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TRIUMF Aheadsup...

We have solved very little at this point...

... but we have very promising concepts and/or prototypes for most items.



RTRIUMF  The cells

» radial seal to avoid large axial forces \
required to press O ring in axial direction ol

* O-ring clamping feature in electrodes

O
« Materials:
» electrodes Al with NiP or DLC coating (see
Russel Mammei’s presentation)
 insulator dPS, but SiO does not reduce EDM
sensitivity a lot
O
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RZTRIUMF  Hv (>

EDM cells HV feed options

Common HV design of electrodes to most
recent EDM experiments:

» Flat electrodes, rounded outside

* Trenches for insulator 2. vacuum tube and feed inside vacuum
penetrate MSR

« vacuum feedthrough can be magnetic, off the shelf
* MSR hole size required: 150 mm



HV vacuum
feedthrough

coronaring
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with corona

ring
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HV connection chamber

HV feed rod
encased in epoxy

vacuum pipe

1
central HV electrode




2 TRIUMF HV feed option 2

EDM vacuum chamber

HV spout

HV rod

vacuum pipe

PE tube

epoxy

!

HV connection chamber
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TRIUMF The EDM cell UCN valve

Requirements

e vacuum tight

 high transmission, long storage lifetime

« small cavity in electrodes

* non-magnetic

Our prototype

« sliding valve derived from VAT valve

design

 protection ring slides in place

* inclined plane and roller to push plug
 springs to retain plug

Y « plug extends into EDM cell cavity

e pneumatic actuation

» Al coated with NiP (or DLC)

« CuBe springs, ceramic bearings

|- | - A=l IO O]

L - .- | ‘

early animation of functionality
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TRIUMF  Pictures and status of valve end EDM cell prototype
* Prototype EDM cell and valve built end of 2019

Sidelined in first half of 2020 due to source development

Currently debugging, mechanical tests

Vacuum tests look good so far

UCN storage experiments possible as soon as UCN available again at TRIUMF
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2 TRIUMF EDM central region and the B, pulse

Pi/2 spin-flip pulses

« AC magnetic field with f = 30 Hz for
neutrons, 8 Hz for Hg at By= 1 uT

* Induces Eddy currents in conducting
materials

 These Eddy currents can create
Inhomogeneity in the field and cause
phase lag.

1
T f uo

Skin depth §, permeability u, conductivity o
For Al and 30 Hz, §=1.8 cm

Components affected

If not for the Eddy currents (and Johnson noise
when pushing below 10?7 ecm) We would build
these components from non-magnetic
metals

« EDM Electrodes
* Vacuum chamber and flanges
* Valves, guides

We need to assess the effect of Eddy
currents during the spin-flip pulse on EDM
sensitivity.
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TRIUMF

« 15 nT external field in x direction
* Necessary for a 2 s neutron spin flip at 30 Hz

» Spherical Al shell of 10 mm thickness

19{Mar /19 11102

Mag contours; B
5. 709344E- 10

-~ 1. AABO00E- 30

Al6061 Sphere
0.5 m radius
10 mm thickness

= 1. 70S00CE-10

____ External homogenous f|eld
- 15nT (no COI|S) ;

= 1. TOOZESE-
8l = 6. 1

Very simple example:

spherical cow

* Magnetic field in center (analytic) as a
function of frequency

AC shielding Al6061 10mm 2.5e7 s/m 0.5m

Ratio of inside to outside field [ ]

\&______)‘____
\\____\, X
0 ya =5E P 4
0 20 40 60 80 100 120

-0.2

Frequency [Hz]

Main takeaway message:

magnitude
* Phase angle close to 90 degrees, so

» At 30 Hz field attenuated by one order of

field is a quarter period behind B, coils

——Bin/Bext_InPhase

Bin/Bext_OutPhase ——Bin/Bext_average

¥ Opera0deg X Opera90deg

 Opera FEM doublecheck agrees well
with analytical data.
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& TRIUMF cCylindrical EDM vacuum
chamber

1 mID, 0.46 m height
Flanges 2.54 cm

* Cylindrical wall thickness 10 mm
« 30 Hz

8e-09 -
6e-09
0 4e-09 -
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| — Out of Phase
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TRIUMF

Investigating effect on EDM sensitivity

1.

