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1. 

I. INTRODUCTION 

The work described in this progress report consists of various 

experimental and theoretical investigations in a broad area which 

may be called Solid State and Low Temperature Physics. The 

research was under the direction of Professors A. M. Goldman, 

L. H. Nosanow, W. V. Weyhmann and W. Zimmermann at the School of 

Physics and Astronomy in the Institute of Technology of the 

University of Minnesota and was supported by USAEC Contract 

AT(11-1)-1569. 

The reader is cautioned that results presented here are 

tentative and subject to modification prior to publication. 



II. DESCRIPTION OF RESEARCH 2 
A. SUPERCONDUCTIVITY. 

1. Fluctuations in Josephson Junctions.(J.T.Anderson,A.M.Goldman) 

We began a search for the phase-fluctuation excitations which 

ywere believed to alter the temperature-dependent Josephson current 

and produce a melting of the relative phase coupling across 

junctions at temperatures close to T . Scalapino had predicted 

that this phenomenon would manifest itself in the form of a 

departure of the temperature dependence of the critical current 
2 form the predictions of the Ambegaokar-Baratoff theory. Instead 

of extrapolating linearly to zero as T approached T , the current 

would drop exponentially. 

Experimentally^ we found that phase slippage and a dramatic 

rounding of the I-V characteristic occured before phase fluctuation 

excitations of the type predicted were possible. The observed I-V 

characteristics are in qualitative agreement with equivalent 
3 calculations by Ambegaokar and Halperin and by Ivanchenko and 

4 Zil'berman . The problem is formally similar to that of a particle 

in a potential. A preliminary account of the results has been 
5 published in Physical Review Letters. A presentation of additional 

data and analysis will be made at the Conference on the Science of 

Superconductivity this summer. 
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2. The Stability of Current States of Weakly Coupled 
Superconductors. (A. M. Goldman) 

After it became clear that the D.C. I-V characteristic of 

Josephson junctions could be modified by diffusion of the system 

along the potential describing a junction connected to a current 

source, experimental work on superconducting rings was suspended. 

The justification for this is that the rounding of the I-V 

characteristic and the finite lifetimes of current-carrying states 

in superconducting rings are different manifestations of the same 

physical effect. In addition, work on the I-V characteristics of 

junctions is more clear-cut. A brief note in which the model of 
3 Ambegaokar and Halperin is used to compute the lifetimes of current 

states in superconducting loops containing a junction has been 

written and will be submitted for publication. 

3. Relation Between the Phase of the Order Parameter and 
Magnetic Field Penetration. (F.M.Schaer, A.M.Goldman) 

Because of the unusual importance of the investigations of 

fluctuations in Josephson functions, all available resources for 

tunneling experiments were concentrated on that problem rather than 
6 the phase-field problem. During the course of the year P.V. Mason 

reported measurements of the phase velocity in superconducting slow 

wave structures which were thin-film strip lines. From his 

measurements and detailed calculations, Mason was able to work back 
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to the form of the integral kernal in the non-local expression 

relating the current density and the magnetic vector potential. 

This technique appears to be significantly more promising than the 
7 one proposed so that further tunneling experiments to investigate 

the electromagnetic response along the lines originally attempted 

are not planned. 

4. Intrinsic Fluctuations in Superconductors. (A.M.Goldman, 
F.M.Schaer, L.Toth, J.T.Zbasnik) 

We have embarked on a program of investigating the fluctuation 

rounding of the resistive transition of thick d ~ 1500 A short mean 

free path [*£ (0) ~ 40 2 1 N bN films in order to check the 
Q 

Aslamazov-Larkin theory. A crucial test of this theory is the 

observation of a change in the temperature dependence of the 

resistance in going from the regime in which d ) £ (T) to that in 

which d ( ^ (T). We believe that we have observed this effect. 

The value of the Aslamazov-Larkin parameter obtained from the 

resistive transition in our experiments is smaller than that pre 

dieted by theory. This result is consistent with the material 
9 being a strong-coupling superconductor . Preliminary tunneling 

measurements confirm the strong coupling nature of the material as 

we obtain —— =4.15. An account of this work will be presented 
c 

at the International Conference on the Science of Superconductivity 

this summer. 
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We have not initiated any experimental work to study fluctuations 

in superconducting colloids we have ascertained that there are many 

techniques for determining particle size distributions and 

producing colloids. A study of the magnetic susceptibility of 

colloids would require more detailed knowledge of the theory of 

magnetic field penetration in small samples than presently available. 

Consequently unambiguous understanding of fluctuation effects would 

be difficult. 

