev. Lett. 99 (2007) 262502.

sD2 source

B. Lauss UCN 4 ESS Feb. 2022



PAUL SCHERRER INSTITUT |

L_ - UCN density

— ‘ L}
St

Ultra Cold Neutron Source

UCN densit
y loss cross sections

velocity

/

=d, R
Pucn 0 N Tucn oo = 1 /Z(G v)

* cold neutron flux - high neutron production rate
* UCN production rate - 5K deuterium
* UCN lifetime in the moderator - low losses
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= UCN losses Tuen = 1 /2(0 V)

cross-section(barn)

loss cross-sections UCN lifetime in sD2 with respect to para D2
, fraction and temperature
10 eassessselassasnsssnasinannen [unsnnnansaashbessssnnnnsssbonansenssssslasuns nnsss PhD Thesis C.-Y.Liu (2002)
Nuclear capture on hvdrcgen s | |
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B 25 H
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Modified plot from Para Fraction

C.-Y.Liu, A. Young, S.K. Lamoreaux, Phys. Rev. B 62 (2000) R3581 LANL Prototype Source
C.Morris et al, Phys.Rev.Lett.89(2002)272501

B. Lauss
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— UCN losses
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tuen = M2 (o v )

cross-section(barn)

loss cross-sections

e
Nuclear capture on hydrogen

Up-Scattering via p—»o0 conversion
- =} e = - = 4= -

4 + + -

— high ortho D2 concentration

10

-

—>coolto5K

s

10

B T

— isotopically clean D2

" Phonon up-scattering

/Z)él to 5 K

T, dominated by:
Nuclear capture
factor 640

o(H) =0.3barn
c (D)=0.0005barn

10 12 14 16
Temperature(K)

o -

4 6

Modified plot from
C.-Y.Liu, A. Young, S.K. Lamoreaux, Phys. Rev. B 62 (2000) R3581

18

UCN lifetimes in ortho D2 at 5K
finally limited to ~150ms

by nuclear capture

-> UCN extraction important

+ mechanical losses - gaps

B. Lauss
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e Check conversion of Ortho- to Para-D2 ] -
L Gnd hYdr.ogen (HD) Concentration Ultra Cold Neutron Source

rotational Raman peaks

4 Raman Analysis of D2 Sample from UCN Source

ol S(2) So(0)

ortho

conversion of
room-temperature
D2 (66% Ortho) to
So(1) ~96% Ortho in e.g.
Sp(4)  Sol3) Oxisorb at liquid D2
haxa temperature.

ortho para

Sample

Calibration 66% Ortho

760 740 720 700 B8O  BE0  B40 520 BOD 80 &G0 640 £20 500 490

480 440 420 400 380 @80 340 320 300 280 280 240 220 200 180 180 140 120
M

at PS| observed >99.8 % orthoD2
and <0.2% HD molecular contamination
PhD. Thesis N.Hild ETH (2019)
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at PS| UCN source measured radiation-enhanced conversion

- ~=6.0
0.98 - PhD thesis N.Hild relimina 5.5
; - P ry 5
- > 5.0€E
0.97 ] maSS(D2)=677g 45 "u'.r?
c i =
0 i 40®©
— i '
£ 0.964 radiation-enhanced 35§
= i ©
S 0.954 255
A i natural 209
° ][ [conversion Preliminary fit with 1.5®
0.94+ model rate equations 109
i ¢ Measured =
093 o beam - |Ntegrated charge on target Ez
'~ 07.07  12.07  17.07  22.07  27.07  01.08
Date
liquid D2 (at SINQ) - 76% ortho D2 equilibrium
F. Atchison et al. Phys Rev.B68 (2003) 094114
B. Lauss UCN 4 ESS Feb. 2022
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1 o  VCN data (solid at 18K)
| tﬁ% 4 UCN data (solid at 18K)
= # CN data (solid at 18K)
SIOW fGS"' %, o Seiffert data (solid at 17K)
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Ultra Cold Neutron Source
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Cross section [ b ]

FIG. 2 (color online).
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Measured cross sections per deuterium

molecule for UCN energies. The data sets correspond to the
differently treated target crystals measured at 5 K, either after
careful cooldown only, or after thermal cycles between 5 and

10 K or between 5 and 18 K. The expected cross section for the
ideal crystal can obviously not describe the measured data.

