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  2,	
  9/13/12	
  –	
  with	
  revisions	
  made	
  aQer	
  the	
  talk	
  



Requirements	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Proposed	
  Solu,ons	
  	
  

•  Heat	
  removal	
  
•  Suspension	
  of	
  load	
  
SEPARATE	
  THE	
  FUNCTIONS	
  OF	
  	
  

•  Vibra,on	
  isola,on	
  
•  Low	
  thermal	
  noise	
  
– material	
  and	
  temp	
  
–  ‘clamping’	
  loss	
  

•  High	
  Q	
  

-­‐>	
  1	
  thick	
  sapphire	
  ribbon	
  
-­‐>	
  2	
  thin	
  metal	
  ribbons	
  	
  
HEAT	
  REMOVAL	
  AND	
  
SUSPENSION	
  
-­‐>	
  thinnest	
  possible	
  ribbons	
  
-­‐>	
  thinnest	
  possible	
  ribbons	
  
-­‐>	
  high	
  Q	
  at	
  low	
  temp	
  
-­‐>	
  threaded-­‐pin	
  clamp	
  
-­‐>	
  thin-­‐film	
  metal	
  bonding	
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Heat	
  Link	
  –	
  sapphire	
  ribbon	
  

Single	
  ribbon	
  aaached	
  to	
  top-­‐front	
  mirror	
  
surface,	
  so	
  it’s	
  ver,cal	
  mo,on	
  controls	
  pitch.	
  	
  	
  	
  
	
  
This	
  link	
  does	
  NOT	
  carry	
  any	
  load,	
  simplifying	
  its	
  
aaachment.	
  Flat	
  ribbon	
  naturally	
  allows	
  a	
  thin	
  
bond	
  to	
  flat	
  mirror	
  face.	
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Conduc,vity	
  of	
  sapphire	
  and	
  metal	
  

•  See	
  viewgraphs	
  below	
  from	
  Tomaru,	
  	
  et.	
  al.	
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Heat Transfer of Several Materials
at Cryogenic Temperature

T. TomaruA, K. KasaharaB, T. ShintomiA, T. SuzukiA, 
N. SatoA, T. HaruyamaA, A. YamamotoA

High Energy Accelerator Research OrganizationA

Institute for Cosmic Ray Research, University of TokyoB
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2. Measurement Method of Thermal Conductivity

Longitudinal Heat Flow Method P: Heater power
L: Length between

thermometers
S: Cross section of sample

P L
T S

Heat Flow
P

ΔT
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3. Thermal Conductivity of Sapphire Fiber 
- Size Effect -

Pmax∝ D3

below 40K

Produced by Photran LLC

・Mono-crystalline sapphire
・EFG method
・φ160, φ250, φ390μm

・Estimated maximum heat transfer for the LCGT configuration 
⇨ 340mW

・Estimated heat generation in the mirrors ⇨ a few W
It is important to reduce optical absorption in the mirrors
(For small pieces of sapphire, sufficient absorption level has been achieved.) 
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Possibility to enhance thermal conductivity
- Phonon Reflection Effect -
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Thermal conductivity of crystalline fiber can be enhanced at cryogenic temperature
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4. Thermal Conductivity of Pure Al and Cu

Requirement for the heat link:
・Large thermal conductivity
・Small spring constant

to make mechanically weak heat link

k n K E d 4

64 l3

k P 2

n
k P 4

n

1
3

No size effect Size effect

Key point
・Whether the size effect exists or not in metals.

