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Abstract

Rotating mK cryostats are used to study He superfluids. A few rotating refrigerators have been constructed which
are capable of cooling down to ∼ 100 µK and to rotate up to ∼ 1 rev/s. Rotation can be supported with compressed
air or magnetic fluid bearings. The 3He-4He dilution refrigerator, for precooling a series connected nuclear cooling
stage, may run continuously using rotating seals in the pumping lines or in single-cycle mode with cryo-adsorption
pumping. To investigate single-vortex phenomena, smooth rotation is required which means low rotational friction
and good mechanical stability with precession-free motion. We comment on general design principles, discuss the
rotation noise spectrum of our installation, and the use cryo-adsorption pumping for autonomous refrigeration
during rotation.
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From the forties to the early sixties, rotation was
an important tool in investigating the nature of super-
fluid flow [1,2]. Later research of quantized vorticity in
4He-II has made use of rotation for special tasks [3],
but presently it appears to have limited value. In 3He
superfluids, in contrast, rotation has proven a most
important tool for several reasons: (i) Many different
structures of vorticity exist which can both be gener-
ated and studied in rotation. (ii) Vortex-line pinning
on solid surfaces and related remanent vorticity do not
play as important a role as in 4He-II and thus vortex
formation processes can be investigated in detail. (iii)
Especially in 3He-B critical velocities are high and al-
low the study of rotating vortex-free states and their
critical phenomena. Measurements of this kind have
been in the focus of superfluid 3He research during the
last two decades. It is inconceivable to imagine that
superconductors could be investigated only at zero ex-
ternal field; rotation is as important in the study of the
3He superfluids: There exists no other means to manip-
ulate the multi-component order-parameter field with
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its multitude of topologically stable defects as conve-
niently as with rotation.

This year of the LT23 Conference is the 30th an-
niversary of the discovery of the 3He superfluids and
the 20th anniversary since the first measurements on
their quantized vortex lines in uniform rotation. The
study of vortex structures in the 3He superfluids has
uncovered a large number of new phenomena, espe-
cially in the anisotropic 3He-A phase. Clearly much re-
mains unanswered. Examples are vortex structures in
restricted geometries or the nature of superfluid tur-
bulence in 3He-A. What are the dissipation mecha-
nisms in superfluid turbulence in the zero temperature
limit [4]? Broad questions of this magnitude have not
been studied systematically, perhaps because of a lack
of efficient measuring techniques: For instance, how
to create and maintain the turbulent state or how to
record the tangled configuration of quantized vorticity
in space and time? Rotation clearly provides possibil-
ities for calibrating measuring signals in the presence
of a known number and configuration of vortex lines,
but it is less clear whether rotation can be efficiently
used to generate turbulence.
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Table 1

Characteristics of different rotating mK cryostats.

Cryostat Ref. start year operation pumping bearings electronics

Cornell [5] 1979 continuous pumps on rot. platform pressurized oil on rot. platform

Helsinki I [6] 1981 single cycle one single cryopump compact air bearings on rot. platform

Helsinki II [7] 1988 continuous alternating cryopumps compact air bearings synchronized 2nd carousel

Berkeley [8] 1990 continuous rot. pump seals individual air pads via slip rings

Manchester I [9] 1990 continuous rot. pump seals individual air pads on rot platform

Manchester II [10] 1992 continuous rot. pump seals individual air pads on rot platform

Rotating refrigerator design: To a large extent ro-
tating mK refrigerators have been adapted from the
design of standard laboratory refrigerators with a
3He-4He dilution machine as precooler for a nuclear
demagnetization stage. There are differences in how
the additional requirements arising from rotation are
met, namely (i) the rotation bearings, (ii) maintenance
of the dilution refrigerator during rotation, and (iii)
connection between cryostat and electronic measuring
equipment. Table 1 summarizes some of these aspects.

The simplest approach to convert a conventional
cryostat for rotation is that of the first two rotating
installations in Table 1: The Cornell cryostat is con-
structed like a standard nuclear demagnetization re-
frigerator, but the whole system with pumps and elec-
tronics is placed on a large platform which is rotated
on hydraulic bearings with high pressure oil [5]. The
Helsinki cryostat (known as Rota I) is the one which
has been longest in continuous use for rotating mea-
surements, since it started operating in 1981. Its design
plan is simple and has worked in practice reliably. The
only connections from the rotating equipment to the
laboratory are (i) four slip rings for the mains voltages
and ground, (ii) two axially located optical lines with
rotating joints for the digital parallel data bus, (iii) a
simple rotating o-ring seal for the He return line from
the He dewar, and (iv) the rotation drive via a smooth
flexible belt. When the apparatus is floating on its air
bearings in a single-cycle mode of operation, the only
ohmic contact to the surrounding electric ground in
the laboratory is via the slip-ring contact.

