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Aoy further di stributi onAbStl'aCt
of thi s vir k nust W& experinental | y observethecol | ectiveexcitation(cal |l edsurface-node excitation) of

nai ntainattributionto

Lp?ﬂgrésj)ﬂdn;hetit@ose—ﬁ nst ei n condensat e 6Na by r anpi ngt he ext ernal nagneti c fi el dacross t he hi gh-parti al

citationandD. wave nagnet i ¢ Feshbach r esonance cor respondi ngtovary theatonici nteracti on. W check t he
col | ective surface node exci tati ohdf statefor thethreed-wave andt hree g-wave Feshbach
resonances bel ow600 Gand fi ndt hat onl y t wo d-wave resonances present the strongexcitati on,
anot her d-wave resonance onl y creat es aweak excitation, andal | g-wave resonances do not, whi ch
refl ectsthestrengthof thesenagneti c Feshbachresonances. For thecol I ectiveexcitation, the
excitationof surfacenodes al ongthe axi al weak- confi nenent andradi al st rong-confi nenent of
optical dipoletrapshonsdifferent characteristics. Wal sostudythelifetineof thecoallective
osci | | ati onby neasuringthedanpi ngrateof theoscillati onanplitude, whichis causedbythe
nechani sns of dephasi ng ef fect and col | i si onal rel axation. Thi s excitati onnet hod gi ves us a new
tool forinvestigatingthepropertiesof ultracol dqguant umgases w t hout changi ngthetrap
frequenci es.

1. Introduction

U tracol dat onic gases areapower ful platformfor providi ngauni queopportunitytoinvestigatenany

i nt eresti ng quant umphenonena i n many- body physi cs]], and especi al | y st udy quant umnatter i nthe
presence of avariety of gaugefi e?,dj| whi chgivedeepinsightsintophysicsthat aredifficult torealizei
solidstatesystensp]. @l lectivel owenergy excitation, whichisasnall deviationfromstaticequilibriu
has beenanessenti al probetool for investigatingpropertiesof anatonicgas, for exanpl ecol |isi onal and
dynanical properties-21], equati onof stat22f29], and dynanical nany-body physicsinthemxture

of bosoni ¢ and f er nmi oni ¢ at onsJ0-34] .

Therearetwokinds of coll ectiveexcitationinultracol datonic gases. Qhei st he conpressi on- node
exci tation, whichis creat ed by quenchi ngor nodul ati ngthetrapfrequency of the nagneticor optical
trap[ll, 20, 24-26, 28, 32, 35-42] . The ot her i st he surf ace- node exci t ati onwher et he vol une of quant um
gasisnot changed. Thi s excitationcanbe createdby perturbingthe nagnetictrapwthfar detuni ng
l'ight12,43], suddenlyrotatingthetrappi ng potentitad] , nodul ati ngthe s-wavescatteringl engthwth
osci | lationof thenagneticfi#l,dlB], or quenchingaseriesof atonicinterspeciesinteractimnwth
radi of requency pul seS(] . Recent |y asurface-node exci tati onnet hodi s devel oped by ranpi ngt he
external nagneticfi el dacross ad-vwave shape r esonartédt he shape r esonance ori gi nat es f romt he
coupl i ngof theboundstateandthescatteringatonicstateinasanechannel, whi chisdifferent fromthe
case of Feshbachresonance, that ari ses fromcoupl i ng betweent he bound st ateinacl osed channel andfree
atomc stateinthe openchannel ) duetot he at omnol ecul e conver si on. The observed osci | | ati on provi des
i ndi rect evi dencefor thenol ecul ar statesinthe sane ent rance channel of scatteri4fg]at ons [
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Inthi s paper, weexperinental |y study t he surface node exci t ati on of Bose—E nst ei n condensat e (BEQ of
ZNaviathehi gh-partial wave nagnet i ¢ Feshbach resonance. There aret hree d-wave and t hr ee g- vave
Feshbach r esonances bel ow600 Gf of1,1) state. W check t he col | ecti ve sur f ace node exci t at i on by ranpi ng
theexternal nagneticfiel dacrossthenagneti c Feshbachresonance andfindthat two d-wave resonances at
493 Gand 536. 7 Gcan st rongl y creat et he exci tati on, anot her d-wave resonance at 586 Gcr eat es aweak
excitation, andal | g-waveresonances donot. Therefore, thestrengthof these nagneti c Feshbach resonances
can be assi gned f romt he exci tati onanpl i t ude of the cal | ecti ve surface node. Accordi ngtothe neasur enent
of thel ossrate of these Feshbach resonances, we nay gi vet he cl ue vhi ch ki nd of nagneti ¢ Feshbach
resonance can creat e t he sur f ace node exci t at i on. The exci tati onof surface nodes al ongthe axi al
weak- confi nenent and radi al strong-confinenent of optical dipoletrapisstud ed, whichpresent the
different excitation. The dependence of oscill ationfrequency anddecayrateonthetrapfrequencyis
extracted. W al soobser vet he danpi ng i nduced by t he nechani smof t he dephasi ng ef f ect and col I i si onal
rel axati on, and st udy t he dependence ont he at omnunioer s. Furt her nore, we enpl oy t he nodul at i on of t he
external magneticfieldtocreatetheexcitati on, andobservesinilar col | ective behavi or.

