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Flow measurements in ultra-pure 4He through a micron-size orifice at 
millikelvin temperatures show the transition from thermal to quantum 
nucleation of nanometer-size vortices below a crossover temperature of 
0.147 K. Detailed analysis, similar to that done for macroscopic 
quantum tunnelling in superconducting junctions, yields parameters 
which accurately predict the mean value and the distribution width of 
the critical velocities at all temperatures. These observations establish 
the close relationship between this type of critical flow and negative ion 
motion in superfluid 4He and strongly suggest that the underlying 
mechanism is identical. 

1. The critical velocity problem 

Experimental studies of the phase slippage phenomenonl '~'a as 
well as of ion propagation 4 have fostered progress in our under- 
standing of critical velocities in superfluid 4He flowing through very 
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small orifices. In particular, it is now known 5'6'7 that the critical 
velocity vc increases approximately as 1 - T/To with To ~ 2.45 K as 
the temperature is lowered down to T ~ 0.15 K, at least for that Vc 
which corresponds to quantum phase slips, and hence to vortex 
motion - in contradistinction to that due to creation of 
excitations, 8'9 i.e., the Landau critical velocity. This experimental 
observation has been interpreted 5 in terms of the nucleation by 
thermal activation of vortices over a velocity-dependent energy 
barrier Ea(Us) with a rate given by Kramers's formula: 

Pc: 2-~ (1) 

The determination of the attempt frequency wo/2~r and of the 
dependence of Ea upon the local superfluid velocity Us at the 
nucleation site is the object of this paper. This problem was already 
addressed theoretically close to 7 A by Iordanskii, and Langer and 

Fisher (ILF).10 The ILF theory was used to explain the decay of 
persistent currents in porous media i0 close to the lambda point but 
cannot be extended to low temperatures without modifications. 

The new experimental information that permits the unambiguous 
determination of Wo is the observation of the saturation of the 
increase of Vc in ultra-pure 4He below a temperature 7q of about 0.15 
K that we describe below. This saturation has been interpretedl~' 12 as 
the onset of the quantum nucleation r~gime. The experimental 
knowledge of the crossover temperature 7q between the thermal 
activation and quantum tunnelling production of vorticity is of 
fundamental importance because it is directly related to the attempt 
frequency by the formula 

kBrq = ~Uo (2) 

which is known to be quite generally valid 1~ regardless of the strength 
of the coupling between the system undergoing tunnelling and its 
environment. 14 The quantum nucleation rate depends on friction and 
is given by 

~:-~o ) e x p , -  ~-- ~ z~r°WoTJ 

where the term proportional to (WoT) -t expresses the contribution of 
damping to first order, is In the following, it turns out that damping is 
negligible. Eq. (3) yields a temperature independent rate, and 
therefore, a temperature independent critical velocity. We shall first 
describe the experiments which exhibit such a behavior and discuss 
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how other possible causes (besides quantum fluctuations) for the 
saturation of Vc at low temperatures are discarded. Next, we study 
the implications of such an observation on the functional dependence 
of Ea on Us and derive an expression for the local critical velocity Uc in 
terms of ?. Finally, we briefly discuss a model based on the nucleation 
of vortices in the shape of half-rings in the immediate vicinity of the 
orifice wall. 

2. Experimental techniques and results 

The motivation for repeating experiments that were performed a 
while ago in the same two-hole hydromechanicai resonator16 with the 
same micro-orifice 17 came from a complete overhaul of the cryostat 
environment, aimed at a drastic reduction of mechanical and 
electrical disturbances. A new plastic-neck, superinsulated Dewar 
designed for improved rigidity is has been installed at the center of 
mass of a 15 metric ton concrete table suspended on a four leg 
pneumatic isolation system. 19 The table and its suspension rests on a 
45 ton stand which sits on a polyurethane foam mattress 20 laid 
directly on the virgin soil below the building foundations. Cross- 
bellows assemblies, flexible rubber fittings, and strategically placed 
lead sleeves have been installed on the pumping and recovery lines 
and, combined with various concrete and lead anchors, effectively 
eliminate direct vibrations from reaching the apparatus. 

There are no vibrations detectable on the table from 1 to 250 Hz 
greater than the noise level (0.5 #g) of the accelerometer used for the 
diagnosis. 21 The remaining perturbations on the cryostat, coming 
from direct transmission of sound and from the cryogenic fluids boil- 
off and circulation, amount to a peak displacement noise of the cell 
sensing membrane of'~ 0.2 ~. 