5. Depairing by Currents. (A.M.Goldman, F.M.Schaer) 

A. K. Bhatnagar and E. A. Stern recently presented an experi

ment in which the data on magnetization vs applied field of small, 

low-inductance superconducting loops was interpreted as evidence 

for having reached the critical depairing regime as originally 

predicted by P. Fulde and R. Ferrell. In the critical depairing 

region the supercurrent decreases with increasing momentum of 

Cooper pairs. We attempted to observe the predicted periodic 

depression of the energy gap in a loops geometrically identical to 

the ones studied by Bhatnagar and Stern. With a 90 / Q certainty 

of having closed superconducting loops, the expected variation of 
12 the energy gap was not observed. Recently, A. Schmid showed 

theoretically that persistent supercurrents in the critical 

depairing region were unstable. In addition, he suggested that 

Bhatnagar and Stern did not reach the depairing region but were 



instead seeing the gradual penetration into the film of the applied 

magnetic field through the formation of fluxoids. Our experiments, 

although not conclusive, are consistent with Schmid's explanation. 

6. de-Haas Van Alphen Oscillations in the Critical Temperature 
of Type-II Superconductors. (A.M.Goldman, L.Abad) 

The goal of this work is to study the periodic variation of the 

transition temperature with magnetic field of pure type - II 
13 L4. le-' superconductors which was predicted by Gruenberg and Gunther. ' ~3 

This phenomenon is associated with the inclusion of electron orbital 

diamagnetism in the calculations of the transition temperature 

form microscopic theory. Measurements using the Little-Parks 
16 technique have not yet commenced as the ultra low temperature 

facilities upon which this experiment depends have not been 
> 

completed. A sample of high-purity niobium has been obtained from 

the Union-Carbide Corporation for the proposed measurements. 

1. D. J. Scalapino, Lectures Presented at the NATO Summer School 

on Tunneling Riso, Denmark (1967), unpublished and D. J. 

Scalapino in Proceedings of the Conference on Fluctuations in 

Superconductors, W. S. Goree and F. Chilton, editors, Stanford 

Research Institute (1968), unpublished. 

2. V. Ambegaokar and A. Baratoff, Phys. Rev. Letters 10. 486 (1963) 

and erratum 11,104 (1963). 
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3. V. Ambegaokar and B. I. Halperin Phys. Rev. Letters .22, 

1364 (1969) . 

4. Yu. M. Ivanchenko and L. A. Zil'berman, Zh. Eksperim i. Teor. 

Fig. 55 2395 (1968). ( 

5. J. T. Anderson and A. M. Goldman, Phys. Rev. Letters J23_, 128 

(1969). 

6. P. V. Mason, Journal of Applied Phys. 40, 2039 (1969). 

7. R. A. Ferrell, Phys. Rev. Letters JL5, 527 (1965) . 

8. L. G. Aslamazov and A. I. Larkin, Fiz. Tverd. Tela 10 1104 

(1968) . [translation: Soviet Physics Solid State JLO, 875 

(1968).1 

9. P. Fulde and K. Maki, Phys. Kondens Material 8, 371 (1969). 

10. A. K. Bhatnagar and E. A. Stern Phys. Rev. Letters .21, 1061 

(1968). 

11. P. Fulde and R. A. Ferrell Phys. Rev. 131, 2457 (1963). 

12. A. Schmid, Journ of Low Temp. Phys. 1, 13 (1959). 

13. L. Gunther and L. W. Gruenberg, Solid State Contm. 4, 329 (1966). 

14. A. K. Rajagopal and R. Vasuderan, Phys.'Letters J20, 585 (1966) 

and Phys. Letters 23., 539 (1966) . 
15. L. Gunther and L. W. Gruenberg Phys. Rev. to be published (1969). 

/ 
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B. THEORETICAL WORK ON QUANTUM CRYSTALS. 

1. Theory of Quantum Crystals Ills Differential 

Equation for the Correlation Function (William J. Mullin, 

L. H. Nosanow and P. M= Steinback). 

A differential equation for the short-range correlation function 

in quantum crystals is studied. The equation is derived within the 

context of a variational calculation using cluster expansion 
1 2 

techniques * . The equation is solved by assuming an appropriate 

long-range behavior and fitting this to the numerical solution. 

The main results are that the energy is lowered by about 2 cal/mole 

and the exchange integral is increased by a factor of 5 relative to 

previous results. Other quantities (pressure? compressibility, 

sound velocities, etc.) are essentially unchanged. This work has 

been submitted for publication to the Physical Review. 

1. L. H. Nosanow, Phys. Rev. 146. 120 (196*6) . 

2. J. H. Hetherington, W. J. Mullin and L. H. Nosanow, Phys. Rev. 

154. 175 (1967). 

2. Many-Body Perturbation Theory for Quantum Crystals 

(Heinz Horner) 

The possibility of a perturbation treatment for quantum crystals 

is investigated. It is found that the usual form of the unperturbed 

Hamiltonian, being a single-particle operator, is not suitable for 
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this situation since it does not produce the correlations necessary 

in a theory of quantum crystals. These correlations prevent the 

ground state or low excited states from containing multiply 

occupied lattice sites. An unperturbed Hamiltonian is proposed 

which generates these correlations, but which is no longer a single-

particle operator. The rules for a diagramatic representation of a 

perturbation expansion starting from this unperturbed Hamiltonian 

are given. These are, however, different from the usual rules for 

Goldstone diagrams, and the linked-cluster theorem is not valid. 

