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Abstract

We have investigated the NMR line shapes of superfluid 3He-B in a
rotating cylinder. In the vortex-free state at sufficiently large angular
velocity of rotation, 2 2> 1 rad/s, the main feature of the absorption
spectrum is a large frequency-shifted peak above the Larmor frequency.
The shape of this counterflow peak is both measured and calculated as
a function of external magnetic field strength, angular velocity, tem-
perature, and number of vortex lines. The NMR spectrum is derived
from the calculated order-parameter texture. Reasonable agreement
with the measured line shape is obtained by including line-broadening
effects due to the external field inhomogeneity and Leggett-Takagi re-
laxation.

1 Introduction

Superfluids attempt to respond to rotation by forming quantized vortex
lines. However, because of the high critical velocity, superfluid *He-B can
form a vortex-free state in rotation (the equivalent of the Meissner state in
superconductors) or other metastable states with less vortices than the equi-
librium number [1]. In a cylindrical container, the existing vortex lines are
accumulated in a central bundle and are surrounded by a region of nonzero
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counterflow. The presence of the vortex lines can be detected because of a
specific signature in the NMR absorption signal. It has been a longstanding
goal for experimentalists to observe the formation and annihilation of single
vortex lines in superfluid 3He [2]. This objective requires a thorough un-
derstanding of NMR line shapes and signal optimization, and provides the
main motivation for this paper.

A second motivation has been to test how well the experimental prop-
erties of ®He-B can be understood using the weak-coupling quasiclassical
theory [3]. The theoretical determination of the NMR, response of *He-B is
done in three steps. The first step is to calculate the hydrostatic coefficients
of 3He-B. These coefficients have been worked out in Ref. [4] using the weak-
coupling quasiclassical theory. The second step is to determine the texture
of the order parameter using the hydrostatic theory. In this paper we have
calculated the texture in a cylindrical container using both 1D and 2D mod-
els. These two steps give a definite prediction how the texture depends on
external parameters such as the temperature, pressure, magnetic field, and
rotation, and also on the number of vortices in the container. The texture
immediately gives the ideal NMR spectrum. The final third step is to add
additional line broadening to the ideal spectrum. We concentrate on the
case of high counterflow velocities. In this case, as will be shown in the pa-
per, the inhomogeneity of the magnetic field and the intrinsic Leggett-Takagi
relaxation have to be taken into account.

At high rotation velocities in the vortex-free state the NMR response
consists of one large peak at a frequency slightly above the Larmor value.
This report contains a study of how the height of this counterflow peak de-
pends on different external parameters and on the number of vortices in the
container. The counterflow peak heights have been determined both experi-
mentally and theoretically. Comparison of the two gives good agreement and
allows us to extract an estimate for the Leggett-Takagi relaxation time 7.
The optimal conditions for measuring single-vortex events are analyzed.

A thorough introduction to textures in a rotating container has been
previously given in Refs. [5] and [6]. Part of the introduction is repeated
here because our approach differs in several details.

2 Hydrostatic theory

The order parameter in unperturbed bulk B phase has the form of a ro-
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ments of the helium atoms fixes the rotation angle 6 to arccos(—1/4) [7].
Therefore the order parameter texture is given by the spatial distribution
of a unit vector n(r). Because our experimental container is a cylinder,
we choose to write the vector in cylindrical coordinates using two angles,
n = (-rcosa+ ¢sina)sin S + zcos B, with z parallel to the cylinder axis.
The equilibrium texture can be determined by minimizing the hydrostatic
free-energy functional, which in the vortex-free case consists of the following
main contributions [8, 9, 10, 11]: the interaction with the external magnetic
field H

Fpy = —a/d3r (n-H)? (1)

the orienting energy of counterflow (v = v, —vy is the velocity of counterflow,
where the velocity of the normal component v, = € X r and that of the
superfluid component vy = 0 in the vortex-free state)

<
Fyy = —)\Hv/d?’r (H-R-V)Q, (2)

and the surface energy (8 is the surface normal)

Fou = —d / &r (H-R 8)>. (3)

It is conventional to define the dipolar velocity vp = 1/2a/(5Amy). All
the experiments described in this paper were performed in axial field H ||
z. The conflicting orienting effects (e.g. Fy prefers n || H, i.e. 8 = 0,
whereas Fipy favors an orientation corresponding to sin? 8 = 0.8) result in
an inhomogeneous order-parameter texture. The gradient energy
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describes the rigidity of the order parameter and opposes any bending of n.
The length scale of the spatial variations is set by the magnetic coherence
length &y = /65Ag2/(8aH?), which is inversely proportional to the external
field strength. In our experiments g ~ 1 mm. In Eq. (4) we have neglected
the pure divergence contribution to the gradient energy. However, for all
the calculated results reported in this article, the error in the NMR peak
height due to this simplification was found to be less than 3 percent.

