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ANDREEV REFLECTION IN ROTATING SUPERFLUID 3He-BV. B. Eltsov, J. J. Hosio, M. Krusius *, J. T. MäkinenO. V. Lounasmaa Laboratory, Shool of Siene, Aalto University, POB 15100,FI-00076, AALTO, FinlandReeived June 16, 2014Andreev re�etion of quasipartile exitations from quantized line vorties is reviewed in the isotropi B phaseof super�uid 3He in the temperature regime of ballisti quasipartile transport at T � 0:20T. The re�etionfrom an array of retilinear vorties in solid-body rotation is measured with a quasipartile beam illuminatingthe array mainly in the orientation along the rotation axis. The result is in agreement with the alulatedAndreev re�etion. The Andreev signal is also used to analyze the spin-down of the super�uid omponentafter a sudden impulsive stop of rotation from an equilibrium vortex state. In a measuring setup where therotating ylinder has a rough bottom surfae, annihilation of the vorties proeeds via a leading rapid turbulentburst followed by a trailing slow laminar deay, from whih the mutual frition dissipation an be determined.In ontrast to the urrently aepted theory, it is found to have a �nite value in the zero-temperature limit:�(T ! 0) = (5� 0:5) � 10�4.Contribution for the JETP speial issue in honor of A. F. Andreev's 75th birthdayDOI: 10.7868/S00444510141200741. INTRODUCTIONAndreev re�etion [1℄, the elebrated phenomenonthat Alexander Andreev introdued in 1964 to explainthe inreased resistane in heat �ow through a normal-metal�superondutor interfae, took three deades tobe demonstrated in super�uid 3He-B [2℄. Nevertheless,during the more reent past, it has beome one of theprime tools to study the zero-temperature limit T ! 0of this harge-neutral p-wave fermion system. If thetemperature is su�iently low, suh that ollisions be-tween quasipartile exitations are pratially absent inthe bulk and ballisti propagation prevails, then mea-surements with vibrating sensors typially prominentlydisplay harateristi signatures from Andreev re�e-tion.Rotation is another entral researh tool for super-�uid 3He. During the past deade, it has been ap-plied at ever lower temperatures, and Andreev re�e-tion measurements have beome possible even in rotat-ing �ow. Researh on rotating 3He super�uids has beenentered in Helsinki sine the early 1980s and has beenvital for exploring the many di�erent forms of quan-*E-mail: mkrusius�neuro.hut.�

tized vortiity, both the struture and the dynamis.Alexander Andreev was one of the original founders ofthis researh e�ort.A well-known example of Andreev re�etion, orig-inally demonstrated with vibrating wire resonators bythe Lanaster group in 2001 [3℄, is shown in Fig. 1. Twomehanial osillators in lose proximity to eah otherare vibrating in a bath of super�uid 3He-B. One ofthem is driven at a high displaement amplitude suhthat its strong vibrations generate a turbulent tangleof quantized vorties, whih shrouds both vibrators.The seond vibrator is driven at a low amplitude suhthat its output measures the damping of its osillationsby the thermal (but ballisti) quasipartiles. In spiteof the heat input by the generator and the resultinginreased overall number of exitations, the detetor,shielded by the loud of tangled vorties, displays re-dued damping: it is hit by fewer quasipartiles fromthe surrounding loud of thermal exitations and thusreords a lower apparent temperature. This ounterin-tuitive result is aused by the Andreev retrore�etionshadow ast by the vortex tangle.The example in Fig. 1 [4℄ demonstrates the possi-bilities of using Andreev re�etion for the study of alean Fermi system in the very low temperature limit.This work and the development of the appropriatetehniques has long been the domain of the Lanaster1222
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Fig. 1. Demonstration of Andreev re�etion [4℄. Asskethed in the inset, two quartz tuning fork osillatorsare vibrating in a ontainer �lled with 3He-B at 0:20T.A drive with a square wave envelope at high amplitudeis fed to one of the forks, whih generates a turbulentvortex tangle. The tangle spreads around the two forksand asts an Andreev shadow, whih is reorded as re-dued damping by the seond sensor fork driven at aone order of magnitude lower exitation amplitudegroup [5℄. More reently, the ultra-low temperatureregime of 3He-B has moved to the forefront of generalinterest when it was realized that onventional sub-mKrefrigeration tehniques by means of adiabati demag-netization ooling of opper are quite adequate if thetotal heat leak to the sample volume an be redued tobelow � 20 pW. This reognition has led to the devel-opment of new measuring tehniques for the ballistiregime in super�uid 3He that are based on the use ofmehanial vibrating resonane devies [6℄ or the exis-tene of a novel oherently preessing NMR mode [7℄.Suh a work has been driven by the hope to reveal ex-pliit new information on Andreev re�etion, or on theexistene of Andreev bound states on surfaes, inter-faes, and vortex ores, or the expetation to identifythe Majorana harater in the spetrum of bound-stateexitations [8℄.

Today, the experimental tools for using Andreev re-�etion onsist of a quasipartile radiator, a box with aheating element oupled to the 3He-B bath via a smallori�e that de�nes the beam, and a sensor in the bath,whih traditionally has been a highly sensitive vibrat-ing wire resonator. More reently, the mass-produedquartz tuning fork osillator [9℄ has been found to havesu�ient sensitivity as a quasipartile detetor and be-ause of its easier use and insensitivity to magneti�elds, it has gained in popularity.The theoretial basis of Andreev re�etion in su-per�uid 3He, with emphasis on the phenomena arisingfrom the spin-triplet and orbital p-wave pairing, waslaid out in an early review of Kurkijärvi and Rainer[10℄. The present brief overview disusses measure-ments of Andreev re�etion in the rotating B phase,desribing how Andreev re�etion an be used to studyquantized vortex lines and their dynamis. This isan obvious area where Andreev re�etion measure-ments have great potential, espeially onerning quan-tum turbulene, the peuliar harateristi of super-�uid �ow in the limit of weak mutual frition damping,whih has been in the fous of reent interest [5℄.Originally, Andreev re�etion measurements in ro-tation beame neessary as a means to alibrate re�e-tion from quantized line vorties [12℄. This providesthe starting point for the disussion below. The sameexperimental setup an also be used to reord the dy-nami response of a rotating vortex array. The mostommon type of suh measurements is the determina-tion of the response to a sudden stop of the rotationdrive. Based on our knowledge of super�uid �ows in4He, it has been thought that laminar �ow of quantizedline vorties beomes unstable in the limit of vanishingmutual frition: when �(T )! 0 any minute perturba-tions in the �ow an lead to instabilities and ause atangle of vorties to be formed, suh that new dissipa-tion mehanisms beome available, primarily fueled byreonnetions between neighbouring vorties. Andreevre�etion provides one of the means to monitor the �owof vorties. Reent measurements have shown that in3He-B, turbulene is not neessarily the only form of re-sponse [11℄. Depending on the geometry, surfae prop-erties, et., the rate of vortex deay from annihilationat the wall in a ylindrially symmetri �ow as a re-sponse to a sudden redution in the rotation veloitymay orrespond to the slow mutual frition damping oflaminar �ow or to a faster proess brought about byadditional turbulent dissipation mehanisms. Some ofthese studies are disussed below.1223
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Fig. 2. Trajetory of a partile exitation that under-goes Andreev re�etion on approahing a retilinearquantized line vortex and then retraes its path as ahole exitation with a very small de�etion by �'2. ANDREEV SHADOW OF A VORTEXThe theory of Andreev re�etion is partiularlystraightforward in the ballisti temperature regime, ashas been demonstrated by Barenghi et al. [13℄, whoused Hamiltonian mehanis to alulate the trajetoryof a quasipartile sattered by a single retilinear vor-tex (Fig. 2).The quasipartile moves with the kineti energy�p = p22m� � �F (1)with respet to the Fermi energy �F = p2F =(2m�),where p is the linear quasipartile momentum and m�is its e�etive mass (we refer here to the 29 bar pres-sure of the 3He liquid in the measurements in Se. 4with m� � 5:4m, where m is the bare mass of the 3Heatom). The super�uid irulation � = h=(2m) trappedaround the vortex ore orresponds to an azimuthallyirulating super�uid �ow with the veloityvs = �2�r ê':In this �ow �eld, the energy of the quasipartile istransformed toE =q�2p +�20 + p � vs; (2)where �(T ! 0) = �0 is the energy gap in the zero-temperature limit (kBT < 0:1�0). The trajetory of