Adding and subtracting pairs of mutually cancelling diagrams, 

similar to Pauli principle violating diagrams in the standard 

perturbation theory for Fermions, we find new rules which are 

identical to those for spinless Fermions at sufficiently low 

temperatures. This result is independent of the statistics of' the 

actual lattice particles apart from exchange effects. 

3. Many-Body Perturbation Theory for Quantum Crystals lis 
Ladder Approximation (Heinz Horner) 

Using the perturbation expansion derived in the previous work, 

we investigate the ladder approximation. The Bethe-Goldstone 

equation, describing the motion of two particles in the average 

field of the other particles is derived. Further approximations 

which lead to a simplified, numerically tractable equation are 
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discussed. Calculations of the ground-state energy, pressure and 

compressibility of the isotopes of solid helium at various densities 

are presented and good agreement with experiment is obtained. 

4. Two-Body Hartree Approximation (L. H. Nosanow and 

P. M. Steinback) 

The short-range correlation problem has been studied using 

this two-body Hartree approximation. This approximation is a 

natural extension of the usual Hartree approximation to treat the 

motion of two particles moving in the self-consistent field of all 

other particles. The resulting equations turn out to be very 
1 2 

similar to those of Guyer and Horner . However, numerical 

calculations yield results which are not satisfactory, although the 

reasons for this failure are not yet understood. 

1. R. A. Guyer (to be published). 

2. H. Horner (to be published). 
3 

5. Theory of Exchange in Crystalline He (L. H. Nosanow ^ ^ 
and C. M. Varma) 

3 In this work a theory of exchange in crystalline He is 

developed. A spin Hamiltonian is deduced and its matrix elements 

calculated by cluster expansion methods. A Heisenberg form of the 

spin Hamiltonian is found adequate, but with the customary exchange 
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integral replaced by an exchange operator, which has matrix 

elements in phonon space. The diagonal elements of the exchange 

operator are used to derive an expression for the exchange 

frequency which depends explicitly on the phonon spectrum of the 

crystal and on the short-range (hard-core) correlations among 

particles. Simple arguments are used to show that this expression 
3 gives the two outstanding features of exchange in crystalline He, 

viz. that the exchange frequency increases exponentially as the 

lattice constant increases and that it is antiferromagnetic. The 

density and temperature dependence of the exchange frequency are 

calculated using a phonon spectrum and short-range correlation 

function obtained in a self-consistent fashion from a variational 

treatment. Various approximations to the phonon-spectrum and the 

short-range correlation function are used in the calculation of 

exchange frequency, and the results compared. For example, it is 

found that the correct form of the short-range correlation function 

for small interparticle distance and the anisotropy of the pair-

distribution function must be considered for good agreement with 

experimentally deduced results. 

3 6. Theory of Spin-Lattice Relaxation in Solid He (C. M. Varma 
and L. H. Nosanow) 

3 A unified theory of spin-lattice relaxation in solid He is 

developed by starting from the complete Hamiltonian of the system. 
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The "three-bath model" for the system is presented and rate equations 

are derived for relaxation among the baths. A new mechanism for 

relaxation of exchange-energy, viz. the modulation of dipole-

dipole interaction by diffusion and by exchange itself, is identi

fied and its relation to other processes derived. By inclusion of 

this mechanism and the simultaneous consideration of the three baths, 

the rate equations can be cast in the form written down phen 

menologically by earlier works by considering the three baths in 

series. It is shown however that if the new mechanism is included 

in the customary sense in the phenomenological equations, it is not 

possible to explain the experimental results. A critique of the 

existing theory of relaxation due to off-diagonal elements of the 

exchange operator is given and an alternate theory presented. 

Finally, we give an interpretation of the experimental results on 

the basis of the theory. 

7. Dislocations In Crystalline Helium (L. H. Nosanow and 

W. J. Titus) 

It may be possible to use ions to detect and study dislocations 

in crystalline helium in much the same manner as ions are used in 

the detection and study of vortices in liquid helium lis the energy 

per unit length of a dislocation in solid helium is the same order 

of magnitude as that for a vortex in liquid helium. A possible 

experiment would be one similar to the vortex ring experiment of 
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Rayfield and Reif? an electric current, resulting from the 

trapping of ions on a dislocation, would be detected in a region of 

zero electric field but non-zero stress field. An article 
2 

discussing these questions has been published. 

1. G. W. Rayfield and F. Reif, Phys. Rev. 136. A1194 (1964). 

2. L. H. Nosanow and W. J. Titus, J. Low Temp. Phys. 1, 73 (1969). 

8. Theory of Defects in Quantum Crystals (C. M. Varma) 

The existing theory of isotopic impurities is generalized to be 

applicable to quantum crystals. A variational approach is used which 
1 2 

incorporates self-consistant phonons and short-range correlations . 
4 3 

It is found that a He impurity in bcc He acts as if it had a mass 
enhancement of about 3, in agreement with thermal conductivity 

3 3 3 
experiments . However, it is also found that He- He exchange is 

4 unaffected by a He impurity. This result shows that the usual 
4 interpretation of an enhanced exchange heat capacity must be 

modified. This work has been submitted to Physical Review Letters. 