Opera simulation to calculate field and

export 3D field ma
Run PENTrack spi

pPS
n tracking simulations of

Ramsey cycle (BMT eq. s - (- i_ﬁsf +or)xS)

Determine length of B, pulse

Determine visibility a for different materials

vac chamber non-
conducting

|

Opera model with gi

rooved Al electrodes

EDM electrodes and the B, pulse

1. Operaresults

Bx [T]
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2 TRIUMF EDM electrodes and the B, pulse Wiggles from linear

oscillating field (vs

rotating)
3. Determine B, pulse length 1.00- \/ — Aluminium
0.98 Al —— Titanium
0.96 - Ti
e Larmor and B, frequency are known at « 094
29.16 Hz (B,=1 puT) 0.92
» B, field from Opera simulations 0.90
« Change B, pulse duration for optimal 0881
visibility @ o 09 1.0 1.1 1.2 1.3

T [s]

Figure 3.22: Visibility of the aluminium and titanium model as a function of 7. A

frequency of 29.1646931 Hz was used. . .
eney 100 particles simulated

per data point
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2 TRIUMF EDM electrodes and the B, pulse (i3

4. Determine effect on visibility
1.01
This is using 4 points on Ramsey curve % 1.00
and fitting of central fringe )
- . . 2 0.99

 Titanium shows no visibility degradation 2

compared to non-conducting electrodes 0.98-
o Aluminum electrodes decrease visibility 0.97

by around 2%

Ideal Titanium Aluminium

Figure 3.27: Obtained visibility a and its uncertainty of the ideal, titanium and alu-
minium model. Here T equals 10 s and 7 equals the respective value of

o Caveat: we see some effect of resolution Table[§ ] _ , ,
of the B field table, which we have to 10° particles simulated per data point
Investigate further.
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2 TRIUMF  Next step: vacuum chamber and electrodes m

First results with Al vacuum chamber and electrode
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& TRIUMF Next step: vacuum chamber and electrodes

First results with Al vacuum chamber and electrode

1 -
» Visibility scan looks promising
005 » External field needs to be 10 x times
' higher than without vacuum chamber
3
>
IS
NeL
g
09r
——No Vacuum Chamber, 15nT
— Al Vacuum Chamber, 150nT\
0.85 ' ! ‘
0.8 0.9 1 11 1.2 1.3 1.4
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TRIUMF  Eddy current summary

« We are contemplating to start the EDM with Al electrodes and vacuum chamber

« B, coils can be built to provide an order of magnitude higher current

* Next steps:
* Include more detailed geometry of EDM cell valve and vacuum chamber
* Perform more field table resolution sensitivity studies

19



& TRIUMF Superfluid helium source performance

« Afew thoughts about performance
parameters of superfluid helium sources

20



2 TRIUMF Superfluid helium reactor or spallation UCN source main m
performance parameters (mainly cryo and rad)

(Disclaimer: not directly applicable to CN beam to UCN sources)

21




2 TRIUMF Superfluid helium reactor or spallation UCN source main
performance parameters (mainly cryo and rad)
(Disclaimer: not directly applicable to CN beam to UCN sources)
1) Cooling ¥
power through 4) CN flux vs
umpin heat input to
inlbinl D20 5|“pp'y 4He volume
On He-3 or 4. -
&
04)/&
”soo Q“o(,

2) For 3He
cryostat: heat

transport across
HEX

steel shielding

3) Heat transport

——— through

conduction
channel




923 TRIUMF Parameter breakdown m

« cooling power o pump speed * normal component (NC ) carries
* °He: 10 W cooling power at 0.9 heat in superfluid helium
1) Cooling Eorgg‘#]giﬁ pump speed around « at 1K, there is very little NC
power th_rou . Pressure drop important * heat flux 20 times smaller than at 2
pumping | K

* 3He boiling curve

* heat transport on interfaces
between 3He, Cu in HEX and “He

« Kaptiza conductance « T3

e around 1 m?for 10 W at 0.9 K and
AT =0.1 K

| Kapitza Conductance : inside |
=500

FT inverse [W3/m5 K]

KG=6.5 (HEPAK) —— k

e KG =20 [V Pl s e e PN TR A
KG =65 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Temperature [K]

Figure 1.1: Heat transfer function, f(7')~!, as a function of Temperature.

» see Wolfgang Schreyer’s

i sport presentation tomorrow
TTaNSPOIT aciC  jof —
= =t
HEX 50E e —
— n 23
Ba 085 09 095 T TH05 14 115 12 125 1.3

Temperature [K]






X TRIUMF  3He vs “He cryostat m

UCN upscattering in “He Figure of merit for cooling power
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T ~ 0.8 1 i) 14 1.6 1.8 2
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Best fit to vertical 0.016 sK7'
source experiments. % At 1 K cooling power of 3He fridge 30 times

To be competitive with LD2 sources, keep larger than “He fridge. 5
temperature low.



e TRIUMF
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Temperature in production volume vs cooling power

Cooling power comparison using proposed Busch pumping systems

-4+ 4He for ideal 10000 m”3/h pump
4&5\ --4-- 4He for ideal 30000 m”3/h pump
—u—4He cooling power from Busch 30 pump [W]
=+= 3He using HEPAK for K_G=6.5 and a=2.6
—=3He using VanSciver for K_G=6.5 and a=2.6
=== 3He using HEPAK for K_G=20 and a=1.2
——3He using VanSciver for K_G=20 and a=1.2
--4-- 3He for ideal 10000 m”3/h pump

~= 3He using HEPAK for K_G=20 and a=2.6

—e—3He using VanSciver for K_G=20 and a=2.6

Cooling power delivered to the helium-4 [W]
S
o
o

5.00

All solid and dashed lines represent
pumping curves for actual pump systems
from Busch Vacuum.

