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CryoEDM - Cryogenics

e Overview of EDM cryostat
e Cryostat performance
 Cooling power
* UCN storage
e Superconducting magnetic shielding
e B-field homogeneity
e B-field stability
e SQUID magnetometry
e Sensitivity
e Stability
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Cryogenics overview

‘Tower 1' 4He +

Cryo E D M CrVOStat, l LI— G reno b I €  Source UCN valve 3He cryostat

3-way UCN valve

-u

Superconducting
"Yoshiki' shield + solenoid ( '

He-ll filled UCN
source tube

Detectors

Ramsay cells
HV feed 12 SQUID sensors
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Cryogenics overview

e 'Tower1' * 'Transfer cryostat'
 UCN source e UCN guide turn and drop
* “He pot for SCV filling * Valve actuators
e 3He pot for SCV cooling e UCN detectors
* 'Yoshiki shields' e SQUIDs
* Magnetic shielding: mu-metal & SC Pb e« HV feed

 Holding field: SC NbTi solenoid
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Cryogenics overview

Cryogenic system schematic

Tower 1 Transfer cryostat Yoshiki shields

‘ ﬁ > — —

=1
]

Superfluid volume -0.4K
- UCM source
- neutron guides
- Ramsay call
- 5QUIDs
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Cryogenics overview

3 mu-metal
layers

[.N2 tank

1.UCN fill in source

3.Storage & resonance |

4.Neutrons to detector

; Lllc tank
: (containing supcrconducting
magnct / shicld)
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Cryostat perrormamnce

* SCV cooling 300 e B e e
liq N,  — ring (occasional dewar ]
curves 2008-2009 >R 2009 Sping (adator)
260 | Dewar gas cooling —— 2009 Winter (gas cooler) .
240 £ /,/’/ E
* Dewar gas 220 F ]
circulation < ¢
o 0F o lia He E
- 3He in SCV 3 1e0F :
g 140 E ek E
o ' iaton' g 120 F N E
Radiation I N
- Exchange gas ig 3
* Closed cycle He o |
20 £ 96" " 182, 16
gas flow S s S N
0 5 10 15 20 25

Days
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Cryostat performance

e SCV cooldown procedure 2010-2012

13/10/12

Shields LN cooling (SCV - ~160 K)
Shields LHe cooling (SCV - ~100 K)
Start *He evaporation

Cool SCV via superleak flow
Start *He evaporation (SCV - 0.4 K)
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Cryostat performance

° F|”|n g SCV o Mass Flow through Superleak

e Pre-co OI f rom 095 _ Thﬂ straligh.l lines are thf:nrf:tj{:al ; QIST.
~100 K CIN
e 250 | volume S 015 |
=
* Measured SF flow % o1}
(H. Yoshiki et al. = sk
Cryogenics 45 (2005)) :

0

0 20 40 60 80 100 120

e 12 days cool & fill
Heat Input (mW)

 3He concentration
<3x10°
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Cryostat perrormamnce

e 2010-2012 cycle time

13/10/12

LN transfer: 10 days to 77 K
2 days to purge LN
LHe transfer: 12 days to liquid fill

*He evaporation & superleak flow: 7 days to cool
SCV to 2K

*He evaporation: 5 days to cool below 0.7K
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Cryostat perrormamnce

e 2010-2012 cycle time

LN transfer: 10 days to 77 K
2 days to purge LN
LHe transfer: 12 days to liquid fill

