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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, aor
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thersof.
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I. INTRODUCTION

The work described in this progress report congigts of variocus
experimental and theoretical investigations in a brodd area which
may be called Solid State'and Low Temperaturs Physicsi The research
was under the direction of Profeasors A. M. Goldman, L. H. Hosanow,
W. V. Weyhmann and W. éimmermann at the School of Phyeics and Astronomy
in the ‘Institute 0f Technology of %he University of Minnesota and was
Iaﬁﬁbarted by USAEC Contract AT{ll-1)-1569.

The reader is cauntioned that results presented here are tentative

and subject to modification prior to publication.
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II. DESCRIPTION OF RESEARCH

A. Superconductivity

l. The Josephson Effect

a. Meissner Effect and Vortex Penetraticn.in Wide, High-

current Josephson Junctions

Investigation of the magnetic field dependence of the maximum

—— e e i i i = o —m WE—

zero=-voltage current of wide, high-current Josephson EEEEE}EE? has
revealed behavior drastically different from the usual Praunhofer
pattern for narrow juncticns.1 The experiments are interpreted asz
evidence for a Meiggnex Effect for the insulating layer and adjacent
penetration layers of wide junetions in low external fields and for

an eventual transition to a mixed state2 as the external field is
increased from zero. The observed currentffield curves are in
reasonabkle agreement with detailed calculations by Cwen and Scalapinna.

This work was reported at the March meeting of the American Physical

Society4 and will be published in The Physical Reviews.

1. J. M. Rowell, Ph{s. Rev. Letters ll, 200 (19632).

2. B. D. Josephson, Adv. in Physice 14, 419 {1965).

3. D. J. Scalapino and C. J. Owen {to be published).

4., A. M. Goldmsan and P. J. Kreisman, Bull. am. Phys. Soc. II 12, 309 (1967}
5. A. M., Goldman and P. J. Kreisman, Phys. Rev., toc he published,

USAEQ Report CO00-1569-10.
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b. Stability of purrent States of Superconducting Rings

Interrupted by Josephson Junctions
The experiments ¢f Goldman, Kreisman, and SEalapinél'have heen

continued and extended. In this work circulating ring currents in

S T —_ e

superconducting rings containing two -junctions were detected by
B SR

-

:measuring the depression of the maximum zero-veltage current through

a barallel combination of the two junctions. Up to ten quantum

leﬁéls have been ohgerved in recent experiments. The variocus levels

. e .

were randomly populated Ly repeatedly traversing the I1-V characteris-
tic of the-rﬁnq structure. Histograms of the cccurrence of the

Various states were recorded digitally. Measureménts of the tempera-
ture dependenée of the-lgvel structure were also made. Ring currEhts
were also prepared by warming and ¢ooling in the presence of. an

axial magnetic field and removing the field, A single-meaaurément'

of the maximum zero=-voltage current then could be used to destructively
read out the ring current.. Results of these experimenﬁa appear to

be in gowd agreement with theory. 34 detailed description of this

work will shortly be submitted to The Physical Review. A briek

account will appear in the proceedings of the Tenth International
Conference on Low Temperature Physics.z
Development of a flux-flow magnatametera toc be used to -extend thﬁs

work ie well underway.




==

1. 2A. M. Goldman, P, J. Kreisman and D. J. Scalapino, Phys. Rev.
Letters 15, 495 {léES'}.

2. A. M. Goldwan and P. J. Kreisman, Proceedings of the Tenth
International coﬁference on: Low Temperature Physics, Moscow
.-1966 (in press), USAEC Report no. CO0-1569=5.

3. J. E. Helrcereau, Proceedings of the Conference on Superconducting

Devices, Charlottesville 1967 (in pregs).
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2. Quantum Effects at the Superconducting Transition Temperature
(A. M. Goldman)

a. Extengions ¢of the Little-Parks Experimefnt -

Experimente to obsarve the periodicity of the transition tempera-

ture of long superconducting rings din axial applied magnetic fields
were initiated Auring thé past year. This work‘has two -aimg: the
first .is to.cfeck the observation of Little and Parks of an spparent

heYBe flux period for 'indium .in addition to the usual he/2e value.
. .- il

The ‘second i to search for the predicted large depression of the

trangition temperature of low inductanc¢e cylinders caused by depairing

due to :induced ring currents. These investigations are currentlv- \ i
I i F'--_.______._ . 'II.
being pursued uaing both ¢ircular and planar rings. ,\
L‘--—...—l—'-'-__'_" ' ‘

l. W. A. Little and R. . D. Parks, Phys. .Rev. 133, A97 (1964).