Sample

・Al: 99.999% purity
φ2mm, φ1.5mm, φ1mm, 
φ0.5mm, φ0.2mm

・Cu: 99.9999% purity
φ1mm, φ0.2mm
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Al Cu

Measured Results

>10000W/m/K >10000W/m/K

No Size Effect

RRR R300K

R4.2K

(Al ) 1
1.8 10 7 T 2 1.1 RRR T

(Cu) 1
6.2 10 8 T 2.4 0.53 RRR T

It is effective to use many thin wires as keeping total cross section
to make mechanically weak heat link. LVC	
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Calculated	
  heat	
  transfer	
  
Heat	
  transfer	
  	
  	
  	
  	
  	
  	
  and	
  cross-­‐sec,on	
  	
  A	
  	
  are	
  	
  
constant	
  along	
  heat	
  link,	
  but	
  conduc,vity	
  varies	
  	
  
	
  
so	
  
	
  
becomes	
  	
  

Q̇

Q̇ = κA
dT

dx

Q̇ =
A

L

� TL

T0

κ(T )dT
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Tomaru	
  results,	
  scaled	
  by	
  size	
  effect	
  	
  

	
  	
  	
  
	
  Q̇ =

�
1.5
0.39

�
1.5mm · 4mm

250mm

� 20

10
κ(T )dT = 1.06 W
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So	
  these	
  dimensions,	
  1.5x4x250	
  mm,	
  	
  
meet	
  the	
  heat	
  extrac,on	
  requirement.	
  



Thermal	
  noise	
  from	
  thick	
  ribbon	
  

•  Calculate	
  Im(Y)	
  for	
  flexing-­‐beam-­‐equa,on	
  
under	
  no	
  tension	
  [Gonzalez,	
  Saulson,	
  Levin,	
  
et.al.),	
  use	
  FD	
  theorem.	
  

•  Assume	
  Q	
  =	
  2	
  x	
  106	
  	
  	
  	
  T	
  =	
  20	
  K	
  	
  	
  m	
  =	
  22	
  kg	
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result	
  

•  Using	
  this	
  low	
  value	
  of	
  sapphire	
  Q	
  and	
  high	
  
value	
  of	
  thickness,	
  leads	
  to	
  thermal	
  noise	
  
from	
  the	
  heat	
  link	
  to	
  be	
  larger	
  than	
  op,cal	
  
noise	
  (“~BRSE”)	
  below	
  50	
  Hz	
  

•  The	
  size	
  of	
  the	
  peak	
  at	
  250	
  Hz	
  is	
  partly	
  due	
  to	
  
the	
  high	
  mass	
  of	
  the	
  thick	
  and	
  wide	
  ribbon.	
  

•  So	
  probably	
  want	
  sapphire	
  fibers	
  with	
  higher	
  
Q,	
  by	
  a	
  factor	
  of	
  10,	
  (see	
  below)	
  which	
  other	
  
measurements	
  indicate	
  should	
  be	
  possible.	
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Descrip,on	
  of	
  load	
  bearing	
  parts	
  

•  2	
  metal	
  wires	
  support	
  the	
  en,re	
  weight	
  of	
  
mirror.	
  	
  	
  Use	
  Cu:Be	
  for	
  high	
  yield	
  strength	
  (~1	
  
GPa).	
  

•  Wires	
  are	
  actually	
  ribbons	
  (annealed	
  to	
  `soQ’,	
  
rolled,	
  and	
  heat-­‐treated	
  to	
  `hard’	
  (high	
  Q))	
  	
  

•  Two	
  clamp	
  blocks	
  connect	
  a	
  ribbon	
  to	
  the	
  
mirror.	
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ra,onale	
  

•  Metal	
  is	
  more	
  “robust”	
  than	
  crystals	
  (compare	
  
the	
  fracture	
  toughness)	
  

•  Mechanical	
  loss	
  can	
  be	
  quite	
  small	
  (at	
  
cryogenic	
  temperatures)	
  for	
  the	
  right	
  metals.	
  

•  clamping	
  ribbons	
  (instead	
  of	
  round	
  wires)	
  can	
  
avoid	
  stress	
  concentra,ons.	
  	
  (=>	
  Lower	
  
clamping	
  loss	
  ?)	
  

