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I.ntroductian

The breakdown of superfluidity remains one of the most interesting aspects

of the physics of Helium II. Of principal concern is the occurrence of additional

j	 dissipation during counterflow experiments with large heat fluxes. When the
t

relative velocity between normal and super components exceeds a certain value,

the two components can no longer be thought of as noninteracting fluids.

Rather, new dissipative mechanisms come into play and limit the maximum

counterflow velocity obtained.

This "critical" dissipation can be characterized by a fundamental, or intrinsic,

critical velocity'. By fundamental or intrinsic, it is meant that this critical velo-

city is geometry independent (and frame invariant). Previous investigators had

studied critical velocities, but their experiments were performed in constricted

geometries, such as closely packed powders 2 , porous materials SA and thin films

of helium on glass cylinders'. However, since it is intrinsic, this critical velocity

should be able to be observed out in the bulk fluid (away from walls).

A second sound shock wave is the ideal method for setting up counterflows

and studying the intrinsic critical velocity in bulk fluid. Planar second sound

shocks provide an abrupt change of flow state, impulsively accelerating quies-

cent fluid to a flnite uniform relative velocity. This change is accomplished in

less than a microsecond, the length of time required for a shock to travel its

,own thickness. Furthermore, wall effects can b p eliminated by time resolution
h	 `r.

because they require a finite amount of time to propagate inward from the

walls. Moreover, the wave fronts remain extremely planar even with the strong-

.. est shocks, as schlieren photography has revealed, so the motion remains one-

dimensional.
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To date our experimental 'work with second sound shock waves falls into two

major categories. The first involves using second sound shocks to measure the

temperature and pressure dependence of the intrinsic critical velocity. The

results are then compared with the work of Notarys s . The second effort entails

studying the role of vorticity in the breakdown of superfluidity. It has long been

h Mothesized ie that the breakdown of superfluidity involves the production of

vorticity, particularly quantized line and ring vortices in the super component,

and this has been investigated using a rotating second sound shock tube and a

rotating second sound scattering cavity.

Equipment

Essential to all of our experimental worn has been the production and detec-

tion of second sound shock waves. In our studies we have constructed second

sound shock tubes of the following general type (see Fig. 1). The heat pulse is

produced by driving a rectangular pulse of current through a thin film Joule

heater. This heater, a 1000 A thick Nichrome film which has been vacuum depo-

sited upon an optically flat quartz substrate, is tightly sealed to one end of a

tube of uniform rectangular or circular cross section.

At the other end of the tube, a thin film superconducting sensor records the

arrival of the shock wave. A typical sensor consists of a layer of tin deposited

atop a layer of gold. This double layer is scribed to produce a long narrow

current path and thus a high value of the normal resistance. In order to use

one sensor throughout the available temperature range, the sensor layer

thicknesses are chosen so that the sensor has a transition temperature of about

2.2 K. An electromagnet installed behind the sensor permits one to decrease the

f
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SECOND SOUND SHOCK TUBE
	

I

1.0 inch

Figure 1. Second sound shock tube. Labeled parts are the following:

1. Brass housing.
•2. Spring loading for heater.
3. Quartz substrate of heater.
4. Quartz substrate of sensor.
5. Sensor biasing magnet (superconducting).
6. Teflon tube, down which the shock propagates.

u	 it	
I'	 'lll'il1



transition temperature by increasing the magnetic field. With the sensors mag-

netically biased so that the midpoint of the superconducting transition

corresponds to the experimental temperature, a constant current, typically

about 1 mA, is passed through the sensor. When a second sound wave is incident

upon the sensor, its temperature perturbation produces a resistance perturba-

tion and hence a voltage perturbation across the sensor. To calibrate the sen-

sor, a response curve of voltage vs. temperature is obtained by slowly varying

the saturated vapor pressure, and hence the temperature of the surrounding

liquid helium bath (see Fig. 2). In the course of an actual experiment, both the

3	 arrival time (tA ) and the temperature jump (A T) are measured with the sensor.
j

The Mach number of the shock wave is given by M= at , where L is the shock
A

tube length and a, is the second sound velocity.

