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Annihilation of vortex lines in rotating superfluid He
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In decelerating rotation, vortex lines annihilate in single-vortex events at the annihilation threshold where
their numberN ,,((}) is equal to or exceeds the equilibrium valNe (). A surplusN,;,—N¢q may be
stabilized by an energy barrier, which during deceleration vanishes in an instability. We find the barrier to
depend on container misalignment fle-B and on the orbital texture in the container corners’lite-A.
Measurements of the instability yield the circulation quantum of the vortex which is found to be consistent
with the present identification of vortex structures®iie-A. [S0163-18207)02645-3

In equilibrium a rotating superfluid is threaded by an ar-process, where the number of lindg,,{(Q) exceeds the
ray of rectilinear quantized vortex lines, which are parallel toequilibrium valueNg(€2), we call intrinsic annihilation at
the rotation axi(2. If the rotation velocityQ) is slowly re-  the annihilation instability. Deviations from the ideal
duced, ultimately the peripheral lines will be pushed to theparallel-wall geometnfi.e., a misalignment with respect to
lateral walls(parallel to€2) and annihilate there. What then € or a radius of curvature in the corners which exceegds
is the largest possible number of lindg,,( ) which can be may eliminate the annihilation barrier. In the presence of
sustained in the container during decelerating rotation? Dguch extrinsic influence, N(2) equals at the annihilation
the lines annihilate one by one or do they reach the wall inthreshold the line number in the equilibrium state:
bunches of many lines? These questions have often bee},(Q)=N{(Q).
considered theoretically, but reliable experiments have been Annihilation threshold in°He-B.In Fig. 1 these principles
few. One reason is experimental resolution: Ideally to mainare illustrated with measurementsif, (). The data have
tain a count of vortex lines, one needs single-vortex sensitivbeen recorded in a rotating nuclear demagnetization cryostat
ity. Also one needs to understand the mechanisms of vortewith NMR techniques and single-vortex resolutfbAt high
formation in detail. Here we report the first quantitative mea-yvelocities, Q>0 7=0.18 rad/s, the annihilation threshold

surements on annihilation in rotatintile superfluids. falls on the solid curve which represents the equilibrium
Rotating superfluidThe density of vortex lines in equi-

librium rotation isn,=2Q0/«, wherex=vh/2m; is the cir- 7

culation of a vortex with quantization number* In the con- T =0.94-0.98T, /’

tinuum limit a totally filled cylindrical container with radius 120 H=117mT || Q

R would haveN,= wR?n, lines. Interactions with the lateral
walls give rise to an annular vortex-free region along the

wall.? Its width d is of order of the intervortex distance 80
r,=(x/2wQ)Y2 (expressed here as the radius of the Wigner-
Seitz unit cell of the vortex lattige As a result, the total line 2.
numberN(Q)=Ny(1—-2d/R) is always less thahy({}).

Annihilation barrier. Rotating experiments are generally 40

performed in a container whose lateral walls are meant to be

parallel to the rotation axi§). Ideally in this geometry vor-

tices do not connect to the lateral walls and annihilation is 0
resisted by an energy barrier. It arises from the balance of . . 0.3 0.4

two radial forces on the peripheral circle of rectilinear vortex Q.. (xrad/s)

lines: the inward directed Magnus force from the surround-

ing vortex-free counterflow and the attraction by the image F|G. 1. Annihilation threshold of singular vortex lines {hle-B.
vortex in the walf® In *He superfluids energy barriers are The measured maximum line numbdr,, in the decelerated state
generally large compared to temperatfiféhey cannot be s plotted as a function d. The dashed lin&l,=560 is the limit
overcome by thermal activation or quantum tunneling. In-of solid body rotation, the thin solid curvi,q=Ny— 2N, the
stead, during decelerating rotation the barrier ultimately vanannihilation instability, and the thick solid curve the equilibrium
ishes because of the diminishing counterflow velocity. ThisstateN ;= No(1—B/V0).
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width of order of the dipolar healing length=15um. It is
not shown in Fig. &).
Vortices in 3He-A. In rotation rectilinear vortex lines are

included in thel(r) texture with no changes on the global
scale. The vortices have soft vortex corewith radius

re~ép, within which the | orientation becomes
three-dimensiondl.The circulation around a singularity-free
soft core of acontinuous vorteXCV) corresponds to two
quanta:v=_2. A singular vortex(SV) has within its soft core
also a singular “hard core” with a radius=&(T,P), in