Photos: PhD thesis M.Kasprzak
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Ultra Cold Neutron Source
PRL 100, 014801 (2008) PHYSICAL RE?
_ . _ 1200
UCN get a kick when exiting the solid -
deuterium due to the neutron optical I ‘
potential of 104 neV — minimum velocity — 1000,
favorable for UCN extraction = I
a L
[.Altarev, ... M.Daum..et al. E 800
Phys.Rev.Lett. 100, 014801 (2008) Z -
2 600
£
E 100t
= I
. I °
200
L ®
L o ®
[ ]
r o0
0|.|.|.|.|.|.|..
0 50 100 150 200 250 300
Height [cm]

FIG. 2. Data taken with the gravitational spectrometer. The
UCN transmission rates per megajoule of the reactor power after
background subtraction are plotted against the vertical height of
the gravitational spectrometer. The two lines represent the fit to
the data, see text.
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similar effect observed at PSI, LANL and NCSU
EPJ A Highlight - Solid deuterium surface degradation at ultracold neutron

sources
Published on 11 September 2018 | | West Il Product"on
PP Westl ] ] ] ] ] : ) T'he European Physical Journa volume 54 - number 9 - september - 2018
o . @ReeognludbyEurepaanPhyslca\SocJety
conditioning Hadrons and Nuclei
procedure
intensity S standard data taking week -
JSept.2017

Eur. Phys. J. A (2018) 54: 148

Frost disks
isofropically
oriented

0 in vacuum

UCN source &
Absorbing layer

@ Springer

8 @10y
/ £ 1%

QO
o
(¢

Talk by Ekaterian Korobkina

Fig. 15. Zoomed and post-processed image of the sDa surface

B. LGUSS U_ after thermal pulsing; Feb 2022
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Basic components of operati

UCN sources

cold
moderation

7

thermalization

N

neutron
production

D2

D2 / Plastics

D20 / Plastics

spallation @ accelerator
fission @ reactor

B. Lauss

UCN 4 ESS
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TRIGA - UCN source

Johannes Gutenberg University -
Mainz - Germany
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Ultra Cold Neutron Source

TRIGA Mainz

Pulsed or DC

Pulse:
¢ 30 ms width
® 250 MWih
e 105n/cm?s
® 5 pulses/h
4 side beam
ports

2 UCN sources

@ PRISMAY

Chemistry TRIGA-TRAP

V. Graphite
S D reflector C /

UCN-D

@ PRISMA®

UCN-C

@ PRISMA™

Figures courtesy D. Ries

B. Lauss UCN 4 ESS Feb. 2022
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TRIGA - UCN source
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Ultra Cold Neutron Source

buffer volume outlel

|
Reactor TRIGA MARK Il

total length: 4.5 m : i
; di f automatic cryogenic valve O
inner diameter o LHe inlet
beam port: 66 mm g e ou
—@—vu - _ biological shield water pool
. needle D, line @] Hlne
converter: solid D, TiScroll pump  vaive | 1
pre-moderator: solid H,, CH, U
L ]
. . . . . La — f a!
cooling with liquid Helium o (==Ll 41
@ .
He consumption pump for cryostat thermal bridge e
solation vacuum graphile reactor
controlled by scroll pump solid deuterium reflector core
8-10 I/h liquid Helium ]
( g a ) LHe buffer volume L
/ j f
safety shutler
Joule son valve
neutron guide
AlMg separation foll solld hydrogen
LHe lines composite filter
Joule Thomson valve driver [
Premoderator Freeze-out rate Total amount of gas Freeze-out time Temperature at the nose
(typically) during freeze-out ~\ 2
) ) P ’ 3 [
(mol/h) (mol) (h) (K) Mmadetor 617 cm -
=]
. ] ~ ~ 7 liquid Holium — 1 £
Ho 1.24 20 16 7.6 Iqusd Helium 340 mn; £
Do 1.04 =15 = 14 7.6 P E
CH, 0.52 ~10 ~ 200" ~ 05 Poutron guide Ca—
Da converter 0.51 8 ~ 16 71 110 mm
(2) The temperature across the sDs converter was calculated using the heat transfer simulation tools of COMSOL Multiphysics. ; 126 mm IJ
It varies from 6 K in the areas towards the [He-cooled walls to about 8 K at the crystal’s surface facing the thermal bridge.
Feb. 2022

B. Lauss

[Karch et al., doi:10.1140/epja/i2014-14078-9, 2014]
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Ultra Cold Neutron Source

J.Kahlenberg et al., Eur.Phys.J. A 53 (2017) 226
reactor pulse 30 ms o
Lsz =91.0% 945