2. Peter Fulde and R. A. Ferrell, Phys. Rev. 131, 2457 (l1983).

b. De Haas-van Alphen Oscillaticens in the Critical
— ;

I
¢

Tesmperature of e~11 Superconductors
It was racentlf predictedi’z that the critigal temﬁernturé of a
Type~-II superconductor sheould exhibit.dafﬂﬁaé&#annn;phen like oscilla=-
tions. The theory predicts the ratio of the amplitude o# the tempera-
ture oscillations to the critical temperature to be 19'4 at 0,025°K and -
*ng%ﬂECrElﬁﬂﬁ rapidly with inecreasing temperature.

A dilution yefrigerator, which will be used to reach thg required

temﬁérature range is being assembled. A sensitive guantum voltmeter

which employs-a.solﬂer head on a niokium wire3 has already been con-




-E—

- 1} [ -14
structed. The latter device is capable of resolving 10 volts.
Samples of high purity niobium with & resistivity ratio in excesm
of 10,000 have been made available to us by the Unicon Carbide

Corporation for this experiment.

1. Leon Gunther and Leonard W. Gruenberg, Sclid State Communications
4, 329 {1966).
2. A. K. Rajagopal and R. Vasudervhn, Physics Letters 23, 539 {1966).

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




B. Theory of Quantum Crystals

1. Improved Correlation Functions for Quantum Cryvatals (W. J. Mullln,
L. H. Nosanow and 1;'t M. s’teinhack}

In recent wnrkl, it has keen shown that the eluzter expansion
“"'\-—_

approach leads to a reasonabla approximation.gcheme for ¢alcoulating
— - A

the properties of gquantum crystals, at least for a restricted class of
e =

correlation functions. An cbvious guestion which has beeg opened by

this work is whether it is possible to Improve the theory by the use
~

of better correlation fun¢tinﬁb. This problem has been studied by

using the cluster expansion approximation for the ground=state energy

and writing a differential equation for correlation function. It has

been found necessary to include the 3-body terms -in the differential

egquation and to impose a constraint on the long-range behavior of

the correlation funciion, since thie behavior is not determined b§

the laading terms of the cluster expansion. The computer program

to solve this differential eguation has been written and is currently

being debugged.

l. J. H. Hetherington, W. J. Mullin and L. H. Ncsanow, Phys. Rev. 154,

175 {1967).
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2. c:alculat:.nn of Phonon Freguencies and Tharmodgpamiu Propex=
' _ug.a_e.f_(:r.zﬁ_t.a.llms_ﬂ.gs_ﬂe (F. W. de Wette (University .of

Texas), L. H. Hosanow and N. R. Werthamer {(Bell Telephone
Laboratories)).

- In this paper the:.lattice dynamics of crystalline ber helium

e,

is treated by using the time-dependent Hartree approximation together
with the results of variational calculations of the ground-state energy

using correlated trial wave functions. TheHEEEfan spectrum has been

L
R

calculated for variocus densities of bee He3 and He4, We present dis-
-'--_______‘____

persion curves, density of sitate histograms and sound velocities for

selected densities. In addition we have calculated {with these

densities) the mean displacement and a zxpecifie heat. This paper

has been submitted for publication in The FPhy=ical Review.