the partile an be traed from the Hamiltonian equa-tions of motion dr=dt = �E=�p (= vg , the group ve-loity of the exitations) and dp=dt = ��E=�r. Twolength sales are involved: (1) one desribes the hangein the order parameter amplitude at the vortex, thevortex ore radius, measured in terms of the super�uidoherene length �0 = ~vF =(��0) � 10 nm, while (2)the sattering proess is haraterized by an angularmomentum p'�0 (where p' = p � ê'), whih is a on-stant of motion and de�nes the seond length sale, theimpat parameter �0.In the ballisti regime, the quasipartile energyspetrum resembles the roton minimum in super�uid4He, sine q�2p +�20 � �0 + (p� pF )22�0v2F : (3)An inoming quasipartile with its energy above theminimum in the rangeE > �0 + �2��0 pF [no reetion℄ (4)is found to follow a usual straight trajetory past thevortex, retaining its partile nature. For partile exi-tations, this is the ase on that side of the vortex wherep � vs = �2��0 p' < 0;while on the opposite side, there are no allowed statesfor a partile in the range�0 < E < �0 + �2��0 pF [Andreev reeted℄ (5)and it is found to retrore�et [14, illustrations℄, i. e.,the partile�hole symmetry is broken and the exita-tion hanges harater (and �p sign) from a partile toa hole. It also almost retraes its trajetory of ini-dene, being de�eted only by a very small angle�' = ~pF r �5�0�0 � 1 : (6)The distane of losest approah to the vortex ore,where the retrore�etion ours, is found to bermin �p5��0�0 �0�p � 10�m (7)and is thus inversely proportional to the kineti energy�p of the inoming partile, while the length sale isthe geometri mean of �0 and �0. The upper limit forthe impat parameter, where retrore�etion an stillour, is �0 � 5��0��0�p �2 : (8)1224



ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014 Andreev re�etion in rotating super�uid 3He-BIts magnitude is of the order as being approximately103�0 for thermal quasipartiles (with �p � kBT ) andhene the Andreev shadow of the vortex beomes ex-perimentally signi�ant, even though it is restrited toonly one side of the vortex for one speies of exitations.In pratie, rotating measurements proeed in the low-density limit where the Andreev shadows of neighbour-ing vorties an be onsidered as being approximatelyadditive. Nevertheless, for dense 3-dimensional turbu-lent vortex strutures, the problem of traing the exi-tation trajetories beomes omplex [15, 16℄, the totalAndreev shadow annot be estimated from the on-tribution of single vorties, and one has to resort tonumerial Monte Carlo type simulation alulations.3. EXPERIMENTAL PRINCIPLESFor quantitative experimental measurements, a on-trolled setup with an oriented beam of quasipartilesand a well-known distribution of vorties is required.In the experiment in Fig. 1, for instane, the usual as-sumption is that the vortex tangle is homogeneous andisotropi in all diretions [17℄. This is a simpli�ation,beause the prongs of the tuning fork osillator vibratein antiphase in the plane in whih they are ontained.When the fork exitation is inreased above a ritialvalue, vortex rings are generated and shed o� from theprongs. The rings propagate with their self-induedveloity vring / 1=Rring, and beause of the spreadin their size distribution, they ultimately ollide, form-ing a tangle via reonnetions [18℄. Owing to the ori-ented motion of the prongs, the ejetion pattern of therings is not isotropi and thus the orientational homo-geneity or the spatial extent of the tangle are not ex-peted to be uniform [18℄. Beause Andreev re�etiondepends on both the on�guration and density of vor-ties with respet to the inident quasipartile beam, abetter ontrolled measurement is needed for alibrationpurposes. This an be ahieved using the rotating equi-librium state in a ylindrial ontainer (Fig. 3). Here,the on�guration is �xed and the number of vortiesNv � �R2nv an be externally adjusted by manipu-lating the angular rotation veloity 
, whih ontrolsthe aerial density nv = 2
=� and thus the inter-vortexdistane ` � 1=pnv of the retilinear line vorties inthe rotating ylinder of radius R.In rotation, metastability in the total number ofvorties an arise from the presene of a non-negligibleritial angular veloity inrement 
. It determinesthe �ow veloity at the ylindrial wall at whih a vor-tex is formed, while rotation is inreased: jvn � vsj =

Ω = 0 Ω ≠ 0
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υ deqFig. 3. Priniple of the rotating alibration experimentfor Andreev re�etion. At rest (
 = 0), on the left, allexitations that are not sattered bak through the ori-�e (owing to di�use sattering proesses on the walls)are thermalized in the heat exhanger at the bottom.In rotation (
 6= 0), on the right, part of the beamis Andreev re�eted from the equilibrium vortex statebelow the ori�e and the density of exitations abovethe ori�e is inreased= 
R [19℄. This proess ontrols the total numberof vorties in inreasing rotation, while the density is�xed to the equilibrium rotation value nv = 2
=�. Byontrast, annihilation of vorties on the ylindrial on-tainer wall is not assoiated with any appreiable en-ergy barrier [20℄. Thus the referene state is preferablyformed using the threshold to annihilation and not vor-tex formation, whih means that our rotating referenestate is the equilibrium vortex state where the entrallyloated vortex luster is surrounded and separated fromthe ylindrial wall by a vortex-free on�ning annulusof width deq , whih in pratie is usually the minimumpossible width [20℄ and only slightly larger than theinter-vortex distane: deq & 1=pnv . So far in the verylow temperature measurements, the inter-vortex dis-tane is muh larger, with 1=pnv & 0:1 mm, than theradius of the Andreev shadow (Eq. (8)).1225