--> UCN pulse ~1.5s 5] Yy

X103-E T T T T 4-0
20 2 ('s-\
5 ! 5
15-%’- = " T 1 3.5 ;
B > = 0 e
8 2 pH, = 86.5% 2
>3
&S first freeze-out 130 §
Z 5 5_' A second freeze-out
o Y] a4 second freeze-out
= 504 (optimised filling time) | 4 2 5
0 2 4 ¢ Time[s] s 45 - 0 flow mode (right axis)
. . 40 ) v 1 v 1 v I v ) 4 1 v ) 4 1 20
gain with premoderator 0 50 100 150 200 250 300 350
1.10 ; — ——
# reactor pulses
» 1.05+ H2 or CH4 premoddfator . N N L. . . .
S o { B ﬂ 1 ak{ Fig. 4. UCN densities measured in vertical extraction after
g ' H T upgrade a), b), and c¢) wversus the number of reactor pulses.
§ o095 * 1
£ soo D2 premoderator Crystal grown directly from D.gas at vapor pressures of
g 50—130 mbar - typically ~8mol mass
08511, premoderator,
o 20 40 60 80 100 120 UCN output decrease with operation time(# of puses)
¥ reactor pulse (thermal shielding effect) for a few pulses and then stays
Fig. 5. Normalized UCN&VCN counts measured as a function .
of the number of reactor pulses. The sequence of flow mode and h Ig h

B. Lauss UCN 4 ESS Feb. 2022
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Ultra Cold Neutron Source

UCN source
Los Alamos National Laboratory
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Ultra Cold Neutron Source

pulsed 800 MeV proton beam - 120 Hz, 0.6/0.8 ms pulse width

-> 20 Hz to UCN target

Isotope Production

Facility ra-Cold Neutrons
H+ Source
0.73 Mev Drift Tube 10 me Side-Coupled Linear Accelerator Lozl
b
H- Source Accé?:raartor [Currently unused)
83ms Accelerator pulses of ~0.6-0.8 ms come at a rate of up to 120 per second = H+ Beam
=== H- Beam
B Lujan Pulses [20Hz) Ti PF an
i ) T ime @ .
pRad/UCN 10
{on demand)
Lujan Target (1L) — 11121'3
13
LINAC provides uniquely time-structured Weapons Neutron . ]154
pulsed beams of varying power levels Rese?\:;:;?d"'tv 16
q . - 1
“simultaneously” to five different 2 ER2

experimental areas

Figure C.Morris

BOR Lujan Center

30R WNR Target 2

30L
st WNR Target 4

- peak proton current 12 mA,

- bursts of 10 pulses each
625us long at 20 Hz,

- gap between bursts of 5 s

- total charge per burst ~45
uCin 0.45s.

- time averaged current ~9 UA.

T.M.lto et al.,
Phys.Rev.C97 (2018) 012501

B. Lauss

UCN 4 ESS

Feb. 2022



PAUL SCHERRER INSTITUT

 om—

L_

LANL
first spallation-based operating sD2 UCN source
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Ultra Cold Neutron Source

UCN Detector

— ——

|:|<_ Cold neutron detector

/ 58Ni coated stainless guide

Liquid N,

—

|~ Be reflector

— Liquid He and 4 K poly

| Solid D,

[—— 77 K poly

Tungsten Target

E&,P-Ej Nuclear and Particle Physics

+#~LOS ALAMOS NATIONAL LABORATORY

vertical extraction
-> UCN fall back

Figure C.Morris

B. Lauss

UCN 4 ESS
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Ultra Cold Neutron Source

PAUL SCHERRER INSTITUT
S LANL |
first spallation-based operating sD2 UCN source
|:|<_ Cold neutron detector
| columni | Counts |

/5 pulses

Flapping 992

Open 269

Closed 53

UCN Detector

vertical extraction
-> UCN fall back

Figure C.Morris

Tau
sec
26+/-.2
8.1+/-.1

1.00E+01

(5]
o
w

% 1.00E+00 |

1.00E-01

0
E‘g‘?,P 25 Nuuem mr§ J%’eci]nde Pinsu

LOS ALAMOS NATIONAL LABORATORY

60

B. Lauss

UCN 4 ESS
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UCN source

New nEDM experiment

UCNA/UCNB/UCNA+ experiment

Figure T.lto

B. Lauss UCN 4 ESS Feb. 2022
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Ultra Cold Neutron Source

T.M.lto et al., Phys.Rev.C97 (2018)012501

Spallation neutrons
from W target

~ 2 MeV

Thermal neutrons in Be
and graphite moderator
~ 25 meV

Cold neutrons in
polyethylene cold

moderator
~ 6 meV

%8N coated
guide

Butterfly
valve

<

He-cooled

W spallation | JCooled Ultracold neutrons in

target polyethylene SD2 converter
moderator ~ 100 neV

~factor 4 improvement

optimized cold moderator and o
Figure T.lto

UCN converter geometry

B. Lauss UCN 4 ESS Feb. 2022
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UCN source
Paul Scherrer Institut
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Proton Accelerator
590 MeV Cyclotron
. 2.2/2.4 mA beam current