FIG. 2. Planar(r) textures in a cylinder, whehi>H,. The ~ Which the A-phase order parameter amplitude is depleted.

lines denote thé orientation in the transverse plane. The shaded! Ne circulation of a SV is singly quantized=1. The effec-

. . . . . H H — -0
area is the vortex arraya) Radial disgyration texture, with one2 ~ tive core radiusr.=¢pe”° depends weakly on the vortex
vortex line in the center(b) “Double-half’ circular disgyration ~ Structure: Numerical calculations in the Ginzburg-Landau re-

with two singular lines along the lateral walls. These two are posgime yield Soy=—0.3 anddg,=2.17?

sible equilibrium textures in an axially oriented magnetic figt. Annihilation instability in He-A. The analysis of the an-
Pseudouniform texture in transverse field with a counterflow annunihilation barrier in Ref. 3 can be generalized to an aniso-
lus of nonuniform width. tropic superfluid: In *He-A the superfluid density is a

state. This identification has been established by comparisdiftiaxial tensor with eigenvalugs for flow parallel tol and
with the state which is created after a slow cool downp, normal tol. The anisotropy ratio iy'=\p, /p| (=12).
through T, at constant rotation. Here the vortex-free Inside the vortex-free region a single rectilinear line at a
annulu® has the width d=deq(9)=fv[% In(r, /r) 142, distancey from the wall has an energy per unit length given

wherer .= &(T,P) (Ref. 6 is the vortex core radius and by

&(T,P)~ 0.1-0.4um the superfluid coherence length in the =~ 2 9
temperature T) and pressureR) regime of our measure- e, (y)= Ps |n_y +EKQ(y2_2dy)_ (1)
ments. At the lowest velocities the data approach the thin Am I

line, the mstablIthy, whered=djn=r, . Assuming that the  The first term is the energy of the line in the fluid at rest,
crossTover atQ’ arises from misalignment, one has taking into account its image in the wall. The second term
r,(Q7) =Lsind, whereL is the height of the container al  arises from the interaction of the velocity fields of the vortex
the inclination between the cylinder and rotation ak@he and the vortex-free counterflow with the velocity
value 2"=0.18 rad/s corresponds #=2°, which seems a (y)=20(y—d). This term is proportional to the total mass
realistic estimate of the experimental precisift. is essen- flow va(y’)dy’ through the area between the line and the

tially independent of temperature and pressure. 10 , e , i
Orbital anisotropy in 3He-A. 3He-B is a quasi-isotropic wall.** The effective density s depends on the orientation of

superfluid where vortices have a singular core and the annl-with respect to the local circular currents around a vortex
hilation properties are similar to those file Il. In *He-A,  while p<(¢) is the value in the direction of the counterflow
vortices exist with both singular and continuous core strucand depends on the anglebetween the surface normal and
tures, and also orbital anisotropy can be expected to influf i the pulk.

ence annihilation. In Fig. 2 the equilibrium textures of the
orbital unit vectori are depicted in an infinitely long cylin-
der, when the external magnetic fittdexceeds the dipolar
field Hp (=3.2 mT). Thesef(r) textures are smoothly vary-
ing, planar, and dipole locked over most of the cylindrical
cross sectioriexcept at the topological lingsand are created

If one hadi||©, then the local superflow around the vortex
core would be perpendicular th }35=E=pb and the
streamlines would be circular. In the textures of Fig. 2,
()L Q, and the flow around the vortex core is elliptic. By
rescaling one can make a transformation to circular stream

in a slow cool down througfr, at constant rotation. We use lines. A calculation of the kinetic energy of the superflow
. A X around the soft core yields then an effective superfluid den-
this procedure to establish the initial state(x=0.6 rad/s, y P

. ~ _ 11 . — __ ~
from where deceleration to the annihilation threshold isSY Ps=Vpip|-~ One also finds thatps(¢)=v(4)ps,

started at constantT. During a slow deceleration Where —the —¢-dependent — anisotropy  ratio s

(|dQ/dt| <10 3 rad/) the texture does not undergo a tran- ¥(#)=[1+(¥*—1)coS¢]y.