1. T. R. Koehler, Phys. Rev. Letters 17. 91 (1966); H. Horner, 

Z. Phvsik 205. 72 (1967). 

2. L. H. Nosanow, Phys. Rev. 146. 120 (1966). 

3. R. Berman, C. L. Bounds and S. J. Rogers, Proc. Roy. Soc. 

(london) A289. 66 (1965)? B. Bertman, H.A.Fairbank, R. A. Guyer 

and C. Wo White, Phys. Rev. 142, 79 (1966). 

4. M. G. Richards, J. Hatton and R. Giffard, Phys. Rev. 139. 91 

(1965) . 
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3 9. Nonlocalized Vacancies in bcc He (H-T Tan and L. H. Nosanow) 
1 2 3 

It has been suggested, on both experimental and theoretical ' 
3 grounds, that vacancies exist in bcc He. The objectives of this 

work have been to determine if vacancies can indeed exist in bcc 
3 He and, if so, to calculate the energy of the excitation as a 

function of wave vector. Preliminary work indicates that vacancies 

do not exist at T = 0 in contradiction to the conjecture of 
3 Andreev and Lifshitz . Further, work has shown how to calculate the 

energy in terms of the matrix element of the Hamiltonian between 

vacancy states on different sites. 

1. H. H. Sample and C. A. Swenson, Phys. Rev. 158. 188 (1967). 

2. J. H. Hetherington, Phys. Rev. 176. 231 (1968). 

3. J. Andreev and J. M. Lifshitz (to be published in JETP). 

10. Two-Dimensional Modes of Solid Ortho-Hydrogen (A. K. 
McMahan and L. H. Nosanow) 

1 2 None of the recent papers ' on solid ortho-hydrogen contains 
1 2 a coherent treatment of both the rotational and vibrational modes. ' 

A two-dimensional model has been studied which does treat all of 

these modes in a unified manner. The lattice dynamics has been 

treated analytically using the harmonic approximation for both the 

translational and rotational motion of the molecules. Phenomenological 

force constants have been used to calculate dispension curves. It is 

found that for k = 0 and zone boundary excitations, the interaction 
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between phonons and librons (rotational modes) is negligible. For 

intermediate k values, however, some of the phonon and libron modes 

interact strongly and become mixed. 

1. J. C. Raich and R. D. Etters, Phys. Rev., 168. 425 (1968)? 

other references are contained in this paper. 

2. A. B. Harris (to be published). 

C. THEORETICAL WORK ON LIQUID HELIUM 
3 4 

1. Theory of Dilute Solutions of He in Liquid He I (C 
Woo, H-T.Tan and W. Massey) 

A microscopic calculation of the effective mass and effective 
3 4 

interaction of He quasiparticles in liquid He was performed in the 3 context of the correlated basis function method. The He phonon 
interaction was eliminated by a canonical transformation. The 

effective mass in the limit of zero concentration was about 3/4 

of the experimental value. This work was published in Phys. Rev. 

Letters 22., 278 (1969) . 

3 4 
2. Theory of Dilute Solution of He in Liquid He II (C-W. 

Woo, H-T.Tan and W. Massey) 

In I, the three-phonon vertex was neglected in the calculation. 

Here the phonons were renormalized by the three-phonon vertices by 

another canonical transformation. The consequences were that the 
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• 3 
dispersion curve of the phonons were greatly improved and the He 

phonon vertex was modified. The effective mass calculated was in 

good agreement with the experiment. The effective interaction was 

in qualitative agreement with the BBP phenomenological theory. This 

work has been accepted for publication in the^Physical Review. 

3. Theory of Binary Boson Solutions (W. Massey, C-W. Woo and 

H-T. Tan) 

The properties of dilute solution of mass 3 bosons in liquid 
4 He were computed by a variational procedure, coupled with the 

4 BBGKY equation . The distribution functions between (33) (43) 

and (44) particles were calculated. These were the input of I and 

II. The volume excess parameter a and the effective interaction 
3 between two He quasiparticles in the long wave length limit were 

calculated. They compared favorably with BBP's theory. This article 

has been submitted to the Physical Review. 

4. Nonlinear Concentration Dependence of Sound Velocity in 
3 4 He -He Solutions (H-T. Tan and C-W. Woo) 

3 4 5 
The velocity of sound in He -He solution can be shown to be 

c(x) = c(o) (l+£x) where c(x) is the velocity of sound. The con-
3 centration of He in the solution is x. We have worked out the 

analysis leading to the numerical evaluation of the quantity /3. 
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Quantitatively we are hampered by one single difficulty, i.e., the 
44 

lack of knowledge of '̂■'* in the limit of zero concentration, 
dx 

.44IL ,...,.• t , ,. . . ... 4 44 4 
S (hx) is the structure function of He atoms in the presence of 

3 
He of concentration x. 

3 
5. Higher Order Calculation of the Self Energy of a He 

3 4 
quasi particle in He He solution (HT. Tan and CW. Woo) 

We developed systematically the perturbation theory of the self 

energy of a He quasi particle in He He solution up to two ring 

diagrams. The convergence of the series is good. This work is 

being written up and to be submitted to the Comments and Addenda 

section of Phys. Rev. 