2 experimental areas / 3 beamlines

lex

L}
N

Ultra Cold Neutron Source
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Ultra Cold Neutron Source

UCN optics arXiv:1907.05730

UCN guides towards
experimental areas
8.6m(S) / 6.9m(W)

DLC coated
UCN storage vessel
height 2.5 m, ~ 2 m3

cryo-pump

cold UCN-converter
5 kg solid D, at 5 K

v

' 300s
8s !

n2ED ;
experiment

P”Ot% production pulse
puls

heavy water moderator
— thermal neutrons 3.6m3 DO

b) UCN delivery at beam port

pulsed

1.3 MW p-beam
590 MeV, 2.2 mA,
1% duty cycle

important: UCN source operation by
ASQ Group (B.Blau et al.)

spallation target (Pb/Zr)

B. Lauss (~ 8 neutrens{prosen) Feb. 2022
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Understanding the thermal neutron flux
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Ultra Cold Neutron Source

b-27

- Fully detailed MCNP-X model and Mo ad echods I sl ewarch A7 2019
simulation by Vadim Talanov & Michael :
WohImuther

- comparison to gold foil measurements

Contents lists available at ScienceDirect

Nuclear Instruments and Methods
Physics Research A

journal homepage: www.elsevier.com/locate/nima

in Ak

Neutron production and thermal moderation at the PSI UCN source @m,m.,k

H. Becker ", G. Bison®, B. Blau®, Z. Chowdhuri®, |. Eikenberg®, M. Fertl”,

B. Lauss** G. Perret”, D. Reggiani“, D. Ries®, P. Schmidt-Wellenburg *, V.

M. Wohlmuther?, G, Zsigmond *

* Paul Schemer Institite, (H-5232 Villigen F51, Switzerland
" Instinute for Particle Physics, Eidgendssische Technische Hochschule, Zilrich, Switzeriand

K. Kirch*®,
Talanov **,

¢ S all R 'l I rn::asn‘nrcr:zcntlhciLht Iprn;ilelil—;ﬁ)l
10 o full MCNPX model
. 3 reduced MCNPX model
756 Zr/Pb Canelloni Target @ : measurement prep!Au-dow Au-up
~7 5 nlp E ] ; |:::easur?tr_lcnt .-“\Ll—-(.d ]
. m | full MCNPX for Au-Cd
ey 5
e AN =
5 | ]
3 1 .
Q -1 B
= ] : ]
3 =
2 10% 4 g
:>';mr3 E ]
_.:Cj : E“ A heavy i
1 r water UCN storage vessel g
103 B e I T N T Tt
-100 0 100 200 300 400 500
v (cm)
B. Lauss UCN 4 ESS Feb. 2022
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L_ _— Preparation of the deuterium power: 370W @4.2K
and 2500W @ 80K
r 30m*@STP

Cryobox  slow condensation]

T

—a—————Th——-

Talk by B.Blau

B. Lauss UCN 4 ESS Feb. 2022



Preparation of the deuterium

Ultra Cold Neutron Source

PAUL SCHERRER INSTITUT

D2 Transfer ~1% / hour

\essel

Talk by B.Blau

Feb. 2022

UCN 4 ESS

B. Lauss
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Solid deuterium at b5K |
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Ultra Cold Neutron Source

talk by B.Blau

0.5 mm AlMg3

saturated vapor pressure indicates [
D2 temperature

Cooling Agent:
Supercritical Helium

B. Lauss

VN4 ESS Talk by B.Blau

Feb. 2022
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Slow freezing procedure
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Ultra Cold Neutron Source

sD2 temperature (Kelvin)

sD2 vapor pressure € sD2 temperature €= sD2 molar volume

19

18 -
17

2.0400

16 -
15 -
14 -

—
w
P |

Fast

— Slow - Sept 2020 |
e SlOW - Nov 2020

2.0292 1

2.0184

-
U %1
| -

2.0076 +

=
o

'\

Cool as
fast as
possible

Slow cooling
attempt 2

Slow cooling
attempt 1

sD2 molar volume (10° m® mol™)