V. B. Eltsov, J. J. Hosio, M. Krusius, J. T. Mäkinen ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014
∅6

mm

0

−2

z, cm

Thermal connection to heat

exchanger on refrigerator

Quartz cylinder

Orifice ∅0.75 mm

Heater fork

Thermometer fork

Orifice ∅0.3 mm

Fig. 4. Experimental setup for alibrating Andreev re-�etion from a rotating array of quantized vorties.Heat �ow is mainly vertial, direted towards the heatexhanger on the bottom. The volume above the0:3 mm ori�e funtions as a bolometer for measur-ing the density of exitations when heated with theheater fork. The upper division plate with an 0:75 mmdiameter aperture bloks the �ow of vorties into thetopmost ompartment from below, where the ritialrotation veloity of vortex formation is lowerThe reipe to reate the equilibrium vortex statewith Neq(
) vorties is to inrease rotation well abovethe target veloity and then to derease 
 suh thatvorties have annihilated when the desired value of 
is reahed. These operations are preferably performedat high mutual frition above 0:7T and subsequentlythe sample is ooled at onstant rotation to the de-sired temperature. This preaution beomes neessarybeause after annihilation the remaining vortex arrayrelaxes to its equilibrium on�guration, whih at thelowest mutual frition values is a slow proess requir-ing hours.In the setup in Fig. 4, the rotating ylinder is om-partmentalized with two division walls into three se-tions. The lower division wall with a small ori�e

0.3 mm in diameter is the main thermal resistanealong the ylindrial tower. It is used to measure thehange in the quasipartile density above the ori�e asa funtion of Neq(
). The upper large ori�e 0.75 mmin diameter restrits the �ow of vorties from the mid-dle setion to the uppermost ompartment. In the up-permost setion, the ritial veloity is de�ned by thesmooth fused quartz walls of the ylinder, and is har-aterized by a high 
 & 1:5 rad/s. It an be rotatedin the metastable vortex-free state, the so-alled Lan-dau state, up to 
 < 
. By ontrast, the lowermostsetion has a rough bottom of sintered opper powder,whih redues its ritial veloity to 
 � 0:1 rad/s.Likewise, the middle setion with the two quartz tun-ing fork osillators and their leads has a redued 
.The after rotational deeleration, when vorties havebeen annihilated, one will �nd the equilibrium vortexstate in the two lower setions, while in the uppermostsetion the vortex number an be adjusted to have anyvalue between 0 � Nv � Veq [19℄.In Fig. 4, the heat �ow arried by quasipartile ex-itations moves along the tower towards the sinteredheat exhanger, whih is always the oldest plae, theheat sink. The dominant thermal resistane that it en-ounters is the ori�e 0.3 mm in diameter in the lowerdivision plate. It de�nes the quasipartile beam for theAndreev re�etion measurement. When the heater forkis ativated, a net heat urrent _QT is arried throughthe ori�e to the lowermost setion. This urrent is pro-dued by the residual heat leak _Qhl(
) and the heaterpower Ph. In rotation, the urrent is redued by theAndreev re�etion from vorties Neq(
) in the lower-most setion.The measurement of a arefully prepared referenestate with Neq(
) vorties is started by demagnetizingthe nulear ooling stage until the thermometer abovethe lower ori�e stops ooling at about 0:20T, i. e.,when its temperature is �xed by the residual heat leak_Qhl(
) and the thermal resistane of the 0.3 mm aper-ture. Thereafter, the demagnetization ooling is on-tinued at a muh redued rate, to maintain onstantonditions. In this situation, the temperature below theori�e is muh lower, typially < 0:14T, as measuredin the absene of the 0.3 mm ori�e, owing to goodthermal ontat via the heat exhange sinter to the nu-lear ooling stage. Thus the reverse urrent of thermalexitations upwards from the lowest setion an be ne-gleted and the temperature inrease above the ori�edepends on the heating delivered by the heater fork andon the rotation veloity, whih ontrols both the An-dreev re�etion from the vorties below the ori�e andthe rotation-dependent heat leak to the two ompart-1226



ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014 Andreev re�etion in rotating super�uid 3He-Bments above the ori�e. By reording the temperaturerise as a funtion of the power Ph fed to the heater fork,it beomes possible to extrat the thermal resistane atthe given rotation veloity 
 and by omparing resis-tanes measured at di�erent 
, ultimately the Andreevre�etion.The thermometer fork is seleted to have small ef-fetive mass and a small intrinsi resonane width.In the ballisti temperature regime, its damping atlow exitation level measures the exponentially van-ishing quasipartile density. Following the analysis ofthe vibrating wire thermometer in Ref. [21℄, the res-onane width �f of the fork output is approximatedas �f ��f0 � � exp (��=kBT ), where �f0 is the in-trinsi zero-temperature resonane width. In pratie,in the regime of linear response with the well-behavedLorentzian resonane line shape, it is often su�ient tomonitor the amplitude at resonane, i. e. the in- andout-of-phase signals so that the resonane amplitudeand frequeny an be reovered, instead of perform-ing omplete frequeny sweeps aross the resonane tomeasure the width �f(T ) diretly.The zero-temperature width �f0 is typially mea-sured in the vauum at the lowest possible tempera-ture, here, at about 10 mK. Its value depends on thetype of devie, its preparation, mounting, and measur-ing iruitry, sine at best �f0 � 10 mHz, whih or-responds to a Q value as high as 106 or more. Thus itsmeasurement is a deliate matter, as is its stability af-ter hanges in mounting or simply from one ool downto the next. In Ref. [22℄, �f0 was determined fromin situ measurements of the relaxation rate of trappedmagnon ondensates as a funtion of temperature: theresult �f0 � 9 mHz was found to agree well with thelow-temperature vauum value of �f0. In Ref. [23℄, atuning fork of similar size and properties was deduedto have �f0 � 0:13 Hz by omparison against a vibrat-ing wire resonator. This value was twie higher than0.07 Hz measured in the vauum at 1.5 K.The temperature alibration additionally requiresone reliable temperature reading to �x the seond ali-bration onstant �. Aurate and at the same time on-venient temperature alibration of the fork thermome-ter is not a straightforward task beause a temperaturereading from the ballisti regime requires a stable ali-bration point around 0:2T or less, where the inevitabletemperature di�erene between an outside thermome-ter and the 3He sample an be large and di�ult to es-timate. Here, � was estimated by extrapolating redingsat around 0:3T by omparison to a 3He melting pres-sure thermometer, whih is thermally anhored to theopper nulear ooling stage, or to B-phase NMR fre-
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Fig. 5. Example of the heater and thermometer re-sponses when the heater is swithed on at time t = 0and 
 = 0queny shifts measured in the top 3He ompartment inFig. 4 [24℄. In Ref. [23℄, the alibration was establishedby omparison to a simultaneously measured vibratingwire resonator. From that omparison a 32 kHz forkwith prongs with a 0:1�0:22mm2 ross setion (whereW = 0:1 mm is the width perpendiular to the dire-tion of motion) and 2.3 mm in length was onluded tohave a alibration onstant � = 43 kHz (at zero pres-sure). One might think that other similar forks wouldfaithfully display the same value, sine it is expeted todepend only on the density of quartz, on geometrialfators, and the Fermi momentum pF .However, the matter appears to be more ompli-ated: Two di�erent forks with similar dimensions andproperties as those in Ref. [23℄ were used for ther-mometry in the present rotating measurements with� = 11:7 kHz and 9.4 kHz at the pressure of 0.5 bar,i. e., a sensitivity redued by a fator of 4. In Ref. [25℄,a larger fork with prongs with a 0:35� 0:40 mm2 rosssetion and 3.1 mm length was found to have sensitivityredued by an order of magnitude from that expetedaording to the alibration reipe o�ered in Ref. [23℄.In ontrast, the pressure dependene appears to sale/ p4F as expeted, sine the fork with � = 11:7 kHz at0.5 bar was alibrated at the pressure of 29 bar to have� = 17:5 kHz. The ratio of these two values is lose tothe expeted number 1.54.In Fig. 5, we see an example of the temperatureresponse when the exitation of the heater fork is sud-denly swithed from zero to 6 pW. The time onstantis slow, about 25 s, determined by the thermal RC timeonstant of the bolometer, and not by the one order ofmagnitude faster response, whih would orrespond tothe inverse of the resonane width of the thermometer1227