In the course of our varied investigations, several second sound shock tubes

have been designed and built. One of these is the variable length shock tube,

which has a movable endwall sensor that may be located from 2 to 20 cm from

the heater. In this manner the time evolution of a second sound shock may be

observed by firing several identical strength shocks with the sensor located at

different positions along the shock tube. Another shock tube is the optical

shock tube, so named because two of its sides are parallel, optically fiat quartz

windows. This shock tube (in conjunction with our optical dewar) har been used

to observe second sound phenomena with optical techniques. Our newest shock

tube, the rotating shock tube, combines features of the previously mentioned

shock tubes. The sensors are magnetically biased as in the variable length
r

shock tube, and the shock tube is pressurizable to several atmospheres, as is

the optical shock tube. However, the rotating shock tube is modular, allowing

rapid conversion from one type of cross section to another. For example, the
i
N

present cylindrical tube could be replaced by one of square cross section

_...4	 N	 A
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without changing the rest of the shock tube. The rotating shock tube is of

sufficiently small size so that it may be mounted in one of two orientations in

our rotating dewar. In this way, shocks may be fired so as to propagate parallel

to the axis of rotation (axial mode) or perpendicular to it (transverse mode).

As mentioned above, it was necessary to design and assemble a rotating liquid

helium system. We were fortunate to have available to us a Cenisco rotating

table capable of rotation rates from 0.01 to 20000 /sec (a more practical limit

with a full load is about 540 0 /sec) with a stability of 0.01%. Atop the 24" diame-

ter stainless steel rotating tabletop is mounted an aluminum frame supporting

R standard glass dewar arrangement (see Fig. 3). Two twin vacuum lines emerge

from the top of the dewar and are connected underneath the tabletop to the

axial vacuum line which passes through a rotating vacuum coupling into the

main lab vacuum system. Electrical contact to the rotating system is made

through 24 slip rings. The rotating system has about five hours of useful run

time per helium fill.

CKtical Velocity Experiments

z One of our major efforts over the past several years has been to study the

fundamental critical velocity in superfluid helium. This critical velocity differs

from "extrinsic" critical velocities in that the dissipation arises from a normal

component/super component interaction, whereas the extrinsic critical veloci-

ties arise from fluid/wall interactions. Thus, it should be possible to observe

and study this critical interaction in the bulk fluid, away from walls, so that the

fundamental interaction is not influenced by other dissipative effects. By doing

many such experiments at different temperatures and pressures, the measured

fundamental critical velocity may be compared with theoretical results.

Jf-
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A typical experiment is described below. First, a point (To ,p, ) in the

pressure-temperature plane is selected (see Fig. 4) for ',.4e experiment. Next, a

series of rectangular voltage pulses of increasing strength are fired across the

heater. A several minute wait is allowed between the pulses so that the fluid

may return to equilibrium. For each pulse the arrival time (corresponding to

the average Mach number) and the temperature jump are measured (see Fig. 5

for a typical shock profile). The Mach number is computed and compared with

the theoretical results

M=1+-21-$(poTo)AT

B(p,T) = T 8T, p ln a T 
P 

JJ

which have been derived assuming that w/a, the ratio of the relative velocity to

the second sound velocity, is smal?.

Shown in Figure •6 are the results of one such experiment

(Po = 6.0 Tarr, To = 1.609 K), scaled so that the second order result (for

W %< 1) falls on 45 0 line. Note that the data follow the theoretical curve quite 	 °-

well until M = 1.03. Thee data dramatically depart from predicted values for

higher heater powers; in fact, the average Mach number actually decreases as

heater power is increased, showing that there is a limit to the temperature jump

(and hence the relative velocity) produced by a second sound shock wave.