3 
6. Transport Properties of Liquid He (HT. Tan) 

1 2 
In the correlated basis function method•' as applied to the 

liquid He system, it is important to have orthogonal basis 

functions. Recently we succeeded in solving this problem and have 
2 

derived a secondquantized Hamiltonian. Previously we had to make 

the approximation A(0.4>)  A(0,O) where A(0.<5?) is the scattering 

amplitude with 0 the angle between incoming particles and <t> the angle 

between initial and final planes. We are in the process of calculat

ing the transport properties with a full A(0,<t>). 

1. CW. Woo, Phys. Rev. 151. 138 (1966). 

2. HT. Tan and E. Feenberg, Phys. Rev. 176. 370 (1968). 
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7. Ground-State Energy of Liquid He in the Pair Hartree 

Approx im at ion (H-T. Tan, L. H. Nosanow and P. M. Steinback) 

Previous work ' ' on the ground state energy of liquid He 

had always been variational in nature. We attempted to write down 

the equation of the two-particle probability function, with the 

concept that the two particles are in the potential well of the other 

N-2 particles. The three-particles probability function was 

approximated by the Kirkwood superposition approximation. As in the 

solid He problem, in the density matrix formulation, the factorization 

of nondiagonal density matrix is necessary to enable the numerical 

solution of the equation. We were unable to obtain any reasonable 

two-body functions. 

1. W. L. McMillan, Phys. Rev. 138. A442 (1965). 

2. D. Schift and L. Verlet, Phys. Rev. 160. 208 (1967). 

3. W. E. Massey, Phys. Rev. 151. 153 (1966). 

8. Quasiparticle-Vortex Scattering In Superfluid Helium 
(W. J. Titus) 

3 The scattering of quasiparticles (phonons, rotons, and He 

impurities) from a rectilinear vortex in liquid He II was studied 

using an analogy to the scattering problem for an electron by a 

point solenoid. It was found that care had to be used in handling 
2 the T and R matrix formalism previously used. The final results 

however do not appear to be altered significantly. 
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1. Y. Aharonov and D. Bohn, Phys. Rev. 115. 485 (1959). 
2. W. J. Titus, Thesis (unpublished), Stanford University, 1968. 

9. A Possible Explanation for the Steyert. Taylor. Kitchens 

Experiment (W. J. Titus) 

A simple classical model for the scattering of a small spherical 

particle by a rectilinear vortex in liquid He II was studied for the 

purpose of explaining the experimental results of Steyert, Taylor 

and Kitchens. Although many of their observations are accounted 

for, verification of the theory would require a re-analysis of the 

experimental data. 

1. W. A. Steyert, R. D. Taylor, and T. A. Kitchens, Phys. Rev. 

Letters 15, 546 (1965). 

10. A Model for Bubble Formation in Gaseous Helium (W. J. Titus 

and L. H. Nosanow) 

Preliminary theoretical work was done on a model for the 

formation of bubbles in gaseous helium. The model assumed was an 

ideal gas (either bose or fermi) interacting with an ideal electron 

gas via a contact potential; the number of gas particles is taken 

to be much greater than the number of electrons. A Green's function 

formalism is used. Because of the type of interaction chosen, i.e. 

contact potential, the resulting equations for a T matrix approxi

mation are greatly simplified. These equation are now in the process 
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of examination. Preliminary work indicates that bubble formation is 
possible. It should be noted that experimental results exist for 

1 comparison. 

1. J. L. Levine and T. M. Sanders, Jr., Phys. Rev. 154. 138 (1967). 

D. QUANTUM HYDRODYNAMICS OF SUPERFLUID HELIUM. 

1. Quantization of Circulation in Superfluid Helium (S. F. 

Krai and W. Zimmermann, Jr.) 

During the past year we have completed the construction of an 

apparatus to extend our earlier observations of quantization of 
1 2 circulation in superfluid helium using the Vinen method. ' The 

4 apparatus incorporates an internal pumped He bath surrounded by an 
4 o 

unpumped He bath at 4.2 K in order to increase the length of time 
that liquid helium can conveniently be held in the measurement cell 

3 below the lambda temperature. A pumped He stage will permit 

observations down to 0.5 K or so, where the damping effect of the 

normal fluid on the wire will be reduced and where the motion of any 

vorticity in the liquid should be easier to analyze. A closed 

measurement cell will permit circulation measurements under pressure 

and will allow the rotating state of the superfluid to be reached 

not only by cooling through the lambda transition but also by 
3 condensation of the vapor or by decompression of the solid. Finally, 
3 4 a magnet rotating with the apparatus, provision for the He and He 

baths to be pumped in rotation, and rotating electrical connections 
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to the apparatus will permit measurements to be made of the 

equilibrium circulation in rotation. 

