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Addressed Problem micro® Gct..

Thermometry (temperature mapping) of superconducting RF cavities
is the most successful technique for characterization of cavity losses,
since each loss mechanism ultimately produces heat in the cavity wall.

Rotating thermometry systems: few
10s of temperature sensors are
mounted on a rotating arm that _remmeengtes sswimpise ¢
matches the cavity contour. Drawbacks: } ?ﬁpfs;’"ﬁe
1) long acquisition time (10s of

minutes), 2) significant reduction of

sensitivity when operating below the —
lambda-point of helium. 70 50 100150 20050 300 30

Degree [Deg]

H. Sakal, et al., Proceedings of EPACO08, Italy, MOPP153, (2008)
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Fixed thermometry systems: array of T sensors is
used to cover the entire cavity surface. Much
faster than rotating systems, can be used in
superfluid  helium.  Drawbacks: expensive,
complicated (100s-1000s of sensors are needed
with complex electronics), has reduced spatial
resolution (in azimuth) with respect to, the
rotating systems.



FBG Temperature Sensors: micro® Gct...
Principle of Operation

= Spectral position FBG reflectivity maximum: Arge = 2AN

= Temperature-induced changes:Ai., = 2( i’T\ FA 2? jAT - 2A(§—$+ ngJAT

= Two sources of temperature sensitivity: thermo-
optic effect and thermal expansion.

F|ber
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Cryogenic FBG Temperature

Sensors: State of the Art

= Both thermo-optic coefficient
and thermal expansion
coefficients are very small for
silica @ cryo-T.

= This leads to very poor

accuracy/resolution below ~70K.

= Metal-coated optical fibers
were suggested to boost CTE at
cryogenic temperatures.

= High stress at silica/metal
interface due to dissimilar CTEs
causing delamination/fiber
breakage at coating
thicknesses>200nm, which
severely limit T resolution:

1

P(T)=
/7«3.0 + A, AT

Thermo-optic

Ja*dr Ao, JAT
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Proposed concept microZs Qet...

= CTE of -1.1x10-*K"* (1000x e Dl
higher than that of silica) was 1008 - Z b0l
reported by Zheng et al. for CuO 1008 31.5-%@“ S

HIH
HM
HH

Relative unit cell parameters

nanoparticles down to at least 4K. 7 gropem=’
. 002 - !!!gi 0 200 MQT?FEI]]C) 800 1,000
= |f such a material would be 1;'1,4;; s a o, mes,
. . 1.0004| Y . E aa_, ¥ & m
embedded into polymer matrix and :% e BN E
. . 0.0080 | &
FBG will be recoated with such LI A
. . . 0 50 100 150 200 250 300
material modeling predicted few mK Temperature (K
luti d to 2K d bel Zheng, X. G. et al. Nature Nanotech.
resolution down to 2K and below. 3. 724726 (2008)

= CuO NP/polymer nanocomposite FBG coating to get mK resolution
of FBG sensor @2K.

=Polymer package for convenient mounting of the sensor assembly of
SCRF cavity surface.

= Single instrument/single feedthrough required.
= |_ow cost per sensing point

= |f realized, this would represent an ultimate solution for SCRF cavity
characterization and multiple other cryogenic applications.

8
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Milestone Schedule micro® Gct..

Milestone 1 (End of Year 1): Demonstrate experimentally that the proposed
nanocomposite coating enhances the resolution/reliability of single FBG sensors
at cryogenic temperatures sufficiently to meet the program goals (10mK or better
accuracy at 2K-4.3K range).

Milestone 2 (End of Year 1): Demonstrate experimentally distributed fiber optic
temperature sensing on "dummy" can with Nb flat plate.

Milestone 3 (End of Year 2): Experimentally demonstrate distributed fiber optic
temperature measurements with 10mK or better accuracy at conditions similar to
those used in SRF cavity testing.

Milestone 4 (End of Year 2): Demonstrate the performance of distributed fiber
optic cryogenic temperature sensor with a “dummy” can and heaters (10mK or
better accuracy at 2K-4.3K range).

Milestone 5 (End of Year 3): Demonstrate fiber optic SRF cavity characterization
system that will have the following parameters: 1) sensor density at least as high
as with any existing systems, 2) temperature accuracy of 10mK, 3) higher cavity
surface coverage than what is available with fixed thermometry systems, and 4)

temporal resolution of at least 1Hz.
10
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Technical Progress



CuO nanoparticle sysnthesis and post-  micrd®s Get...
processing

The following CuO nanomaterials were
investigated during the course of the
project:

MicroXact-synthesized CuO NPs.
CuO NPs from American Elements.

CuO NPs formed by ball milling of
Sigma Aldrich CuO material.