*He evaporation & superleak flow: 7 days to cool
SCV to 2K

*He evaporation: 5 days to cool below 0.7K

Total cooling: 36 days

e SFV kept free of *He

13/10/12
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Cryostat performance

e Temperature dependence of storage time

- Neutron loss due wl AR O expertmentsl dula
. ‘h“T‘n ======gingle phonon interaction only
to upscatte”ng 93 EE Nt .i.-ingll::;;mullijﬂt phonon
(C. A. Baker et al Phys - O, % roton fnteraction
Lett A 308 (2003)) ¥ - =AY
-Suppressed < 1K v o W
E 59 g
* 0.4+0.1Kbelow % ,: A
o E 4 “| .l"'..I
problem region £ 3] h
= -
o el
0.0 0.5 1.0 1.5 2.0 2.5

temperature [K]
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Cryogenics overview

e Horizontal 'Yoshiki' shields

High To the pump — T Outer Vacuum Vessel (OVC(C)
Voltage Ifl | F " (L=3.3 m, 0=1.35 m)
End !
| L.N2 shield (77K)
| -
7 9000000000000 08000000000000000 He4 shield (4.2K)
L |
g SCV
P’b shield (L=2.68 m, ¢=0.724 m) e 1 guide tube
Cu-Nb-11 Solenoid (2x 5430 turns) e : i
it - . 1Zh =
L=2.627m, ¢=0.684 nq]H Voltage — SQUIDs Ramsey Cells
™ Feed | T (9=250 mm,

e

-Tﬁi-----------L----------;---. height= 45 mm)
|

3 mu-metal layers
: (L=3.2m,
: t=1.6 mm)
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Cryostat perrormamnce

* Cooling of YS
e LHe fill

e Solenoid current supplied ~20 K
e 9.2 KNbTi solenoid persistent

e 7.2 KPb shield SC
- B-field locked in

e Assess cryogenic performance via magnetic
stability
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B-lelad spatial hemogeneaity

e Performance of YS

e Requirements for nEDM

 Maintain n polarisation

e Avoid geometric phase effect
- <1nT/mforB =5uT
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B-lelad spatial hemogeneaity

e 2004 magnetometry tests

Inside LHe shield/solenoid tank

Rotating magnetometer probe

Probe location assembly
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B-lelad spatial hemogeneaity

e 2004 magnetometry tests
Angular plot at z=0.6m, 22.12.04

:;Kg\kg USD S S G G s S

5.095
5.090 e "

5.085
A——4A —e— axis probe

5.080 4—
5.075 \‘\\ // = middle probe
5.070

Bz (microtesla)

—a— outer probe
5.065 N //
5.060 SO N T

5.055
5.050

5.045
5.040 Py
0 30 60 90 120 150 180 210 240 270 300 330 360
theta (degrees) from TDC
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B-lelad spatial hemogeneaity

* Anomaly due to rapid cooling of shield &

SOlenOid? Cooldown 3 : T(t) for B sensors

* NbTi9.2K
+ Pb7.2K _*
&

 Rerun with  §@ eaTECE

| 100 —+—TEC

g —e—TEC

pause at 8 K ¢ * TR
2 60
40
20
00

Pk 23 7% 7% 27 7% 71

Time (hours)
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B-lelad spatial hemogeneaity

e 2004 improved homogeneity

Angular scans 26-01-05 (16:26 - 16:32): z=0.6m

5.180
5.170

5.165
5.160
5.155
5.150
5.145
5.140
5135 o——A&—— & —h———4p

5.130

Bz (microtesla)

—e— axis probe
—=— middle probe

—aA— outer probe

5.125 ~
5.120

LN
D

nT/ m

5.115
5.110

0 30 60 90 120 150 180 210 240 270 300 330 360

Theta (degrees)
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B-lelad spatial hemogeneaity

* Improve homogeneity
further

_ AR

-

e Array 12 coils

e Optimise coil currents

* Response map

e Extensive effort 2010

- 12 coils
- 1440 points
* Software optimisation Gk
=

iy ;
b, r,\
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B-lelad spatial hemogeneaity

* Assess improvement

=i~ Predicted Data
—id— Experimental Data

e Neutron MCto 30

T2 (s)

_ Corrected B-field

e B-field map input 20 _________________ _________________________ ________________________ ___________

- Predicted . S0 R R T T e

- Measured

* Factor ~ 10 to be _

1 i | 1 1 1 i | 1 | 1 | 1 1 | 1 i 1 1
2 3 4 5

| |
-

gained from correctionf +
coils

Configuration Mumber

13/10/12 Stuart Ingleby (Sussex) - EDM cryogenics 21



B=leld temporal stabilit

e B, stability

e Solenoid persistent
current running 2004

13/10/12

Bz (microtesla)