3. A grltlgga of The Saunders Thaory of Solid HE3 at 0%k
(W. J, Mullin)

An examination is made -of the theory of the ground-state of

solid aﬂﬂ proposed by Sauﬁdersl and modified by Garwin and Landesman.2
We find the theory is inconsistent or wrong in -the following reapects:
unphysical, single-particle functions rasult from a misapplication of
thﬂat.1"11.1w.rinamg«a-3 methed of generatinﬁ.a wave function; the derivation
of -an expression for the exchange Lﬂpaqral J is inconsistent with
this.ware function; a correct solution for the integral equation for
‘the ainéle-particle ﬁrﬁhahility density has'not been given; the

. ﬁeq;istic expression used fqr theiucohesive energy -is incongistent

with the Pluvinage mathod. ‘Phis paper has been submitted for publica-
e

tion .in The Phygical Review.
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l. - E. M. Saunders, Phys. Rev. 126, 1724 (1962).
2. R. L. Garwin and A. Landesman, Physics 2, 107 (1965).

3. P. Pluvinage, Ann. Phys, 5, 145 (1950)..

4, Simple Approach to the Self-Consistent Fhonon Theory

(L. H. Nosanow)
In the last year the use of self-consistent phonons has been shown
to bhe important net only for cuantum crystals, but also for other

1 o T ——

n?ble gas crystaia, The exlsting derivations of this approach by

1
Koehlex 1or'HDrnarz are rather complicated. It is possible to-glve

a simpler derivation.of thia approach by studying the equation of

A

motion.. One .finds that these -equations” can be recast iﬂ.a form
such that the leading term is_ih& EElf’¢0ﬂﬁiB£Eﬂt harmonic approxi=~
mation and that success;ve taerms yield corrections which may be
‘identified as interactions'betweéh these s&lf-cpnsistant rhonons.

A paper on -this work is in preparation.

1. T. .M. Koehler, Phys. Rev. Letters 18, 654 (1967).

2. H. Horner, 2. Physik, to be published.

5. “Exchange -in Crystallife Helium Thrée {L. H. Nosanow and
C. M. Varma)

A derivation of the appropriate apin Hamiltonian for the nuclear
- B i

EEEEJEEEEET of crystalline helium three has been given. TIt.is found

that the-exchang&:inteqral must be replaced by an appropriately defined

excirange operatar.l Eﬂ{PIESElOﬂE fun;maaﬁ,r;x gl ements 0 sthis e:gqhange

operator have been given WLtth the context of the cluster
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expansion. The temperature dependence of the exchange fregquency
is studied within the context of this approach. 2 report of this

work will be submitted to Bhysical Review Letters.

6. Study of the Muclear Relaxation of the Spin System of

Crystalline SHe {L. H. Nosanow and {. M. Varma)

The wvarious mechanisms for the relaxation of the nuclear spin
systam of crystalline helium three are extremely complicated. This
work is part of a systematic study of all of the nuclear relaxation
mechanisms of thisgs gystem. The main progress so far has been made
with respect to the relaxation of the szystem from the exchange bath
to the lattice which can be caused by the lattice modulation of the
dipole interaction. The eguations for the relaxation rate due to
this process have been derived using the results of the theory of
guantum crystals and include the effects of self-consistent phonons.
The numerical caleoulation of this relaxation rate is in progress. an
interesting physical feature is that there is a lower bound to this
rate which is determined by the very large zero-point motion in
crystalline helium. Thus there is an intrinsic upper limit to the
relaxation time which is get by the zero—-point motion. Congegquently

crystalline 3He might be the best subatance to use for cooling by

nuclear demagnetization,
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C. Mixtures of Helium Ysotopes

1. Phase Separation in Liguid 3H£—4He Mixtures

(R. D. Murphy and I,. H. Nosanow)
The ground state properties of liguid 3H5-4HE mixtuxes have

heen s%agz;;jﬁh;;;-:;;:;ach i to introduce the experimental informa-
tion on the pure isotopes and thereby obtain information about the
mixtures of the isotopes, i.e. we are trying to £ind an interpelation
procedure which will give the concentration dependence of various
properties of the mixture. It iz hoped that this work will yield
accurate Taculaticns of guantities like the partial molar volume of

3

He and 4He which are very important from a theoretical point of

view, {alculations using this approach are currently in progress.

