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STUDIES OF THE SUPERFLUID DENSITY AND ONSET OF SUPERFLUIDITY IN 4 ~ e  I 1  

IN FINE REGULAR PORES USING A HELMHOLTZ RESONATOR 

J.S. ~rooks', B.B. Sabo+, P.C. Schubert and W. Zirnmermann,Jr. 

Tate Laboratory of Physics, University of Minnesota, MinneapoZis, MV 55455 U.S.A. 

Rbsum6.- La dbcroissance de la densitd superfluide et llabaissement de la temperature dlapparition 
de la superfluidit6 dans l'hclium II ont btd mesurds dans les pores cylindriques ayant 0,10 ; 0,08 ; 
0,05 et 0,03 um de diamstre qui traversent des membranes ayant 5,O urn d'bpaisseur (Nuclepore). 

Abstract.- The reduction of the superfluid density of liquid 4 ~ e  I1 and the lowering of the super- 
fluid onset temperature have been studied in 0.10, 0.08, 0.05 and 0.03 ym diameter cylindrical pores 
through 5.0 pm thick polycarbonate films (Nuclepore). 

The intent of this work was to study the de- 

pendence of the effective relative superfluid den- 

sity p /p upon absolute temperature T in fine regu- 
SP 

lar pores of known configuration in order to study 

size effects in the liquid. The most suitable chan- 

nels in the submicrometer diameter range of which 

we are aware are those of Nuclepore filter membra- 

nes /I/. A superfluid Helmholtz resonator /2/ pro- 

vides an effective means for measuring the tempera- 

ture dependence of p /p in such membranes 131. 
SP 

Our resonatorconstisted of two chambers, which 

were completely filled with liquid, separated by the 

porous membrane under study. The resonance, which 

involved oscillatory motion of the superfluid com- 

ponent through the pores between chambers, could be 

excited by flexing the wall of one chamber. The res- 

ponse of the system was detected by measuring either 

the oscillations of the absolute pressure in the 

other chamber or the oscillations of the pressure 

difference between chambers. These pressures were 

sensed by measuring the deflections of flexible 

portions of the chamber walls capacitatively. 

In our apparatus, the angular frequency w H Of 
the Helmholtz resonance was given to a first appro- 

ximation by the expression 

volume of the chambers 141. Hence w i  is very near- 

ly proportional to p /p and the temperature depen- 
SP 

dence of g /p may be determined from that of w 2  
SP H* 

In our analysis, a more exact expression, which al- 

so included significant pore end-effect corrections 

was in fact used 141. 

Measurements at pressures between SVP and 

2 x lo5 Pa were made on Nuclepore samples of four 
different pore diameters, 0.10, 0.08, 0.05 and 0.03 

um. While the Q of the resonance was several hun- 

dred at T Q 1.2 K, a rapidly diminishing Q near T 
X 

prevented us from following the resonance indefi- 

nitely close to Ti. The reduced temperature 

t : (TA-T)/TA of closest approach ranged from 

1.4 x 10-~for 0.10 ym pores to 10.0 x 10-~for 0.03 

pm pores and corresponded to a Q % 5. It does not 

seem likely that this loss of Q can be accounted 

for by thermal conduction between chambers, viscous 

flow of the normal-fluid component, or by second- 

viscosity effects within the chambers. A strong 

possibility exists that the loss is due to linear 

thermal-fluctuation dissipation in the pores them- 

selves, a topic which merits further experimental 

and theoretical.investigation /4/. 

We find that close to Ti our data for p /p 
s P 

versus t can be fitted very well by the relation- 

ship 

where p is the. total fluid density, K~ is the adia- 
P /p= C(t-tOl)S 
SP 

(2) 
batic compressibility, K is an effective compres- 

D 
sibility expressing the flexibility of the wall where C = 2.46 k 0.07,~ = 0.675 f 0.020 (the bulk 

between chambers, 9, is the pore length, A is the value) and tO1 is a pore-size-dependent effective 
P 

total open area of the pores and is the reduced reduced Onset temperature* to 0.26? 0*60> 

O Present address : Department of Physics, Univer- 0.89 and 2.84 x for the 0.10, 0.08, 0.05 and 

sity of Massachusetts, Amherst, MA-01003, USA 0.03 ym diameter pores, respectively. At the same 
+ Present address : Department of Physics, St. Olaf 
College, Northfield, MN 55057, USA time, as exemplified in figure 1 ,  we find that the 
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same data can be fitted very well by the relation- Measurements of this sort are currently be- 

ship ing extended to 3 ~ e / 4 ~ e  mixtures. 

P /P = DLsb(t)/p - psb(to2)/2 (3) We acknowledge support of this work the Uni- 
SP 

where D is a constant, psb/p is the bulk relative ted States Energy Research and Development Adminis- 

superfluid density and tO2 is another pore-size- tration. 

dependent effective reduced onset temperature, 

equal to 0.08, 0.22, 0.35 and 1.29 x respec- 

tively, for the same list of pores given above. For References 

each pore size tO2 is less than one-half of to]. 
/ I /  Nuclepore Corp., Pleasanton, CA 94566, USA 

Fig. 1 : A plot of p /p versus psb/p near TA for s P 0.08 um diameter pores. The straight line 
is a least-squares fit to the data. 
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While both of these formulae reduce to a con- 

sistent representation of p /p when to] and t 
SP 02 

both go to zero, they have quite different asymp- 

totic behaviour for nonzero t and tO2. In parti- 
0 1 

cular, in eq. (3) p /p goes asymptotically to ze- 
SP 

ro as (t-tO2)l. Thus, while for a given pore size 

it is possible for the two formulae to agree very 

well over the range in which they are fitted to the 

data, they deviate strongly at smaller values of t. 

Without data at smaller values of t, we cannot dis- 

tinguish between the abilities of the two formulae 

to represent p /p  and thus can only state our on- 
SP 

set temperatures with considerable qualification. 

Our values of to, lie roughly a factor of 0.5 smal- 

ler than the predictions of the theory of Mamaladze 

/5/ ; our values of to2 are then considerably smal- 

ler still. 

It is of interest to note that eq. (3) re- 

presents well not only the data near T but also 
A 

the entire set of data that we have for a given po- 

re size from T s1.2 K upwards. This behaviour ap- 

pears to be in agreement with the predictions of 

the Mamaladze theory over at least a limited tem- 
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