3 day scan 24-27 Dec 02
5.41
5.4 " -

e Py L Baiindl A4 baend Lk ) i
5.39
538 — axis probe

— middle probe

537 — outer probe
5.36
5.35
5.34

12/24/04 12/24/04 12/25/04 12/25/04 12/25/04 12/25/04 12/26/04 12/26/04 12/26/04 12/26/04 12/27/04 12/27/04 12/27/04
12:00 18:00 0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00 6:00 12:00

Date/time
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B-field temporal stability

e B, stability S e s

5.39

)
» 2 day scan from 27 29-12-04
o ° g 5.38 —a‘&is'[‘)'ro%g
¢ Solenoil ersisten : — midd pobe
E 5.41
~ 537
N
m
[ ]
current running 2004 oo
5.35
5.
@4 ——
312/2%/ 1 .
% 12 — axis probe
S — middle probe
£ — outer probe
— 537
N
m
5.36
5.35
5.34
12/27/04 6:00  12/27/04 12/27/04  12/28/04 0:00 12/28/04 6:00  12/28/04 12/28/04  12/29/04 0:00 12/29/04 6:00
12:00 18:00 12:00 18:00
Time & date
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B-field temporal stability

e B, stability i A

2 n f'Om 7 ’_O 192.NA
ay sca T’_ dz 04

— middle probe

5.41

Bz (microtesla)

e Solenoid persistent
current running 2004 - g |

* 288 hours |

— middle probe
— axis probe . guter probe
— middle probe
— outer probe

e AB max 1.7 nT peak-peak

Bz (microtesla)

 Upper limit on solenoid
run-down < 3 pT/ hr e _ =

TU——TZraTToF TZIZTTO TZTAOTUS UTUU TZIZ0TUS UTUU T TZTZOTUF TZrZoTT
122904  12/30: ABLBA00 12/30/04 9:00  12/30/04 12/30/042:002/31/04 3:0@:02/31/04 9:00

- Well within analysis S R i 8 aale”
tolerance
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B=leld tempaoral stalility

* Noise reduction for nEDM
 B-field freq shift < E-field freq shift

e <3 fT over cycle

* Noise at site ~0.2 uT

e ~100 reduction via statistics

 Required DSF 10°

- Mu-metal DSF 12 — extension needed?
- Need Pb shield + solenoid > 10°
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B=leld tempaoral stalility

e Penetration of transient
fields

e Pb DSF should be 5 x 10° a-metal

e Solenoid supercurrent — -
uniform [ SCNb-Ti solenoid 7~

* External perturbation =
produces response q

e |nside Pb shield
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B=leld tempaoral stalility

e Penetration of transient

fields

 Pb DSF should be 5 x 10° —r

e Solenoid supercurrent — /J
uniform

produces respons

e |nside Pb shield

R Y

—

—_—

e I T e

* External perturbaffion

AB
h

A

e DSF estimated -175

13/10/12
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B=leld tempaoral stalility

e |Insert additional inner SC shield

e Can 10° DSF be recovered?

. Vacoum Vessel
.:-Fff
=

3 mu-metal layers

f//h 220000 00CSO OSSR SRRORGRBDSS
b shield

L2 shaeld (77 K)

Hed shield (4. K)

nentron guide tube

o

ISS
S 8000000 00NN RNECEBOOEEROROGS

13/10/12 Stuart Ingleby (Sussex) - EDM cryogenics

28



B=1eld temporal stability

1SS

e A. Katsika PhD, Sussex
Pb shield (7.2K) & PbSn

solenoid (6.9K)
* Sn shield (3.7K)
e Cooledto 2.1K

180 uT

e 0.1 nT resolution
fluxgate

13/10/12

Test 1:12.5 scale model |

60 A external coil 2 rupen
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@ temporal stalvility

Bfie

e Tef 4
|SS Cryocooler
) Cryocooler
. Ph
e Stage 1 —
(=43K) Vacuum
The scale =—hamber
* Sn ~model
Stage 2 — / Sn ISS
° (=2.4K) ’ :
PbSn solenoid
* 60 Pb Sc shield
18
e 0.1 nT resolution
fluxgate .
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shielding