The equilibrium textures relevant to our experimental conditions are
axisymmetric, of the so-called “flare-out” form [9]. On increasing the angular



velocity of rotation €2 in the vortex-free case [1, 12] (thus increasing v, = Qr
and the counterflow), a succession of transitions between different types of
textures occurs [13]. At the cylinder axis the magnetic field orients 1 parallel
to z, i.e. § = 0. When moving away from the axis 8 tends towards the wall-
and flow-dominated value 8 = 63.4° (even though the preferred a angle is
different for Fy and Fgsy). At sufficiently high rotation velocities, Q > 0.8
rad/s, most of the texture (excluding regions in the vicinity of the axis and
the top and the bottom of the cylinder) is oriented at this value. This is
known as the crowned flare-out texture [13], and is presented in Fig. 1. It
is also the preferred state for single-vortex measurements.
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Figure 1: Numerically calculated high velocity n texture in an infinitely long
cylinder as a function of the distance from the axis. The radius of the sample
cylinder is R = 2.5 mm, pressure P = 2 bar, 2 = 1.5 rad/s, temperature
T =0.81 T,, H = 30 mT, giving ég = 0.25 R, vp = 0.18 mm/s, d/a = 5.9
mm, and Ag1/Ag2 = 1.9 .

The presence of a vortex bundle in the cylinder causes some modifications
to the texture. The orbital anisotropy effect associated with the singular
vortex cores can be taken into account by adding another free-energy term
of the form [14, 6]
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where the integration is over the bundle volume. Furthermore, there is a
nonvanishing superfluid velocity field around the bundle which is caused
by the vortices. Inside the bundle, the average superfluid velocity (vg) =
v, and the average counterflow velocity is zero, whereas in the vortex-free
counterflow annulus v(r) = Qr — Q,R?/r, where Q, = QN/Ny, R is the
radius of the sample cylinder, N is the number of vortices in the bundle,
and Ny is the vortex number for the completely filled container (vortices
distributed with equilibrium density).

The phenomenological coefficients a, Ay, d, Ag1, Ag2 and Arpg in Egs.
(1)-(5) can be determined from the quasiclassical theory of *He [3]. We use
expressions calculated with weak-coupling quasiclassical theory, which are p-
resented in Ref. [4]. We take into account so-called “trivial” strong-coupling
corrections, i.e. the energy gap used in evaluating all coefficients is enhanced
from the weak coupling value as prescribed in Ref. [3]. The surface energy
coefficient d is evaluated in the Ginzburg-Landau temperature regime for a
diffusively scattering surface and extrapolated to lower temperatures. The
vortex-core contribution has been neglected in calculating Ary. It should
be emphasized that the calculations in the present report contain no ad-
justable parameters. We use here values which are obtained directly from
the formulas in Ref. [4]. The texture parameters depend only on relatively
well-known quantities like the density of the liquid, the superfluid transition
temperature 7., the Fermi-liquid parameters, the dipole-dipole interaction
coefficient gp, and the jump of the specific heat at T,. There is some uncer-
tainty about gp at low pressures [4]. For consistency, we have used a value
based on transverse NMR since also the temperature is measured according
to that (Sect. 6).

3 Nuclear magnetic resonance

The NMR response of *He-B, in the absence of relaxation, is given by the
Leggett equations [15] for small rotations @ of the spin part of the order
parameter and the spin density S
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= A8 xHy - X 0ha(- ) (6b)
where 7 is the gyromagnetic ratio of the ®*He nucleus, xp is the B-phase
susceptibility, and Qg is the B-phase longitudinal resonance frequency. Hyot
is the total external magnetic field consisting of the static field H and the
small rf field H' o e™?. The linear NMR state of transverse resonance at
low excitation level H' consists of small variations about the equilibrium
state, and can be written in the high-field limit in the approximate form

QQ
wz\/m%wo+ﬁsin2ﬂ, (7)

where wg = yH is the Larmor frequency. That is, the resonance frequency
is shifted from the Larmor value only when n is not parallel to z, and the
shift is always positive. The overall spectrum is obtained by considering the
fluid as an assembly of uncoupled oscillators with frequencies determined
by the local value of §(r) according to (7). We then obtain the NMR line
shape as a distribution of the individual contributions, i.e.

