
ÆÝÒÔ, 2014, òîì 146, âûï. 6 (12), ñòð. 1210�1221  2014SUPERFLUID 3He, A TWO-FLUID SYSTEM,WITH THE NORMAL-FLUID DYNAMICS DOMINATEDBY ANDREEV REFLECTIONG. R. Pikett *Department of Physis, Lanaster University, Lanaster, LA1 4YB, UKReeived May 26, 2014As a spei� o�ering towards his festshrift, we present a review the various properties of the exitation gas insuper�uid 3He, whih depend on Andreev re�etion. This phenomenon dominates many of the properties of thenormal �uid, espeially at the lowest temperatures. We outline the ideas behind this dominane and desribea sample of the many experiments in this system whih the operation of Andreev re�etion has made possible,from temperature measurement, partile detetion, vortex imaging to osmologial analogues.Contribution for the JETP speial issue in honor of A. F. Andreev's 75th birthdayDOI: 10.7868/S00444510141200621. INTRODUCTIONThis artile provides a brief review of the in�u-ene of Andreev re�etion on the behavior of super-�uid 3He. Sine, as we see below, the dispersion urveof the quasipartile/quasihole exitations depends onthe relative motions of the �uid, any mehanial dis-turbane of the liquid gives rise to a disordered e�e-tive gap for the exitations whih are no longer free tomove through the liquid unonstrained. In this land-sape of varying gaps, exitations are onstantly beingsubjeted to Andreev proesses to the extent that thewhole mehanial behavior of the normal �uid of exita-tions is ompletely dominated by suh proesses. Thisis the system where the Andreev proess indeed omesinto its own. However, this behavior is not a drawbak.On the ontrary, we are able to exploit these proesseswhih allow us to undertake a range of experimentalinvestigations whih are otherwise experimentally in-aessible.2. THE ANALOGY BETWEEN ANDREEVREFLECTION AT A BOUNDARYSEPARATING DIFFERENTSUPERCONDUCTORS, AND IN A REGIONSEPARATING STATIONARY AND MOVINGSUPERFLUID 3HeThe original Andreev re�etion proess was pro-posed by Aleksandr Fedorovih for desribing the be-*E-mail: g.pikett�lanaster.a.uk

havior of quasipartiles in super�uids in regions wherethe energy gap is hanging spatially, as for exampleat a superonduting�normal interfae or at an inter-fae between two dissimilar superondutors with dif-ferent energy gaps [1℄. Of ourse, the unique aspetof this proess is the ��avor� hange made by exita-tions as they approah a region where the gap risesabove the total energy of the exitation. In this situ-ation an approahing exitation �nds itself arriving ata minimum in the dispersion urve at whih its groupveloity falls to zero and then it retraes its trajetorywith almost no hange in its momentum but with theopposite group veloity. Thus an inoming quasipar-tile is retro-re�eted as a quasihole and an inomingquasihole will be re�eted as a quasipartile.From this new understanding of the proess, a wholespetrum of unique phenomena an be reognized,quasipartile�quasihole bound states and many more.However, that is the piture we reognize from statisystems to whih the onept was originally applied.(The rigid metalli latties of superonduting/normalinterfaes are learly stati.)It is the purpose of this paper to reapitulate thoseaspets of this behavior whih we have studied in non-stati ontexts, i. e., in super�uids. Here the phe-nomenon, while operating in a similar way, has a muhriher and more omplex behavior. In a moving BCSsystem the e�etive energy gaps are not stati but gov-erned by the �ow of the �uid adding a whole new spe-trum of properties with often very ounter-intuitive ef-fets.1210



ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014 Super�uid 3He, a two-�uid system : : :Super�uid 3He has a omplex and anisotropi orderparameter, but for the purposes of the present treat-ment we will onsider only the B phase whih hasan energy gap in low magneti �elds with the samemagnitude around the Fermi surfae. Therefore, thestraightforward ideas of Andreev re�etion developedfor simple superondutors an be transferred to su-per�uid 3He-B diretly. It is true that, while the mag-nitude of the B-phase gap is isotropi, the pairing is infat anisotropi sine the diretional properties of theCooper pairs vary around the Fermi sphere. However,for the arguments used here this does not really omeinto play until we start applying magneti �elds.To begin, let us look at the dispersion urve of theexitations in super�uid 3He (with energy gap �) asshown in Fig. 1A. For simpliity the urve only oversthe single x-dimension and is drawn for the rest frameof the liquid. We note that there are four lasses ofexitations. On the right-hand side of the �gure quasi-partiles move in the positive x diretion and quasi-holes move in the �x diretion, both with momentavery lose to the Fermi momentum value, pF . On theleft-hand side of the urve there are quasiholes movingin the x diretion and quasipartiles moving in the �xdiretion, both with momenta lose to �pF .Let us assume a neighboring region of super�uidwith a larger (stati) gap, �0, with the dispersion urveas shown in Fig. 1B. If we then imagine a low-energyquasipartile from region A traveling in the x diretiontowards region B, then as the exitation moves intothe region of inreasing energy gap, it deelerates asits group veloity dereases (with the dereasing slopeof the dispersion urve) and �nally reahes the urveminimum, having slowed to zero veloity. It an thenpenetrate no further into the region of inreasing gapbut will retrae its trajetory with inreasing veloityin the �x diretion, but with more or less the same to-tal momentum as it had originally. Hene, it now hasits group veloity and momentum oppositely diretedand it has beome a quasihole. We an use similar ar-guments for an inoming quasihole. This is the lassialAndreev senario.The new aspet, whih we have to take into aountin the super�uid, is the fat that we an set variousparts of the liquid into relative motion. Sine the dis-persion urve is tied to the rest frame of the liquid,then for omparing exitation energies we have to ap-ply the orret Galilean transformation to make thevarious urves onsistent. This redues to the lassi-al argument that if we observe liquid approahing uswith a (small) veloity v then a fermion in that liq-uid approahing us with veloity w in that rest frame

will appear to us to have a veloity of v + w and thusthe orresponding kineti energy will be m(v + w)2=2rather than the mw2=2 in its own liquid rest frame.Near the Fermi energy, the fermions have a veloity�vF . Thus in our rest frame, we will see the energyof the dispersion urve skewed by the transformationE0 ! E+vpF . The urve for super�uid at rest is shownin Fig. 2A. The equivalent urve for liquid moving tothe right with veloity v is shown in Fig. 2B. A quasi-partile on the right-hand side of Fig. 2A moving in thex diretion ould not penetrate into the moving liquidof Fig. 2B but would be Andreev-re�eted and emergetraveling in the �x diretion but as a quasihole. Unlikein Fig. 1 the behavior of quasipartiles and quasiholesis not symmetrial. A quasihole on the left-hand sideof Fig. 2A traveling in the x diretion would be able topenetrate into the moving region. Similar argumentsan be used for exitations traveling from the movingto the stationary regions.3. THE EFFECT OF THE ANDREEVREFLECTION OF QUASIPARTICLES ANDQUASIHOLES ON THE DAMPING OF AMOVING OBJECT IN SUPERFLUID 3He-BThe above setion onludes all the introdution toAndreev re�etion in the super�uid in relative motionthat we need initially to understand the basi ideasof the dynamis of the exitation gas in the super�uid.Throughout this work we assume that we are in the low-temperature limit T � T. Here the mean free path ofthe exitations is invariably muh greater than any rea-sonable experimental dimension and we an onsiderthe exitation motion to be entirely ballisti.The �rst topi we disuss is the mehanial damp-ing of an objet moving in the super�uid, sine thisserves as a good introdution to the dynamis and alsoprovides us with some important experimental tools forprobing the super�uid.Let us take again a one-dimensional toy model ofa moving objet where we onsider the bulk liquid tobe stationary but the liquid near the moving objet tobe at rest with respet to it. The senario is shownin Fig. 3. The important aspet of this proess is thefat that the �ow �eld assoiated with the motion ofthe wire provides a sort of Maxwell demon whih leadsto di�erent responses to the moving objet from quasi-partiles and quasiholes. From the �gure it is apparentthat quasipartiles approahing the leading side of theobjet will be able reah the surfae but quasiholes ap-proahing from the front annot reah the region of liq-uid moving with the wire and will be Andreev-re�eted,1211



