Hot wire anemometer operating at cryogenic temperatures
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A micronic-size hot wire anemometer operating at cryogenic temperatures (4 K) has been
developed; using superconducting and resistive thin films, its electrical resistance is very
sensitive to the velocity of a gaseous “He subsonic jet. The fabrication procedure is described and
the measured characteristics are compared with a simple thermal equilibrium model.

I. INTRODUCTION

Gaseous *He at cryogenic temperatures has already
been used with some success for experiments on turbu-
lence.? Its kinematic viscosity can be easily modulated by
adjusting the pressure, going down to the lowest value of
all fluids: 2 X 10~ % m?/s, when the easily accessible critical
pressure P, (0.22 MPa) is approached. It results in two
main advantages:

(1) Large values of the control parameter (Reynolds,

or Rayleigh numbers for convection experiments) can

be achieved with laboratory-sized, well-controlled ex-
periments.

(2) Several decades of this control parameter can be

covered in a very clean way, only by varying the pres-

sure of the gas.

Obviously, gaseous *He experiments are not the pana-
cea and reducing the sizes has some drawbacks. The small-
est structures of the flow, which are typically 0.1-0.3 mm
in size in air experiments, come down to less than 10 y size.
The typical frequencies go up from 10 kHz to 1 MHz! A
good detector must then be of micronic size and have a
dynamical response up to 1 MHz.

In this paper we describe the principle of such a cryo-
genic detector for velocity measurements, the prototype
development and characterization, and its first test in a He
flow.

Il. THE DETECTOR PRINCIPLE

Hot wire anemometers have been used for a long time
as suitable velocity detectors both in terms of size and time
constant. Heated by Joule effect such a sensor is cooled by
convection in the flow. Its electrical resistance, depending
on the temperature, will give a measurement of the flow
velocity,? and its low heat capacity allows a high dynamic
response.

At liquid-helium temperature, the last characteristic is
the easiest to fulfill as the heat capacity of every material
goes to zero at low temperature. On the other hand, nor-
mal metallic wires present a temperature-independent
characteristic and are no more useful detectors. We have
chosen to develop a new detector type using thin films of
resistive and superconducting metals deposited on a glassy
micronic-size substrate. A schematic diagram of the sensor
is shown in Fig. 1.
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On a 5-um-diam and 1-mm-long glass fiber, a 500-A-
thick chromium film is evaporated and covered by a 100-
A-thick noble metal (Ag or Au) layer. Another 5-um-
diam wire is then placed cross to the glass fiber in order to
mask a small length during the next deposit (thickness
~2500 A) of the superconducting metal (Pb-In alloy).
This uncovered section of the sensor will be the hot spot
when a current is applied. Above some critical value 7, this
hot spot will warm the adjacent superconducting layer
above its critical temperature T, and the total resistance of
the sensor will vary from R,, the hot spot resistance, to
Ry+ R, where R is the resistance of the Pb-In alloy section
in the normal state. For two different flow regimes (v,
> 1), the expected voltage current will feature as shown in
Fig. 2.

We shall first discuss the static response of the wire. Its
temperature profile may be determined from the local en-
ergetic equation

"2

RI’=_Ky 2 +K(T—Ty). (1)

This equation expresses the balance between the Joule
heating and the cooling through the wire and the gas. Ty is
the mean temperature away from the wire. Kj, is the nor-
malized thermal conductivity along the fiber. If we neglect
the thermal conductivity of the glass: Ky, =Ak,,, where 4 is
the cross section of the metal and %, its thermal conduc-
tivity. The K, values when the heat transfer along the
glass fiber is taken into account are given in the discussion
section. K is the normalized heat transfer coefficient to
the gas: Ky~ wky,, in the absence of flow, where ky, is the
thermal conductivity of the gas. In the presence of flow K
will be enhanced due to the formation of a boundary layer
around the wire. In this equation Ky is thus the only
velocity-dependent parameter.

Two cases have to be considered (the calculations are
developed in the Appendix):

(a) I <I, no transition has occurred in the supercon-
ductor. The temperature profile in the situation of Fig.
3(a) is given by

X
T=T,—24cosh— x<l,
Ay
(2)
T=To+Be'"""" x>l
4167
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FIG. 1. (a) Schematic diagram of the hot wire anemometer: (1)
stainless-steel frame; (2) copper electrical leads; (3) silver wires support-
ing the glass fiber. (b) Enlarged view of the sensitive part of the detector:
(1) glass fiber; (2) resistive Cr film; (3) superconducting Pb-In film.