V. B. Eltsov, J. J. Hosio, M. Krusius, J. T. Mäkinen ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014fork. The temperature rise settles at a value of roughly10�K, whih is small ompared to the total tempera-ture di�erene aross the ori�e.Assuming thermal equilibrium above the ori�e andnegleting the orders-of-magnitude lower density ofquasipartiles below the ori�e, we an express thethermal balane aross the ori�e as_Qhl(
) + Ph = _QT ; (9)where _Qhl(
) is the rotation-dependent residual heatleak, introdued by mehanial vibrations and otherunontrolled soures to the two ompartments abovethe ori�e, Ph is the heating power dissipated by theheater fork in the liquid, and _QT (
) is the heat �owarried by exitations through the ori�e, whih is as-sumed rotation dependent beause of Andreev retrore-�etion.A transparent derivation [26℄ of _QT starts from thekineti theory of gases, where the partile �ux from thehalf-spae above a pin hole in a thin plate is given by�T = 14hnvgi: (10)Here, hnvgi = R N (E)f(E)vg(E) dE is the thermalaverage of the exitation density n(E) multiplied bythe group veloity vg(E) = dE=dp of the exita-tions, N (E) is their density of states, and f(E) �� e�(E=kBT ) is the Fermi distribution funtion forkBT � �. Thus, the partile �ux represents the energy�ow _QT = �T hEiA(
), where hEi = hnvgEi=hnvgi �� �+kBT and A(
) is the e�etive area of the ori�e.Equation (9) an now be given in the form_Qhl(
) + Pgen = 4�kBp2Fh3 T �� exp�� �kBT � (� + kBT )A(
): (11)Andreev re�etion is thus measured in terms of the ef-fetive ori�e area A(
), whih is redued when exita-tions are retrore�eted. The redution is onvenientlyexpressed in terms of the re�etion oe�ient �(
) de-�ned as �(
) = 1�A(
)=A(0): (12)4. ANDREEV REFLECTION FROM A VORTEXARRAYUsing Eq. (11), results from measurements as afuntion of the heating power at di�erent rotation ve-loities are plotted in Fig. 6. The data points in this
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Fig. 6. Temperature-dependent part of the quasipar-tile urrent in Eq. (11) as a funtion of the appliedheating power at three di�erent rotation veloitiesplot are obtained at �xed 
 by hanging the appliedpower level from one value to the next and by averagingthe orresponding equilibrium temperature readings for� 10 min at eah power level. The interept of the lin-ear �t with the power axis gives the residual heat leak_Qhl(
) to the sample volume above the 0.3 mm ori�e.It proves to vary from 12 pW at 
 = 0 to 18 pW at
 =1.8 rad/s. It should be pointed out that ahievingpW-level heat leaks in a large super�uid 3He samplehoused within a massive rotating nulear demagnetiza-tion ryostat is a major �tour de fore�. A large partof the heat leak is aused by residual mehanial vibra-tions, whih are enhaned when the rotation veloityinreases, espeially on approahing mehanial reso-nanes at ertain veloities or owing to the general lossof stability aused by rotational imbalane at high 
.The 
 values used in the measurement had to be are-fully seleted, to be su�iently spaed from any me-hanial resonanes. In addition, at high 
 values, therotation-indued heat leak �utuated with variations ofabout 1 pW. Hene, it is understandable that both theheat leak and the satter of the data in Fig. 6 inreasewith 
.The inverse of the slope of the lines in Fig. 6 givesthe e�etive area A(
) of the ori�e. The measurementwith no vorties gives Ah(0) � 0:020mm2, whih is lessthan half the measured geometrial area of the ori�e.A hole in an 0.7 mm thik division plate is not an idealaperture and di�use sattering of the exitations fromthe walls of this hannel aount for the di�erene. Inany ase, it is the relative hange in Eq. (12) that deter-mines the Andreev re�etion, whih is plotted in Fig. 7in terms of the re�etion oe�ient �(
) as a fun-tion of the rotation veloity. The re�etion oe�ient1228
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Fig. 7. The fration �(
) of quasipartile exitationsAndreev re�eted bak upward through the ori�e, asdetermined from the measured steady-state tempera-ture inrease above the ori�e. The temperature is� 0:20T above the ori�e and . 0:14T below. Thestatistial unertainty in the value of � is smaller thanthe size of the data points (< 2 �10�3), but systematierror soures are larger, as disussed in the text. Themeasured data are in reasonable agreement with simu-lation alulations applying di�use sattering from theylindrial quartz wallinreases with the total number of vorties Nv � 
 ap-proximately linear, whih would be the ase if the An-dreev shadows are additive. Unfortunately, the satteris large and does not allow resolving whether in themeasured arrays the Andreev shadows start to overlap.The main di�ulty is believed to be not mehanialvibrations but an unstable heater fork. In priniple,if its power alibration would have been time indepen-dent, then the alibration would not have a�eted themeasurement of �(
).It is appropriate to reall that the middle ompart-ment above the ori�e is also in the equilibrium vortexstate. These vorties ause hanges in the quasiparti-le trajetories above the ori�e, but do not give rise tothermal gradients omparable to those reated arossthe ori�e, sine the ori�e is the dominant resistane.Thus, su�ient thermal equilibrium is preserved abovethe ori�e also in rotation and the presene or abseneof vorties in the upper setions of the tower has littlee�et on the Andreev measurements.Figures 6 and 7 are based on the measured steady-state temperature inrement when the heater fork isativated. Consisteny with the transient response inFig. 5 an be established by noting that in the thermal