•  Thin	
  metal	
  films	
  can	
  be	
  used	
  to	
  “weld”	
  
ribbons	
  to	
  sapphire	
  clamp-­‐blocks.	
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the component elements. All materials chosen were ‘‘high-

copper’’ alloys selected based on !1" large Q values achieved
in previous measurements on alloys of similar

composition,3,4 and !2" apparent correlation between high
strength alloys and high ultralow-temperature Q.

All alloys were heat treated in a vacuum tube furnace in

our laboratory. Slow, in-furnace, in-vacuum cooling to room

temperature followed the heat treatments listed in Table II.

For the C17 500 alloy and the 98Cu–2Be alloy, the solid

solubility of the Be in the #Cu decreases as the temperature
is lowered, making these alloys precipitation hardenable.6

This is a two-step process. First, the alloy is raised to a

sufficiently high temperature !$800 °C" so that recrystalliza-
tion will occur, and all of the Be will go into solid solution.

Then it is rapidly quenched to room temperature. This ‘‘so-

lution annealing’’ results in a supersaturated solution of Be

in Cu at room temperature. This treatment was done by the

alloy manufacturer, as is customary, and results in a rela-

tively soft, ductile material. The second step, called ‘‘age

hardening,’’ is a lower temperature heating !as indicated in
Table II" which results in the precipitation of finely dispersed
particles of the metastable Be-rich % phase which can greatly
strengthen the alloy. Appropriate temperature and time dura-

tion for the thermal treatment will result in maximum hard-

ness, which is associated with precipitate particle size and

distribution being optimum for retarding dislocation motion.

Overaging will result in excessively coarse, more dispersed

precipitates, yielding less effective pinning of dislocations

and reduced hardness.

The 94Cu–6Be alloy may be hardened in a one-step pro-

cess. It is heated to a temperature sufficiently high to convert

all of the material to the & phase !$750°C", which is a
disordered bcc structure. It is then quenched to room tem-

perature, although some care must be exercised that it not be

quenched too rapidly, which can result in cracking.7 This

thermal treatment was done by Brush Wellman. The room-

temperature equilibrium phases are the fcc # phase and the

ordered Be-rich bcc % phase, as in the more dilute binary

Cu–Be alloys. The microstructure is complex and depends

on the details of the quenching and subsequent aging

treatments.8

The phosphor bronze and silicon bronze were heated to a

temperature within the recommended annealing temperature

range for the alloys, which should result in recrystallization,

softening, and reduction in the dislocation density.

QUALITY FACTOR MEASUREMENTS

The measured acoustic quality factor versus temperature

of the high-conductivity Cu–Be–Co alloy, C17 500, is

shown in Fig. 2. The three data sets correspond to torsional

mode measurements on the same resonator as-machined !!",
heat treated !"", and doubly heat treated !#". The single
age-hardening heat treatment increased the cryogenic Q by a

factor of 2, giving a maximum value of 6!106 at a fre-
quency of 856 Hz. This may be compared with Q values

obtained from other alloys in Table III.

The minimal increase in hardness after the first age-

hardening treatment indicates that the alloy had been pre-

hardened by the manufacturer. The measured hardness of

HV263 in the singly heat-treated material is close to the

maximum value expected for a fully aged material. The sec-

ond heat treatment led to an overaging of the material as

indicated by reduced hardness. The Q value then measured

over the entire temperature range was even lower than ob-

tained in the as-machined material.

As noted in Table I, C17 500 contains about 2.5 wt%

Co. Either Co or Ni is usually added to the binary Cu–Be

system in commercial alloys. It restricts grain growth during

solution annealing by establishing a dispersion of CuBe and

CoBe !or NiBe" particles in the matrix.9

TABLE II. Heat treatments.

Alloy Characterization

C17 500 8 h @ 460 °C Age hardening !1"
8 h @ 560 °C Age hardening !2"

Cu98–Be2 8 h @ 320 °C Age hardening

Cu94–Be6 8 h @ 320 °C Age hardening

C51 000 4 h @ 600 °C Annealing

C65 500 4 h @ 600 °C Annealing

FIG. 2. Acoustic quality factor vs temperature of C17 500 Cu–Be–Co alloy,

also commonly known as Alloy 10. Data shown are for as-machined material

!!", heat-treated material !"", and doubly heat-treated material !#".