2. Experimental results

2.1. Loss spectroscopy of Feshbach resonances
The col | ecti ve exci tati onof BECi nexperinent i s shoan schenati cal |y i if iVgiprepar e aweakl y
i nteracting, = 54.54ag (aoi s the Bohr radi us), al nost pure BEC&Naatons i nthel ovest i nternal state
[F=1,mp=1),Fisthetota atonicangul ar nonent umandng i Stheprojectional ongthe quantization
axi . The experi nent al appar at us and prepar i ng sequence f or creat i ng BEChave been descri bedi nour
previ ous wor ks p0, 51] . Wstart our experi nents w t h an at om ¢ ensenbl elsf~ 2.5 x 10°2Naina
crossedoptical trapw thtrappi ngfrequelgies,,w,) = 21 x (72,114,134) Hz. W appl y anagneti c
fieldgradient for 10nstoexcitethedi pol eoscillati onof the condensatetoneasurethecenter of nassfor
determni ngthetrappi ngfrequencyinthreedirections. The honogeneous ext ernal nagneti c bilgdiel d
isappliedal ongthexis (gravitydirection) byapair of Hl nholtzcoils, as shown i (fd)guvér anp
theexternal nagneticfieldtoaninitiaBifdeichg 30 ns andwait the additi onal 100 ns f or t he nagneti c
fieldtostabilize. Then, by ranpi ngtheexternal nagneticfiel dacrossthe Feshbachresonance poi nt toa
target val ug, weobservethecol | ectiveoscillationof BEC

Here, we consi der t het hree d-wave and t hr ee g- wave Feshbach r esonances bel ow600 Gllot) st at e,
vhi ch have been predi ct ed and neasuredi nt he previ ous wor k7] . H rst, we det er ni ne t hese Feshbach
resonances f romt he | oss spect roscopy as afunctionof thenagneticfiel d. Weranpthe nagneticfiel d
qui ckl yy =5nsintwodifferent directionsfromafar detuni ngBjebdB; andwait for ahol dingting
(asshowninfigurel b) and(c)), after whichweswtchoff andrel easetheatons fronmtheoptical trapto
neasur et heresi dual at omnunier fronmt he absorptioninages after atineof flight (TGP expansi on of
20 3. The neasured | oss spect roscopy as showninfiguiéd)—(i) i sfittedby aGaussi ancurvetoextract
t he Feshbach resonance | ocati 8p. Theresultsarelistedintlabhki chareinagreenent wththe
previ ousl y neasur ed val ues?] .

It isclearlyshoanfromthel oss spectroscopythat theatom ossrateisverylover for threeg-wave
resonances. Therefore, it needs al ong hol di ng4,i-pe500ns and5s at thefina nagneticfi&dor
neasuri ngthel oss spect roscopy. ne of t he d-wave resonances at 586. 09 Gal so has al owatoml ossratew th
thehol dingtine, = 200 ns. However, two d-wave resonances at 493. 65 Gand 536. 43 Ghavet he | ar ger
atoml ossratew ththehol dingtime< 30ns. Duetothel arger atoml oss rate, we observethe asynmet ry
of thelineshapeinthel oss spect roscopy by neans of thedifferent ranpi ngdirectionsfor thetwod-wave
resonances at 493. 65 Gand 536. 43 G Thefast control of thenagneticfiel di s neededwhent he Feshbach
resonancew thal argeatoml ossratei s neasured. The dynanics of the nagneticfiel dduetothefast control
nay i nducethe asymmet ry i nt hel i neshape.

2.2. The excited surface mode of BEC

Nowwe check t he col | ect i ve sur f ace node exci t ati on by ranpi ngt he external nagneticfiel dacrossthe

nagnet i ¢ Feshbach resonance f or t he si x Feshbach r esonances bel ow600 G V& s not r anped acr 0ss

t he Feshbach r esonance posi ti @p, therei s not any si ze and at omnunier changes. Qnce tBgi s ranped