The three dotted lines represent ideal
pumps that provide the indicated
pumping speed for helium.

1.00

1.10 1.20 1.30 140
Isopure helium-4 temperature at the production volume [K]

1.50

1.60
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2 TRIUMF  Temperature in production volume vs cooling power

Cooling power comparison using proposed Busch pumping systems

40.00 = iy ---+ 4He for ideal 10000 m”*3/h pump
¢ %\(\\ «- 4He for ideal 30000 m”3/h pump
35.00 Q@
S )l =s=—A4He cooling power from Busch 30 pump [W]
@“‘..
== 3He using HEPAK for K_G=6.5 and a=2.6
30.00

——3He using VanSciver for K_G=6.5 and a=2.6

= = 3He using HEPAK for K_G=20and a=1.2

N
v
o
o

——3He using VanSciver for K_G=20 and a=1.2

-+ 3He for ideal 10000 m”3/h pump

== 3He using HEPAK for K_G=20 and a=2.6

=
o
o
o

—e—3He using VanSciver for K_G=20 and a=2.6

=
o
o
o

All solid and dashed lines represent
pumping curves for actual pump systems
from Busch Vacuum.

The three dotted lines represent ideal
pumps that provide the indicated
pumping speed for helium.

Cooling power delivered to the helium-4 [W]
S
o
(]

0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60
Isopure helium-4 temperature at the production volume [K]
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40.00

35.00

30.00

~J
o
o
o

20.00

15.00

10.00

Cooling power delivered to the helium-4 [W]

5.00

Temperature in production volume vs cooling power

Cooling power comparison using proposed Busch pumping systems
AHe for ideal 10000 m”3/h pump

- 4He for ideal 30000 m”3/h pump

=s=—A4He cooling power from Busch 30 pump [W]
=+= 3He using HEPAK for K_G=6.5 and a=2.6

——3He using VanSciver for K_G=6.5 and a=2.6

= = 3He using HEPAK for K_G=20and a=1.2

——3He using VanSciver for K_G=20 and a=1.2

«=a+ 3He for ideal 10000 m*3/h pump

3He using HEPAK for K_G=20 and a=2.6

-3He using VanSciver for K_G=20 and a=2.6

h Y

h
SQ\RA

All solid and dashed lines represent
\_ pumping curves for actual pump systems

ef\meﬂ from Busch Vacuum.

“““““““““ The three dotted lines represent ideal

pumps that provide the indicated
pumping speed for helium.

1.00 1.10 1.20 1.30 1.40 1.50 1.60
Isopure helium-4 temperature at the production volume [K]
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2 TRIUMF  Temperature in production volume vs cooling power m

Cooling power comparison using proposed Busch pumping systems

40.00 I --a-- 4He for ideal 10000 m”3/h pump
N
P& 4&8\ --+-- 4He for ideal 30000 mA3/h pump
35.00 i8 &
5 i S éﬁ —=—4He cooling power from Busch 30 pump [W]
3He system &
30.00 . iy =+= 3He using HEPAK for K_G=6.5 and a=2.6
- wins below -'
—=3He using VanSciver for K_G=6.5 and a=2.6
1.2 K for 1/3
25.00 : =~ 3He using HEPAK for K_G=20 and a=1.2
of cooling ol
power \ ——3He using VanSciver for K_G=20 and a=1.2

20.00 --4-- 3He for ideal 10000 m”3/h pump

H
o
o
S

=
o
o
o

Cooling power delivered to the helium-4 [W]

5.00 The three dotted lines represent ideal
pumps that provide the indicated
pumping speed for helium.

0.00 '! I I 1

0.90 1.00 1.10 1.20 1.30 140 1.50 1.60

Isopure helium-4 temperature at the production volume [K]
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1) Increasing pumping speed

m

Plots from a fully parametrized model of the source taking cryogenics and UCN storage into account.