In the Rota I cryostat the rotating equipment is
suspended from a central axis which is supported by
one axial air bearing. Here compressed air is blown
through eight nozzles between two flat �400 mm hori-
zontal plates. Laterally the axis is stabilized with one
cylindrical �125 mm radial bearing on either side of
the axial bearing, 700 mm apart from each other. This
system of three air bearings is constructed as one unit
and requires little adjustment or maintenance [6]. The
simple and mechanically sturdy structure of this rotat-
ing suspension system and the absence of critical ro-
tating vacuum seals has meant that friction is small.
This is a clear advantage in achieving smooth rotation

and in reducing vibrations, heat leaks, and interference
with measurements.

Rotation has played an important role in the mea-
surements which have been conducted with rotating
cryostats. Nevertheless, no studies are available about
the quality of their rotation or of the requirements on
the rotation. In this report we describe the rotation
noise of the Rota I installation. To achieve low noise,
cryo-adsorption pumping can be used to avoid the fric-
tion from rotating vacuum seals. An adsorption pump
for the still pumping line, to run the dilution refriger-
ator in single-cycle mode during rotation, is simple to
construct and reliable in use. To operate the pump has
turned out to be simpler than what its original con-
structors [6] envisioned.

Rotationnoise:Our measurements on quantized vor-
tex lines make use of at least three different types of
rotation: (i) rotation at constant angular velocity Ω
over extended periods of time (with Ω < 4 rad/s), (ii)
a slow linear ramp with |Ω̇|∼10−4 rad/s2, and (iii) si-
nusoidal modulation Ω(t)=Ω0 +∆Ω sin ωt, where the
modulation frequency ω corresponds to a period � 10 s
and the amplitude ∆Ω � 1 rad/s. Modulation of the
cryostat rotation at such high frequencies and ampli-
tudes requires a drive with large torque while rotation
at constant Ω demands good stability at small torque.

Fig. 1 shows the noise spectrum at two fixed rota-
tion velocities. The input signal for these Fourier spec-
tra is the output from the tachometer of the cryostat
as a function of time, Ω(t). In the uppermost panel the
tachometer output is compared to the simultaneously
recorded NMR absorption amplitude A(t) of 3He-B.
The NMR absorption is measured with a spectrome-
ter which rotates with the cryostat. In the lowermost
panel the NMR absorption spectrum of 3He-B is shown
at different rotation velocities in the vortex-free Lan-
dau state. Here the absorption is shifted increasingly
from the region of the normal-phase Larmor resonance
(approximately at vertical arrow) to a new maximum
on the left which arises from the orienting effect of the
normal - superfluid counterflow on the order-parameter
anisotropy axis. Thus by measuring at fixed magnetic
field at the location of the vertical arrow, the absorp-
tion decreases with increasing Ω and vice versa. By
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Fig. 1. Rotation noise of Rota I cryostat at constant rota-

tion. (Top) Fourier spectrum of Ω(t), with the deviation ∆Ω

plotted as a function of the fluctuation frequency ω, at two

rotation velocities of 0.3 and 0.8 rad/s (note that the vertical

scales differ in resolution). The data for the spectra have been

accumulated for 1500s, with 4 readings per second. The third

trace is the corresponding Fourier spectrum at 0.3 rad/s of the

B-phase NMR absorption amplitude A(t), given as ∆A versus

ω. (Bottom) NMR absorption spectra of 3He-B, measured at

a constant frequency of 1.15MHz as a function of the mag-

netic field sweep. The vertical arrow marks the magnetic field

at which the noise spectrum of the absorption amplitude A(t)

is measured in the upper panel.

comparing the Fourier spectra of the tachometer and
NMR absorption outputs at 0.3 rad/s, measured in the
experiment described in Ref. [11], we see that they ac-
curately track each other, ie. they both reproduce the
same characteristics of the rotation noise. This means
that the tachometer reading represents a reliable mea-
surement of the rotation properties.