2. FPhase Separation_in 355-4He Crystals {W. J. Mullin)

The calculations which have been used to study the properties
of orystals of pure 3HE and 4He have been extended to treat orystal-
line mixtures of these isctopes. It has been assumed that the different
isotopes are distributed randomly. With this assumption, it is
possible to calculate the ground-state energy in a straightforward

k--—._,_\___
manney, The sffecta of finite temperatures have alzo been included

in a simple way. With this theory it is possible to calculate the

EE:EE_EEEEEEEEEE_EEEIE for 3He—4ﬂe crystal mixture. E%eliminary
results indicate gualitative agreement with experiment, although
the ph;ﬁe separation temperature is off by a factor of two. A

rarticularly esncouraging feature of the calculation is that the

rphase separation curve has the ccrrect form at very low concentra—




D. Magnetism in Metals

l, Huclear Resonance in Magnetic Materisls (R. Houghton, J. aAslam,

AF."¥anex, W. Weyhmann)

Our studies of Mn Crxsb have been considerably aided by our

—Ex X

cbmpletad development of a reliable and versatile spin-echo spectro-
meter which is simple to use and free of long—line-problems.l A single
gset of instruments is nsed from S5C to - 1000 MHz. This range can .eaegily
be extended 1f necéssary. wWork from liguid helium temgeratures to well
above room temperature is feasiblé, though we have only used the in-
*istrument from 55 to 300°K.

Most of curipesonance work on the Mn-5h syatems has been centered

oﬁ pure qush in the viecinity of anﬂgpip-flip temperature [Q4ﬂqKJ.
Spin.ech@%a from both of the manganese sites and the antiﬁony aite

have been ohserved throughout this region. For the manganese resonances,
the guadrupole interaction is washed out in the -spin . flip régiun but

is chservable sﬂme:ﬁqﬁ:on either gide cof EQGOK. The maclear spin ra=-
laxation times, Ti and TE;
tnrusrfrum~??9Efta'Sﬁﬁ?K-mﬁic51inﬂluﬂgputhghﬁpin;ﬁl#;regﬂuhqu¢expgpted,

have been measured within the range of tempera-

T dacreases-montunically*ﬁith:igcreasing temperature and T also

1 2
decffases_mnntcniqally with in¢reasing temperaturé axcept in theé spin
£lip region. There it exhibitse a wminimum and then =2 maximam at the

spin £lip temperature;above 240°K it resumes its monotonic ﬂecreése

with increaging temparaturé,

A tunnel dicde oscillator operable at cryogenic -temperatures has been

(
Cdeveloped. 1ts sensitivity is hard to -contrel, but the device is still
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valuabkle for wide-freguency-range searches and for measuring the
temperature dependence of the rescnance fregquency of observed lines, It
iz being used to search for the resconance of various impurities in iron,
¢chalt, and nickel,
We have also constructed a radio=frequency induction furnace for
preparing high purity samples under vRpcuum . Thies apparatus was

esgantial for the preparation of the iron alloys.

2. HNuclear Orientation Experiments (C. Smith and W. Weyhmann)

Construction of the basic components of the adiabatic demagnetiza-—

g

ticon cryostat was completed in January and assembly of the apparatus was

B e PwbaT =

c&mpleted gbout - two months later. The basic refrigeration stages to
0.3°K now operate adeguately. The demagnetization magnet (obtained from
Westinghouse) has bheen tested. A lead heat switch driven by the magnet
iz being optimized. Installation of a salﬁ‘pill arld sample should be
completed by the end of Semptember.

The aszaociated nuclear counting equipment is ready and the
analyzer is operative. 2An incremental magnetic tape recorder will be
used to read out the information. This tape can ke directly put on
the computer and iz an infinite improvement over the punched tape

originally proposed in speed, reliability and uliimate cost.
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E. Superiluidity in Liguid Helium

1. .Experiments on Inn-!;aﬁpinq.in Rotating Helium ITI (W. Zimmexr-

e

*

mann, Jr. and W. Pratt)

The ligEEETE for the QEEEEE of negative ions from quantum vortices

in rotating superfluid helium ha=s beaen measured as a function of tempera-
ture.hoth-at saturated vapor pressure and at elevated preasureé up talthe
golidfication pressure, .The method used was suitable for measuring .life=-
times in the range from about 10 =ec to 1000 sec, and megsurements were
made within the range of temﬁeratures frnm-l.ﬂqu-tc-l,E??K. These
B —_ .
measurements represent an extension to elevated pressures of the:experi—
ments of R. L. Douglass at gaturated vapor presauie,.and the results at
saturated vapor pressure are in good agresement with -his findings.l
Quy work complements the recent experiwents ¢f B. BE. Springett and R. J.
Donnelly on the capture cross section for negative ions in the rotating
:liguid under pressure.z We have ﬁnalyzed our resulta in terms of the