TABLE III. Qmax and ' f / f !ppm" at selected temperatures.

Alloy

Q!10"6

!50 mK"
Q!10"6

!4 K"
Q!10"6

!293 K"
' f / f
!9 K"

94Cu–6Be 37 17 0.066 "1.9
43a 18a 0.023a

95Cu–5Beb 30 20 0.049

90Cu–10Beb 28 5.2 0.15

C51 000 8.7 5.1 0.022 "4.3
90Cu–20Snb 8.5 1.7 0.010

C17 200c 7.8 3.4 0.37

C17 500 4.8 5.0 0.048 "2.8
98Cu–2Be 1.5 0.91 0.028 "10.4
C65 500 1.0 0.55 0.21 "77.4

aFlexural mode results.
bSee Ref. 4
cSee Ref. 3

2485J. Appl. Phys., Vol. 86, No. 5, 1 September 1999 William Duffy, Jr.
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Here	
  is	
  metal	
  with	
  high	
  Q	
  	
  
(and	
  	
  high	
  strength).	
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Heat	
  link	
  ribbon	
  

Configura,on	
  
-­‐	
  beam	
  view	
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flat

clamps

sapphire ribbon

support wire

marrionetta

beam

sapphire ribbon

up

VECTORWORKS EDUCATIONAL VERSION

VECTORWORKS EDUCATIONAL VERSION

Configura,on	
  	
  
-­‐	
  Side	
  View	
  

Two	
  support	
  metal	
  `wires’.	
  
One	
  heat	
  link	
  ribbon	
  (no	
  load)	
  

	
  with	
  a	
  `blade	
  spring’	
  to	
  	
  
	
  soQen	
  the	
  connec,on	
  to	
  
	
  the	
  stage	
  above	
  (the	
  “marrioneaa”)	
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2	
  clamp	
  blocks	
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single-­‐threaded-­‐pin	
  clamp	
  block	
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Further	
  Op,ons	
  

•  sapphire	
  ribbon	
  fabrica,on:	
  
EGF	
  rod	
  or	
  ribbon,	
  then	
  lapped	
  and	
  polished	
  
(I	
  have	
  found	
  commercial	
  fabricators	
  in	
  US	
  of	
  such	
  
ribbons)	
  

•  metal	
  thin-­‐film	
  bonds	
  for	
  joining	
  sapphire	
  to	
  
sapphire	
  
thin	
  metal	
  film	
  deposi,on	
  is	
  an	
  industry.	
  
Compress	
  and	
  heat	
  two	
  coated	
  sapphire	
  pieces	
  to	
  
form	
  molecular	
  bonds.	
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•  A	
  speed-­‐up	
  for	
  cooling	
  in	
  a	
  vacuum	
  (suggested	
  by	
  
DeSalvo,	
  Tanner)	
  
Grind	
  and	
  polish	
  a	
  flat	
  surface	
  on	
  boaom	
  of	
  mirror,	
  coat	
  
with	
  “black”,	
  	
  
make	
  a	
  movable	
  cold-­‐black	
  surface	
  for	
  low-­‐load	
  touch	
  

•  Use	
  (Cu:Be)	
  blade	
  springs	
  to	
  make	
  ver,cal	
  springs	
  
–  Special	
  considera,on	
  :	
  	
  Colder	
  à	
  s,ffer	
  à	
  LiQ	
  
–  Solu,on:	
  Adjust	
  height	
  with	
  a	
  lighter	
  load,	
  tuned	
  for	
  
the	
  room	
  temperature.	
  	
  	
  

•  Differen,al	
  thermal	
  contrac,on	
  
Use	
  to	
  increase	
  or	
  adjust	
  clamping	
  force	
  at	
  low	
  temp	
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