Scale
model
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B=leld tempaoral stalility

e |SS model data

e Pb shield
e DSF1.88 x10°

13/10/12

B Pb Normal Buurmal {HT}
Pb SC
LLinear{Ph 5C) 400 -

——Linear (Pb Normal)

e e e 3.0 H .

I (Amps)
-15
y=01eax-8i008 100 -
R*=0.3156

Bsc (nT)

R’ =1
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B=leld tempaoral stalility
* |ISS model data

= Normal "6 WS" end

. . TEWSE™ Bnumla {PT} B [
® Pb Shleld —i::ne:;“{:m:]:l”ﬂ"S"end}_______________________________I_SH___________T_ Sf_(}zl )

—— Linear (5C "6W5" end)

e DSF1.88x10° S
e Pb shield + soIeno__i__c_z_l_____F_ﬁwm2

e DSF-234 I (Amps)

-1.5 -1

y=102.74x + 15.764
R*=0.2999
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B=leld tempaoral stalility

e |SS model data
e SCshield

* DSF-234

e Shield + solenoid

+ ISS
e DSF~5x10°

13/10/12

Bnormal [uT]

y = 5.E-05x + 6.E-01

<1800 & ---—-m e y = -27.75x - 0.00

— | ingar (Mormal)

— Linear (35

Stuart Ingleby (Sussex) - EDM cryogenics

Bsc[uT]

0.6285

0.628

- 0.6275

- 0.627

- 0.62635

- 0.626

+ 0.6255

- 0.625

0.6245

- 0.624

0.6235
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B=leld tempaoral stalility

e |ISS model data  =normainm A —
e SC shield 200
400 ——-—-— -]

=100 -
+ DSF-234 Fleldvs Current 1= 122500 1ok
11 8675
. o -14014 11.867 G5
* Shield + solenoid __| .. ..
11 866
+ ISS =1 804 E‘ 11 8655 04
2004 E 11.865 \.\hA —s—FRun 2 Increasing Current bss
- L — Linear {Run 2 Increasing Current)
e 2012 data . AoN 5
118635 ‘K\’
* DSF-2.8 x 10°

a 5 10 15 20 25 30 35

Currentin A
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WMaghetometry = SQUIDS

e Requirements for nEDM

 Monitor 0.1 pT fields over 300 s storage time
e Minimise heatload

e Measure close to RC

- HV compatible

13/10/12 Stuart Ingleby (Sussex) - EDM cryogenics
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Magnhetometry - SQUIDs

2006 installation cryopEDM SQUID system

Optical data Top I
connector , _
transfer box E Optical
fibre link
Heathad PFL800 Control and i
42K preamp
connector electronlcs
3mW /SQUID box _
_ Stycast filled Main shield
Cryostat forms S tubes
O SCV
faraday cage % | F———————
©
. Still concit : N \
Stl SenSItlve t SQUIDs Twisted wire pairs in Pick-up loops and
EMF pickup zﬁi‘jécc’”d”c“"g (solder) calibration coils
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Magnhetometry - SQUIDs

Landoyd WnalLyonos seaoLny Wy agogondond

e SQUID pickup loops
« 3x z-axis double loops. singe oops |
e 3x off-axis z-loops 3-axis loops
e 2x 3-axis loops *
e 3x calibration coils 3

 Measure field in RC
Y 12 cm from CO”S 7 L e sy Yy s ——

13/10/12 Stuart Ingleby (Sussex) - EDM cryogenics
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WMagnhetometry - SQ)