sition. The equilibrium width of the vortex-free region is deter-
Two topologies with comparable energies are possiblénined from the conditiore,(y=d)~0. Then

when the field is oriented along the cylinder axis: the radial

disgyration {=r), which has one central line along the axis ded )=
[Fig. 2@)], or the “double-half” circular disgyration with €

two singular lines at opposite sides of the circumference .
[Fig. 2(b)]. The transverse-field textufdig. 2(c)] has the Although the total mass counterflow psdzeq is constant
same topology as the axial-field double-half disgyration, buwithin the vortex-free annulus also in the transverse-field

its T orientation is uniform. At the cylindrical wall is ori-  texture of Fig. Zc), p(d) anddq( ¢) are not. Equatiort2)
ented along the surface normal within a surface layer with anust be satisfied also for any metastable vortex-free region:
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d($)x1/\ y(¢). In the axial-field texture$ is radial in the 0.5
vortex-free regior{except close to the two singular lines in }T):gig g;r e

Fig. 2b)]. As aresuli¢=0, ps=p, , and the vortex bundle L H=11.7mT

is axisymmetric.
The derivativede, /dy is the radial force on the vortex
which vanishes at the two extrema of the energy profile,

1 —
y+(h)=5[d=Nd?=ri/ y()], )

wherer = \k/27Q is the ¢-independent Wigner-Seitz ra-
dius. The energy profile,(y) has a maximum at=y_ and . . . .
a minimum aty=y. , if dvy(¢)>r,. FordVy(¢)<r,, 0 01 02 03 04 05 06 07
there are no extrema. At the annihilation instability the bar- Q (rad/s)

rier height vanishes and

e e e
() o ~
T T

I SV/ o (rad/ S)

e
—_
T

FIG. 3. Annihilation threshold of singular vortex lines frle-A
12 in axial (O) and transverse®) field, plotted as the normalized
(4) absorptionZg,/«. The thick and thin solid curves are fits which
give d=d¢q andd=r,, respectively. The two data points marked
In transverse field the positionys. of the extrema depend on with squares refer to the initial equilibrium states after cool down in
¢, but the barrier vanishes homogeneously along the perinfotation throughT with the NMR field in axial (J) or transverse

eter ford(¢)\y=r, . as in axial field. We therefore expect (™) °rientations.

no difference between the annihilation thresholis,(2) ~ «=0.114+0.003; transverse fielda=0.170+0.015), but

of the three equilibriund(r) textures in Fig. 2. This result both sets of data give a good fit wih=0.16+0.01. Insert-
has been derived for the continuum limit with a well-defineding the appropriatec andr into Eq. (2), we find that this
border between the vortex-free annulus and the central voresult equals that expected for the equilibrium state and cor-
tex bundle:d>r,. In the limit dj,—r,, the widthd(Q) responds tg3=0.18 in *He-B.

loses its transparent geometrical meaning, but can still be During cool down througf at low (2, CV lines are only
used to define approximately the dEle&(Q) _ Nmax(Q)' formed at low fleldg, H<Hp. Therefore the field was kept

Annihilation threshold of SVs ifHe-A. In the A-phase &t Zero during the cool down through and was later swept

NMR spectrum the vortex satellite peak is proportional to the!P t0 the NMR value. In transverse fieldolid squarg the
vortex line numbef. From the integrated satellite intensity Nitial state lies on theg=0.16 curve, as expected for the
lqy normalized to the total resonance intensity;, or equilibrium state. Thus the transverse-field data repeat the

T Q) =1/l o, We determineN(Q) with an accuracy of behg_viqr of Fig. 3: The annihilatior) threshold lies on the
+10 lines. The results fitted to the expressioneq”'l'b””m curve and bears no evidence of the crossover
Toy=a(Q—BY0) yield B=2d\Q/R, by analogy with ‘eature of Fig. 1.
N(Q)=Ny(1-2d/R).

The results are plotted in Fig. 3 in the reduced form 0.5 T-050T >
Zsy! a, for which no calibrations are needed. The data can be P =339 bar B=0
fit with @=0.094+0.0058=0.08+0.03 for the axiakopen 04} H=11.7mT \
circle) and a=0.136+0.0058=0.14+0.03 for the trans- g
verse(solid circle field orientations. The square data points 3l o HIQ L
denote the initial equilibrium states, obtained by cooling s HIQ
throughT, at 0.60 rad/s in the NMR fiel@i Their absorptions
are equal and fall on th@=0.14 curve. This value of3
happens to agree exactly wip=0.18 for the equilibrium
state of *He-B in Fig. 1, bearing in mind the differemt, in 0.1
Eq. (2). The axial-field fit in turn givegg=0.08 which, when
compared to Fig. 1 and E¢4), corresponds to that expected 0 ' .
for the instability line in®He-A. Thus two smooth curves are o 01 02 OQ3 (md%1 0.5 06 07
obtained in Fig. 3 which bear no indication of a crossover
feature at)'~0.2 rad/s, as was measured with the same FIG. 4. Annihilation threshold of continuous vortex lines in