The apparatus is currently being tested at low temperature 

and we hope to be ready for the first experiments in the near 

future. 

1. W. F. Vinen, Proc. Roy. Soc. (London) A260, 218 (1961). 

2. S. C. Whitmore and W. Zimmermann, Jr., Phys. Rev. 166, 181 

(1968) . 

3. M. Jagger and W. F. Vinen, in Proceedings of the Eleventh 

International Conference on Low Temperature Physics, ed. by 

J. F. Allen, D. M. Finlayson, and D. M. McCall (University 

of Sain Andrews, 1968), page 146. 

2. Search for Josephson-Effect Analogs in the Flow of 

Helium Superfluid (B. B. Sabo and W. Zimmermann, Jr.) 

As a first step in the search for Josephson-effect analogs 

in the flow of helium superfluid through small orifices and porous 

membranes, we have designed and begun the construction of an 

apparatus to study the relationship between the pressure difference 

across an orifice and the volume rate of flow through it. The 

motivation for this approach lies in the important and basic 

information that has been gained in regard to superconducting 

Josephson junctions and weak links from studies of their current 

versus voltage characteristics. 
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The heart of the apparatus consists of a cell containing two 

chambers separated by the orifice or membrane under study. The 

two chambers will each be completely filled with superfluid helium. 

One flexible diaphragm located in the wall common to both chambers 

will be used to drive the fluid in an oscillatory way from one 

chamber to the other, while another flexible diaphragm in the same 

wall will be used as part of a capacitance manometer to detect any 

pressure differences developing between the chambers. It is ex

pected that it will be possible to make pressure-difference , 
-2 -2 

measurements with a sensitivity of 10 dyne cm . The repetitive 

nature of the process will permit a direct display of the pressure 

drop against flow rate directly on the face of an oscilloscope, 

and will allow more sophisticated signal-averaging techniques to be 

used if necessary. 

The parameters of the apparatus have been chosen so that any 

pressure difference developing across the orifice will not signifi

cantly alter the flow through the orifice. In this sense the 

orifice will be driven from a high-impedance source, a state of 

affairs which should be particularly suited for observing the region 

in which flow occurs with very little or no dissipation. 

In addition to the mechanical drive and pressure sensing system 

each cell will be provided with electrical heaters and sensitive 

resistance thermometers so that the superfluid motion can also be 

driven thermally and that any thermal contributions to the total 
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difference in chemical potential between the two chambers can be 

detected. 

By use of an apparatus in which the measurement cell is only 
4 weakly coupled thermally to an internal pumped He bath, which in 

4 o 
turn is surrounded by an unpumped He bath at 4.2 K, we expect to 
achieve a high degree of thermal stability and uniformity in the 

cell. The importance of thermal uniformity arises from the inter

dependence of temperature and pressure differences in relation to 

the motion of the superfluid, Because of this interdependence, 

any stray temperature differences would introduce spurious effects 

into the experiment. 

Although our preliminary experiments will be conducted above 

1.0 K, provision has been made for later installation of a He 

refrigeration stage for work below 1.0 K. 

3. Gyroscopic Studies of Superfluid Flow (W. L. Gutheil and 

W. Zimmermann, Jr.) 

During the course of some recent attempts to investigate 

persistent superfluid flow through fine channels in Millipore 

filters it became apparent to us that our observations were being 

severely limited by the inadequate signal to noise ratio of our 

superfluid gyroscope for use in a variety of studies. These studies 

might include investigations of the lambda-point depression in 

pores of various size, of the dependence of the channel-dependent 
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critical velocity on pore size and temperature, and of the transi

tion region between the channel-dependent and intrinsic critical 
3 velocities which occurs near the lambda temperature. They might 

also include measurements of the superfluid density p as a 

function of temperature and pressure at elevated pressure, 

particularly near the lambda transition. A topic of considerable 

interest would be the study of the temperature and concentration 
3 4 dependence of p in liquid He /He mixtures near the lambda 

transition. It would also be of interest to try to observe 

superfluid circulations at the quantum level. 

The foremost considerations in the design have been to 

achieve high sensitivity, to minimize vibrational noise in the 

apparatus, and to be able to maintain the temperature of the gyro 

stable to a high degree of precision, particularly near the lambda 

transition. An additional consideration was the ability to 
3 4 pressurize the helium in the gyro or to introduce a He /He 

mixture. 

The design is now almost complete. The gyro to be built is 

similar in principle to that used by Reppy, in which the gyro is 
4 forced to pr continuously during the measurement. The 

method of sensing the position of the gyro which is used to measure 

the amount of angular momentum present will be based on the mutual 

inductance of two coils, one stationary and one wound around the 

gyro. The precessional motion for the measurement will be 
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generated by rotating the entire dewar insert. For high thermal 

stability during extended runs, the gyro is to be mounted in a 
4 vacuum space below a pumped He bath to which it is only weakly 

coupled thermally. The two are then surrounded by the main 

unpumped bath at 4.2 K. This system will permit the gyro to be 

kept below the lambda transition for long periods of time while 

permitting the main helium bath to be refilled. 