G. R. Pikett ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014

0 Momentumvgvg vg vgEnergy
QuasipartilesQuasiholesA B

vg vg Energy
0 MomentumpF pFvg vgEnergy gap � Energy gap �0Fig. 1. The dispersion urves for two superondutors (or super�uids) with di�erent energy gaps. A quasipartile or quasiholein region A moving right would not be able to penetrate into the superondutor (super�uid) of region B but would undergoAndreev re�etion and retrae its inoming trajetoryA B
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0 0Fig. 2. A) The dispersion urve for exitations in super�uid 3He-B at rest. B) The dispersion urve for the super�uid whenmoving with veloity v in the x diretion skewed by the Galilean transformation term E0 ! E+vpF . A quasipartile on theright-hand side of the urve in region A moving to the right would not be able to penetrate into the moving super�uid ofregion B, but would undergo Andreev re�etion and retrae its inoming trajetory. Conversely, a quasihole on the left-handside of region A moving to the right is free to enter region Band thus annot exhange momentum with the wire.That means that partile�hole symmetry is broken andonly quasipartiles an reah the leading boundary ofthe objet to be normally re�eted transferring the mo-mentum of 2pF to the objet, and thereby damping themotion. Conversely on the trailing side, quasipartilesannot reah the objet and only quasiholes an reahthe surfae to be normally re�eted but also transfer-ring 2pF of momentum to the objet and also dampingthe motion. In other words, the quasipartiles hittingthe front side of the objet slow it down, but also thequasiholes hitting the rear side slow it down. This hasthe e�et of providing an enormous damping fore onthe moving objet. The energies of the exitations arevery low in the ballisti regime and have a vanishingdensity being well below the super�uid transition tem-

perature but eah ollision exhanges a momentum ofthe order of the Fermi momentum whih is very large.In short, the damping fore on a moving objet is ordersof magnitude greater than it would be for a lassial gasof partiles with the same e�etive mass, density, andtemperature.Using this simple one-dimensional piture, and as-suming that the moving objet presents an area a nor-mal to the motion, we an �nd the damping foreby simply integrating over those exitations whih anreah the surfae of the objet and exhange 2pF , usingthe arguments of Ref. [1℄. The integral takes the form(with the usual notation)F = � �+pF vZ� 8pFag(E) exp�� EkT � vg dE:1212
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Bulk energy gap ∆Fig. 3. The exitation dispersion urves for exitations for regions of the liquid near a moving objet in the super�uid.Quasipartiles approahing the objet from the leading side an reah the surfae and be normally re�eted, whereas quasi-holes approahing from the same side annot. The inverse ours for exitations approahing from the rear of the objet(see text)Sine the group veloity vg is �E=�p and the density ofstates is g(E) = (2=h)�p=�E a onvenient anellationours and the integral redues toF = � �+pF vZ� 16apFh exp�� EkT � dE:This yieldsF = 16apFkTh exp�� �kT �h1� exp��pF vkT �i ;whih gives a fore of the formF = v 16ap2Fh exp�� �kT �in the low-veloity limit, where pF v � kT .This fore is very nonlinear in v. However, at lowveloities when pF v � kT the damping beomes lin-ear in v and proportional to the gap Boltzmann fa-tor exp(��=kT ) [2℄. Sine the latter is a very rapidlyhanging funtion of temperature, the damping on amoving objet in super�uid 3He-B provides an inred-ibly sensitive thermometer measuring the temperatureof the liquid diretly. It is at �rst sight paradoxi-al that we an determine the temperature of a su-per�uid by measuring the mehanial damping e�etof the normal �uid, despite the fat that the nor-mal �uid density is vanishingly small. This all arises
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Fig. 4. The Landau ritial veloity ondition, whenthe veloity of the moving liquid beomes large enoughthat one minimum in the dispersion urve falls to zeroenergy (and therefore exitations at this point on thedispersion urve an be freely reated by the objet),see textfrom the Andreev-re�etionMaxwell demon ompletelyoverwhelming partile�hole symmetry.This serendipitous behavior immediately allows usto make many di�erent types of measurement in the su-per�uid in the �pure� quantum regime (�n � 0) beausewe have a very sensitive thermometer in the liquid.At this point we should note that if a moving bodyin the liquid is traveling fast enough that v = pF =�,then one minimum in the dispersion urve in the rest1213