time onstant � = RC, the resistane is dominated bythe ori�e, R = [d _QT =dT ℄�1 / 1=A(
), and the heatapaity by the spei� heat of 3He-B in the volume Vabove the ori�e [27℄,C = kBp2�NF � �kBT �3=2 �� exp�� �kBT ���+ 2116kBT�V; (13)whereNF is the density of states at the Fermi level. Us-ing the A(0) value from Fig. 6 gives the time onstantequal to 32 s, whih is in reasonable agreement with the25 s value in Fig. 5. Thus, overall, these measurementsof Andreev re�etion and their analysis are believed tobe onsistent and to agree with expetations.The results in Fig. 7 have also been heked in nu-merial alulations with Monte Carlo simulation of in-dividual quasipartile trajetories. Using a more rigor-ous formulation, the �ux through the ori�e is obtainedin the form_QT (
) == Z N (E)vg(E)E f(E)T dE dx dy d' d�; (14)where the transmission T = T (E; x; y; '; �;
) is setequal to one if an exitation above the ori�e at posi-tion (x; y) and moving in the diretion ('; �) reahesthe sinter and zero if it is Andreev-re�eted bak. Theintegration is performed over the ross setion of theori�e (with ' 2 (0; 2�), � 2 (0; �=2) and E 2 (�;1)).Thus, by sampling the trajetories individually by inte-grating Eq. (14) numerially and then solving Eqs. (11)and (12) for �, one ollets results for the re�etions o-e�ient.The simulations were alulated assuming eitherdi�usive or speular quasipartile sattering from thequartz-glass walls. As an be seen in Fig. 7, the formerare in better agreement with the measurements. In thepresene of di�usive sattering, a wall ollision radi-ally redues the probability of trajetories that wouldre�et the exitation bak through the ori�e. By on-trast, with speular sattering from the quartz walls,the re�etion oe�ient is substantially enhaned inthe presene of vorties: an exitation sattered fromthe wall and subsequently Andreev-re�eted by a vor-tex is sent right bak through the ori�e. The poroussintered heat exhanger surfae is assumed to have zerore�etivity.Overall we onlude that the alulated data haslittle satter, the deviation from linear dependene re-�ets partial sreening of individual Andreev shadows1229



V. B. Eltsov, J. J. Hosio, M. Krusius, J. T. Mäkinen ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014in the vortex array, as analyzed for 2-dimensional ran-dom vortex arrays in Ref. [16℄, and the agreement ofthe measurements with the alulations using di�usivewall sattering and no adjustable �tting parameters issatisfatory.5. ANDREEV REFLECTION FROM MOVINGVORTICESAndreev re�etion leads to variations in the loalthermal quasipartile density if hanges our in thesurrounding vortex on�guration. Thus, Andreev re-�etion an be used to monitor vortex motions. A well-known example is the measurement of the free deayof turbulent vortex tangles, whih was reated with avibrating wire [3℄ or a vibrating grid resonator [17; 29℄in a quiesent bath of 3He-B. In rotating �ow, it hasbeen used to reord the evolution of well-haraterizedinitial states of quantized vortiity in the presene of atime-dependent rotation drive.So far, rotating measurements have onentratedaround an elementary question, whether super�uid �owneessarily beomes turbulent in the zero-temperaturelimit, when the bulk mutual frition dissipation�(T )! 0? This is the general onlusion derived fromstudies of �ow in super�uid 4He. However, the 4He-IIvortex ore diameter is of the atomi size (� � 0:1 nm)and on this length sale, most surfaes tend to berough, suh that strong surfae pinning an generallybe expeted to in�uene dynami measurements atlow veloities and high surfae frition to be presentat higher veloities.In 3He-B, pinning is less onspiuous; in fat, mea-surements performed so far in a ylindrially symmetrifused quartz ontainer that has been arefully sreenedwith respet to imperfetions have not displayed learimpliations of dissipative surfae interations. At ahigh mutual frition dissipation � > 1 at temperaturesT > 0:6T, dynami responses are laminar and turbu-lene is observed only at lower temperatures [28℄. Still,the intriguing possibility remains whether laminar re-sponse might be stable in 3He-B in the most ideal on-ditions at zero temperature.This hypothesis has been tested in both NMR [31℄and Andreev re�etion measurements [11℄ with similaronlusions. A straightforward well-de�ned measure-ment is obtained by reording the response to a suddenimpulsive stop of rotation. Initially, the sample ylin-der is rotated at a onstant rotation 
i in the equilib-rium vortex state. Rotation is then suddenly stoppedand the free deay of the rotating super�ow is moni-

tored while the ylinder itself is at rest, 
 = 0. In pra-tie, the bulky nulear demagnetization ryostat of ap-proximately 300 kg annot be stopped instantaneouslywithout introduing additional heating; instead, the de-eleration to zero rotation is done smoothly at the rate�0:03 rad/s2. The point when the ryostat omes torest at 
 = 0 is here referred to as t = 0. In lami-nar deay, the rotating vortex luster onsists of pre-dominantly straight line vorties that move on a spiraltrajetory outward until they annihilate on the ylin-drial wall. The outward bound motion is damped onlyby mutual frition dissipation, and therefore the slowlaminar response an take hours at the lowest temper-atures.If turbulent proesses intervene, then additional dis-sipation mehanisms are oupled in and the deay a-elerates. The motivation driving the researh of su-per�uid dynamis has largely been the question of whatthese mehanisms exatly are. It has been onludedfrom ontatless NMR measurements on the top om-partment of the sample ylinder in Fig. 4 that its spin-down response is fully laminar at least down to 0:20T[30℄. It turns out that to obtain turbulene in suh aylinder, the presene of a highly dissipating surfaeis needed, suh as the AB phase boundary separatingone setion of the ylinder �lled with 3He-B from an-other �lled with 3He-A [31℄, or a rough surfae as inthe inset of Fig. 1 [11℄, or deviations from ylindriallysymmetri �ow, suh as the obstrutions presented bythe tuning forks themselves in the ompartment in themiddle of the ylinder in Fig. 4.In suh ases of weak turbulent perturbation, lami-nar �ow is initially destabilized at higher vortex den-sity and turbulent disturbanes start to evolve: a burstof turbulent tangle formation and of aelerated deayfollows, whih e�iently redues the kineti energy inthe early stages of the deay. The turbulent burst is theorigin of the initial large peak in the tuning fork outputin Fig. 8. This peak is short-lived, and as it subsides,the later response beomes more and more laminar.We desribe the laminar signal next and postpone thedisussion of the turbulent signal to later.5.1. Laminar responseA learly identi�able signature from laminar �owis present in Fig. 8 in signal (a). This signal reordsthe resonane width of the thermometer fork as a fun-tion of time in the setup of the inset in Fig. 1 duringthe spin-down of the super�uid omponent. The sig-nal displays a superimposed osillating small-amplitudeomponent, whih beomes visible on the falling slope1230
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Fig. 8. Resonane width of the thermometer forkreorded during free spin-down of the rotating super-�uid omponent. Initially, the rotation of the ryostatis brought to rest at a rate �0:03 rad/s2 and 
 = 0 isreahed at t = 0. The rapidly developing large initialpeak is generated when the rotating �ow is destabi-lized by turbulene. The turbulent instability appearsowing to the breakdown of the rotationally symmetri�ow pattern, aused by dissipative interation with therough sintered bottom surfae. The instability trig-gers a burst of reonnetions, leading to an inreasein total vortex length and the formation of a loalizedtangle near the bottom surfae, whih together removeabout 1=5 of the kineti energy. The remaining laterspin down is predominantly laminar. The two measure-ments haraterize di�erent situations for spin-downfrom 
i = 1:0 rad/s: a) 0:5 bar liquid 3He pressure,measuring setup similar to that in Fig. 1 at 0:16T;b ) 29 bar pressure, measuring setup of Fig. 4 whereT . 0:14T below the ori�e and 0:20T aboveof the rapidly evolving turbulent peak, but grows moreprominent after the peak has died at t > 150 s. Theosillations are generated by Andreev re�etion fromvorties that still are left over and rotate with respetto the stationary ylinder walls. The frequeny of theosillations 
s(t) monitors the rotation period of theazimuthally irulating �ow that is reated by this re-maining rotating vortex luster.An osillating omponent arises if the preessingluster deviates from perfet rotational symmetry, ei-ther with respet to its struture or its entral on-

