International
UON Collider
Collaboration

Windows for
final cooling

MuCol

Jose A. Ferreira, Valentina Giovinco, Anthony Harrison,
Marco Morrone, Nicola Solieri, Anke Stoeltzel, et al.
MuCol WP8 Cooling Cell Workshop January 2024




International
UON Collider
Collaboration

Introduction

Proton Driver Front End Cooling Acceleration Collider Ring
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A Absorber > H2 best candidate

Q For liquid/gas absorber - Vacuum windows are requ1red
d Windows may be required even for solids (thermal

desorption)
Qd Low energy = Thin windows

Initial [ Initial Final
Momentum bz ide kinetic
TABLE II.  Parameters of the high-field low-energy cooling channel. (MeV/c) energy energy MeVv
Stage P Energy spread  LH, thickness  Drift length  rf length rf frequency
N [MeVie] oy [MeV] [cm] [m] [m] [MHz] Field flip gg Gi-g 39;’
1 135.0 229 65 0.434 225 325 Yes 129 21 . 1 32 . 7
2 130.0 248 60 0.459 2.25 250 Yes - -
3 120.0 2.78 60 0.450 2.5 220 No 129 61.1 36.2
4 129.0 3.10 59 0.458 25 201 No 122 55.7 30.1
5 122.0 3.60 57 1.629 5.0 201 Yes 124 57.3 34.2
6 124.0 4.90 53 222 4.5 180 No
7 116.0 3.40 42 221 3.25 150 No — e ——
8 Lo 3.90 40 2.0 3.5 150 No 111 47.6 28.5
9 106.0 3.50 40 3.13 5.0 125 Yes 106 44.0 23.5
10 98.0 3.07 35 3.13 5.0 120 No 98 38.5 18.6
2 we s 2 w0 100 o ] 22
. A0 zh . . [8)

13 85.9 267 20 3.0 75 100 Yes 87.9 31.8 19.8
14 79.7 3.08 15 2.7 7.0 70 No 85.9 30.5 18.0
15 71.1 40 15 26 6.0 50 No 79.7 26.7 16.6
16 71.0 3.80 13 25 6.0 20 No 71.1 21.7 8.8
17 70.0 3.80 10 20 71 21.6 11.0

1 13.2

[2] 70 21.
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Parameters:
> 20 to 5 MeV cooling
> 4e12 muons/pulse
> 5 Hz repetition rate
> GRMS=O . 6 mm
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Final Cooling

Q At 5 MeV > Be range <1.5 mm [3]

Q Conventional windows typical at CERN 0.254 mm >15%
muon range
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Thin windows

« Possible materials:
— Be, SiqN,, C, SiC, etc.?

« To limit beam perturbation <15um (approx. <1% of
power absorbed in the window for 3keV/um)

« Thin window - Small window > 10xcgys

dE Z1 |1, 2mec®B27 Qmax o 1 2 dE
<__> =K753 gk 'I Qf}(Qc A b varey -
dx electronic Al@ 2 I 2 8(’}"“{02) dx 10
8
. Stopping power [MeVxcm?/g] 11.2 4.0 }4
e @
Linear stopping power [keV/um] 2.1 0.7 Z 3f
c Stopping power [MeVxcm?/g] 12.2 4.3 § 23
=
Linear stopping power [keV/um] 2.7 1.0 b
—_p Stopping power [MeVxcm?/g] 11.2 4.0
i 1 el
s Linear stopping power [keV/um] 3.1 1.1 0.1 1.0 10B A0 1000 10000
Y= p/Me
g 2
e Stopping power [MeVxcm?/g] 11.1 4.0 "“”651 IN-Iuml-l_O ——T 'r"“i‘})_”““‘"‘lo o
Linear stopping power [keV/um] 3.5 1.3 e moméntm (GeVie)
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Thin windows:

A Well known material
Q As thin as 8 um in commercial x-ray windows[5]
O Aperture 7 mm
aQ AP > 1 bar

d Commercial, but no many suppliers

Table 1 Dimensions of Conflat Flange Options (Refer to Fig

=

Figure 1 Typical Assembly of Beryllium Window
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Figure 2 Conflat Flange Geometry

ure 2 above)