Another very significant improvement is realized by the comput- 
erized analysis of the data, whose effect is illustrated in fig.1. A 
sizable portion of the remaining noise on the membrane peak 
amplitude detection comes from "common mode" motion which either 
adds or subtracts to the positive-going and the negative-going 
excursions of the membrane. This common-mode noise can be easily 
cancelled with no loss of information by a three-point sliding average 
with end corrections. The analysis program keeps track of all the 
(signed) phase slips and of the "quantum state" of the hydrodynamic 
circulation of the superfluid loop threading the two holes of the 
resonator, and detects (infrequent) spurious events on the basis of 
ungrounded changes in the mean quantum state of the loop. These 
events are rejected or corrected and this improves the statistics of the 
determination of the "mean" critical velocity and the width of its 
statistical distribution, as defined in refs.[3] and [22]. An important 
byproduct of the analysis is the value of the bias current in the loop. 
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Figure 1. Critical resonator peak amplitude at each half-cycle plotted 
as a function of time - top trace, raw data, bottom trace, processed 
data (open circles, positive going amplitude, dot, negative going 
amplitude). The quantum number for the hydrodynamic circulation in 
the loop is denoted by (signed) gothic numerals, the quantum size of 
the 2~- slips by (signed) roman numerals. 

This quantity is an indicator of trapped vorticity or rotation imposed 
to the plane of the loop 23 and can be determined to about 1% in the 
present setup. 

Finally, it was essential to ascertain the effect of ~He impurities. 
Ultrapure 4He, with a residual 3He concentration of ~ 0.9 ppb, 24 was 
produced in the laboratory using both conventional distillation and 
the heat flush effect. 25 The plateau in vc obtained in ultrapure 4He is 
shown in fig.2, together with the effect of a residual ~He concentration 
of x3 -~ 7 - 8 ppb. 2~ Both the value of Tq and the plateau level were 
absolutely reproducible during the run and quite robust to imposed or 
extraneous mechanical vibrations, leading to the conclusion that we 
are indeed observing a phenomenon intrinsic to liquid helium flow 
through a micro-orifice. 
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Figure 2. Critical resonator amplitude versus temperature in ultra- 
pure 4I-Ie for two runs. Critical amplitudes have been normalized by 
the size of the phase slips and the contribution of trapped circulation 
has been taken into account. The dashed line comes from eq.(6). 

3. Q u a n t u m  t u n n e l l i n g  versus  thermal  a c t i v a t i o n  

We know that liquid helium owes its existence to its large zero- 
point energy and we would not be surprised that large quantum 
fluctuations over a mesoscopic number of atoms take place to assist 
vortex nucleation. Such a quantum nucleation problem has been 
studied in considerable detail in the framework of Josephson 
superconducting junctions 13,27,28 and a large body of knowledge is 
readily available. The archetypal system, depicted in fig.3, consists of 
a "particle" confined in a metastable state by a potential barrier Ea 
which is varied through the action of an external current (here us). 
When us reaches a critical value Uco, the potential is so reduced that 
it disappears altogether and the particle "runs away" freely: it 
becomes labile• The lability point is an inflexion point of the potential 
energy and the first term of its series expansion in terms of 
e = (1- -Us2 /Uco2)  1/2 yields for the activation energy 

& = & (4) 
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Figure 3. 

t [kB/' e2 ] ~ W o  LU"~a ,1 -c- ,  
= 1 - e x p  - , ~ + - - z v -  

in which Ej is the 'Josephson 
junction'  energy.2S Knowing the 
functional form of Ea(Usl, we can 
then proceed as in refs.[3] and [22] 
to compute the slip probability 
from the rate (1) during a half- 
cycle (of duration t f  = w/4~ = 40 
ms) of the resonator motion 
Us = Up sin(Irt / tf) .  We find, to an 
asymptotic approximation: 

lt2 

where e and ga are evaluated for Us = %. If we now define the local 
critical velocity Uc as the value of ~p for which p = 1/2, we find: 

kB T 21 3 1/2 

with ~, = Ln ~ 7 [g-~i~a ~ . If we evaluate ~, in the vici- 

nity of Tq , with numerical values to be found below, we find, to 
logarithmic accuracy, 7 ~ Ln(O.lwo/w) = 18.8. A similar calculation 
can be performed with r in the deep quantum r~gime. In the inter- . • q 

mediate regmn, we follow the prescriptions of Grabert et al. 2~. The 
first order quantum corrections to rcl  are such that  7 is changed to 
7 ' =  7-t-(~wo/12ksr)2. Inserting O" in eq.(6) and fitting to the 

experimental data of fig. 2 yields Ej = 50 K and Uco = 7750 in the 
instrument  defined units used in figs. 2 and 4 in which a 2~r slip is 
36.0 units. It should be noted that  uc as computed from eq.(6) is a 
nearly linear function of r. The trend of Uc towards its plateau value 
can be obtained from eq.(3) 29 as well as the precise determination of 
~'q, whose value is 0.147 K. 