R,I?
2K ylcosh(i/2,) + (A, /A,)sinh(l/A)]’

A=

R.I?

B= g1+ (Gip/A yooth (/AT

where 2/ is the length of the hot spot, Ty =T+ R, I*/Ky;
Ay = JK¢o/Kpy Ay = K/ Ky are the characteristic lengths
for the temperature variations along the hot spot and the
Pb-In section, respectively. R; is the hot spot resistance per
unit length. K, the normalized thermal conductivity of
chromium and X, the normalized thermal conductivity of
the superconductor, are assumed constant from 4 K to T,
for simplicity. The maximum temperature of the wire,
reached at x=0, is

Iy I

FIG. 2. Voltage-current characteristic for two different flow regimes (v,
>u).
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FIG. 3. (a) Cross section of the wire in the superconducting state (7
<I;). (b) Cross section of the wire in a partially normal state (F> I)):
(1) glass fiber; (2) resistive Cr film; (3) superconducting Pb-In film.

R
Tmax = TO + _k';

1
X (l_cosh(l//ll) ¥ (A,/ﬂz)sinh(zm,))'

The critical current 7, is reached when B=T,— Ty, then

Ky (T, —Ty) ( Ay Z)
———————— | 14+~=coth
R, /11 Ay
(b) I>1I, the superconductor is partiaily normal on a
length 2(6—1/), that is, §—/ on each side of the hot spot,
with a resistance R, per unit length [Fig. 3(b)]. The new
temperature profile is given by

1/2

I= (3)

x
T=T1-—2Ccosh/T (x<l),
1
R, 85—
— (B=x)/Ay__ 5 2% 2
T=Ty+ De 2 Xy sinh (2/1 ) (Ig<x<8), (4)
T=To+De® ¥ (x38),

with the same notations previously used. The only approx-~
imation is to consider that the Pb-In thermal conductivity
is temperature independent in the operating range, no mat-
ter its normal or superconducting state. C and D are coef-
ficients from which it is possible to calculate the value of T
at a given 8. The transition (T'=7",) occurs at x=4§ and
the corresponding current [ is given by

Is=1,¢"? 1+R A—coth ! sinh y+2 sinh? % e
64 R \A Ay 2 ’
(5)

where y=(8—10)/A,.
Let us come now to a few words about the dynamical
response. It can be discussed by adding a term to Eq. (1):
RP=—Ky 8 T/3x+ Kpy(T—Tg)+C3T/dt. (1)

C is the heat capacity per unit length of the wire. After a
perturbation, for long enough time ¢, the temperature pro-
file relaxes towards the equilibrium one T (x) as

T(x,8) =Teq(x) +0(x)exp(—1/7),
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where 7 is the response time which is obtained by solving
the @ linearized equation. We give only the result for a
symmetric function 8(x):

7'=1'0/(1—a2), Al=A;/a

with 7=C/Ky (C is considered as a constant for simplic-
ity) and

2&2 [(12//11) COth(l//ll)—f-l] _{-
lﬂ'l [(12//11) coth(l/ﬂ )+l]

The order of magnitude of 7 is thus given by 7, as is
clear from the two last term in Eq. (1’). However, the
exact result shows that the equilibrium is unstable if o > 1.
It corresponds to the cases where the transition propagates
at infinity as soon as it occurs.

With the measured characteristics of our wire, and us-
ing standard values of the glass specific heat: 75~3X 1077
s. This value is of the same order of magnitude as the
shortest fluctuation time we expect in the flow.

{il. THE FABRICATION AND CHARACTERIZATION OF
THE DETECTOR

The glass fiber is a single filament from a commercial
bundle of an “E” borosilica without soda.* After cleaning
under fluorhydric and nitric acids, the 5-um-diam wire is
rinsed with distilled water. It is glued with silver paint to a
couple of silver wires (¢ 50 um) being used as connecting
wires (Fig. 1). Two layers are then successively thermally
evaporated in one run: one of 500 A of chromium® at a rate
of 3 A/s, another, to avmd Cr oxydation, of 100 A gold or
silver® at a rate of 2 A/s, under pressures lower than 10~
Torr. The resistance R{ of this first deposit is measured
through the classical four wire method at various temper-
atures T. Resistivities of 50 and 100 pQ cm have been
obtained for two different gold on chromium samples at
300 K. Other samples with 100 A silver instead of gold
have shown resistivity values of the same order of magni-
tude. In a preliminary experiment, where 1000 A chro-
mium was deposited, a 100 ) cm resistivity was also mea-
sured. The ratio R3® ¥/R§? K did not exceed 1.15.