Curves such as these are typical for all temperatures and pressures experimen-

tally accessible in which B(p ,T) > 0. Figure 7 shows the variation of the max-

imum counterflow velocity with temperature (the pressure is the saturated
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Figure 5. An initially rectangular heat pulse evolves into a shock front,

a region of uniform counterflow, and an expansion fan.



cc
ui

;z

x

^¢.z
Y

E
2
cr.
z L
3 q

N

n
n u

u
o
W

0
u

o •^

~ u
r-1
N

N u
O ^^a

O
O

t

-li-

r

ORIGINAL PAGE 1.9
OF POOR QUALITY

0O

al
o

°o 00

1	 I	 I	 W

001 1 0	 06010	 080 . 0	 OL0 • o 	 usu-u^/8 C T-Ol /1  llu u	 uLU V	 vw v	 -	 -



r 3.,
CD

¢` N

E^,

^U
d
m

2>

CD
a=

E

E
NYCa

1

6.7 -ps—
p 

rs
4.6

p 

(Notarys, 1969)

p	 Front Steepened Shod;
•	 Front Steepened Shocx

O	 Back Steepened Shock

F
1

1

i

O

f

4

-12-

i
GI

O • e

ORIGINAL PAGE 1S 

IOF POOR QUALITY

e

01	 I	 I	 I	 I I	 I	 I
1.4	 1.5	 1.6	 1.7	 1.8	 1.9	 2.0	 2.1	 Tx

Temperature (° K)

Figure 7. MAXIMUM SHOCK — INDUCED RELATIVE VELOCITY



-13-

vapor pressure) and compares the data with the Langer-Fischer prediction for

the fundamental critial velocity". The functional dependence on temperature is

correct, but the numerical constant is about an order of magnitude lower than

the theoretical value.

R 
Another important result coming from such experiments involves the tom-

perature profile of the shock pulse. For relatively low heater powers (the regime

in which the second order theory retains validity), a rectangular heat pulse

evolves in the typical nonlinear fashion into a shock, a region of uniform

counterflow, and an expansion (for B > 0), as shown in Figure 5. However, as

the heater power is increased, the profile is modified as shown in Figure 8. This

modification does not take place gradually as the shock pulse travels down the

shock tube; rather, it occurs in the vicinity of the heater. The only amplitude

decay of the pulse during propagation, right at the shock front, does not result

directly from breakdown but merely comes from the shock/expansion coin-

cidence. This was revealed by using the variable length shock tube to observe

repetitions of the same shock strength at different distances from the heater.

Therefore, outside of the breakdown region, the points of the temperature

profile travel at their characteristic velocities without decaying (except for the

shock front as discussed).

This development icu tv one of the ongoing research efforts. In some sense, if

the critical velocity is being exceeded right at the heater, it still is not being

observed "out in the bulk fluid, away from walls". To observe larger relative velo-

cities in the bulk fluid, it is necessary to strengthen the shock wave away from

the heater. One way to do this is to produce a spherically converging second

sound shock Nave. It can be shown quitc generally for weak waves" in a converg-

ing channel that

i^rt	 Al
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Figure 8 EFFECTS OF HEATER POWER ON SHOCK
PULSE PROFILES (200 ^ussc/division )
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M(X)  — 1 c JA(X,) 8
M(xo ) — 1	 A(x)

where M(x) is the Mach number of the shock at position x and A(x) is the area

of the channel. Therefore, if a spherical shock of radius of curvature r o is pro-

duced in a conical channel (see Fig. 9),

MW —I = ro
A -1	 ro —x

and as x increases, M increases. Note that this is only valid for M(x) — 1 << 1.

Experiments involving measurements of arrival times and temperature jumpG

will show whether the fundamental critical velocity is exceeded in the bulk fluid.