f) =5 [ il -, Q

where V' is the volume of the sample. From this so-called local oscillator
model it follows that whenever w(r), or equivalently, 3(r), has a constan-
t value over a larger region, the absorption spectrum has a peak at this
frequency. At low rotation velocities, most of the absorption occurs at fre-
quencies close to the value 8 = 0. In this case the spectrum has a peak
bordering to the Larmor frequency, with a tail caused by the bending of n
towards the boundary value 8 = arcsin(1/4/5) = 63.4° close to the cylinder
wall. As the rotation velocity is increased in the vortex-free state, the ab-
sorption begins to accumulate towards the flow-dominated value g =~ 63.4°,
giving rise to a new peak in the spectrum. Finally, at high rotation velocities
), essentially all absorption has been shifted in the counterflow peak. Fig.
2 shows examples of typical line shapes for low (2R < vp), intermediate
(QR ~ vp), and high values of Q (QR > vp).

In using the local oscillator model we neglect the possibility of having co-
herent spin motion. A more detailed study of the NMR behaviour of *He-B
in a cylindrical container would require solving a Schrodinger-like equation
with a space-dependent potential sin? 3(r) defined by the equilibrium tex-
ture. In a flare-out texture, close to the axis of the cylinder B(r) grows



linearly, providing an approximately harmonic potential. This should cause
the appearance of a series of spin-wave peaks equally spaced in frequency
[6, 9, 11]. However, in the temperature and pressure region considered in
this article the frequency spacing between the modes is very small. In addi-
tion, most of the absorption at high rotation velocities occurs far away from
the Larmor frequency, where the degeneracy and the width of the spin-wave
peaks are large. Therefore we do not expect to see any resonances and
neglect their effect on the NMR line shapes.
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Figure 2: Numerically calculated NMR absorption line shapes for different
angular velocities of rotation without line broadening effects in the vortex-
free case. The radius of the cylinder R = 2.5 mm, P = 2 bar, T = 0.9 T,
and H = 20 mT (giving ég = 0.24 R, vp = 0.21 mm/s).

4 Line width of the counterflow peak

In addition to the textural effects in the NMR of 3He-B, there exist also
other mechanisms that cause significant line broadening in the experiments.
The most obvious of these is due to the fact that the external magnetic
field is not entirely homogeneous over the sample. This causes a spread in
the Larmor frequency, and therefore in the transverse resonance frequencies
according to Eq. (7). If we assume that the field strength is spread by AH



from the average value H, the resulting difference in the frequencies causes
a significant dephasing after a time of the order of

AH\™!
T™H — (WOF) = Fﬁl (9)

We have not determined the actual distribution of the field H(r) in the
presence of superconducting wires. Instead, we assume a simple model
where the inhomogeneity is taken into account by adding a term —I'ygS;
on the right-hand side of (6b), where S, is the transverse component of
the magnetization. Effectively this replaces the delta function in (8) with
a Lorentzian with a width Aw = T'y. The strength of the broadening is
I'g o< wp and thus linearly dependent on the field strength H.

Another source of line broadening is the intrinsic Leggett-Takagi relax-
ation. This arises from the nonequilibrium between the normal and superflu-
id contributions to the total magnetization. This effect can be described by
a similar term as the field inhomogeneity by introducing another damping
factor [16]

1 A XB 32%3 -2
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where ) is a temperature-dependent number, A(7;) = 0 and A(0) =1, xo is
the normal state susceptibility and 7p7 is the Leggett-Takagi relaxation time.
It should be noted that the damping strength depends on the local value of
the order parameter through sin? 8 and therefore on the position inside the
cylinder. Furthermore, because of wg in the denominator, I'yr oc H 2.

There is yet a third mechanism which broadens the NMR line and which
is due to spin diffusion. The broadening arises because of the movement of
the atoms to locations with different resonance frequencies. This effect may
be included by adding a term DV?S to the right-hand side of (6b), where
D is the diffusion constant. However, in the particular case of high rotation
velocities spin diffusion may be ignored because the frequency gradients
driving the diffusion are small due to the homogeneity of the order-parameter
texture (Fig. 1). It must be emphasized that this neglect is justified only in
this limit.
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Figure 3: Liquid *He sample container and NMR setup. The NMR mea-
surements were performed on a cylindrical quartz container with a volume
of 0.1 cm?, filled with 3He at 2.0 bar pressure. The solenoidal NMR magnet
is used to produce static fields from 10 to 30 mT with a field inhomogeneity
of AH/H ~2-107%.