G. R. Pikett ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014frame of the moving objet dereases to zero energy, asshown in Fig. 4. At this veloity, in the frame of themoving body, the energy of quasipartile and quasiholeexitations at the minimum beomes zero. This meansthat a moving body whih satters exitations elasti-ally in its own rest frame an thus freely reate exita-tions at the dispersion urve minimum as their energiesare zero. This is the Landau ritial veloity where thesuper�uidity breaks down and Cooper pairs in the �uidare broken by the motion. As seen in the Fig. 4, at thisritial veloity quasipartiles are then emitted in thediretion of motion of the sattering body and quasi-holes are emitted in the reverse diretion.Therefore, a moving objet an detet quasiparti-le and quasihole exitations from their ontributionto the damping of the motion but, furthermore, whenthe objet moves fast enough it an also reate theseexitations thus beoming an exitation soure. Theimportane of this, as we shall see later, is that wenow have the basi elements for produing an exita-tion spetrometer: a potential soure and a potentialdetetor.4. VIBRATING WIRE RESONATORS ANDQUARTZ �TUNING-FORK� RESONATORSTo measure the drag on a moving objet in pratie,we have used the vibrating wire resonator as shown inFig. 5. This onsists of a thin superonduting wirebowed into an approximate semiirle of a few mmaross. We normally begin with �lamentary superon-duting wire and over the ative region eth o� theouter metalli matrix and ut the exposed �laments,leaving just a single strand. It is possible, with are,to make resonators with �laments down to miron di-ameters in this way. Suh a devie has a mehani-al resonane moving normal to the semiirle plane offrom 100 to 1000 Hz depending on the wire used. Todetet the very small damping at the lowest temper-atures, the wires need to be of the smallest diameterpossible to make the inertia of the wire small in om-parison to the damping. A vertial magneti �eld isapplied and the wire's mehanial resonane is exitedfrom the Lorentz fore on a resonant urrent appliedto the loop. If the wire is superonduting there is noresistive voltage developed aross the wire and thus ameasure of the osillating voltage aross the wire givesa diret measure of the veloity. The frequeny anthen be sanned aross the mehanial resonane andthe damping (width at half height) measured.The damping measured in this way for a ratherthiker wire (diameter about 0.125 mm) is shown in

I = I0 exp(iωt)

Fig. 5. A vibrating wire resonator
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1Fig. 6. The damping of a vibrating wire resonator (thewidth of the Lorentzian line shape at half height) insuper�uid 3He-B at zero pressure plotted against thetemperature as measured by a platinum NMR ther-mometer [3℄. Note that below about 0:3 mK where thesystem enters the ballisti limit (i. e., where the meanfree paths of the exitations exeeds the diameter ofthe wire) the damping follows the gap Boltzmann fa-tor exp(��=kT ). The deviation at low temperatureours when the liquid damping beomes so low thatwe begin to see the small internal damping of the wirematerial itself1214
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≈2 mm

Fig. 7. A quartz tuning-fork resonator. The ative re-gion near the tips of the arms is only a fration of amillimetre in sizeFig. 6 [3℄. The simple treatment above only applies inthe ballisti limit where the exitation mean free pathsare large ompared to the wire dimension (ross-setiondiameter). For the wire used for this data, this oursbelow 0.3 mK. Below this we see that the dampinglosely follows the gap Boltzmann fator exp(��=kT ).At the lowest temperatures we start seeing deviationsfrom the e�et of the nuisane damping of the wire it-self. Thinner wires of a few mirons in diameter an befollowed to muh lower temperatures.The attration of suh resonators is that the ge-ometry is simple and the wire an be approximatedto a straight ylinder moving in the super�uid andis amenable to simulation. Unfortunately these de-vies turn out to be too large for our urrent needs(as disussed below) and we have moved to using sim-ple quartz tuning-fork resonators, as shown in Fig. 7.These have muh smaller ative regions and are readi-ly available (and produible). The geometry is muh

more ompliated but the response turns out to be es-sentially similar to that of the vibrating wires [4℄. Thedisadvantage of the relatively large mass of the movinglegs of the resonator is ompensated by the more au-rate measurement whih omes with the muh higherfrequeny of the mehanial resonane.5. MAKING A BOLOMETER: THEQUASIPARTICLE BLACK-BODYRADIATORBefore we disuss some of the more sophistiated ex-periments whih we have made by exploiting the An-dreev re�etion properties of the super�uid, we needto introdue one more devie, the quasipartile blak-body radiator, developed by Shaun Fisher while a grad-uate student [5℄. This is preisely what it says, a lassiblak-body radiator, but one for quasipartiles ratherthan photons. It onsists of a small ontainer (of di-mensions a few mm) ontaining two vibrating wire res-onators. One measures the exitation density insidethe ontainer (as desribed above), in other words thetemperature, and the seond an be exited above theLandau ritial veloity to break Cooper pairs to re-ate a quasipartile gas. This vibrating wire resonator isthus a heater, but one whih heats the liquid diretly.When this vibrating wire resonator is pair breaking,the damping on the wire learly inreases whih we anmeasure eletrially and thus alibrate what power isbeing generated in the liquid in the box. The box hasa small ori�e leading to the outside and is immersedin bulk super�uid. The devie has two modes. Theheater wire resonator an be exited thereby reating athermal beam of exitations (of known power and tem-perature) leaving the box by the ori�e. This we anthink of as �generator� mode. We an also use the de-vie passively to measure energy deposited inside thebox from the inrease in the temperature inside. This is�detetor� mode. Suh a blak-body radiator is shownin Fig. 8.In detetor mode the energy sensitivity of these de-vies is remarkable. A typial alibration is shownin Fig. 9, where we see that the response is linearover many orders of magnitude and the sensitivity ap-proahes the femtowatt level. These devies make verygood low-energy partile detetors [6℄.This is the �nal tool we need to make a whole rangeof experiments in super�uid 3He. The �rst we shall de-sribe (only qualitatively) is the most diret measure-ment of Andreev re�etion whih we known of [7℄. Itillustrates a number of harateristis of Andreev re-1215
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≈5 mm