Kapitza conductance makes
temperature reduction small

A Interpolated 3He temperature [F(]

¢ Interpolated temperature of isopure side of heat exchanger [K]

1.00

0.90

Interpolated 3He temperature [K]I

0.80

o—=0

0.70

1,000.000

16,000.000
Pumping speed Spump [m3/h]

6,000.000 11,000.000

Heat conductance in 4He eliminates
the drop almost completely

A Interpolated 3He temperature [K]

¢ Isopure temperature in UCN production volume (bottle) [K]

1.30
o
= 1.20 ¢
<, o : .
o %60 “He in production volume
§ R R T T T N Y Y T I PP I I |
g 1.10
8 A
5 A
o 1.00 A
I
o
3
‘s 0.90
o
g e te
£ 0.80 AsAAATperatUre
A
0.70
1,000.000 6,000.000 11,000.000 16,000.000

Pumping speed Spump [m3/h]
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upscattering lifetime [s]

ucC

speed

N yield plateaus

A average upscattering in the source calculated from liquid and

vapor
40.00

upscattering in 4He [s]

TRIUMF 1) Increasing pumping

2.5E+08

35.00

30.00

&
25.00
S

> <

20.00

15.00

upscattering lifetime

AAAAAAAAAAAAAAANAAAAAA

AAADAAALDAALL
gooooooooooooooooooooooooooooooqoooo

éégeﬁw UCN at end of irradiation

 2.0E+08

1.5E+08

1.0E+08

10.00 |

5.00

5.0E+07

0.00
1,000.000

6,000.000 11,000.000 16,000.000
Pumping speed Spump [m3/h]

0.0E+00

4) Increasing beam current

beam current « heat input
beam current < UCN production

2.5E+08

2.0E+08

1.5E+08

1.0E+08

5.0E+07

0.0E+00

140.00
- djation

120.00 | ! £ \ﬂ.ad\ :
? CN?3
S 5 100.00 - <><>°°°° - " ]
8 E A & This determines the
g ':E'_) 80.00 AA o°o° isopure temperature
-% = Oog (kg=35 a=2.6 and
o £ 8000 & HEPAK) and scales
o £ o s, Up, the UCN production.
S © A SCalt
o @ 40.00 i, fe!‘/};
@ 20.00 | e |
c

0.00
0.000 20.000  40.000  60.000  80.000  100.000

BL1U current [microAmp]
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& TRIUMF  Ssignificant UCN yield increase possible?

Better heat Parameter $3% ( Increasing
transport Conduction channel, HEX ID [m] 0.15 0.30 cooling
through He 3 Helium volume [I STP] 646 1239 power
and HEX Pumping Speed [m"3/h] 5000 10000 20000 -
beam current [UA] 40 80 40 80
HePak Increasing
upscattering lifetime [s] 31.3 62.5 89.8 41.6 107.8 50.9 UCN
total source loss time [s] 21.5 38.8 47.9 29.6 52.5 34.0 production and
UCN available [UCN] 1.9E+08 3.4E+08 4.2E+08 5.2E+08 4.6E+08 6E+08 heat input
multiplier 1.00 1.81 2.23 2.75 2.44 3.17
days to reach 1e-27 ecm [days] 705 714 579 468 527 407

e HePak e VanSciver

7.E+08

6.E+08 ®
5.E+08 s

4.E+08
3.E+08
2.E+08
1.E+08

irradiation

UCN available at end of
L 1 J

1 2 3 4 5 6
Configuration 31



e TRIUMF

Summary — EDM central region Summary — Helium source parameters
» Central EDM region design is » 3He fridge design has its limitations, but
progressing with some open challenges IS quite robust against parameter
changes

 Increasing the yield much furtheris a
very substantial endeveaur!

32
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Varying cell materials

Fermi potential: U, =V -iW;
Days to reach vs CellMaterial

% 5005— 160_NiIZ_SiO2 130_NiP_dPS 1, g m V; (neV) W; (neV)
S 40 , J24 B NiP (assumed) 213 0.113
®  r . = =)
8 *oF160_NiP_dPS A1 1% @ NiP (exp) 213 0.035 - 0.06
- . -4 23 .
a00f- 160_Cu_dPS E dPS 171 0.05
250 1 dPE 209 0.06
: 130_DLC_dPY| ,,
200 160_DLC_dPS e 1 Cu 171 0.072
[ ] — 1
:. | | o1 1 | l..JLI.;l....I..E DLC 269 0'063
1 2 3 - 5 6 7 8
Cell materials Sio, 91 0.017
1. Insulator coating doesn’t seem to have a large effect; ratio of W to V has a larger effect
2. Staged approach: could start with Cu electrodes and quartz insulators
3. All nEDM simulations assumed a W (NiP) = 0.113
4. Golub: avg loss probability per bounce p(E) ~ W/ V; (Eg. 2.70)
5. W(NiP) = 0.05 gives roughly the same ratio as DLC
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