5 Experimental setup

The NMR spectrum depends on several externally controlled parameters
such as temperature, pressure, magnetic field, rotation velocity, and the
number of vortex lines which may be present in the container. We performed
a series of measurements where all of these parameters have been varied,
except for the pressure, which was fixed to P = 2.0 bar.

The 3He NMR sample is contained in a small quartz cylinder (Fig. 3)
and is refrigerated with nuclear demagnetisation of copper. An orifice in
the bottom plate of the cylinder connects the sample cell to a tube which
provides the thermal link to the sintered heat exchanger on the nuclear
cooling stage [17]. Precooled with a standard 3He-*He dilution unit to a



temperature of &~ 15 mK in a high magnetic field ~ 8 T, the adiabatic
demagnetisation of copper allows to cool the sample below the superfluid
transition (7; = 1.18 mK at 2.0 bar). All the measurements have been
performed within the temperature range from 0.7 Tt to T.. The axis of the
quartz cylinder is parallel to the axis of rotation of the cryostat. The smooth
surfaces of the quartz increase the critical velocity for vortex formation to
Q > 3.5 rad/s. The size of the orifice in the cylinder was chosen to be small
(= 0.5 mm in diameter) to avoid the leakage of vortices from the sinter
volume into the sample chamber.

The NMR spectrometer is based on a resonant circuit in which the in-
ductive part is a superconducting coil surrounding the *He sample. The
excitation of the resonance circuit was weakly coupled either by means of a
small capacitance or by a separate excitation coil. In both cases, provided
that the condition |Q¢x(w)| < 1 is fulfilled, the voltage drop Vi measured at
the output of the resonant circuit is proportional to the dynamic susceptibil-
ity x(w) of the helium sample. Here the quantity @ is the quality factor of
the resonant circuit, and € is the filling factor which determines the coupling
between the pick-up coil and the sample. The signal V; is amplified with a
preamplifier operating at liquid-helium temperature and the tank capacitor
and the pick-up coil were thermally anchored to the nuclear stage. Since
the excitation frequency is fixed by the inductance of the pick-up coil and
the tank capacitance, the spectra are measured in practice by sweeping the
NMR field. Provided that the sweep range Hy — H1 is small compared to the
field Hy = wp/y, when Qg is known, one can use Eq. (7) to establish a one-
to-one correspondence between H and w, and then reconstruct the NMR
spectrum as a function of w. In our case, (Hy, — Hy)/Hj never exceeded
1.5%.

The measurements were performed at three frequencies 380200, 687670,
and 1027980 Hz, corresponding to *He Larmor frequencies in magnetic fields
11.73, 21.21, and 31.70 mT, respectively. Two different pick-up-coil and
sample container arrangements were used in our measurements: one with a
cell radius of 2.5 mm and height 7 mm (at 11.73 mT and 21.21 mT, with
@ = 2000) and another with a cell radius of 2 mm and height 8 mm (31.70
mT, Q = 13500). The corresponding numerical calculations were performed
at 10 mT, 20 mT, and 30 mT instead of the exact experimental field values.

The static NMR field was produced with a superconducting compensated
solenoid parallel to the axis of the cylinder. Fig. 3 shows the Helmholtz
configuration used in the 31.70 mT experiment. In this case, the same coil
was used to detect the signal as well as to generate the rf field. In the two
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experiments at lower fields, separate orthogonal coils were used for excitation
and detection. Both of these were of saddle-shape geometry. In all cases,
superconducting coils were used in order to achieve a good quality factor Q.
To further improve the () value, a shield of annealed copper was installed
inside the NMR magnet to prevent rf field losses in surrounding metals.

In practice, the sample regions which are outside the pick-up coil do not
contribute significantly to the signal. Therefore, the top and bottom plates
of the sample container need not be very far outside the coil in order for our
one-dimensional theoretical model (Sect. 7) to be applicable. For example,
in the measurements at 31.7 mT, the pick-up coil consisted of two circular
halves of 5 mm diameter and 5 mm separation between the halves. In this
configuration, the contribution of the two 1.5 mm long sections outside the
coil is only 5% of that in the central 5 mm long section. This is below the
uncertainty of our measurements.