From all these tests, several remarks should be pointed
out. Chromium is easy to evaporate on glass fibers in thick-
nesses ranging from 500 to 1000 A. However, significative
resistance variations are observed on short periods when
placed in air. To avoid such an aging effect, a layer of noble
metal should plate the chromium. Gold has been chosen
due to its poor oxidation. The large resistivity observed,
five to ten times that of bulk samples, is probably due to the
perturbed crystalline character of these thin layers.

Perpendicularly to the chromium-gold sublayer, a fiber
glass (¢=35 pum) is placed in order to mask a small area
during the next deposit of a superconducting material with
2000-3000 A typical thicknesses. First tests with pure lead
have shown a high thermal conductivity (up to 80
mW cm~! K~! from the electrical resistivity measure-
ment) of the deposit and then a rather poor sensitivity of
the detector; moreover, aging effects probably due to oxy-
dation needed a new deposit of silver ( ~500 A thickness).
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FIG. 4. Resistance vs temperature of a 2800 A Pbyln,, detector.

Tentatives with niobium deposition appeared quite diffi-
cult. Finally, excellent results have been obtained by using
lead-indium alloys with concentrations in the range 20%-
35% atomic indium measured through electron micro-
probe microanalysis.”

ac four wires measurements of a typical detector resis-
tance are shown in Fig. 4 versus temperature. Varying
from 4.7 Q at 4.2 K to 75  above 7.2 K, the recorded
values have to be compared with the 237 £ resistance at
room temperature. At 300 K, before beeing coated with the
superconductor, the chromium-gold sublayer exhibited a
1590 Q value. The length of the detector is 920 um and
then the estimated residual 4.2 K value should correspond
to a hot spot length: 2/~3 um. However, observation un-
der microscope exhibits steps in the deposit at 2/=5 um.
The difference between the estimated and observed values
may originate from inhomogeneities in the chromium-gold
deposit. Shadowing effects during the Pb-In evaporation
may also reduce the hot spot resistance due to a low thick-
ness coverage of this region with the superconducting
layer. In this case this area should still have a rather high
resistance per unit length and thus R; should not be sig-
nificantly modified. In the following calculations we have
used the 2/=35 um observed value.

The roundoffs on the R-T characteristics around T,
(Fig. 4) are possibly due to the experimental setup, where
the T measurement is done through a carbon resistor av-
eraging the gas temperature a few millimeters away from
the detector.

The resistivity value of the Pb-In alloy in the normal
state is 11 uQ cm for this deposit with an estimated layer
width equal to the diameter of the glass fiber and a 2800 A
thickness. The thermal conductivity of the Pb-In layer,
k,=16 mW cm™! K™, is deduced using the Wiedeman—
Franz law. For one 35% In concentration, a k, value of 9
mW cm ™! K~ has been obtained.

IV. DISCUSSION OF THE RESULTS

We will now use the formalism of Sec. II to compare
the experimental results with the calculated ones. We have
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FIG. 5. Measured voltage—dc current characteristic of the detector at
various temperatures: Detector in liquid He: (a) T=4.2 K. Detector in
gaseous He: (b) T=4.3K; (¢) T=44K; (d) T=4.6K; (¢) T=49K.

defined the normalized thermal conductivities of both the
chromium and the superconducting regions K¢, and K,
The thermal conductivity &, of the fiber glass has also to
be taken into account. Then

Kee=keeX Ao+ kg X Afg~2Xx1071° Wem K™},
K=koX A+ ke X Acr+ kg X A ~4X107° Wem K1,
Kyewky.~3X10"* Wem™! K~ for zero velocity,

with kg, and ky, from Ref. 8.

The calculated values A;=8 pm and A,=12 pm are
rather large and strongly dependent on the glass fiber di-
ameter. For given sizes and layer thicknesses, they only
depend on K, that is, of the gas velocity. Along the hot
spot, the temperature is more or less constant and the tem-
perature decreases slowly further.