Ball-milled CuO NPs from American
Elements

Ball-milled MicroXact-syntesized
CuONPS

All of the above with different surface
treatments, post processing
(electron irradiation, annealing), etc. ™" I

Compacted CuO NPs from Institute
of Metal Physics, Urals Branch of the ==

Russian Academy of Sciences, Ib\
Ekaterinburg, Russia. fﬁﬂ

We tried our best to get the sample VW oo

from Zheng’s group, but in-vain.

:
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CTE characterization setup microZe Gct...
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CuO NP characterization

We did not observed giant
negative CTE of neither CuO
NPs nor CuO NP-based bulk
materials (nanocomposites) for
any type of CulO material and
any treatment tried.

CTE of CuO from the group of
Gizhevskii et al.

©
|
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CuO NP characterization results by microZs Ret..

other groups o A
(a)
“No giant negative thermal 27641
expansion coefficient was revealed S
= in these samples. An analysis ... 57561 .
s showed that the thermal . ; ] =
8 expansion coefficient in the ”“SW
-3 nanoparticles depends '
s strongly on preparation technigque” I
S (1.V. Golosovsky,et al., ). 2740
§ 10 After [B.A. Gizhevskii et al., Low Temp. A 25361 (®)
= 8' Phys. 34 (8), p. 645 (2008)]
TEE-* 2.5281
ﬁ“ . -_ I B jﬂfTi#
341 Wy 2.520% % .
2F | i
3 e
0 0 50 100 150 200 250 300

L L } T K
0 50 100 150 200 l.V. Golosovsky,et al., 2011, Kristallografiya,
LK 2011, Vol. 56, No. 1, pp. 170-174 15




Conclusions on giant negative CTE =~ micro® %et...
of CuO nanoparticles

= QOur XRD results are in-line with the later results by Golosovsky et
al. for all different types of CuO NP fabrication and treatments and
are contrary to the results published by Zheng et al.

= Our CTE measurement results are in line with earlier results by
Gizhevskii et al. for all different types of CuO NP fabrication and
treatments and are contrary to the results published by Zheng et al.

= WWe were not able to get CuO sample from Zheng etal. so it is
Impossible to state with certainty that giant negative CTE of CuO
nanoparticles at cryogenic temperatures is ambiguous, but all our
data and published so far data suggests that this is something we
should not rule out completely.
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= Based on that we decided to abandon CuO NP/polymer composite
concept as fiber coating for cryogenic fiber optic sensors.

16
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Possible alternatives for fiber
coatings:

" YDb, ,:Cqy Was reported
to0 have sizable negative :
CTE at 50K (based on XRDz "™}
studies). CTE of bulk S o)
Yb, .:Co material is still to 2o}
be measured. Too risky '
approach. L ]

[ ZrW208 /polymer Coating 0 50 100 150 200 250 300

Temperature (K)

should provide ~10mK S. Margadonna, Chem. Mater.
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i micr&c inc.
ZrW,0Oq4 properties '

" Three phases of ZrW,Og4 exist with
only a-phase sufficient for our
i . Thermal expansion (Al7)
purposes. Tere is a very limited supply [, 7.0, 2o-430 K ST TSR]
of cubic ZrW,0Og. -ZrW,0q (430-950K)  —4.9 x 106 K~!

: : w-7eW. (20-200 K) —10 » 10-8K-1
= With Alpha Aesar ZrW,Og4 particles
and some post-processing we
managed to get negative CTE
material. Coefficient of Expansion for |
E fixedfarTISI
. 20% Ball Milled Zrw_O, L= Expanfiaiort
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Demonstration of sensitivity of our sensors at micre® Get...
2K at Jlab. ~ - -

" Three FBG sensors were taped to
the surface of the Nb plate together
with reference carbon resistor.

= Heater on the other side of the plate
was creating spatially localized heating
(up to 1.8K, ~1.5cm in diameter
heating area).
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Vacuum side

Heater

-,

Nb plate

7

LHe side

Optical fiber

19



Demonstration of sensitivity of our sensors at micre® Get...
2K at Jlab (continued).

-8
" | Polyimide-coated FBG 10~ 2
£ “°[from competitors I =
E % m 12— =
o 5 -21 -O‘
Q s L. 2
o R =
© D &)
> o @
S -22.5 HG_J
O - o
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o .
" Branching of ZrW,Og4 /epoxy coated
sensors is due to nonuniformity of

R BT 78 15028 .
Wavelength, nm coating along FBG length.
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Demonstration of sensitivity of our sensors at micre®. Get..

2K at Jlab (continued).

" We surely see sizably
larger (x300) noise from
ZrW,0Ogq /epoxy coated
sensors, which is not
associated with read-out
instrumentation.