6 NMR measurements

In order to compare the field homogeneities, the NMR spectrum was mea-
sured in the normal phase just above the superfluid transition temperature.
The value of the line width is obtained by fitting a Lorentzian line to the
measured spectrum. At the two lower fields, we find that the relative inho-
mogeneity AH/H is roughly the same. The shape of the signals is similar
and the full width at half maximum FWHM is about 3.5 - 10%. The line
shape at 31.7 mT, measured with a different pick-up coil geometry, is some-
what different and slightly broader: FWHM = 5-10~%. The inhomogeneity
is determined by the NMR magnet itself and also, we believe, by the pres-
ence of the superconductor in the pick-up coil, which can induce a distortion
of the NMR field.

In the superfluid state the frequency shift induced by the dipole inter-
action leads to a redistribution of the resonance frequencies. Typical NMR
spectra are shown in Fig. 4. The absorption x”/xo is plotted as a function
of the frequency w/2m. Assuming that the transmission factor of the spec-
trometer is constant for a given experimental setup, it is possible to express
the signal amplitude as

X'() _ wom xa(T)  Va(w)
v 2 xo [V

where xB(T")/xo is defined as the ratio of the total integrated NMR absorp-

(11)
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tions at the measuring temperature 7' and at 7 [18]. It can be obtained
experimentally from the ratio of the integrated signal voltages V(w) at the
measuring temperature and just above the transition temperature:

xs(T) _ ([ Va(w')dw'), (12)

xo ([ Vs(w)dw')y,

We checked that these measurements are in reasonable agreement (with-
in +5%) with the theoretical weak-coupling susceptibility [3] taking into
account the trivial strong-coupling correction.
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Figure 4: Typical NMR spectra measured below 7. The dashed lines show
two spectra obtained with the same number of vortices N = 70, but at two
different rotation velocities 0.2 and 0.9 rad/s. The spectrum with the large
peak on the left at the Larmor edge (wo/2m = 687670 Hz) represents the
equilibrium vortex state 2 = €),. In the two other cases 2 > ), and the
peak is generated by vortex-free counterflow at sin? 8 = 4/5. The two latter
peaks are measured at the same rotation velocity @ = 0.9 rad/s, but for
two different numbers of vortices. The arrows show the change in the peak
heights when, at a fixed velocity Q = 0.9 rad/s, in the vortex-free state, we
add 70 vortex lines into the cell.
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The two states with V = 70 vortex lines plotted in Fig. 4 are obtained by
cooling the *He sample through the superfluid transition while the cryostat
is rotating at the velocity © = 0.2 rad/s. The number of vortices is then
equal to the equilibrium number

QO
Neq =Ny (1 - ﬁ) 3 (13)

where Ny = 2nQR?/k is the maximum number of vortex lines in the con-
tinuum limit, and Q* accounts for a narrow vortex-free region between the
cylinder wall and the central vortex bundle [19]. The value of Q* is =~ 0.032
rad/s, the quantum of circulation x is 6.61 - 10~® m?/s, and the number of
circulation quanta per vortex is one.

In the rotating equilibrium state (2 = €2,) the NMR absorption is ac-
cumulated in a large peak just above the Larmor frequency wq (Fig. 4). If
Q is increased, when the temperature is below T, the absorption is shifted
to higher frequency in the counterflow peak (2 = 0.9 rad/s in Fig. 4). A
comparison is made to the counterflow peak in the vortex-free state (2, = 0)
by bringing the rotation to a complete stop and then increasing it back to
0.9 rad/s. The change in the height of the counterflow peak (sin? 3 = 4/5)
per vortex can be estimated to be

Vs _ Vs(N =0) = V5(N > 0)

N N
This linear approximation is justified when N < Ngq. Then the peak height
Vs(N) depends linearly on N [19]. Single-vortex resolution is achieved when
8Vs/ON exceeds the noise in Vi(w) [2]. In practice this has been the case
at high temperatures: T, > T 2 0.80 T.. In the B phase several effects
lead to the decrease of the height of the counterflow absorption peak with
decreasing temperature: the decreasing susceptibility xp, and the increasing
Qp and 1T, which both broaden the NMR line shape. To extend single-
vortex measurement to lower temperatures, one should understand how to
maximize the signal in Eq. (14).