experimgntgl setup fofHe-B. i3 . axial (O) and transverse®) field, plotted as the normalized sat-
Annihilation threshold of CVs inHe-A.The CV satellite ellite absorptionZqy/a. The initial states, marked with square

peak in the NMR spectrum is shifted further from the largepgints, have been measured after a cool down throlyght 0.60
bulk liquid maximum than that of SVs and thus their numberyaq/s in zero field and after sweeping the field up in axid) @nd
can be determined with a better resolution-08 lines. In  transverse M) orientations. The solid curve is a fit which gives
Fig. 4 their normalized intensityc\({})/ @ has been plotted d=dq. The inset shows a recording of the satellite peak height
for measurements in both axial and transverse fields. There {scaled toZ., /), when deceleration is restarted after a long stop
again a large difference between thaivalues(axial field:  at constan®)=0.51 rad/s.
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However, the axial-field data in Fig. 4 display a slightly  \we showed that the equilibriuftextures of*He-A in an
different pattern from those in Fig. 31) The initial state jnfinjtely long cylinder are not expected to influence annihi-
(open squaresupports approximately ten lines less than injation: it should proceed as in the isotropic case. Neverthe-
transverse field. This deficit has to be attributed to @ loss Ofggg gifferences from the generic behavior are observed, al-
lines while the field is increased to the NMR valé@) The 4,41 they are small and comparable to our accuracy in
annihilation data fall on the same curve as in transverse fiel Q) asy and Tey(Q)/acy. Indeed, the difference be-
and not on one with a smallgs. (3) When decelerating to tweendeq anddi,g; is roughly by a factor of 2 smaller for CV

the annihilation threshold in axial field, a small but clearly . ; .
distinguishable difference is observed in the CV satellitelmes in the A phase, compared to the B phase. Still, the data

peak height, if it is measured at constdntor during con- on the annlh_llatlon th_reshol_d 'ﬁ“e'A give d=de{(2) in
tinuous deceleration. Normally deceleration is stopped af@nsverse field, while axial-field data tend to suggest
some point, when the satellite amplitude is continuously ded=dins{{2). A crossover from one type of behavior to an-
creasing and vortex lines are annihilating at a steady rat@ther is not found. A

The NMR spectrum is then recorded repeatedly at constant These observations point to the influence of ktiexture

Q) over a period of 30 min. These data are plotted in Fig. 4in the container corners where the barrier is smallest for the
(open circle and yield 3=0.16. If deceleration is then re- end of the vortex to bend and cross the vortex-free annulus.
sumed, as shown in the inset, the annihilation threshold i axial field | rotates in the corner within the plane which
observed to have moved to a low&rvalue, corresponding  containsQ while in transverse field the texture is more com-
to B=0.14, as expected for the ann|h|Iat!on instability. The y;i5taq (@ dependent Apparently, the transverse-field cor-
difference between these wo satellite heights corresponds EPer texture eliminates the barrier, but the axially symmetric

fTori mgcshzz'(c)::l ;?)dé Z‘ : tlﬁear)cr)]tgilc\)/r?t:jl? t:at#lecct)ﬁled Nal\r/'lséeaxial-field corner texture enforces one, suppressing the effect
: IS€ | : Ive wh from container misalignment.

spectra are recorded during 30 min at consfantiowever, Finally, the measurement of the annihilation instability

this appears unlikely since this feature was only observed for. . . . . . .
cV Iir?e?s in axial fie}I/d y gives the circulatiornk, which we find to be consistent with

Summary. Vortices annihilate smoothly and not in the accepted view of the topologies of the vortex structures

. 3 3 . .
bunches, as has sometimes been suggested to explain e HE-A. “He-A provides a model system for flux-line an-
discontinuous glitches in neutron-star deceleration. Our medlinilation in anisotropic superconductors, where highly pol-
surements on the annihilation threshold®ide-B, expressed ished surfaces or cleaved crystals are required, together with
directly as vortex-line numbers, display for the first time the@n accurate alignment of the magnetic field, for the “Bean-
expected generic properties of an isotropic superfluid: At lowkivingston” barrier to become observable.
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