1. Millipore Filter Corporation, Bedford, Massachusetts. 

2. J. B. Mehl and W. Zimmermann, Jr., Phys. Rev. 167. 214 (1968) 

3. J. R. Clow and J. D. Reppy, Phys. Rev. Letters 19, 291 (1967) 

4. J. R. Clow and J. D. Reppy, Phys. Rev. Letters 16, 887 (1966) 

5. This method was suggested by J. B= Mehl. 

E. LAMBDA TRANSITION IN HE /HE MIXTURES 
3 4 1. Osmotic Pressure of He /He Mixtures Near the Lambda 

Curve (Co A. Gearhart, Jr. and W. Zimmermann, Jr.) 

Recent experiments ' ' and conjectures have indicated 
3 4 that the nature of the lambda transition in liquid He /He mixtures 

is a topic of considerable interest. At the same time much less 

is known about the critical behavior of various thermodynamic 

quantities near the transition in the mixtures than is known for 
4 

the lambda transition in pure He . One of the important thermo
dynamic quantities at the transition is the derivative (d<t>/dX)PT, 

3 where <D is the relative chemical potential and x is the He mole 
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fraction. In particular, the vanishing of this quantity at the 

transition would imply the existence of an infinite specific heat 

C„ ^ at the transition. P, <t> 

In order to measure (d<t>/dX) we have begun the design of 

an experiment to measure the osmotic pressure difference between 

two reservoirs containing mixtures of slightly different mole 

fractions of He connected by a superleak. On the superfluid side 

of the transition the derivative (d<t>/dX) is given in terms of 
P, \L 

the pressure and concentration differences AP and AX by the relation 
s-h± , 4 AP 
\MJ ~ X AX' 

P, T 
4 where v is the partial molar volume of the He component. 

The pressure difference between the two sample chambers in 

the measuring cell will be measured by means of a flexible diaphragm 

which forms part of a common wall between the chambers. This 

diaphragm will form part of a capacitance manometer. The techniques 

to be used in this experiment will be somewhat similar to some of 

those used in the Josephson-effect experiment described above and 

the cell is being designed so that it can be used with the same 

cryostat and cryostat insert. 

1. E. H. Graf, D. M. Lee, and J. D. Reppy, Phys. Rev. Letters 19t 
417 (1967). 

2. T. Alvesalo, P. Berglund, S. Islander, G. R. Pickett and 
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W. Zimmermann, Jr., Phys. Rev. Letters 22, 1281 (1969). 
3. F. M. Gasparini and M. R. Moldover, private communication. 

4. 0. K. Rice, Phys. Rev. Letters 19, 295 (1967). 

F. MAGNETISM IN METALS 

1. Nuclear Magnetic Resonance (J. Aslam and W. Weyhmann) 

Some old data on Mn Sb obtained by R. Houghton, now at City 

College of New York, has been reanalysed. The two sublattices 

behave quite differently with regard to the temperature dependence 
3/2 

of the nmr frequencies. One shows a clear T behaviour but the 
other is anomalous. Within the accuracy of the data, we have 

5/2 shown that this anomalous sublattice shows a T behaviour, 

something very difficult to understand. It is possible to have 

cancellation of terms in the spin wave spectrum higher than the 
3/2 3/2 
T term, but a cancellation of the T term for one site is 2 unexpected. It might be that the actual dependence is (1/T ) 
exp(-A/T), the data is not good enough to distinguish between these 

two cases. The latter requires far too large a A to be reasonable, 

however, 

Construction of new equipment has occupied much of the past 

year. We now have better oscillators etc. for the work on impurities 

in ferromagnetic metals. We are also constructing a better variable 

temperature sample holder with which we can make measurements over 
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a wide frequency range, to 1,000 MHz, and with which we can 

remeasure the Mn Sb frequencies to much higher accuracy. 

2. Heat Capacity Measurements in the Spin Reorientation 

Region (R. Sundararajan and W. Weyhmann in collaboration 

with M. Moldover) 

We have completed a test apparatus for the experiment to 

measure simultaneously the heat capacity and rf absorption of a 

rare earth orthoferrite in the spin reorientation region. All of 

the components work and a final version is now being assembled. 

The rf absorption will be sued to monitor the phase transition as 

it is known that this absorption is very sensitive to slight 

misalignment of the magnetic field and other perturbations. The 

measurements are being made on YbFeO . (Prof. Robert L. White 

suggested this material to us based on some measurements made in 

his laboratory. He has also kindly lent us a single crystal of 

this material.) This material has the lowest reorientation tempera

ture known, and thus the Debye heat capacity should be least 

bothersome with it. 