= Statistically we can resolve
with confidence AT="1.8K" (it
IS not clear how close the
difference was to 1.8K since
the sensor was quite a bit off-
center).

" The increased resolution
compared to SoA is clearly
demonstrated, but we are
long ways to go from reliable
sensor fabrication.
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Meeting initially stated milestones: microZs Gct..

Milestone 1 (End of Year 1): Demonstrate experimentally that the proposed
nanocomposite coating enhances the resolution/reliability of single FBG sensors
at cryogenic temperatures sufficiently to meet the program goals (10mK or
better accuracy at 2K-4.3K range).

Mostly met, with 1 year delay

Milestone 2 (End of Year 1): Demonstrate experimentally distributed fiber optic
temperature sensing on "dummy" can with Nb flat plate.

Met, with 1 year delay

Milestone 3 (End of Year 2): Experimentally demonstrate distributed fiber optic
temperature measurements with 10mK or better accuracy at conditions similar
to those used in SRF cavity testing.

Milestone 4 (End of Year 2): Demonstrate the performance of distributed fiber
optic cryogenic temperature sensor with a “dummy” can and heaters (10mK or
better accuracy at 2K-4.3K range).

Milestone 5 (End of Year 3): Demonstrate fiber optic SRF cavity
characterization system that will have the following parameters: 1) sensor
density at least as high as with any existing systems, 2) temperature accuracy
of 10mK, 3) higher cavity surface coverage than what is available with fixed
thermometry systems, and 4) temporal resolution of at least 1Hz.

22



Suggested path forward micrds Get...

= We believe (based on consultations with JLab) that overall
project objectives should be changed from demonstrating the
full system at the end of Year 3 toward the demonstration of
reliable and repeatable multiplexible fiber optic sensor with
accuracy better than 10mK @ 2K, if project to be continued
Into Year 3.
= We need to optimize ZrW,O4 material (probably
synthesizing it ourselves is a better path forward to make
sure it is in a-phase).
= We need to still optimize polymer/ ZrwW,Og4 composite
(functionalization of Zr\W,0Oy).
= We need to optimize quite a bit fiber coating process.
= We need significantly more testing at Jlab.
» OFDR, recoating DSS fiber is clearly out of reach based on
where we are at present on the project.
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Financial Standing



Financial Standing micrda Set..

Baseline
Total Cost c g Esti
H oste stimate
= We are ~63% spent during wes or . To Estmated
ID # Item/Activity ommittel omplete  Total Cost
. /Activi C ited C | IC
~66% of the project. o O S A8
) 17295 20,113 20,113
. . . g . Task 1 Develop CuO/epoxy nanocomposite
- Slnce Slgnlflcant Changes In Demonstrate elastic properties of
E . nanocomposite at cryogenic 32540 27,245 27,245
Task2 t i
=@ technical approach occurred, R
(&) ivis|0n O S en in er inrtia Task 3 Develop nanocomposite fiber coating 26726 36,799 36,799
— N f spending p Iy
% t . Demonstrate performance of single- 59332 59,332 59,332
roposed aSkS IS Very point fiber optic sensor at cryogenic
>< p Task4 temperatures
< approximate
. D trate distributed fib ti
§ " CRADA, related to the project Tasks M??’Nbfﬁtpng domy e -
E_ . ! . p J ! Develop the preliminary concept of all 35162 27,522 27,522
Task 6 th kaging/fixturi
= Is ~10% spent on Jlab side. AL DI AT,
; Optimize CuO/epoxy nano-composite 33,000 32,908 92 33,000
; Task 7 coating fabrication
Task 8 Develop interrogation instrumentation 49,000 41,066 1,934 49,000
$62,000 $201,500 109500 $373,000
’ ’ , Fabricate distributed fiber optic 95,000 80,836 14,164 95,000
Task 9 cryogenic temperature sensor
$56,081 $184,907 120842 $361,830
distibured her opic cyogenis  42:000 42,000 42,000
temperature sensor with a “dummy”
Task 10 can and heaters
Develqp/dgmoqstrate . 63,591 56,671 56,671
Task 11 packaging/fixturing solution
Develop calibratio_n 58,352 58,352 58,352
Task 12 procedures/techniques
$5,919 $16,593  -11342 $11170 et et SIS 49 057 18957 48957
Task 13 performance goals
Totals: 584,000 361,830 222,170 584,000
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Additional Information



Additional Information microf Get...

* One MS in Physics (2011, Virginia Tech), one MS in Physics (in
preparation, Virginia Tech), one PhD (in preparation, Virginia
Tech).

* One engineer and one senior technician trained (MicroXact).
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» 3 publications in various stages of preparation.
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