Back-Steepening and Double Shocks

Observation of the evolution of rectangular temperature pulses has provided

another verification of the second order theory of second sound. For a weak

pressure shock in a fluid, the Mach number ht and the wave strength AP are

related by

M=1 +2 D(poTo) P

D 
(p ,T) = p l kP I 3  

ln(P c )

For normal substances D > 0 and a positive pressure pulse steepens at the lead-

ing edge. For unusual substances (or near the thermodynamic critical point),
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Figure 9. A spherical co ►:verging second sound shock strengthens
as it propagates.
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it is possible to have D < 0. In these regions, a positive pressure pulse will

steepen at the rear. For weak temperature shocks in superfluid helium, the

Mach number and shock strength are related by

M=1+^(poTo)6T

gra-1
B(p,T) = T 

171 
In

P

Along the saturated vapor curve, B (p ,T) is positive from 0.95 K to 1.88 K and

negative from 1.88 K to 2.18 K. In the region that B < 0, a positive temperature

pulse will steepen at the rear. If T, is slightly less than 1.88 K, where B (p, To) is

slightly positive, the nonlinear relation shows that finite amplitude waves will

steepen at both the front and rear, forming a double shock configuration (see

Fig. 10). This has been verified experimentally, again demonstrating the validity

of the second order theory.

Successive Shock and Rotating Experiments

All of the above experiments have not given much insight into just what hap-

pens when the fundamental critical velocity is exceeded. Therefore, it is desir-

able to examine the flows behind the shocks in order to learn more about this

dissipative interaction. It is believed that, when the fundamental critical velo-

city is exceeded, vorticity (particularly quantized line and ring vortices in the

super component) is produced in the flow field behind the shock. These vortices

provide the means for momentum transfer between the normal and super com-

ponents, so in their presence the relative velocity will decay. To examine this

idea, it is useful to probe the flour remaining after the passage of a second sound
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Figure 10. The evolution of a rectangular heat pl11se into a double shock profile. 



-19-

shock with another second sound shock (successive shocks). The results may be

compared with experiments involving a shock incident upon a known vorticity

field (rotating shock tube).

A typical successive shock experiment would proceed in the following manner.

Two second sound shock pulses of identical strength and duration are fired suc-

cessively, the first into quiescent fluid and the second into fluid processed by the

first shock. The time interval between the firings is varied and the resultant

waveforms are compared. In all cases, the separation time t, ,s far greater than

the time it takes for reflections of the first shock pulse to decay completely, so

this is not a question of observing the interaction between the two shocks but

rather the interaction between the second shock and any undecayed distur-

bances  in the luid produced by the passage of the first shock.

It turns out that effects of varying the separation time t, are most dramati-

cally displayed for shocks near the breakpoint (the strength 'T at which arrival

time data begins to deviate from the second order theory). If t, is large, on the

order of several minutes, the waveforms of the two shock pulses are identical

(the typical trapezoidal pulse profile). As t, is reduced to a minute, the second

profile begins to exhibit the tilted top and warm tail characteristic of a pulse

that has undergone breakdown. With the further reduction of t, to 1 second, 	 • r

the second shock displays a profile typical of a strongly modified pulse, the front }
followed by a smooth, exponential-like tail (see Fig. 11). Apparently the first

shock produced some sort of slowly decaying disturbances in the fluid, which

enhanced the dissipation in the second shock.

To examine the idea that the first shock produced vorticity in the flow, exper-

iments with a rotating second sound shock tube were performed. The specific

objective of these experiments was to see how the presence of vorticity would
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affect a second sound shock pulse. If the profile of a second sound shock pulse

were modified by vorticity in the same way that it is by the "fluid disturbances"

produced by the first shock in the successive shock experiments, then this is

strong evidence that vorticity is produced during breakdown.

Experiments performed in which the shock propagation direction was normal

to the axis of rotation (transverse mode) have shown that as the rotation rate 12

is increased, the waveform changes in a manner qualitatively similar to that of

the second shock when decreasing the separation time t,,. One difference is that

in the rotating case the top of the trapezoidal pulse becomes convex (see Fig.