3. Nuclear Orientation Experiments (C. Smith, R. J. Holliday, 

and W. Weyhmann) 

We have completed and are now analysing a series of experiments 
142 on the orientation of __JP̂ ' in praseodymium metal. The gamma 
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anisotropy observed seems to be much greater than that expected on 

the basis of models of the magnetic structure of praseodymium 
1 2 3 

metal ' ' and of older experiments on the nuclear orientation of 
142 4 5 

Pr. ' We are in the process of reanalysing the old beta decay 6 using new determinations of the magnetic moment of that isotope. 

When this analysis is complete, we should be able to check the 

consistency of the present models with our data. 

In view of the large nuclear polarization achieved in the 

above experiment, we were led to try an enhanced nuclear hyperfine 

cooling experiment. In an arrangement wherein the praseodymium 

sample was rather strongly tied thermally to the salt pill used 

to cool it to 10 mK, we were able to demagnetize to 5 mK (10 kG 

to kG demagnetization on the Pr) as measured by a Co in Fe 

nuclear orientation thermometer. The lowest temperature pre-
7 8 viously achieved by this method has been about 8-10 mK. ' In 

succeeding experiments using a better thermometer and a heat 

switch to the salt pill, adequate cooling of the praseodymium has 

not been achieved and the starting temperatures for the nuclear 

demagnetization have been above 20 mK. Nevertheless some cooling 

was achieved. We are presently investigating the nature of this 

cooling to rule out spurious effects such as the nuclear cooling 

of the copper fins and to improve the initial temperature for the 

nuclear demagnetization. 
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60 Preliminary experiments have been performed on a Co 

impurity in the itinerant ferromagnet NisRh, on the spin-lattice 

relaxation of some impurities in Fe, and on the spin-lattice 
54 relaxation of Mn in Cu (a Kondo effect alloy). All of these 

will be pursued during the coming year. 

1. B. Bleaney, Proc. Roy. Soc. (London) A276, 39 (1963). 

2. J. W. Cable, et ail., Phys. Rev. Letters 12, 553 (1964). 

3. H. Nagasawa and T. Sugawara, J. Phys. Soc. Japan 23, 701 (1967). 

4. M. A. Grace, et al., Phil. Mag. 2_, 456 (1958). 

5. J. Mo Daniels, J.L. G. Lamarche, and M.A.R. Le Blanc, Can. 

J. Phys. 36, 997 (1958). 

6. A. Y. Cabezas, et al., Phys. Rev. 126. 1004 (1962) reanalyzed 

by Bo Bleaney, Proc. Intern. Congress Quantum Electronics, 

3rd, Paris (1963), p. 595. 

7. K. Andres and E. Bucher, Phys. Rev. Letters .21, 1221 (1968), 

and Phys. Rev. Letters 22., 600 (1969) . 

8. W. A. Steyert et al., Bull. Am. Phys. Soc. 14, 248 (1969). 

G. EXPERIMENTAL STUDIES OF THE MAGNETIC PROPERTIES OF 

CRYSTALLINE HE 

1. A Static Susceptibility Measurements (A.M.Goldman, P.J. 
Kreiman, L.Abad) 

The goal of this work is to make accurate measurements of the 

temperature dependence of the static magnetic susceptibility of 
3 4 

crystalline He as a function of He concentration, density and 
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temperature. It is planned to use both steady-state NMR and 

superconducting static susceptibility techniques in these measure

ments. Most of the work in the past year has been concerned with 

additional development and construction of ultra-low temperature 

apparatus and related facilities. 

This work is near completion. The dilution refrigerator has 

been operated successfully in the continuous mode. Engineering 

studies directed at lowering the ultimate steady-state temperature 
3 4 are being conducted. A He -He purification facility has been 

constructed and is undergoing test. With the arrival of an Ultek 

residual gas analyzer this installation will be complete. An 

integrated circuit "Robinson" oscillator has been constructed and 

operated successfully at voltage levels below 1 mV. This oscilla

tor, designed for NMR thermometry in metals has sufficient frequency 

stability to be used for measurements of magnetic susceptibility 
2 

by the method of Casimer and Dupre. It has been employed in this 

fashion to provide CMN susceptibility thermometry in engineering 

studies on the dilution refrigerator. A small superconducting 
3 magnetometer system which employs the Clark "solder-drop" junction 

as a flux detector has been tested. This system can be more 

easily integrated into an ultra-low temperature environment than 
4 the device using a "flux-flow" detector developed earlier. 
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The pressurization system for producing solid He is currently 

being assembled and the sample cell is being designed. When these 

parts of the apparatus are finished we will begin measurements. 

1. F. N. H. Robinson, J. Sci. Instrum _36, 481, (1959) and J. 

Sci Instrum. 42 653 (1965). 

2. H. B. G. Casimir and P. K. Du Pre, Physics 5. 507 (1938). 

3. J. Clarke, Phil. Mag. .13 115 (1966). 

4. J. E. Mercereau, Proceedings of the Symposium or Superconduct

ing Devices, Charlottesville, Virginia (1967) (unpublished). 
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