From R, =9.4X 10° /cm and a mean critical temper-
ature 7,=7.2 K, the expected critical current is deduced
from Eq. (3): I,=0.75 mA in good agreement with the
0.62 mA measured value (Fig. 5) taking into account the
uncertainty on the Ky value. The temperature along the
hot spot should vary from 7.8 K to 7.2 K when 7, is ap-
plied. This will be discussed further.

The I value for a transition of the superconductor to
the normal state on a length 2(5—/) may also be deter-
mined. For §—/=5 um with R,=7.7Xx10° Q/cm, I,
=0.85 mA. This 14% current variation confirms the high
sensitivity d(8—1)/dI of the detector, already observed in
the characterization measurements.

Using the set of Eq. (4) some dependences of the char-
acteristics of the anemometer have been examined.

First the current J_ flowing in the detector, when the
whole transition to the normal state occurs, is given by

—1/2 172

_[2Ku(Te—To)

Ry (A, {
1w=11[— (Alcoth +1) R,

2R,

In our particular case: /_=1.53 mA about twice the crit-
ical current 7, The sensitivity d(8—1)/dI is more or less
constant ( ~50 um/mA) from the smaller values of §—/
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FIG. 6. Calculated normal state length of the superconducting material
vs the applied current for three superconduetor thicknesses: (a) 1400 A;
(b) 2800 A (thickness of the measured anemometer); (¢) 5600 A.

up to 6=25 um. For §=50 um, I5=096 I
sensitivity essentially diverges.

A second remark is that the thinner the Au-Cr layer
the smaller d(8—1)/dI. In fact the decrease of this thick-
ness corresponds to a higher dissipation in the hot spot and
then a decrease of I), while 7 which depends only on R,
is independent of this parameter. A similar remark holds
for the d(8—1)/dI dependence on the hot spot length.

Reversely, as seen in Fig. 6, the thicker the supercon-
ducting layer, the smaller d(8§—/7)/dl. In that case the
increase of K is small due to the large contribution of the
fiber glass compared to that of the superconductor. How-
ever, the inverse linear variation of R, with the thickness
gives rise to a large increase of J_. With variations of the
critical temperature in the 6-8 K range the effects are sim-
ply homothetics.

The voltage across the detector is given by

and this

V=2[,5(IR} +yA2R2),

with p=(6—10)/2,.
At first order, for small y

AR !
2 2coth )]

Y
I&:I;[l*{—i(l /lR] ,11

and

4R A5 (Is—1)) Is

V=2R\ s+ 17 R./7.R,) coth (/A T,

Such a quadratic behavior with a change of slope at I, is
suggested on the curves of Fig. 5.

The temperature profile is presented in Fig. 7 for three
different values of the current. A, governs the relaxation to
the thermal bath temperature 7. Even with a large current
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FIG. 7. Calculated temperature profile along the detector for three dif-
ferent values of the current: (a) I=1Ij; (b) I=1.0651; (c) I=1.2I,

the temperature of the hot spot is more or less constant
within 0.7 K at most. This is due to the large A, value
compared to /.

In the previous discussion, the velocity field is assumed
constant at a given time ¢ all along the detector. If some
local velocity fluctuation occurs, a relative cooling or heat-
ing of the wire will respectively rise or decrease the critical
current. Such a perturbation has been simulated by calcu-
lating the rise of the critical current due to a 50% local,
square shape, increase of the normalized heat transfer co-
efficient K. The results on Fig. 8 show the relative in-
crease of the critical current as a function of x, the distance
between the middle position of the square shape perturba-
tion and the middle of the detector hot spot for three dif-
ferent perturbation lengths /,. Even a low /, value of 5 u
will modify I, by 5%. The localized character of the de-
tector is easily observable. As soon as the perturbation does
not overlap the hot spot completely, the rise in I; drops
severely down. A 1-2 u diameter wire will reduce the 4,
and A, values and then allows the detector to meet the
requirements initially discussed.

Let us finally present the results showing the high dy-
namical response of our prototype wire. The way the mea-
surements are made is close to the standard “constant tem-
perature” mode.