�nement within the ylinder, suh that Andreev re�e-tion from the periodially hanging vortex on�gura-tion modulates the thermal exitation density in theneighborhood of the tuning fork resonator. Althoughthe amplitude of the osillating signal is small, its pres-ene shows that the rotating bundle of vorties in freespin-down at 
 = 0 does not have perfet axial sym-metry. For instane, a residual misalignment of therotation and the sample ylinder axes of � 1Æ is ex-peted. In simulation alulations with the vortex �l-ament method [32℄, suh a small inlination has beenonluded to be muh below the large tilt angles neededto destabilize laminar �ow, suh that preession andlaminar �ow an oexist in the presene of weak break-ing of axial symmetry. Osillating signals from the pre-ession of a vortex bundle with rotational asymmetryhave also been observed in NMR experiments [33; 34℄.Analysis of the angular rotation veloity 
s(t) fromthe osillating signal omponent shows that it followsthe laminar deay expeted for the vortex density withthe solid-body density distribution nv = 2
s=� inmutual-frition-damped spin-down of a vortex lusteromposed of straight-line vorties. Its time dependenefollows from the Euler equation for an invisid rotation-ally symmetri �ow [35℄d
s(t)dt = 2�
s(t)[
s(t)� 
(t)℄: (15)Assuming a step hange of the rotation drive at t = 0from an angular veloity 
0 to 
 = 0, the solution ofEq. (15) is given by
s(t) = 
01 + t=�L ; (16)where the time onstant for the deay of laminar �owis �L = (2�
0)�1. Its value below 0:2T is typially asizeable fration of an hour. Thus, the laminar deay ofrotating super�ow onserves the solid-body-like vortexline distribution, suh that both the density and thetotal vortex length deay / (1 + t=�L)�1. By ontrast,the kineti energy of the rotating super�uid deays ata steeper rate / (1 + t=�L)�3, sine the �ow energy ofthe rotating super�uid with a density �s is given byEkin = �4 �sR4h
2s (17)and hene, using Eq. (16), the rate an be expressed as_Ekin = �2 �sR4h
20� (1 + t=�L)�3; (18)where R and h are the radius and the height of therotating ylinder.1231
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s of the super�uid omponentas a funtion of time after stopping the rotation of theryostat from 
i = 1:02 rad/s. The measurement is �t-ted to the laminar response in Eq. (16): the dashed linerepresents 
s = 0:815 (rad=s)=(1 + t=950 s) and gives� = 6:45 � 10�4. The two insets show the osillationsof the fork output at the frequeny 
s(t) at two di�er-ent points in time in the laminar regime of the spin-downdeay of Fig. 8. These osillations of small amplitudearise from the periodi variation in the thermal exitationdensity around the fork owing to Andreev re�etion fromthe preessing vortex bundle with slight asymmetry. Themeasurement was performed at 0:5 bar and 0:16T in asetup similar to that of Fig. 1Returning to our example in Fig. 8, an exellentmath between the measured 
s(t) and Eq. (16) isobtained if we use 
0 and �L as �tting parameters(Fig. 9). Runs at di�erent initial rotation veloities
i = 0:6�1.5 rad/s and temperatures T = 0:15�0:19Tyield 
0 � 0:8
i rather uniformly and, as expeted,�L / 
�10 . This means that the relative hange from
i to 
0 � 0:8
i is not strongly dependent on 
i orthe temperature: about one �fth of the vorties areremoved in the initial turbulent burst, independentlyof the initial onditions, while the remaining vortiesare predominantly straight, oriented along the rotationaxis, and deay in a laminar fashion. Their motiontowards annihilation at the ylinder wall is resisted bymutual frition only, whih here arises from the satter-
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i = 0:6�1:5 rad/s at any given temperature. The9:5 bar data have been obtained from similar reord-ings of the NMR output. The unertainly in the valueis estimated to be of order �5 � 10�5. The vertialinterept �(0) � 5 � 10�4 appears not to vary with liq-uid 3He pressure in the range 0�10 bar. A �nite valueof the interept is a ommon feature of many simi-lar measurements of �zero-temperature� extrapolationsinvolving 3He-B vorties, whih now needs a solid ex-planationing of thermal exitations from the vortex-ore-boundquasipartiles [36℄.In Fig. 10, the dissipative mutual frition oe�-ient �(T ) derived from the �tted results is shown as afuntion of temperature on an exponential sale, plot-ted in terms of the resonane width of the thermome-ter fork. A linear dependene is obtained, sine bothmutual frition and the fork width depend on the ex-ponentially temperature dependent exitation density/ exp(��0=kBT ). The result is onsistent with earliermeasurements with a mehanial membrane resonatorabove 0:35T [37℄ if, in ontrast to these authors, norenormalization is applied to the bulk-liquid gap �(T ),but instead it is allowed to obey the same tempera-ture dependene as measured by the resonane width�f(T )��f0 of the fork (see Ref. [38℄ for the details).The result is also onsistent with NMR data down to1232



ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014 Andreev re�etion in rotating super�uid 3He-B0:20T at a high pressure of 29 bar [38℄.The intriguing feature is the nonzero interept�(0) � 5 �10�4 in the T ! 0 limit (note that the zero ofthe vertial axis in Fig. 10 has been suppressed). Thesoure of this dissipation has not been unequivoallyidenti�ed, but one explanation involves heating of thevortex-ore-bound exitations when vorties are mov-ing with nonzero aeleration, as suggested in Ref. [39℄.Another possibility ould be surfae interations at therough bottom wall. Other measurements of di�erenttype (see, e. g., Ref. [40℄) also point to the existene ofnew dissipation mehanisms involving vorties, whenextrapolated to zero temperature on an exponentialsale. The interesting onlusion from Fig. 10 is thatmutual frition appears to have a lower bound on ool-ing towards the T ! 0 limit, at least if viewed on anexponentially developing temperature sale. This wasnot known earlier, but now has important impliationson the dynamis of �ows in 3He-B.5.2. Turbulent responseThe rapidly evolving initial overshoot in the tuningfork damping in Fig. 8 is the signature that we asso-iate with turbulene. The overshoot is an immediatereation to the deeleration, its maximum is generallyreahed at the moment when the ryostat rotation 
stops, while at a high initial vortex density 2
i=�, thesignal may peak already during the deeleration. If thespin-down deay is laminar as in Ref. [30℄, the largebut short-lived overshoot is missing, while in the pres-ene of a surfae with high vortex frition, like the ABinterfae in Ref. [31℄, a pronouned overshoot in thetotal vortex length and overall dissipation is observed.Thus, we expet that the origin for the overshoot of thetwo signals in Fig. 8, measured in somewhat di�erentsetups, is a turbulent instability aused by interationsof the vorties in the expanding vortex luster with therough sintered bottom surfae. During rapid vortex de-ay, when the vortex ends move quikly over the sintersurfae, the resulting motion resembles that of uniformsurfae frition on the AB interfae. A seond soureare deviations from ylindrial �ow symmetry owing tothe presene of tuning forks or their wires. It is thesetwo turbulent responses in Fig. 8 whih we disuss next.Beause the tuning fork monitors the evolution ofthe loal exitation density, other soures than the di-ret inreased dissipation from turbulent vortex deayan also ontribute to the signals. For instane, afterdeeleration, the residual heat leak from mehanial vi-brations is redued by 1=3 beause of its 
-dependene,as seen in Fig. 6. This redution is little if at all vis-ible in signal (a), but explains about half of the drop