Be

CF Foll Thickness | Foil Diameter Through Hole CF Outer CF Thickness | Window Height Coating Part ID
(um) (mm) -A Diameter (mm) - B | Diameter (mm) - C (mm)-D (mm) -E
113" 8.0 9.2 7.0 338 7.2 0.5 DuraCoat Plus | DBM-08-9.2-CF1.3-P
oD 250 16.0 13.0 338 72 05 DuraCoat DBM-25-16.0-CF1.3
2-1/8" 8.0 9.2 7.0 53.6 119 6.5 DuraCoat Plus | DBM-08-9.2-CF2.1-P
oD 250 16.0 13.0 5386 11.9 6.5 DuraCoat DBM-25-16.0-CF2.1

|/
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Thin windows: C FE

Q Thickness <1 um

Qd Different options: Graphenic carbon [6] or diamond
[7]

d Research phase

Clean silicon substrate Deposited GC

-

6000 Bl
= . '
S 5000 e -{- - -
E A
@ 4000 P % Silicon etch and window release Back side GC patterning
et (a)
8 7
@ 3000 +
o . Bz
2 2000 o 2
P » Ee & b
S _ e 3 e
@ 1000 i A -
»* e om
0% 4 2 3 .
0 500 1000 1500 2000 2500 ;
Thickness (nm) (b) Fig. 4. SEM picture of the diamond film 345%.

Fig. 4. Measured thickness dependent burst strength of fabricated GC
transmission windows with a diameter of 7 mm.

Fig. 2. (a) sketches the fabrication process of the transmission window. (b)
shows a top view image of a fabricated GC window. (c) depicts a TO8 housing
with a GC window glued into the top of the housing
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Thin windows: SiC "

A Thickness <1 um

dBulk material has excellent mechanical
properties

dNo many commercial suppliers [8]
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Thin windows: SizN,

Commercially available: Xray windows i.e. [9]
Thickness <1 um

They can work at cryogenic temperature [10]

Bulk material has excellent mechanical properties [11]
Expected AT at the conditions described before estimated 460K

Stress during the pulse reasonable level according to first rough
estimate.

COo0D00CC

1 um 6x6mm window - >5 bar pressure (tested in lab)
Thermal cycles at 77K

OO

Maximum differential pressure v membrane size
(membrane thickness 30 nm to 1000 nm)

1.00 S~ 5 —
0.50 & == SSSi=—= SRS

.00 ¥
0.00 100 200 300 400 500 6.00 7.00 800 9.00 10.00
Membrane size (mm)
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Test of 1um thick Si:N, window

ollaboration

in HiRadMat (Baby-SMAUG) PR

2mec? 32V Qmax
11

IQ
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— 2_—
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1 Q6. dE - — Nolp 4 2
EW]—FA‘E‘ Brlghtnesszmp /mm? [12]

Test one membrane irradiated under vacuum

4x10'? muons/pulse at 5MeV Ogys=0.6 mm > Maximum
power deposited 0.89 kJ/cm?®

p* equivalent with ogys=0.25 mm at 440 GeV >
3.2x1012 p*/pulse that corresponds to 2.6x1013

p*/mm?

> Objective: Few shots increasing intensity up to

failure. Optics Fp2 0.25 mm

.\\z«.“

N 3
1 pm 6x6mm w1ndow ool
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OLeak rate < 5x10-19 mbarxl/s (both glassy carbon
and Si:N, leak tight)

dNot visible damage while under vacuum
dIndentation visible after venting Si:N,.

6E+14
-f s Si3N4

Bethe-Bloch equation

__|= 15 kJ/cm?®

. |« AT>8000 °C

- FLUKA [12]

= 6 kd/cm?

= AT>2000 °C

Operational temperature of

o e bulk SizN, 1400°C (no load).
— Decomposition at 1900 °C

p | Why?




Immx1lmm

A

Results

480.72um

443.74

369.78

295.83

221.87

147.91

73.96

Directional Deformation 5

QStrong deformation on
beam spot (>300 um?)

QBuckling? Vibrations?

QO SEM imaging was not
possible (insulator)

10/01 /2024

AA: Copy of Modal
Directional Deformation 5
Type: Directional Deformation(Z Axis)
Frequency: 56582 Hz
Unit: mm

Global Coordinate System

1.0802e6 Max
8.0295e5
5.2567e5
24845

-28870
-3.0614e5
-5.8341e5
-8.6068e5
-1.138e6
-1.4152e6 Min
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Directional Deformation 17

AA: Copy of Modal
Directional Deformation 17
Type: Directional Deformation(Z Axis)
Frequency: 1.3631e+005 Hz
Unit: mm