— ————
bubble maodel of the negative ion and have found a bobble radius of

e o — e —

about 19 or 20 3~at g2aturated vapor pressure decreasing to 12 or ‘13 g
-at the solidification pressure. Although scmewhat. larger than previous
estimates, ou;-values for the radius are in reasonably good agreement
with the predictiané of an extremely simple model fnr_the bubble and are
somewhat smaller than a recent experimental determination of the radius
at saturated vapor pressure by J. A. Horthby and T, M. Sanders,B

& report on-thi; work was given at the Washington meating of the
A.P.S., April 24-27, 195?.4 A detailea,rapprf of this ﬁork ﬁas”béan

prrepared by W, P. Pratt as hig Ph.D. rhésiqgj and it . is planned to
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submit an article on this work for publication in The Physical Review

in the near future.

l. R. L. Douglass, Phys. Rev. Letters ;1;.?91 {lo64)}.

2. B. E. Springett, Phys. Rev. 155, 139 (1967).

3. J. A. Northby and T. M. Sanders Jr., Phys. Rev. Lektters. 1ls, 1lls4,

4. W. P. Pratt and W. Zimmermann, Jr., .Bull, Am, Phys. Soc.. 12, 551
(1967), .AEC Report C00=1569=9.

5. W. P. Pratt, Ph. D. Thesis, University of Minnescota (1967}, AEC

'Report C00=1569=14}
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2. Experiments onh Quantization of SuEérfluid Circulation
Our experiments making use ¢f the Vinen metﬁnd to study guantiza-
tion of superfluid circulation-arcunqxé.finexwire at saturated vapor
pressure betﬁeenhlﬁzqﬂ and.l,ﬁnﬂ have been.completedll The experiments
represént anf;x%ension of Vinen's original warkz in several ways,
.and have revealed stable guperfluid circulatiuns.at the levels of

e ki ] el PP el
1, 2, and 3 quantum units. A detailed report of these experiments

e T —————__p

hae heean prepared by §. ¢, Whitmore -as his -Ph.D. thesis,3 and an

.article to be submitted to The Physical Review on this work has just

‘been camp;eted,4

aAn effort to extend our work along,these;lines iZ currently under-
way. The design of a new appafatus has almost been completed. This
apparatus will permit the sample cell to be cocled to 0.4%K or below
in order to avoid more completely the-effects of the normal component
of helium IT. Provision has been made for pressurizing the sample,
in particulaf, to permit the rotating state of helium II to be reached

.

from the =o0lid state. In addition, the .apparatusz has been designed

to -allow measurements to ke made in rotation at hﬂgher speeds than

wae possible with the present apparatus.

1. S. C. Whitmore and W. Zimwermann, Jr., Phys. Rev, Letters 15, 389
{1965} .

2. W. F. Vinen, Proec. Roy. Soc. annﬂdn} A260, 218 (1961).

3. 8. ¢. Whitmore, FPh.D. Thesis, University of Minnescita (1966).

4. 5. C. Whitmore and W. Zimmermann, Jr., AEC Report C00=-1569=13.
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3. Studies of Superfluid Plow in a Porous Medium
gur experiments studving the flow of the superfluid in powder~
1 ‘-_-__——.

filled glass spheres has been completed. In these experiments studies
e T T e T . ’ :
were made bhoth of the torsional escillation of the spheres and also of
the behavior of persistent clrcoculating superfluid flow in the spheres-
using a gyroscopic techniqueﬁl A detailed report of this work was

prepared by J. B, Mehl as his Ph.D. thesis,2 and an article eon this

work has been submitted to The Phymical Review for pﬁblicatinn.a

New experiments -havé been undertaken -to study superfluid flow -in
r_.___._,—nll—I-H—‘.-___

vqsgﬂfi&gﬁf&fﬂffls. A -gsuperfluid gyro hag been constructed for this
purpecse in the form of a powder=£filled torus, with the flow circunit
arcund the torus. interrupted by a number of barriers of Millipore
filter having pores on the order of 100 ﬁ in;size,..ltcis'expected
that the lowering of the i—tﬁansitiun temperature in the barrier
will reflect inself in the debendenﬁe ﬁf the angular momentum of s

. persistent current on tempe?ature, and that this experiment will pro-
vide 3 way for studying the wvariation -in }-point depression as the
Fore size . is varied.