UlDs

Raw data

* SQUID resets TE
g 6 R
- T
= 4= A
* Flux locked loop 5 ,i;}zz_,%
3 i )
T 2ooE o e
* Periodic V / flux E AN
over one flux “E ﬁ*‘ﬁﬂ
quantum Corrected
e ~10 nT flux %060—
quantum %080— :, .
. %MDD:- ;;; -
* Correctedin £ ‘=
30| LA

13/10/12

Time since Start (E) [h]

Stuart Ingleby (Sussex) - EDM cryogenics

1 1 1
17
Time since Start (E) [h]

1 1
17.5
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WMagnhetometry - S@UH@@

]

—
II|IIII|IIIIIIIII|IIII|IIII|IIII|IIII

 SQUID system
tests ILL 2009/10

SQU|DS \\S:Q,im

SQUID 11

SQUID signal [nT]

e Good resolution }

e EMI pickup .

4095.5 Fluxgate : 5 7

of run [h]

A é A
8 & 3
I & &

Fluxgate signal [nT]

-4097.5

-4098

-4098.5

-4099

1 4 1 1 1 I4.5I 1 1 1 5 1 1 1 IS'SI 1 1 1 6 1 1 1 I65I 1 1 1 7 1 1
Time since start of run [h]
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Magnhetometry - SQUIDs

SQUID system
tests ILL 2009/10 e

1.E+00 -
- ILL 2009

Good resolution  +eof

1.E-02 A

. Tiees|
EMI pickup 2=
: . w@ﬂmquuh rol ILL 2006

Characterise e || " '“iﬁ:"‘"‘*l,l-'|i;.llIrl-:r;-;«m,k,'._ww‘y.-Ju.,uw,m.ammh..MM,@_M LT OV

1.E-06
system in low- . LseB
noise LSBB

1.E-09 | | | T

1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

* < 10_1 p-l-/HZl/2 frequency [Hz]
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WMaghetometry = SQUIDS
 Tests at LSBB 2012

 Geomagnetic effects measured using 2 SQUID systems
e 72 hours stable operation

e Resolution to < 0.1 pT/HzY2

e RMS discrepancy < 56 pT

3 € o3
; " ;.'0.3':
= e “2.'
-] - 2 -
g5 § .
g F . 0.1
® 3 o
5_— 8, -
E-ﬂji
u_ 5 -
- £-0.2;
5 o
- 0.3~

-1n_| L v 0 1 R B L L1 ] L ' : L ) 1 ] L I | L

14-Jul 15-Jul 16-Jul 14-Jul 15-Jul 16-Jul
uTC uTc
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WMaghetometry = SQUIDS
e SQUID upgrade plans

* Low-heatload
readout cabling
- 30 uW / SQUID
e Compact hardware
 Magnetic modelling

- OPERA
- QuickField

13/10/12 Stuart Ingleby (Sussex) - EDM cryogenics
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SUMmary

* Cryostat performance established

 Base temperature 0.4K reached
e Temperature stability acceptable

* Long cooling times

13/10/12 Stuart Ingleby (Sussex) - EDM cryogenics
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SUMmary

* Cryostat performance established
e B-field homogeneity
* Pb shields delivering ~10 nT/m

« Correction coils can give factor ~10 improvement in T,

13/10/12 Stuart Ingleby (Sussex) - EDM cryogenics
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SUMmary

* Cryostat performance established

* B-field homogeneity

e B-field stability
e Pb shield DSF ok ~10°

* Transmission in solenoid

- Testing ISS
- Regain DSF >10°

13/10/12 Stuart Ingleby (Sussex) - EDM cryogenics
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SUMmary

* Cryostat performance established

* B-field homogeneity

e B-field stability
e SQUID performance

e 0.1 pT/Hz¥? achieved in quiet environment

e SQUID upgrade planned
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SUMmary

e Cryogenics upgrade plans

e New & replacement cryocoolers to reduce LHe shield
boil-off

 Thermally isolating UCN guide supports to allow in-situ
bake-out

e Large-bore SF valve for SCV pumping line to allow
pressurisation
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