Fig. 5 shows that the counterflow peak height increases when the rotation
velocity is increased. This growth is expected to saturate in the high velocity
region when v > vp. Although the peak height shows to be bending over in
that region, it does not seem to saturate as fast as expected according to the
calculations (see Sect. 8, Fig. 7). We checked that the integrated absorption
intensity remained constant during the measurement while the line width

. (14)
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was decreasing as a function of 2. So, it can be deduced that the increase
in the peak height is only caused by the narrowing of the NMR line, as € is

increased.
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Figure 5: Height and width (FWHM) of the counterflow peak as a function of
the rotation velocity. The width is normalized to the magnetic field and can
be compared to the line width at T.. The upper plot shows the integrated
absorptions of the measured spectra normalized to that at T.. The total
absorption stays almost constant during the measurements and provides a
control signal on the quality of temperature stabilization. The dashed lines
are guides to the eye.

In all the experiments, the normalized temperature 7'/7T, is deduced
from the measurement of Q5. The latter is obtained from the measured
frequency shift of the counterflow peak by setting sin? 3 = 4/5 in Eq. (7).
The calibration used for Qg(7") is an interpolation of the data obtained by
Hakonen et al.[6] The function used to fit their data is
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0% = (2n)? 7 (15)
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where the coefficients A and B are pressure dependent. The interpolation
gives A = 8.934 - 10'° Hz? and B = 2.301 - 10'° Hz? at 2.0 bar pressure. It
can be assumed reliable only at high temperatures 1" > 0.775.

7 Calculation of line shape

In order to calculate the NMR line shape, we find numerically the equilibrium
order-parameter texture in the cylinder. Since the pick-up coil probes pri-
marily the central part of the sample container, we may neglect the influence
of the top and bottom plates (that is, the z dependence) to a good approx-
imation and consider the limit of an infinitely long cylinder. Because the
textures are axisymmetric, we end up with a one-dimensional problem, with
a and ( being only functions of the distance r from the axis. In the calcula-
tions we assume the order parameter to be defined at M equidistant points
along the cell radius. We replace the free energy terms (1)-(4) with their
discretized counterparts. This leads to a function of 3M variables (the com-
ponents of the vector n at M points) which is minimized. In order to avoid
singular, coordinate-system dependent behaviour we use n = (7, g, 1,) as
a basic variable (with the constraint 72 +ﬁ§)+ﬁ§ = 1) rather than the angles
a and .

After determining the minimum-energy texture, the NMR spectrum
without damping, f(w), can be obtained using Egs. (7) and (8). The relax-
ation effects are included by taking a convolution of f(w) with a Lorentzian

F(CU) — l/dwl(w — Ptot(w/) f(w'), (16)

T wl)2 + I“520t(w’)
where Tiot(w') = Ty + T'pp(w’). It should be noted again, that 'y in Eq.
(10) is different for different frequencies and therefore is a function of w'.
The as yet unspecified values of AH/H and 7 r are determined by fitting
to the measured line shape.

8 Comparison of measurement and calculation

The experimental NMR data was compared with numerical calculations us-
ing the following procedure: first the corresponding minimum-energy order-
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parameter texture was determined using the one-dimensional model as ex-
plained in the previous section. The effect of magnetic-field inhomogeneity
was taken into account by using the measured line shapes in the normal
phase. The value of AH/H was chosen so that the corresponding Lorentzian
would resemble the true line shape as closely as possible. As the next step,
the value of 7,7(T") was chosen by fitting so that the resulting line shapes
using Eq. (16) would be in reasonable agreement with the experimental ones
(Fig. 6). The magnetic field inhomogeneity only depends on the experimen-
tal setup and the value of the field, but 7 must be fitted separately for
all different values of temperature. The majority of the experimental data
between 0.7 T, and T could be explained by choosing the value of m 1 to
be of the order of 0.2 us, with an uncertainty bracket of & 0.1 us. In the
limit T" — T, T should approach the quasiparticle scattering time in the
normal state when defined appropriately [20]. Our results are in reasonable
agreement with the scattering time corresponding to the thermal conduc-
tivity, 0.34 ps [21]. The Leggett-Takagi relaxation time has been measured
directly in Ref. [22] at 29 bar using pulsed NMR techniques. This data in
the temperature range T > 0.77, gives i ~ (0.15 — 0.20) s.

In all following figures both the measured and calculated line shapes are
expressed as functions of a dimensionless variable  and multiplied with an
overall constant,

F(z)= =2 F(w), z==>(w—wp), (17)

so that the integrated area under the absorption curve [ dzF(z) = 1. In the
absence of relaxation z = sin? 3. The connection with the measured signal
voltage Vs(w) is given by F = (03 /2wo)Vs(w)/ [ dw'Vi(w').