from the initial to the �nal signal level in ase (b ).The seond half of the overall signal level hange in (b )is explained by the Andreev re�etion from the initialequilibrium vortex state, whih is not present in the�nal state at 
s(t ! 1) = 0. To reate the initialsharp peaks from soures other than the turbulene re-quires that the deeleration itself generate a pulse ofheating. For instane, the rotation of the ryostat dis-plays mehanial resonanes with inreased vibrationalheating at ertain �xed rotation veloities. However,these resonanes require time to build up, whih is notavailable during the rapid deeleration. We an ver-ify the orretness of suh onsiderations by reordingthe spin-down signals at di�erent deeleration rates.In short, we onlude that the rapidly evolving peakspredominantly haraterize the turbulene, but theirquantitative analysis is both ompliated and di�erentfor the two ases in Fig. 8.If the sinter surfae is the main destabilizing e�et,then the turbulene is spatially restrited to the viinityof the bottom surfae, as shown by simulation alula-tions of the free spin down at the AB interfae [31℄. Ina long ylinder, the volume �lled with a turbulent tan-gle and displaying inreased dissipation an be assumedto be of similar extension above the AB interfae andabove a rough sinter surfae. But beause the two sig-nals in Fig. 8 have been measured in di�erent setups,they display the turbulene di�erently, primarily sinethe thermal oupling to the heat sink di�ers by morethan two orders in magnitude. The slower setup (b )was found to have a thermal time onstant of 25 s inFig. 5. As seen in Fig. 8, the reovery from peak outputdoes not obey this time onstant of the bolometer, buttakes plae on a slower time sale, whih is determinedby the turbulent deay. The bolometri design of setup(b ) with an ori�e 0.3 mm in diameter emphasizes theinrease in fork damping owing to Andreev re�etionfrom the turbulent tangle. Thus, this signal is morelosely related to the time evolution of the density andpolarization of the deaying vorties, in partiular, tothe total line length de�eted towards the plane trans-verse to the original rotation axis. Sine the overall po-larization of the vorties hanges ontinuously, as thetangle evolves, the Andreev re�etion signal has a om-pliated origin. In the more open geometry of setup (a),good thermal ontat ensures rapid response [4℄ and di-ret heat generation by the turbulene is the dominantsoure for this output.Summarizing, we note that the short burst of tur-bulene leads to an aelerated deay of vorties, whenompared to the slow laminar deay that dominates thelater spin down. The turbulent instability sets in when7 ÆÝÒÔ, âûï. 6 (12) 1233



V. B. Eltsov, J. J. Hosio, M. Krusius, J. T. Mäkinen ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014deeleration is started and auses vortex lines to reon-net and to form a turbulent tangle. This inreases theheat release and the total vortex length. Both featuresare monitored by the fork signals: (1) The peak in thereonnetion rate and dissipation is reahed early, al-ready during the deeleration or immediately at its end,depending on the initial rotation 2
i=�. Subsequentlythe turbulent dissipation dereases rapidly, as seen fromsignal (a) in Fig. 8. (2) The peak in turbulent vortexlength develops slower, as does its subsequent deay, asmonitored by signal (b ).The deay of the turbulene proeeds by means ofa series of mehanisms. At the outer length sale ofthe �ow disturbane and the turbulent instability, thekineti energy resides in eddies formed from bundles ofapproximately aligned vorties. These deay to smallereddies and bundles by reonnetions, suh that the ki-neti energy ends up asading down the length saleswith the Kolmogorov spetrumE(k) = C�2=3k5=3; (19)where the Kolmogorov onstant C � 1:5. Assumingthat the kineti energy is dissipated by some means atthe length sale of the inter-vortex distane ` = 1=pL,where L(t) is the turbulent vortex density, the dissipa-tion an be assumed on dimensional grounds to be ofthe form � = �0�2L2; (20)where �0 is a phenomenologial onstant, an e�etivekinemati visosity. Equating the asading energy �uxdE=dt from Eq. (19) with Eq. (20), we obtain the timedependene of the turbulent vortex densityL(t) = p27C3D2�p�0� t�3=2; (21)where D denotes the long-wave-length uto�, thelength sale of the �ow disturbane at the wave ve-tor k0 = 2�=D.These arguments apply to the free deay of a homo-geneous and isotropi vortex tangle. It would seem thatspin-down in a ylinder with mostly laminar �ow of thesuper�uid omponent has little to do with full-blownhomogeneous turbulene, sine reonnetions and tan-gle formation are substantially redued owing to thehigh degree of polarization of the vorties along theylinder axis. Surprisingly, the reovery of both sig-nals from peak damping in Fig. 8 obeys the t�3=2 timedependene.Extrating quantitative estimates proves problem-ati. Depending on whether we assume the vorties to

be mainly parallel or perpendiular to the beam of ex-itations, we an work out upper or lower bounds onL(t) from signals of type (b ), based on numerial al-ulations of Andreev re�etion. This gives a fator of 3di�erene in the estimate for the maximum vortex den-sity reated in the turbulent burst [11℄. A more sophis-tiated evaluation of the turbulene in Fig. 8 requiresomparison to Andreev re�etion from numerially al-ulated simulations of the atual vortex line distribu-tion in the given experimental settings, to whih themeasurements an be ompared.Moreover, the rate of the deay (Eq. (21)) in termsof one single �tting parameter �0 has so far not yieldedonsistent results in the T ! 0 limit: Andreev re�e-tion measurements on the free deay of tangles reatedwith a vibrating grid in 3He-B suggest �0 � 0:3� [17℄,while ion transmission measurements on the free spindown of super�uid 4He in a ubi ontainer with roughwalls yield �0 � 0:003� [42℄. The magnitude of this dis-agreement is unomfortable, but re�ets the fat thatthe measurements and their analyses are not ompati-ble.Fitting the deay rates in Fig. 8 requires furtherreduing �0 by two orders of magnitude or more, �0 .. 10�5 �. It is to be expeted that the homogeneousmodel in Eq. (21) annot be appropriate for the weakturbulene with nearly straight vorties in a rotatingylinder with a rough bottom. The analysis of mea-surements of the opposite ase, of how vorties �ll along rotating ylinder at onstant 
, show that theproper desription of the preessing and propagatingturbulent vortex front, whih is then formed, requirestwo frition oe�ients [40℄. The two oe�ients dif-fer by two orders of magnitude: a larger bulk fritiondesribes energy dissipation while the smaller aountsfor the slow removal of the angular momentum. Thusin the presene of �nite vortex polarization, whih de-velops to varying degree in the above mentioned mea-surements, this deoupling e�et, the large di�erenein deay rates, needs to be taken into aount [43℄.Clearly, for the signals in Fig. 8 these onsiderationsapply: a single energy-dissipation oe�ient �0 is notsu�ient to explain the slow rate of angular momentumremoval from the �ow that is only weakly perturbedfrom ylindrial symmetry.Considering the above objetions, the fat that thetwo signals in Fig. 8 appear to follow the t�3=2 time de-pendene seems to be an unexplained oinidene andare not a measure of an e�etive kinemati visosity.Nevertheless, putting all evidene together, one mightarque that a reasonably onsistent qualitative interpre-tation emerges of the interplay of turbulent and laminar1234



ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014 Andreev re�etion in rotating super�uid 3He-B�ows in 3He-B. One partiularly pertinent measure-ment would be a repetition of the experiment in Fig. 3,but with the ylinder below the ori�e replaed by atube with a square or retangular irumferene andrough walls. In this environment, the free spin-downafter an impulsive stop of rotation might more loselymimi the homogeneous isotropi turbulene and wouldperhaps provide a more reliable alibration of the An-dreev re�etion signal from ideal super�uid turbulene,when started from a ontrolled vortex state. Analo-gous experiments have been performed with super�uid4He [44℄, where turbulent responses dominate. A diretomparison with 3He-B would be valuable, in order toompare to a situation when turbulene is less preva-lent. 6. CONCLUSIONSThe zero-temperature limit of the Fermi super�uid3He-B, with ballisti quasipartile transport and nobulk-volume impurity sattering, is in the forefrontof urrent fermion physis in ondensed matter, sinemany new phenomena are here expeted to ome to-gether. The most reent rush is to searh for suh al-luring preditions as Andreev surfae states with exi-tations of a Majorana harater. In this e�ort, Andreevre�etion is one of the promising experimental tools.It took a long time before Andreev re�etion ouldbe veri�ed in 3He-B, but now the pratial deviesfor quasipartile radiators and sensors have been de-veloped. Further improvement is expeted, if ar-rays of quarts tuning forks [6℄ or of resonators fabri-ated as miro-eletromehanial systems (MEMS) be-ome available as quasipartile detetors. During thepast deade, it has been demonstrated that the zero-temperature limit of 3He-B an also be reahed andexplored in rotation. This advane promises to shednew light on the study of the exitations of the vortexore in this spin triplet orbital p-wave ondensate. Tosearh for new evidene, one needs extremely low tem-peratures below 0:15T and sensitive measuring teh-niques that funtion in this temperature range.So far, Andreev re�etion in rotation has been em-ployed to alibrate re�etion from a well-ontrolled vor-tex state and to monitor the free spin-down of the su-per�uid omponent in ylindrial �ow environments.This alibration measurement is the �rst and only onewhere the theory of Andreev re�etion from quantizedvorties has been quantitatively tested. While the re-sults agree with expetations, more measurements of

other well-understood vortex on�gurations would bevaluable.In NMR measurements, the spin-down dynamishave been found to be laminar in ideal ylindriallysymmetri �ow onditions, whih now is undestood toresult from the deoupling of energy and angular mo-mentum dissipation [40℄. Andreev re�etion has beenapplied to measurements where the in�uene of pertur-bations is examined, suh as the presene of a roughsurfae that interats with the end of a moving vor-tex. The measured responses display an early phase ofaelerated turbulent dissipation, with a modest over-shoot aused by a burst of reonneting and tangle for-mation, and a late phase of low laminar dissipation atlow vortex density. Unlike in super�uid 4He, where thevortex ore diameter is of atomi size, in 3He-B, withtwo to three orders of magnitude larger ore diameters,pinning and surfae frition are muh redued, whihexplains the redued dissipation and duration of tur-bulene in the dynami responses. This also made itpossible to reord the angular rotation veloity of avortex bundle in free spin down, when the damping ofa tuning fork resonator is modulated by the variationin the loal thermal exitation density, owing to a pre-essing nonaxisymmetri Andreev shadow ast by thebundle. This osillating signal with slowly inreasingperiodiity diretly gives the laminar vortex frition. Itis found to have a small, but nonzero extrapolation atT = 0.This observation has impliations on the vortex dy-namis of 3He-B. For instane, the urrent view aboutsuper�uid turbulene holds that the kineti energy istransported from large length sales to ever smallersales owing to a series of di�erent mehanisms. Onsales larger than the inter-vortex distane, this asadeis strutured in a similar manner as in lassial turbu-lene of visous �uids. On the smaller �quantum lengthsales�, it is believed that at very low mutual fritiondissipation, a Kelvin wave asade beomes possiblewhen nonlinear interations between Kelvin waves al-low the kineti energy to propagate to smaller wavelengths along a single line vortex.Suh a hypothesis has not been rigorously on�rmedexperimentally. Numerial simulations at very low mu-tual frition with su�ient spatial and temporal resolu-tion are notoriously di�ult and time onsuming. How-ever, reent numerial work [45℄ onludes that a Kelvinasade might beome possible in the regime � < 10�5.Combining this result with Fig. 10 means that, unlikein super�uid 4He, in the Fermi super�uid 3He-B withnew soures of dissipation, the Kelvin wave asademay not be an important omponent in turbulent dis-1235 7*



V. B. Eltsov, J. J. Hosio, M. Krusius, J. T. Mäkinen ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014sipation after all. Note, however, that Kelvin wave ex-itations as suh, damped by mutual frition, are mostimportant as a dissipation mehanism. Whether theinferene about the absene of the asade in 3He-Bholds up in future researh will be an interesting ques-tion.Many entral questions in vortex dynamis remainunanswered and require further researhing. Rotationand quasipartile beam tehniques, perhaps ombinedwith NMR measurement, will provide new possibilitiesfor noninvasive vortex monitoring.Epilogue. Rotating super�uid 3He researh isdeeply indebted to Sasha Andreev, who is one of itsfounding fathers. The �rst researh program ever tostudy 3He super�uids in rotation was set into motionin 1978 by three aademiians Alexander Andreev,Elephter Andronikashvili, and Olli Lounasmaa. Thise�ort, known by the aronym Rota, was supportedby both the Aademy of Finland and the SovietAademy of Sienes. It produed the �rst rotatingnulear demagnetization refrigerator, whih beameoperational in mid-1982. Sine then, the ryostat andits later modi�ations have been hurning out researhon quantized vortiity in 3He super�uids applyingmany di�erent measuring tehniques. Muh of thiswork has been NMR based and here many generationsof students and researhers from the Kapitza Institutefor Physial Problems have been partiipating. SashaAndreev had the role of an in�uential godfather, whoadvaned and promoted the researh. In 2012, hewas awarded the Lounasmaa Memorial Prize for hisahievements in researh and its advanement.We thank our friend and olleague the late Niko-lai Kopnin [36℄ for promoting and advaning the re-searh on fermion exitations in rotating 3He super-�uids. This work was �nanially supported by theAalto Shool of Siene, its researh infrastruture LowTemperature Laboratory, and the Aademy of Finland(Centers of Exellene Programme projet No. 250280).REFERENCES1. A. F. Andreev, Zh. Eksp. Teor. Fiz. 99, 1823 (1964)[Sov. Phys. JETP 99, 1228 (1964)℄.2. M. P. Enrio, S. N. Fisher, A. M. Guénault, G. R. Pik-ett, and K. Torizuka, Phys. Rev. Lett. 70, 1846 (1993).3. S. N. Fisher, A. J. Hale, A. M. Guénault, andG. R. Pikett, Phys. Rev. Lett. 86, 244 (2001).
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