across t he Feshbach resonance, thecol | ectiveoscillationisexcited, whiletheatomnunber i s decreased due
thethree-body | oss. W findtwo d-wave resonances at 493. 65 Gand 536. 43 Gcancreatethel argeexcitation
as showninfigured(a) and(b), the other d-waveresonance at 586. 09 Gnay creat e aweak exci tati onas
showninfigure(c), andthree g-wave resonances cannot. For the col | ecti ve surf ace node exci tati on, we
obser ve t he sudden change of t he at ons ¢l oud w dt hwhen ranpi ngt he nagneti ¢ fi el d acr oss t he Feshbach
resonance. A thesanetine, thesuddenatons | ossis al soobserved, as shownind.i §areachpoint in
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Figure 2. The si zeix di recti onaf ter TGFand renai ni ng at omnunioer of BECas the functionof thefinal nagneticfiel d. Gasel
and Gase 2 cor respond t ot he dowmar d and upwar d r anpi ng di rect i onrespect i vel y. The d-wave Feshbach r esonances at 493. 65 G
(a), 536.43G(b), and586. 09 G(c) are neasured. The Feshbach resonance posi #H;@x® i ndi cat ed by verti cal dashedl i nes.
Here, t, = 0ns.
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Figure 3. (a) Tineevol utionof thesizeof BECafter theexcitati onof thesurfacenodeinaoptical trapw thtrappi ngfrequenci es
(wx,wy,wz) = 2 x (80,136,136) Hz. Solidlinesarefittingcurves based ondanped si nusoi dal equé i dimé ext r act ed
osci | | ati onfrequencidd) and danpi ngratesk (¢) asafunctionof thetrappi ngfrequency

Thetheoretical anal ytical expressionfor theexcitedoscillationfrequency of thel ownest-|yi ngquadr u
node [ 53]

q 1/2
wQ:LUr\[Z 1+)\2*P2,3* (1*/\2+P2,3)2+8P§,2 (2)

vhere P; = P/(4ui 1)) and g and ug, aretheequilibri umhal f-widthsintheradial andaxial directions,
t he aspect rat o= w,/wr and w, and w; aretheaxi al andradi a trappi ngfrequencies, theinteraction
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Figure 5. Tine evol uti onof thesizeof BECafter theexcitationof thesurfacenodefor thedifferent initial atomnunber wth
(@) 342 x 10° (bl ue di anond), (b) B5 x 10° (yel lowtriangl e), () TP (redcircle), respectively. Thesolidlines showfitting
curves fromequation®). (d) Nornal i zedosci | | ati onfrequenicyy and anpl i t udesA/Ay asafunctionof theinitia atom

nunber N;.
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Figure 6. The exci tat i on of surface node t hrough a hi gh- f requency nodul at i on of external nagneticfiel d. (&) Theexternal
nagneticfiel disranpedtoavalBgbel owt he Feshbach resonanc®; andt he nodul ati onof the nagneti c fiel dw thfrequency
10kHzisusedfor aduration20nstoexcitethesurfacenode. (b) @l lectiveoscillationof thesizeasafunctiongf hol dtine
Sol i dcurves correspondi ngtofit. (c) Thei nages w t h 25 ns TG~ di spl ay t he expanded at omcl oudw ththedifferent hol dtine

| abel edincurve (b) wththearrons. Thefiel dof viewpsVKL771 pmfor al | i nages.

nodul at i on frequency nean/2w., w. i stheaxial trappi ngfrequency of anel ongat ed optical trap. Hrewe
nodul at et he nagneti c fi el d across t he resonance pdi mti t ht he nodul at i on f requency nuch | ar ger t han
theopti cal trappi ngfrequency.

3. Conclusion

I nsurmar y, we have exper i nent al | y obser ved anovel col | ecti ve surf ace noeNaBEC whi chi s exci ted

by sweepi ng t he ext ernal nagneti c fi el d acr oss d- wave Feshbach resonance, correspondi ngtovary t he at onic
interaction. Wcheckthiscollectiveexcitationnear thesixnagneti c Feshbach resonances bel ow600 G and
findonlytwo d-wave resonances coul d be usedtoexciteandtheotherscannot. Therefore, theexcitation
anpl i tude of thecol | ectivenodereflectsthestrengthof thesenagneti c Feshbachresonances. The exci t ed
osci | | ationinthe nonent umspace by neans of TG-absor ptioninmagingisstudiedindetail. Anal nost pure

singl e-frequency oscil lationisexcitedintheaxi al weak confi nenent of theoptical dipoletrap. Incontra
nmul ti-frequencyoscillationsareexcitedintheradial strong-confi nenent. W obser ved t he danpi ng of t he
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osci | | ationanpl i tudeinduced by t he nechani sng of dephasi ngeffect andthecol Iisional rel axati on. Wal sc
i nvesti gat edt he dependence of t he surf ace node on't he at omnunioer of BEC Adi fferent schene of t he f ast
oscillatingexternal nagneticfiel dwasusedtoexcitethiscollectivenode, andasi mlar surface nodewas
obser ved. These exci t ati on net hods nay gi ve us nor e choi ces wi t hout changi ngthetrap f requenci es f or

i nvestigatingthepropertiesof ultracol dquant umgases. Especi al | y t hese net hods can be usedto excite onl
one conponent i nam xture of nul ti-conponent ul t racol dat oniic gases, and keept he ot her conponent s

unexci t ed.
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