The dissipation of a “dc¢” current iy, allows the resis-
tance of the wire to be equal to a reference one to which it

I-he
1% e

FIG. 8. Simulation of a perturbation in the velocity field for three per-
turbation lengths: (a) 5 g; (b) 10 y; (c) 20 u. The perturbation is
assumed to increase the heat exchange coefficient K, by 50%. I,  is the
value of 7, when the perturbation is far from the hot point.
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1 )Js/DiV Freq = 2008kHz

FIG. 9. Response to a 200 kHz squarewave perturbation of the electrical
dissipated power.

is compared through a 10 MHz bridge.’ iy adapts itself to
the fluctuations of Kz and is thus our “measure” of the
flow velocity. We have externally added a square-wave sig-
nal to iy, and looked at the reaction of the apparatus. In
about 1.5 us the detected signal comes to its equilibrium
value as seen in Fig. 9 for a 200 kHz applied perturbation.
It is important to mention that, while in a constant tem-
perature operation, we still have a response time of the
order of magnitude of the wire thermal one: conventional
hot wire setups can reach two orders of magnitude im-
provement compared to their thermal response time. 1°
Here it has been seen that the very low heat capacity of the
wire gives unusual high intrinsic response time. To go
higher will be limited by propagation effects in connecting
wires.

V. DISCUSSION

The present hot wire shows large impedances suitable
for anemometry experiments. From a simple heat transfer
model the behavior of the detector has been studied for a
constant velocity configuration and also with a perturba-
tion simulating the turbulent character of the flow. This
study confirms the possibility of fast response and very
localized character of such detectors which give access to
the small characteristic scales of energy dissipation occur-
ring in this problem.
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APPENDIX

The temperature profile in the detector is obtained
from the local energetic equation
T
2
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where T is the temperature at the distance x from the
middle of the hot snot.

irluae Uil UL Spv

Two cases have to be considered depending on the
current flowing in the detector:

A. Temperature profile if no iransition occurred in
the superconductor (/</)

1. in the hot spot region (x</)
2

d’T )
KHT_KCX' d_xf=KHT0+R1\I .

R, I
T=Tyt——t A, My A_e M,
Ky

with A‘I = \jKCr/ K H

For symmetry reasons
ar

T(x=0)="T, and = =0.
x=0
Then A, =A_=—A (4 has to be positive due to the fact
that dzT/dx <0) and
R,?
T=Ty+—F——24 cosh -
Ky Ay

2. In the superconducting region (x> 1)

&ET
R=0 and KHT—KSd_xfz-KHTO
It follows

T=Ty+Be'!~9"%,

With/{q = ﬂKs/KH.
In order to determine the values of the 4 and B con-
stants two conditions have to be fulfilled at the hot spot-
superconductor border (x=1/):
a. The temperature continuity
2

R\ 1
To+———24 cosh —=Ty+B.
Ky

A
b. The thermal flux continuity

X dar X ar
Cr(dx)x=l——0_ S(dx)x=l+0

then

I KB

KCr sinh Z= —72-

A

and

B=24 —smh—
A'Z 1

It follows

R, hz A hI -1
_ZKH (cos +/12s1n ’11) ,
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BR(A I
‘KT\ +7, coth 7

).
Y,

B. Temperature profile when the transition has
occurred on the length 6—/ (/> 1)

1. In the hot spoft region (x <l

Again
2

T T+R‘I 2C cosh =
= —2C cosh —
T Ky A

2. Forl<x<8
2

KyT—K, 5

=KHT0+R212
then

R I
T— To+KLH+AN+€(I+X)MZ+AN*"’““"W?

3. For x>6
R=0, then
2

KyT—K,—

= K HTO’

T=To+Del®~%%,

To find the values of C, D, Ay, and Ay_ the temper-
atures and thermal flux continuities have now to be written
for both x=/ and x=34.

a. The temperature continuity

*¥x=1]
R, / R,I? "
To+_-—2CCOShI‘_’To+ +AN 92 2+AN
(Al)
*x=§ and I'=T, then D=T,—T,
and
2
D=RLI+A e(l+5)//lz_!_AN~e(l—&)/12_ (A2)
b. The heat Sux continuity
ot wolD) {2
X=1 crl 75— = —_— ,
Ndx) o \9%) 10
Kee Ay, Wik Ay_
—ZCTI Sin. h/1 ( A'z e 2—'—/.!7), (A3)
s ) ()
x=205: — =K |~
\dx x=8§—Q \dx x=5-+0
then
Aﬁe(zsra)/xz_AN— =8y (A4)
2 2 A’Z
From Egs. (A2) and (A4):
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R,I?
v (Do,
N ( 2Ky
R,I?
Y U-8)/A
AN+ ZKHe N

And from Eq. (Al),

2C cosh R\* 2R, 2 =9
cos A KH+ Ky sin 2,

—( Tc—' To)e(é—l)//b.
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