As seen in fig.1 and as implied by eqs.(1) and (3), vc is a random 
variable. The width of the critical transition, defined 3,~2 by 
AUc = ~up/~p evaluated at p = 1/2, is found to be 

A~c 4 (1_~2)1,2 ~2 
u co - ~ l + 6 7 ' - 3 e ~ ( l + 2 v ' )  " (7) 
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Figure 4. Statistical width of the critical transition versus temper- 
ature. The dashed line comes from eq.(7) as explained in the text. 

All the quantities appearing on the r.h.s of eq.(7) are known from 
the fit of eq.(6) to the high temperature critical velocity data. The 
good agreement between eq.(7) and the experimental transition 
width, as shown in fig. 4, acts as a consistency check on the 
interpretation of the occurrence of a plateau in Vc as due to quantum 
tunnel effect. 

4. H a l f - - r i n g  v o r t e x  n u c l e a t i o n  

The next step, which we only briefly outline here, 11 is to show that 
energy barriers of the form (4) can be obtained in a plausible model 
for the creation of vortices at the wall. Vortices are formed in the 
immedia~,: vicinity of wall asperities where the flow velocity and 
gradient ~re highest• From the scale of energies involved (Ej ~ 50 K), 
these vortices are very small at first and, following Mnirhead et al. 3o, 
we make the conjecture that they are in the shape of a half-ring of 
radius r with its two ends lying on the wall and its plane perpen- 
dicular to the wall. This geometry minimizes the length of the vortex, 
and hence its energy, which makes its nucleation more probable• The 
energy and impulse of very small vortices very close to a boundary 
are not known, and we have only two guidelines: 1) They should go to 
the large ring expressions when they grow. 2) They decrease to zero 
as the distance to the wall, hence r, decreases, because, according to 
Sonin, al the superfluid order parameter amplitude decreases to zero 
over a distance of the order of the healing length. Another of Sonin's 
conclusions is that the critical velocity for vortex formation also 
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decreases to zero over a distance of the order of the healing length 
and that, for finite flow velocities, there will be a boundary layer of 
vorticity trapped in the immediate vicinity of the wall. In order to 
evaluate the energy barrier opposing the escape of this trapped 
vorticity, which is exactly the situation considered in the previous 
paragraph, we approximate the energy of the half-ring by 
Eo = psa42r Ln(l+r2/b2)[8, b being the core parameter. Its impulse 
Po is given by the usual expression32 and we follow Langer and 
Reppy's method for the evaluation of the critical velocity, vto 
Thermal activation takes place over a confining potential which is the 
'free' energy of the half-ring vortex in the local flow field Us: 

Ev = Eo - PoUs. (8)  

The only undetermined parameter in eq.(8) is b. Its value for large 
healing length 33 is rings in the bulk is 1 A, the value of the static 

2 A. In the presence of flow and the boundary vorticity layer, we 
expect b to be larger. The presence of sharp asperities of the same 
length scale as b will cause a further decrease of Uc, and an apparent 
increase of b, possibly up to 9.5 /~, this last value being compatible 
with E j ~  50 K as discussed in ref.[ll]. We have plotted Ev for 
b = 9.5 A in fig. 5 which shows clearly that an activation energy of 
the form (4) exists for the vortex nucleation problem. 

loi 

-1£ 

Figure 5. Free energy of the vortex 
half-ring, in Kelvin, in terms of its 
radius, in /~ngstrSms, plotted for 
various local flow velocities for a 
value of parameter b of 9.5 /~. For 
this value of b, metastability ceases 
to exist for Uc = 7.3 m/s (bottom 
curve). The middle curve corres- 
ponds to Uc = 6.5 m/s, a value 
reached in the vicinity of 
Tq : 0.147 K, and the top curve to 
Uc = 5.8 m/s, T = 0.5 K. 

6. Conclusion 

We have established experimentally that a non-trivial saturation of 
the phase-slippage critical velocity takes place below a temperature of 
about 0.15 K. This observation has been nicely confirmed, with a 
slightly higher crossover temperature, at Berkeley. 34 We have shown 
that this saturation is caused by the overtaking of thermal 
fluctuations by quantum fluctuations, following a pattern which is 
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well understood in Josephson superconducting junctions. A nucleation 
mechanism resembling very much that proposed by Muirhead et al. 
for ion propagation4' 30 and involving the creation of half-ring vortices 
at the wall can account for the features of the data. 

We are grateful to M. Devoret and D. Est~ve for helpful comments 
and to the authors of ref. [34] for keeping us informed of their work 
prior to publication. One of us (GGI) gratefully acknowledges the 
kind hospitality of the CE-Saclay during the pursuit of these 
measurements. 
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