Fig. 7 shows how the normalized counterflow peak height depends on (2
for the three different magnetic fields used in our measurements. We find
reasonable agreement between experiment and theory. However, it can be
seen that the measurements show a somewhat stronger velocity dependence
than our theoretical model. This problem seems to be more pronounced
at small magnetic fields. The main uncertainty in this comparison of cal-
culation to experiment are the exact values of the various parameters, in
particular that of vp. By varying vp better agreement can be generated,
but here we restrict the comparison to the values suggested in Ref. [4].

In Fig. 8 the dependence of the peak height on the number of vortices in
the vortex bundle is presented. Again, the measured values show a stronger
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Figure 6: Measured (full line) normalized NMR, absorption spectrum in the
vortex-free state at H = 11.7 mT, T' = 0.91 T, and © = 1.5 rad/s. In the
calculated line shapes (dashed curves) &g = 0.45 R and vp = 0.21 mm/s.
The magnetic field inhomogeneity AH/H = 1.65 -10~* was determined from
the normal phase signal. The best fit with respect to the Leggett-Takagi
relaxation time was achieved choosing 71;r = 0.15 us and the corresponding
line shape is shown as a dashed line. Also, the calculated spectrum without
Leggett-Takagi relaxation (7 = 0) is shown as a dash-dotted line. Only the
frequency region well above the Larmor frequency is shown since essentially
no NMR absorption remains in the region z < 0.4.
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Figure 7: The normalized counterflow peak height, max F(z) in Eq. (17), as
a function of € in the vortex-free state. The experimental results are at H
= 11.7 mT, T' = 0.895 T; (open circles); H = 21.2 mT, T = 0.88 T (filled
circles); and H = 31.7 mT, T = 0.8 T, (filled squares). In the calculations
the following values were used: AH/H = 1.65 - 1074, 711 = 0.16 us, &g =
0.5 R, and vp = 0.21 mm/s (10 mT); AH/H = 1.4 - 10~*, 7yr = 0.16 ps,
ég = 0.27 R, and vp = 0.20 mm/s (20 mT); and AH/H = 2.7 - 10°*, 77
= 0.3 ps, &g = 0.32 R, and vp = 0.18 mm/s (30 mT).
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Figure 8: Measured (filled circles) and calculated (curve) normalized coun-
terflow peak height as a function of the number of vortex lines or €, for
H=10mT,T =09 T, @ = 2rad/s, ég = 0.48 R, and vp = 0.21 mm/s.
Q, = 1 rad/s corresponds to = 600 vortex lines. In calculations the values
AH/H = 1.65 -10* and 7rp= 0.2 ps were used.

dependence on the vortex number than the calculated ones. Finally, the
temperature dependence of the peak height is shown in Fig. 9.

Keeping a constant value of 71;p leads to good agreement between theory
and experiment, suggesting an approximately constant value of 71 in the
temperature range considered. However, it should be emphasized that at 30
mT magnetic-field inhomogeneity is the dominant line-broadening mecha-
nism. By dividing the difference in peak heights with the number of vortex
lines we get from Fig. 9 according to Eq. (14) the single-vortex signal as a
function of temperature. This is a rapidly decreasing quantity towards lower
temperatures, which is not apparent from Fig. 9 where the peak heights are
multiplied by the factor Q4(T) (Eq. 17).

For maximizing the single-vortex signal the choice for the magnitude of
the external magnetic field H was also investigated. In Fig. 10 the normal-
ized counterflow peak height from the calculations has been presented as a
function of H in the vortex-free case and also with 100 vortex lines. The
optimum resolution in the peak height and in its change per vortex line is
achieved slightly above 10 mT. This value agrees also with experimental
observations [23]. It should be kept in mind that in Fig. 10 the normal-
ized counterflow peak height is plotted. The actual measured signal voltage
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Figure 9: Measured (circles) and calculated (curves) normalized counterflow
peak height as a function of temperature for H ~ 30 mT and Q = 1.5 rad/s.
Open circles and the upper curve correspond to the vortex-free state and

filled circles and the lower curve to a state with Q, = 0.5 rad/s (~ 190

vortex lines). In calculations the values AH/H = 2.7 -10~* and ;v =~ 0.3
us were used.
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scales differently with w = yH. According to Eq. (17) the signal voltage
is Va(w) = 2w/Q3)F [Vi(w"dw' x wQéx"(w)F o w?TF, where § < 1
depending on how @) scales with frequency.