In preliminary runs it has been found that the eritical flow
velocities in the filter appear to be surprisingly-low and. temperature-
dependent. As a result we have conasidered it advigable to improve the
- gengitivity of our measuring ‘scheme hafnfe mak ing-further measurments

and a servo system for controlling the gyro torsion suspension has been

developed.
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1. J. B. Mehl and W. Zimmermann, Jr., Phys. Rev. Letters 14, 815
(1965) . |
2. J. B. Mehl, Ph.D. Thesis, Univergity of Minnesota (1966), AEC
Report CO0=1569=d.

3. J. B. #Mehl and W. Zimmermann, Jr., AEC Report C00-1569-12.

4. Other work

a. Studies have baen undartaken to explore the feasibility
of using tunnel cathodes to injesct negativer ions into-ligudd helium.
A high-speed vacuum system has ‘been -assembled .in which to . carry out
the evaporations needed to produce the cathedes.

b. Design studiesz have begen carried ocut for an apparatus to
.study poseible Josephscon effect analoggﬁ in the flow of superfluid
"helium through a small orifice, Attention has been focused on the
nge of small capacitor microphonaes fof both setting the fluid. into
‘motion and detecting the small pressure differenées_that are expected
to be of interest. For the latter an fm detection scheme is being

considered.
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F. Millidegree Facility {A. M. Goldman, W. Weylmann and W. Zimmermann, Jr.}

Significant strides towards the development of a coherent milli-
degree program have been made in the past year. The first stage of
this program involves development of apparatus for reaching temperatures
in the 0.1009K to 0.010°K range. To this end both an adiabatic demagneti-
zation apparatus and a 3H:e—d'Hﬁz dilution refrigerator are being constructed.
The former is the customary means of cooling systeme into the 0,100k~
6,0106°K temperature range and the latter an extyemely promising new
technique. The adiabatic demagnetization apparatvs under construction

will be emploved in muclear orientation studies (s2ee Section D).

1. Adabatic Demagnetization Cxvostat (W. Weyhmann)

This apparatus is described in the section on nuclear orientation

experiments.

2. 3!-12-4!-1& Dilution Refrigerator (A. M. Goldman and A.'Menaxi)
All of the equipment for the refrigerator has been purchased.

The low temperature apparatus has been assenmbled anﬁ‘leak checked.

A Stokes 4" ring-iet pooster punp and a sealed Edwards 17 cfm
mechanical pump have heen obtained for circulating 3He. Sintered
copper blocks have been fabricatedes for use in the heat exchanger.
Tha apparatus that has been cohnstructed will be mounted in the
bottom access dewar which was obtained from Sulfrian Cryogenies Corp.
Trials should commence in late summer, 1967, upon completion of the

gas handling system.
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G, Theoretical Properties of Liguid Helium Near the Lambda Transition

1. critical Indices of the Lambda Transition

TheQEiﬁom—Kadancff Scaling Laws are derived assuming that thghfree
R e

— .

enargy -le an analytic function of the temperature and theur%@@:parameter
except at the transiticn point. Using this formulation .angd microscopic

theory we argue for an additional relation for the critical indices

- € - i

of the liguid helium \-tramsition,

| T—— = s

-—

Thiz work hag been submitted to Physics Lgtterd;

2., Liguid Heiium Green Functions near the Lambda Transition
——

The renormalized expressionz for the thermodynamic potentiale
and the Green functions of an interacting Bese system have been
studied in.the region of small condensate density.

an account of this work has been submitted to The Physical Review.z

l. Eero Byckling, USAEC Report C00-1565=-8,

2. Eero Byckling, USAEC Report COD-1569-11.
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