Global Coordinate System

1.2805e6 Max
1.0081e6
7.3573e5
4.6334e5
1.9005¢5
-81442
-3.5383e5
-6.2622e5

¥ -8.9861e5
- -1.171e6 Min
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dContinuation of HRMT-59
(SMAUG)

d Test Nb-Ti coated PF-60
diffusion-bonded windows and

dBrightness range between 288 vacuum gigkwe
bunches 1.2x10 ppb Ogy=0.4
mm (5 and 50 pulses) i o
A Highest possible brightness
fp2 0.25 mm, 288 bunches o
>2 . 1)(1011 ppb (5 and 50 Modifications:
> DN100 > Glue 6 SizN, windows (10x10 mm frame)
pu-l'ses) > Low vacuum (10-2 mbar) > Pressure difference even with

large leaks

D TeSt fp2 0 . 25 mm >2 ° 1)(1011 ppb > Remotely operated isolation valves
- > He/0, (Heli . Oxidati d high itivit i
72+72 bunches with Tenk’ detector) (20% O, 803 Hey > arly detection of any

separations 0.22 and 23 ps e

> Pirani gauges > Leak rate by accumulation

> Remote control: Leak detector, valves and gauges

T —— )
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Mechanical tests

a Mechanical characterization of Si;N, membranes at different temperatures
(from cryogenic to high temperature) - Use inputs to better validate
thermomechanical models

a For thin membranes Bulge testing is the easiest setup. Measurements of Si;N,
membranes at room temperature in [13]

pa®
S a, = ——
h 8 E h3 " 4ht
t xt i h p =40yt — + = t— B2
® P4 a2 31—-v a* _ +
p Er_3a2 €0

‘ = 5 | —= ,

120 : T T T T 2500
r pressure autofocus |
sensor ; laser

"Si-rich" LPCVD SiN,

“Si-rich” LPCVD SiN,

100 F :
2000

| flow B

J 44

©

§ =t % 1500
g 601 LPCVD Si,N,/SiO, o
2 I 2 1000
a 40f & LPCVD Si,N,/SiO, >

2 = sample

0 T L I A e 0 . . : = ’ > rr_ -

0 10 20 30 40 50 60 0.000 0.002 0.004 0.006 0.008 . pras re chamber

Deflection / pm Plane strain g - £,



Mechanical tests

T

room

=22 °C

T,.=200°C

VITON GASKET

STEEL FLANGE
Viewport oonnectlon\\

STEEL FLANGE
Viewport

STEEL FLANGE
Inner thread + vacuum pump
connection + feedthrough

VITON GASKET

STEEL FLANGE
COPPER FLANGE Viewport connectlon\
e STEEL FLANGE "
Viewport

¢
Inner thread + vacuum pump
connection + feedthrough

STEEL FLANGE

COPPER ROD

COPPER FLANGE
+SAMPLE

COPPER ROD

T

VITON GASKET

STEEL FLANGE
Viewport connection.

STEEL FLANGE
Viewport

STEEL FLANGE

Inner thread + vacuum pump
connection + feedthrough

COPPER FLANGE
+ SAMPLE

COPPER ROD

C

0|d:77K
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Lenses
———— Beam path
omm
\ Measuing
e
max. 30 mm
- e

Confocal sensors with high precision
confocalDT IFS2405

e Febun s s
o versaie aspkcatins
VL. Sebmcron rescuton

For sne-sided thckness.
T mesmrements
g For precee distance
=4 messuwmants

BT
L very smat gt sput

(%]
T Large st aogie

sam 15,/ Y i, 100 ek

20720 800 0 7 . 30y s
P i 46X 00330 -
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Mechanical tests A

Vacuum

N T feedthrough

g

acuum pump
connection

Gas inlet

q --7.3\o(~,~’. P LA L




Mechanical tests

STEEL FLANGE
Viewport

@PT100 slots_ IS
'_’;;,‘;‘ ;'. - o
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Mechanical tests

Pressure tests were performed on square membranes with
the following geometry:

Q Si frame: 10 mm x 10 mm, thickness=200 um,
O Si;N, membrane: 6mm x 6mm, thickness=1000nm.

Leak-tight tests of the bulge test setup were
successfully performed.

Different glues were used to bond the sample to the
copper flange. This considerably affects the mechanical
response of the membrane against the maximum pressure it
can withstand.

Two different ways to mount the membrane (positive and
negative orientation in the figure) were investigated.