1.9968 4} Cool as

0

)
24 48

e S|ow - Nov 2020

fastas Slow cooling

[ attempt 2 \.1
_\possmle p ' \\ attempt 1

1.9860 Lt

Fast
Slow - Sept 2020

Slow cooling

—+ —
72 96 120 144 168 192 216 240 264 288 0 24 48 72 96
Time after triple point (hours)

120 144 168 192 216 240 264 288

Time after triple point (hours)

B. Lauss

UCN 4 ESS

Feb. 2022



nosani gt Conditioning: regalnlng the full 1Bl
I UCN intensi

,7 Cngg Ultra Cold Neutron Source

CPOO06 pressure sensor
~10 m away / D2 tube

out (CT032) 10
in He cooling

T(K)

UUD
800

lid heaters
outer inner

50 Tl
40 \

30 -~

|

Pressure (Pa)
3

p2 level

24000 -

22000 £ g - i

20000 . - -
18000 - 3 . -
| : - g |

16000

\

14000 . o

counts

12000 -

10000 4 waz . L
- L] 1 +

8000 -

v

8000 - b o

— 7 ——————— 71— T ———
12:00 = 14:90 ) = 16:00 . 18:00
. . Time 2 .

B. Lauss UCN 4 : ! : : Feb. 2022
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i Recreation of solid thin-film D2 source
5 A ‘calibrated’' source of UCN
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Ultra Cold Neutron Source

D2 fills with gas —» exact D2 mass known

— freeze to make a solid thin-film D2 source

starting at a few grams - 1300 g
— thickness 100 mu - a few mm

— no UCN losses occurring within the solid D2 (lifetime is
long enough that UCN exit also after multiple scattering)

- established thermal flux

- simulated /checked cold flux

- established UCN production cross-section from
Golub/Boenig 1983, Yu/Malik/Golub 1985
Atchison et al, PRC71, 2005

Atchison et al, PRL99, 2007

- established UCN transport trom sD2 surface to detector
Bison et al . arXiv:1907.05730 and arXiv:2110.12988

mass Measurement | Simulation
(g) UCN counts | UCN Counts
5.77+0.2 | 28'100+£1300 30'000
2.82+0.2 16’070+500 15’000
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Thin film sD2 UCN source IE | pe

Ultra Cold Neutron Source

- at larger masses moderation and sD2
extraction become relevant

Measurement of UCN counts

L7
Deuterium height (cm) 'ha,y
0.58 1.16 1.74 2.32 290 3.48 4.06

5x10° ;
West-1 beamport
Simulati £ cold f 1 normalized to 1.9 mA proton beam current P'
imulation of cold-neutron flux o Ax10°- UCN output after: S |
., o O no remelt bf-’\'kh' ’
15 3 O first remelt i
£ 2 ~ 13x10°4| & tworemelts . i
°1 12 <& three remelts E;OL
C -
% 5 3 ) =
Radius (cm) o 2x1 0° S ) ot .
Z i
0.066 0.068 0.070 0.072 O Bl _
Neutron flux density [10=3 n cm~2 proton~!] ) 1x1 06 - ) ﬁ'ﬂ.'t" o norm"ﬁjgklﬁ:ﬂ .
] . '¢:l'-¢}- -ﬁﬁ- i et
0 @{:H:} 1 T T T T T T T T
200 400 o600 800 1000 1200 1400
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Thin film sD2 UCN source ->
UCN extraction from sD2

Ultra Cold Neutron Source
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Our measurements and UCN
transport simulations indicate
that the
“crystal quality”
UCN extraction

solid deuterium

is crucial for

«good»
crystal
. Extr-actéd UCN
Lost UCN
«bad» J
crystal

Efficiency

Ratio of measured counts and expected UCN production - 4s kick

0.1 %

0.01 %+

1Thin film
2018

west1

: West 1 Extractlon + Transport efﬂcnancyi

Fit thin film 2018

1 = Fit slow freeze 2018

Extraction length <-> el. scattering MFP
54cm<->7.7cm
3.0cm<->15cm

~1.5cm <->0.4 cm
(0.85 +-.03) cm <-> 0.1 cm

N STowfréeze ’2019

©
7549

201 9 startup .

—
500 1000

0 1500 2000 2500 3000 3500 4000 4500 5000
sD2 Mass (9)
. . . Extraction simulation
PhD Thesis |.Rienacker PhD Thesis T.Brys 2007
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Artistic view of experimental hall

'experiment
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[ Summary

Ultra Cold Neutron Source
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