The rotation spectra in Fig. 1 show that below
0.4 rad/s the noise is characterized by a series of sharp
resonances, with Q values of order 100. The largest
component, ∆Ω ≈ 1.2 · 10−3 rad/s at 3.0 rad/s, has
even a sizeable second harmonic. The origin of this
resonance has not yet been identified. At higher Ω the
resonances are not quite as dominant and the broad-
band noise increases in importance. This change over
in the character of the noise is illustrated in Fig. 2
where Ω is slowly increased at constant rate Ω̇: Be-
low 0.4 rad/s the noise consists of large-amplitude
resonances, while in the range 0.4 . . . 1 rad/s the noise
is more broad band and has the smallest amplitude.
At still higher Ω both the broad-band component in-
creases and new resonances appear with growing am-
plitudes, when the mechanical stability of the entire
apparatus, primarily due to rotational unbalancing,
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Fig. 2. Noise in slowly increasing rotation at fixed rate Ω̇ =

4·10−3 rad/s2. (Top) Three separated sections of a linear ramp

of increasing Ω illustrate the changing nature of noise in dif-

ferent rotation regimes. (Bottom) Deviations of the measured

value from its time average, Ω(t)− Ω̄(t), plotted as a function

of the time average Ω̄(t).

becomes the bottleneck.
Mechanical resonances are typical of rotating equip-

ment at low rotation where the angular momentum of
the heavy equipment does not yet smooth out instabil-
ities. Large spot noise amplitudes have many adverse
consequences in measurement:

(i) They may contribute directly to the noise ampli-
tude of the measuring signal via changes in Ω and their
influence on the order-parameter texture, as is the case
in the NMR absorption spectrum of Fig. 1.

(ii) In measurements of the total number of vortex
lines or their critical velocity, the typical increment in
counterflow velocity per one new B-phase vortex line is
∆Ω = κ/(2πR2) ≈ 0.4 · 10−3 rad/s (for a sample with
a 5 mm radius R). The critical velocity was measured
with single-vortex resolution in Ref. [12] for B-phase
vortex lines and in Ref. [13] for A-phase vortices. Criti-
cal velocities are measured in slowly increasing Ω (case
of Fig. 2), while calibration measurements of the total
vortex number are most often performed at constant
Ω (case of Fig. 1). The latter case becomes important
in measurements of the annihilation energy barrier of
vortex lines [14]. In both situations large-amplitude
noise produces a blurring of the result. Recently it was
also established that in 3He-B depinning of vortex lines
from geometrical inhomogeneities, such as the edge of
an orifice, is directly affected by rotation noise at low
temperatures [15].

(iii) The vibrations in large-amplitude resonances
may couple into the measurement and modulate di-
rectly the measuring signals via differential mechani-
cal motion of the sample with respect to the measur-
ing probes. This interference signal is very clearly seen
in NMR measurements as a modulation in the amount
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Fig. 3. Cryo-adsorption pump with no moving parts.

of NMR absorption in phase with rotation, when the
cryostat is not sufficiently well balanced.

Cryo-adsorption pumping: While rotating the Rota
I cryostat, the 3He-4He dilution refrigerator is oper-
ated in single-cycle mode by pumping the still with a
charcoal adsorption pump. It is located in the liquid
He dewar above the refrigerator. The 4He evaporation
cooler, which is only used for condensing the incoming
stream of concentrated 3He gas, is allowed to warm up
to 4K. This makes it possible to maintain autonomous
operation of the cryostat for 12 h without any connec-
tion to the pumps or the gas handling system in the
laboratory. Preparation of the cryostat for autonomous
operation in the morning before the rotating measure-
ments and its reconnection to normal continuous op-
eration in the evening after the measurements requires
in both cases half an hour of work. The bonus is sim-
plicity of construction, reliable maintenance free oper-
ation, and the minimum of rotation friction.