Results from pressure tests are shown in the table:
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NEGATIVE-
_ORIENTATION
Y =

WL

2y e " .
g&qﬁnm,//
ORIENTATION

Sample # | Membrane Temperature Max pressure before
orientation failure

1
2
3
4

NEGATIVE Superglue (instantaneous) 295 K <1 bar
POSITIVE Superglue (instantaneous) 295 K 2 bar
POSITIVE Araldite bi-component (curing time: 2 h) 295 K 6 bar
POSITIVE Araldite bi-component (curing time: 2 h) 77 K 2 bar




Mechanical tests

T

room

=22 °C

T,.=200°C

VITON GASKET

STEEL FLANGE
Viewport oonnectlon\\

STEEL FLANGE
Viewport

STEEL FLANGE
Inner thread + vacuum pump
connection + feedthrough

VITON GASKET

STEEL FLANGE
COPPER FLANGE Viewport connectlon\
e STEEL FLANGE "
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connection + feedthrough
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e
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- e
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Mechanical tests

6
e EXPRoomT
> | o EXPCryoT >
------ Poly. (EXP Room T) hL
_ 3 - Poly. (EXP Cryo T) o
= .
3
- 3 e
4
=
A
Y
o 2 @ )
Ed
¢ i
1 =
[ 3
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Displacement (mm)
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Si1:N, windows

% Low energy muons would require very thin windows to limit the
impact of the window itself

% Si:N, windows seem a good candidate:
% Cheap and available
% Good properties already with on the shelf products
% Compatible with bright beams

% Compatible at cryogenic temperature

% Thermomechanical characterization is ongoing, and more beam tests
are planned

L)

* The window should separate vacuum from the absorber, at low
energy ideally hydrogen. The configuration of the absorber will
define the maximum differential pressure the window should
sustain



Absorber

€ i nr X £ [2]
min,N =" pj - (dE/ds)

d H, best absorber material (out of
the scope of MuCol?)

d What 1s the required density?
Q Which length can we expect?
d What 1s the effect on the window?
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Ts-Diagram for Hydrogen (Equilibrium H,) @
857 . i . - i '1’ j e
- ',.-f . — i
I _
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Liquid H: power deposition

Absorber length

W\ “ /)
Internati @
UON Col r

Collabora n

20 > 5 MeV from [14][15].
9.6 J, not including heat
load from muon decay

H, Absorber Length [Max P [Max T |P at 3xogys T at 3xogys (K)
(bar) | (K) (bar) (gaussian | (gaussian beam
beam shape) shape)
303

(\mu/(“\) Jamod

RT@lbar 124 m 1.04
RT@4bar 31 m 5.2 373 4.18 303
20.3K@1bar vapor 8 m 7.5 140 1.8 34
26.1K@4bar vapor 2.1 m 29.2 143 7 40
20.3K@lbar liquid 15 cm 833 128 125 35
ES
<_%> :K%% F 1 2117 Qmax e 2§, 1 QP ] L = j B/ ds dE

electronic 2 I2 2 8 ('}‘J\/ICQ)Q Ef
191&1meuL,Lnm1;ae=caLLJmuduiuuh..J.A-i--llullllllllll!!!!!!!!!===llllIIIlllllIlIIII!!!EEEEi;“
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Summary

Q Several window candidates for final cooling. SizN, seems very promising

a Commercially available as vacuum window for x-ray transmission

a First irradiation tests showed excellent performance, well beyond the requirements

a Ongoing effort to better characterise the thermomechanical properties of the
membranes at different temperatures and understand its behaviour and produce better
models.

a Irradiation 1in proton facilities

Q High density absorber required to have a short solenoid, but high power
deposition - High pressure. Compatible with thin window?

Q Shock wave and phase change after power deposition in liquid hydrogen > Very
challenging CFD problem out of reach of commercial codes

a The design of the H, absorber will define the requirements and lifetime of the
window, is this out of the scope of MuCol?

Q Decouple window and absorber - even thinner windows
a Pulsed high density vapor?
a Leidenfrost effect?
a Staging of steps with different densities (lower at the end)
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THANK YOU FOR YOUR
ATTENTION!

Cooling Cell Workshop - J.A. Ferreira
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Thin windows

YV YV V

numbers look promising

> Measure mechanical properties (cryogenic to high temperature)
for precise thermomechanical simulations. Bulge test [14] with

interferometry?
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Approx 1 mm stops the beam completely at 5MeV (1.3 mm for Be)
Several candidates for thin windows

Better characterization and evaluation required but first

> Pressure in the absorber is critical for the window definition

T S et 120 e

Be ATinst [K]
Cyclic Thermal Stress (MPa)
SiN, ATinet [K]
Cyclic Thermal Stress (MPa)
c ATingt [K]
Cyclic Thermal Stress (MPa)
ac ATinst [K]
Cyclic Thermal Stress (MPa)
Ocyc = %aEAT ATinse =

(

174
485
470
228
507

1013

467
224

dE

61
171
169
82
180
360
168
81

N

d

)

2mo?pc

Temperature (degC)

5001

4501

4001

350F

300F

250F

200F

150+

100+
50F

SizN, @ 7 mm 1um at
5 MeV - 0.6 mm
gaussian beam

Only room
temperature ambient
radiation

Time (s)