Orifice

≈0.3 mm

Fig. 8. A blak-body radiator. This is a small ontainer�lled with super�uid 3He immersed in the bulk super-�uid and onneted to it via the small ori�e. Insidethe ontainer are two vibrating wire resonators, one tomeasure the exitation density (the temperature) andthe other to heat the super�uid by pair breaking

0.001 0.01 0.1 1 10 100

Power applied to radiator, pW

0.001

0.01

0.1

1

10

C
h
a
n
g
e

in
w

id
th

p
a
ra

m
et

er
,
H

z
·
m

K
2

Fig. 9. The power sensitivity of a typial blak-bodyradiator�etion whih we exploit in the measurement. We usea blak-body radiator as shown in Fig. 8 but with amoving paddle plaed in front of the radiator ori�e.This is shown in Fig. 10.The box is operated in generator mode with theheater wire inside produing a beam of exitationswhih is emitted through the ori�e into the bulk sur-
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Fig. 10. A blak-body radiator with a moving paddleplaed in front of the ori�e. When the paddle is in mo-tion, the veloity gradient of the assoiated �ow �eldauses the Andreev re�etion of a fration of the exi-tations in the emitted beam, re�eting them bak intothe box beause of the retro-re�etion properties of theproess (see text)rounding super�uid. The exitations satter o� thepaddle and other boundaries and are spread through-out the bulk surrounding liquid. At equilibrium thisgives rise to an elevated temperature inside the radia-tor suh that the energy emitted from the box in thebeam just balanes the heating applied to the heaterwire. The �at paddle in front of the ori�e is in fat aslightly deformed vibrating wire resonator and an beset in motion in the same way. To make the demon-stration we now osillate the paddle. This means thatthe �at paddle surfae is moving bakward and forwardin the emitted beam of quasipartiles and quasiholes.Something remarkable now happens. When the pad-dle was stationary, exitations in the beam hitting thepaddle surfae were normally sattered and spread allover the bulk liquid. As soon as the paddle is moving,half the exitations are Andreev-re�eted by the mov-ing boundary layer of liquid. (This happens in exatlythe same way as the re�etion of exitations from amoving wire as shown in Fig. 3.)The great di�erene is that now when we have An-dreev rather than normal re�etion, the sattered exi-tations are aurately retro-re�eted and retrae theirtrajetories, and are returned into the radiator box.This aurate retro-re�etion aspet of Andreev re�e-1216



ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014 Super�uid 3He, a two-�uid system : : :tion we exploit in several experiments. In this ase, theAndreev re�etion leads to a large fration of the emit-ted exitations being returned into the radiator andthus the exitation density/temperature inside the ra-diator inreases further. This is a new mehano-alorie�et in that as soon as Andreev re�etion is intro-dued into the senario, the temperature in the boxdepends on the distribution of liquid veloities out inthe bulk liquid remote from the box. This is the bestdemonstration of the retro-re�etion aspet of Andreevre�etion of whih we are aware.6. USING ANDREEV REFLECTION TOVISUALIZE VORTICESNot only are moving objets in the super�uid asso-iated with �ow �elds. Mass vorties in the super�uidalso arry their own irulation. The Andreev re�e-tion of exitation beams by vorties in super�uid 3He-Bgives us a most powerful tool for visualising the vortexdistribution in the super�uid. If we imagine plaing avortex in a beam of quasipartile/quasihole exitations,the �ow �elds around the vortex ore will Andreev re-�et exitations in a similar way to that aused by thebak�ow around a moving objet. The senario is il-lustrated in Fig. 11. Sine there is in any ase a �owround a vortex we an piture the situation as that inFig. 3 exept that the vortex provides the loal motionso we an therefore just leave out the wire. Thus onone side of the vortex the piture will be that of Fig. 3and on the other side, it will be similar but with theloal veloity reversed. In other words, sine the �owis in the opposite diretion on the two opposite sides ofthe vortex, quasipartiles and quasiholes are di�erentlyAndreev-re�eted on the two sides, but the net e�et isthat a large fration of the exitations is retro-re�eted.This means that a vortex tangle throws shadows whenilluminated by a beam of exitations. Sine the �ow�elds extend a onsiderable way out from the vortexores this �optial� obstale is signi�antly large andallows us to visualize a tangle of vorties, for whihwe have almost no other experimental tools. The de-tetion an be done by observing the transmitted partof the beam, or by observing that part of the beamretro-re�eted.But �rst we need some vorties to image. Very hap-pily for us, a vibrating wire resonator an also be usedto reate vorties, probably by exiting existing vortexloops pinned to the wire surfae, but the preise meh-anism is not ompletely understood. However, whenthe moving wire reahes the ritial veloity it startsbreaking pairs by the Landau proess but a small fra-

Fig. 11. The e�etive �potential� presented by a vortex�ow �eld to quasihole exitations moving as shown. Onone side of the vortex, quasiholes are Andreev-re�etedwhile on the other side they an travel through the �ow�eld freely. The onverse applies to quasipartiles. Theextent of the vortex �ow �eld whih is apable of doingthis is of marosopi size and thus a tangle of vortiesthrows very signi�ant �shadows� when illuminated bya quasipartile/quasihole beamtion of the dissipated energy (say, one part in 103) goesinto reating vorties [8℄. Thus, by running a vibratingwire resonator above its ritial veloity, we are able toreate a tangle of vortiity at will.The �rst experiment we disuss is one where we ob-serve suh a tangle of vorties by the Andreev-re�etedomponent of an illuminating beam [9℄. We use themore or less idential setup to that shown in Fig. 10above exept that here we replae the moving paddleby the �ow �eld of a tangle of vortiity reated by avibrating wire resonator. The experimental setup isshown in Fig. 12. In Fig. 12a we see a shemati of theblak-body radiator ontaining the thermometer andheater wires. The radiator is emitting a beam of ex-itations whih are inident on a stationary vibratingwire resonator in front of the ori�e. No Andreev re-�etion takes plae and the emitted beam is dispersedinto the bulk super�uid. In Fig. 12b we have exitedthe vibrating wire resonator to reate a vortex tangle,whih is Andreev-re�eting a fration of the beam bakinto the box, thereby raising the exitation density in-side and allowing us to alulate the fration re�eted.A typial result is shown in Fig. 13. Here we showthe fration of the beam re�eted as a funtion of themaximum veloity of the vortex-reating vibrating wireresonator in front of the ori�e. We see that there isno re�etion before the ritial veloity for vortex re-6 ÆÝÒÔ, âûï. 6 (12) 1217
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Fig. 12. A shemati piture of the experiment to de-tet the density of a tangle of vorties in super�uid3He. A vibrating wire resonator is plaed in the beamof exitations emitted by a blak-body radiator. Whenthe vibrating wire resonator is exited to high enoughveloity to reate a vortex tangle, the �ow �elds asso-iated with the vorties retro-re�et a fration of theexitations bak into the radiator allowing us to alu-late the vortex line density in the tangleation (v) is reahed. At this point the Andreev proessstarts and more and more of the beam is re�eted bakinto the box as the vortiity level inreases. We anreadily alulate the ross setion for re�etion for avortex line and knowing the rough size of the tangle(a few millimetres aross) we an dedue the vortexline density. At the lowest levels of vortiity whih wean detet near v the vortex spaing is of the orderof 0.1 mm. That is a very tenuous tangle if only afew millimetres aross. That means we should be ableto detet individual vorties if we hoose the orretgeometry.7. USING SUPERFLUID 3He TO SIMULATEBRANE ANNIHILATION: TABLETOPCOSMOLOGYOur exploitation of Andreev re�etion in the su-per�uid an take us in many diretions. In the fol-lowing ase it takes us into osmology [10℄. The in-
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Fig. 13. The fration of the beam re�eted bak intothe radiator box as shown in Fig. 12 as a funtion ofthe veloity of the vibrating wire resonator in front ofthe ori�e. When the vibrating wire resonator reahesthe ritial veloity for the reation of vortiity (v inthe �gure), the vortiity produed then begins to re�etexitations bak into the ontainer, raising its temper-ature (see text)ternal struture of the 3He ondensate is very similarto that of the Universe. At the super�uid transition,in the most general formulation, the ondensate has tohoose a phase �, in other words, an angle or diretionin 2-spae. In symmetry terms this means breakingU(1) symmetry. Sine the Cooper pairs have both anulear spin of 1 and an orbital angular momentumof 1, the two momenta eah have to hoose a dire-tion in 3-spae, equivalent to breaking SO(3) symme-try. Thus the total symmetries broken in forming thesuper�uid state are SO(3)L� SO(3)S �U(1), the �rsttwo fators representing the orientations of the orbitaland spin diretions. It is believed that the Universeunderwent several transitions soon after the Big Bangwhih resulted in the di�erentiation of the strong fore�rst and then the separation of the weak and eletro-magneti fores, resulting in the breaking of the sym-metries SU(3) � SU(2) � U(1). These are learly notequivalent to those in the super�uid, but they are sim-ilar enough that there has been muh interest over thelast two deades in examining osmologial analogiesin super�uid 3He.One analogy to whih we have drawn attention inthis ontext is the possibility of using the phase in-terfae between the two phases of 3He, the A phaseand the B phase, as a model for a osmologial brane.The two ommon phases of 3He an exist down to zero1218



ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014 Super�uid 3He, a two-�uid system : : :temperature in the appropriate magneti �elds. At thelowest temperatures, where the normal �uid fration isnegligible, both phases are made up of a oherent on-densate (the super�uid fration) with only a vanishingnumber of exitations above this �vauum� (the normal�uid fration). If we apply a magneti �eld gradient tothe super�uid whih is large enough at the high endto stabilize the A phase at approximately zero tem-perature, then we an reate an A�B phase boundarybetween the two phases, B in the low-�eld region andA in the high-�eld region. Sine this is a 2D boundarybetween two oherent ondensates, it is itself a oher-ent 2D objet. Its internal struture is not simple asthe order parameter has to undergo a omplex pirou-ette to transit smoothly from the A-phase symmetryto the B-phase symmetry. Nevertheless this is perhapsthe most oherent 2D struture to whih we urrentlyhave experimental aess, and it is this struture whihwill serve as our analogue osmologial brane.To understand the signi�ane of that, in brief, it ispossible that our Universe is a 3D brane embedded in asurrounding 4D (or higher) matrix. Suh a possibilityan solve a number of problems onerned with theo-ries whih require many dimensions, while we are onlysensitive to three. It has also been suggested that braneollisions and annihilations in the early Universe mayhave triggered or brought to an end epohs of in�ation.One onsequene is the possibility that suh an anni-hilation an leave topologial defets in the strutureof spae�time. These strutures are proteted topolog-ially and thus may survive until our urrent era. Thatis all easy to say, but sine suh events are so remotefrom us, both in time and in intuition, any simulationof the proess an only help by assisting the insight ofthose working in the �eld.Without going into details, with a pro�led magneti�eld we an stabilize a thin slie of A phase in a matrixof B phase. The slie is bounded by an A�B inter-fae and a B�A interfae. These are our two branes(or brane and antibrane). If we suddenly redue the�eld, the slie of A phase will vanish with the �annihi-lation� of the two �branes�. We then look for defetsin our metri whih is the �texture� of the super�uidwhih desribes the map of the diretions of the S- andL-vetors in the oherent ondensate. If, after annihi-lating the two branes together, we are left with topo-logial defets in the texture, then we should be able todetet them. A shemati of the experiment is shownin Fig. 14.We on�ne the super�uid in a ylinder and measurethe impedane of the olumn to the �ow of quasipar-tile/quasihole exitations along the axis. We run a
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Fig. 14. The experimental arrangement used to investi-gate �brane� annihilation. We measure the impedaneto an exitation �ow of a olumn of super�uid 3He be-fore and after we �annihilate� a thin layer of A-phaseliquidheater wire at the bottom of the ell to provide a soureof exitations and by measuring the exitation densityat the top and bottom of the olumn we an determinethe exitation gradient along the axis and thus the ex-itation �ux. We then apply the pro�led �eld to reatethe A-phase slab in the middle of the ell.The one extra piee of information we need to knowis that in the B phase an applied magneti �eld distortsthe energy gap whih is no longer isotropi but �at-tened along the diretion of the L-vetor. Thus if thenormally smooth texture is disturbed by defets, thenin a magneti �eld the onfused diretions of the L-ve-tor assoiated with the defet ause a rough mountainterrain of e�etive energy gaps and exitations will havedi�ulty penetrating but will be re�eted or loalizedby Andreev proesses.To make the measurement we raise the �eld to justbelow that neessary to stabilise the A-phase layer andmeasure the impedane of the olumn of super�uid tothe �ow of exitations. We then inrease the �eld byjust the small amount needed to reate the A-phaselayer. If we measure the impedane again, we will �ndit larger beause of the extra barrier presented by thetwo phase boundaries whih ross the olumn. How-ever, the important part omes next. We suddenly dropthe �eld just enough to lose the A-phase layer, that is,bak to the starting value, and look at the impedane1219 6*