12) rather than tipping abruptly. This may be a consequence of the uniformity

of the vorticity in the rotating case (w = 20 Es), whereas in the successive shock

case 6 is probably randomly oriented; however, the explanation is unclear at the

moment.

Future experiments in this area will accomplish several goals. First, the vari-

able length shock tube will be used to characterize the decay of the second

shock in the successive shock experiment in terms of the initial shock strength,

the separation time, and -the region in which decay occurs (at the heater or all

along the tube). Next, the variable length shock tube will be used in the rotating

dewar to examine the effects of vorticity along the direction of shock propaga-

tion, answering questions of whether decay occurs, whether it occurs at the
	 A

heater or throughout the shock tube, and how the decay depends on the rota-

tion rate 11. Also, the rotating shock tube will be used to continue studying the

decay of shock pulses travelling normal to the rotation axis.

Schlieren Experiments

Another recent research effort has involved using optical techniques to study

second sound shock waves in superfluid helium. As is typical of liquids, helium
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has an index of refraction n that is a function of temperature and pressure, so

that a change in thermodynamic state produces a change in index of refraction.

One of the best techniques to observe variations in n is the schlieren technique

(see Fig. 13). Schlieren involves the measurement of the gradient of n along one

direction in a test section. Light from a monochromatic slit source is made

parallel by the first lens before entering the test section. While traversing the

test section, the beam is deflected by the variations of n within the fluid. After

passing through the test section, the beam is focused by a second lens. A knife

edge (in our case, a razor blade) at the focus intercepts part of the light, while

the rest is focused by the third lens on the image plane of a camera or screen.

The system is sensitive to the gradient of n perpendicular to the knife edge (in

the plane normal to the optical axis).

Experiments to date have used a schlieren system, like that shown in Figure

13, together with an optical dewar and the optical second sound shock tube to

visualize second sound shock waves. Figure 14 shows one such picture. The

bright line is the leading (temperature raising) second sound shock Li a double

shock pulse (see above for an explanation of double shocks), and the dark line is

the trailing (temperature toy-,-^;ring) shock. The two shocks produce opposite

effects in the schlieren system because their gradients of n are oppositely

directed. Other photographs at later times show that the fronts remain planar

even after multiple reflections from the endwalls. Figure 14 shows two image-

processed pictures of a strong shock which has undergone breakdown (the

shock is travelling downward in these two pictures). The first picture shows the

shock front followed by the exponential-like tail (a bright line followed by a dark

region). Printed on this picture also is the gray level distribution, which allows

generation of contrast-enhanced pictures as in Figure 14. Pictures such as

these may aid in studying the flows produced behind the shock front. The

schlieren system has also been used to study second sound shocks obliquely
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incident on a liquid-vapor interface.

Scatfe7-ing ExperGmants

It is possible to use scattering of high frequency second sound to image flow

flelds in helium Just as it is possible to use first sound to image flow fields in

ordinary fluids°. Preliminary experiments have observed scattering from thin

wires placed in liquid helium. It is hoped that scattering of second sound will

allow imaging of arrays of quantized vortices as well as real time observation of

vortex dynamics.

Conclusion

Use of second sound techniques to study superfluid helium, has proved to be

extremely fruitful. Second sound shook waves have produced relative velocities

in the bulk fluid orders of magnitude larger than previously observed. Maximum

counterflow velocites produced in this way are found to follow the Langer-

Fischer prediction for the fundamental critical velocity in its functional depen-

dence on temperature and pres9ure. Comparison of successive shock and rotat-

ing experiments provides strong evidence that breakdown results in vorticity

production in the flow behind the shock. Schlieren pictures have verifled the

planar nature of second sound shocks even after multiple reflections. The non-

linear theory of second sound has been repeatedly verifled in its prediction of

double shocks and other nonlinear phenomena.

^C
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