1 1

10 20 30
H [mT]

Figure 10: Calculated normalized counterflow peak height, as a function of
external magnetic field strength H for Q = 1.5 rad/s, T = 0.9 T, (giving
vp = 0.21 mm/s) and the cylinder radius R = 2.5 mm. The upper curve
corresponds to the vortex-free state and the lower to a case with 100 vortex
lines. The values AH/H = 1.5 10~% and 7,7 = 0.2 s were used. The insert
shows the reduction in the peak height for one vortex line in the same units,
but multiplied by 1000.

9 Calculation in two dimensions

In order to justify our use of a one-dimensional model we have also performed
numerical calculations on a cylinder with a finite length. Since we continue
considering only flare-out textures with axial symmetry, these calculations
take place in a two-dimensional grid with z as a new space coordinate. The
texture problem is a straightforward generalization of the one-dimensional
case. The effect of the top and bottom plates of the cylinder is to reduce the
counterflow peak height. This is because the surface energy (3) at the plates
is minimized by having 8 = 0. Therefore, compared to the infinitely-long
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cylinder model, part of the absorption is transferred from the counterflow
region to the Larmor region. We estimated the size of this effect by col-
lecting the texture data at a fixed value of z and forming the corresponding
(one-dimensional) NMR spectrum. In Fig. 11 we have presented the coun-
terflow peak heights of these spectra as a function of the height z in the
cylinder. It can be seen that, as expected, the effect of the end plates is
observable only within a distance of ~ &y (= 1 mm) from the ends. This
is the first calculation which provides an estimate of the effects of having a
finite container length.

The NMR absorption in the counterflow peak, if expressed per unit
length of the sample cylinder, is much reduced in the situation of Fig. 11
from that of the infinitely long cylinder. Assuming that each volume element
contributes equally to the measured absorption, for the 7 mm long cylinder
in Fig. 11 the counterflow peak is smaller by ~ 15 %. Such a measurement
requires a pick-up coil which is larger than the sample container. In practice,
to maximize the filling factor of the 3He sample within the detection coil, the
inductance is wound tightly around the central section of the sample con-
tainer, such that the cylinder extends outside the coil at both ends. From
Fig. 11 we note that to realize the true flare-out texture of the infinitely
long cylinder model within the coil it is sufficient if the container extends
~ 2 mm beyond the pick-up coil at both ends. As discussed in Sect. 5, the
contribution to the total absorption signal from the sample regions outside
the pick-up coil is small. Thus the influence from the end sections outside
the coil with the modified texture may be neglected.

10 Conclusions

In this work we presented a model which explains the NMR, line shape in
a rotating cylinder and particularly as a function of the magnitude of the
axially oriented external magnetic field. The line shape is determined by
textural effects and broadening due to magnetic-field inhomogeneity (dom-
inant at high magnetic fields) and Leggett-Takagi relaxation (dominant at
low magnetic fields). We have concentrated on high rotation velocities in
order to be able to neglect the effect of spin diffusion and to have a simple
line shape. The results show reasonably good agreement with experiment
and explain how the height of the NMR counterflow peak varies as a func-
tion of the angular velocity of rotation, external magnetic field strength,
number of vortices, and temperature. The largest deviations between the-
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Figure 11: The counterflow peak height as a function of z in a cylinder of
2.5 mm radius and 7 mm height. 7' = 0.81 T, P = 2 bar, @ = 1.2 rad/s, H
=20mT, ég = 0.37 R, vp = 0.18 mm/s, AH/H = 2 -10~* and 77 = 0.15
ps. The 1D calculation for the infinitely long cylinder with the same values
gives the peak height =~ 5.86 (dashed line).

ory and experiment were obtained with respect to velocity dependences:
measurements showed consistently a stronger response to changes in {2 and
the number of vortices. The magnitude of the discrepancy is believed to
reflect the accuracy with which the various textural parameters are known
for He-B, since only Leggett-Takagi relaxation was treated as adjustable in
the present calculations.

With our theoretical model we investigated the selection of the magnetic
field H to get the best resolution in the determination of the number of
vortex lines from the measured spectra. The optimal results were achieved
in calculations by choosing H to be slightly above 10 mT, again showing
good agreement with the experiments. The texture calculations were also
performed for a cylinder of finite length, to estimate the role of the top and
bottom plates in the NMR line shape. From the fitting procedure we were
able to get an estimate for the Leggett-Takagi relaxation time, which is in
order-of-magnitude agreement with previous work.

This work was funded in part by the EU-TMR programme (contract no.
ERBFMGECT980122).
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