G. R. Pikett ÆÝÒÔ, òîì 146, âûï. 6 (12), 2014
а

b

Vortex

tangle

Fig. 15. The vortex video amera. The arrangement issimilar to that of Fig. 12. We have a blak-body radi-ator emitting an exitation beam into a region wherewe an generate a vortex tangle with a vibrating wire.However in this ase we detet the transmitted ratherthan re�eted beam, by a 5�5 array of mini blak-bodyradiator detetorsagain. If the impedane is the same as that we startedwith, then nothing has happened, but if it is higher,then we are seeing the added e�et of defets generatedby the annihilation. In the event we see a fairly largedi�erene. Thus we do see that defets are produedand we are now working to identify what geometrialform these defets have. In any ase, we have providedsome ideas for the osmologists to think about (andfortunately we did not trigger any further in�ation).8. A VORTEX VIDEO CAMERA OPERATINGAT ABOUT 100 �K?Finally, returning to our experiene of imaging vor-ties as desribed in Se. 6, we noted then that at lowvortex densities, we are sensitive to individual vorties.The �amera� desribed in Se. 6 is not very impres-sive as it only has essentially a single pixel. However,by using quartz tuning-fork resonators whih are smallenough, we have been able to make a 5 � 5 array of

blak-body detetors whih provide a oarse-resolutionvideo amera to image the evolution of a vortex tanglein real time and in spae. The dynamis of vortiesare of onsiderable urrent interest but our means tointerat with them are limited and a video of this formwould be very valuable. A shemati of the experimentis shown in Fig. 15. The arrangement is an extensionand oneptually very similar to that of Fig. 12. Wehave a blak-body radiator whih ats as a soure. Fa-ing the beam ori�e, we have a vibrating wire resonatorto generate the vortiity whih we will image. Thenwe have the 5 � 5 array of mini blak-body radiatorswhih then detet those parts of the beam whih havenot been re�eted by the vorties in the tangle. Wereall that this whole devie is prediated on the fatthat the Andreev proess will remove a large frationof the exitations from the beam to throw the shadowswhih we detet.This is a video amera working at about 100 �Kin super�uid 3He. At present we have suh a devierunning and we are trying to understand how tointerpret the data produed. Nevertheless it doesoperate as envisaged and is another illustration of howdominant Andreev re�etion is in this system.It is a pleasure to write this short review of thein�uene of Andreev re�etion on the properties of su-per�uid 3He and the wide range of experiments whihthese proesses allow us to make. We are very on-sious that without the ontribution of Aleksandr Fe-dorovih in formulating the original ideas we would nothave been able to ahieve a fration of what we havemanaged to do in this �eld.We are happy to aknowledge that the work de-sribed above is the result of the many ombined ef-forts of the many members of the Lanaster mirokelvingroup, too numerous to list here individually, but with-out whih this work would not have been possible.REFERENCES1. A. F. Andreev, Zh. Eksp. Teor. Fiz. 46, 1823 (1964)[Sov. Phys. JETP 19, 1228 (1964)℄.2. S. N. Fisher, A. M. Guénault, C. J. Kennedy, andG. R. Pikett, Phys. Rev. Lett. 64, 2566 (1989).3. A. M. Guénault, V. Keith, C. J. Kennedy, S. G. Mus-sett, and G. R. Pikett, J. Low Temp. Phys. 62, 511(1986).1220
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