Different schemes have been developed to operate a
cryopump in a liquid He dewar. The simplest approach
without any moving parts is probably that shown in
Fig. 3. Here the working principle of the original cry-
opump from Ref. [6] is explained in the simplified form
in which the pump is used today, after twenty years of
continuous operation. All parts are original and have
needed no repair. The pump is a separate unit, con-
tained inside two vacuum tight jackets. A low pressure
of 4He exchange gas is admitted in the space between
the two jackets. The inner jacket contains 20 copper
plates with 6mm separation on which 200 g of charcoal
grains have been packed. The horizontal copper plates
are pressed around a central steel tube whose interior
connects through the open bottom end directly to the
liquid He bath. An electrical heater is inserted in this
open steel tube, with good thermal contact to the tube

wall. Thus no vacuum sealed electrical feedthroughs
are needed for the heater wires and the replacement of
the heater is an easy task, should it become necessary.

During pumping the exchange gas provides the ther-
mal connection to the liquid He bath outside the outer
jacket, where cold He gas evaporating from the liq-
uid He bath is continuously flowing up along the outer
cylinder wall. During desorption the heater in the cen-
tral steel tube is heated at a rate of ∼ 0.4W. The des-
orbing gases leave the pump through the still pumping
tube. With an effective 3He charge of 1.5 moles in the
mixing chamber and no heating applied to the still,
a circulation of 35µmole/s can be maintained for 12
hours. Originally the inlet to the pump could be closed
off during desorption with a cold valve. Its actuation
mechanism eventually broke and since then the pump
inlet has been always open. This means that the des-
orption heating must be applied continuously, except
during pumping. A straightforward calculation gives
that this corresponds to an extra boil off of 0.5 l/h from
the liquid He bath. However, most of the time the pump
is above the liquid He level, the increased cooling from
cold gas flow compensates for other losses, and thus the
increase in liquid He consumption has been marginal.
We conclude that the functioning of a charcoal adsorp-
tion pump is not critical with respect to design or op-
erating parameters.

At present a new dilution refrigerator insert is being
prepared for installation into the Rota I refrigerator,
to achieve lower precooling temperatures. The adsorp-
tion pump of the new precooler in Fig. 4 is based on
a more sophisticated design [16]. It includes a valve,
which is actuated by means of He-gas-pressurized ex-
pansion bellows, to close off the inlet to the adsorption
pump when the cryostat is not rotated. A separate out-
let tube from the pump is added to collect the desorbed
gas independently of still pumping. In this way desorp-
tion does not interfere with the efficiency of precooling
and some time can be gained. The adsorbent is con-
tained in a thin-walled steel cylinder which is placed
coaxially around the still pumping tube inside the vac-
uum jacket of the cryostat. There is thus no separate
vacuum container around the pump, no exchange gas
is used, and the cooling of the pump takes place via a
spiral copper tube through which a cold stream of He
gas is blown. The inlet of the copper cooling tube is
located at a low level in the liquid He bath. The gas
stream through the tube is driven with a heater at the
inlet. The outlet of the tube is at room temperature
with an on/off valve for the flow of cooling gas. 200 g
of charcoal grains are packed between the cylindrical
outer jacket of the pump and a double helicoid of cop-
per network, which is silver-soldered in vacuum to the
cooling tube spiral. The open space next to the inside
wall of the adsorbent volume is provided for efficient
gas circulation.
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Fig. 4. Second cryo-adsorption pump with controlled gas-flow

cooling and cryovalve to separate adsorbent from still.

The new pump design, although more complicated,
enjoys a number of advantages: It has compact struc-
ture with an efficient ratio of adsorbent to total vol-
ume. Effective cooling of the adsorbent is provided with
cold He gas flow and a large cold surface in the form
of the copper net cage, which contains the adsorbent.
The maximum distance of the charcoal grains from the
copper net is 3mm. The gas flow can be regulated by
adjusting the heating and the flow resistance of the spi-
ral cooling tube by means of a valve at the outlet at
room temperature. In this way liquid He consumption
can be minimized, at least in principle [17].

Conclusion: With present techniques it appears fea-
sible to achieve smooth rotation with a noise level
within ±1 mrad/s from the mean up to a rotation ve-
locity of 5 rad/s and down to sub-mK temperatures.
This is sufficient for the measurements which now are
being planned. However, unlike in 4He-II, the richness
of entirely new phenomena in the 3He superfluids has
been predicted to continue up to very high rotation ve-
locities [18]. A future challenge remains to achieve one
to three orders of magnitude higher rotation velocities
than those which are feasible with present technology.
This calls for magnetically supported and driven rota-
tion of only the sample with its container.

This collaboration was carried out under the EU-

IHP program (ULTI 3) and the ESF network COSLAB.
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