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Abstract:Becauseoftheexistenceofsupercoolinginadropletformationchamber,thehydrogen
micro灢spheresarestillinliquidphaseeventhoughtheirtemperatureislowerthanthetriple灢point
temperature.Thismaycausethedropletstoshatterinthevacuuminjectioncapillary.Basedon
theknowledgeaboutsupercoolingofliquidhydrogen,wehavedoneathermodynamicsimulation
ofthedropletsinthedropletformationchamber,andtheoreticallysuggestedtheoptimalworking
conditionsunderwhichthedropletswillmostproperlynucleatetosolidpellets.Thesuggested
workingconditionsarethatthehelium灢gaspressureandthehydrogenvaporpressureinthedrop灢
letformationchamberarekeptaslowaspossible,andthedropletformationchambershouldbe
no灢lessthan6cminthelength.
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1暋Introduction
暋暋Pellettargetisonekindofeffectiveinternal
targetinthestoragering.Inprinciple,thefrozen
micro灢spheres(aswecalledpellets)areinjectedin灢
tothestorageringandinteractwiththecirculating
ionbeamperpendicularlyinthereactionchamber
onthepremisethatthewholeproceduredoesn暞t
affectthevacuum ofstorageringobviously[1-2].
Comparedwithotherinternaltargets,pellettarget
hasmanydistinctmeritssuchashighluminosity
comparabletothatofanexternaltargetandnearly
4毿detectablespace.Asaresult,thepellettarget
ischosentobeoneofthemostimportantinternal
targetsintheMainRingofCoolingStorageRing
(CSRm)atLanzhou,China.Atpresent,thereis
onlyonepellettargetfacilityinuseintheworld
whichislocatedinJ湽lich,Germany.

暋暋Thehydrogenpellettargetisthemostcom灢
monlyusedinternaltarget[3].Typically,thetem灢
peratureoftheglassnozzleissettobealittle
higherthanthetriple灢pointtemperatureofhydro灢
gen.Apureliquidhydrogenjet,ejectingthrougha
glassnozzlewitha12毺minnerdiameter,isbro灢
kenupintouniformlysizedandspaceddropletsby
meansofacousticalexcitationappliedonthenoz灢
zle,asdepictedinFig.1.Thepressureinsidethe
dropletformationchamber(DFC)iskept much
lowerthanthetriple灢pointpressureofhydrogenso
thatthehydrogendropletscouldcooldowntoa
temperaturelowerthanitstriple灢pointtemperature
rapidlybyevaporationcooling.Normally,theliq灢
uidhydrogenshouldfreezeatthetriple灢pointtem灢
peratureof13.96K,buttheexperimentalobser灢
vationrevealedthatthe micro灢sphereswerestill
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keptinliquidphaseattheendoftheDFC.Obvi灢
ously,aphenomenoncalledsupercoolingisinevi灢
tablyencounteredinthissupercleanenvironment
oftheDFC.Ithasbeentheoreticallyandexperi灢
mentallyproventhatthehydrogendropletsare
fragilebecauseoftheirlow surfacetensionand
thuseasilydestroyedbytheturbulentgasflowin
thevacuuminjectioncapillary whilesolidpellet
wouldsurvivethevacuuminjectionbetter.Soit暞s
stronglyrecommendedthatthehydrogendroplets
shouldnucleatetopelletsassoonaspossibleinthe
DFC.

Fig.1 Aschematicpictureofthepellettarget.

Inthispaper,wewillinvestigatethethermo灢
dynamicbehaviorofthedropletsintheDFC,and
seektheoptimalworkingconditionsofthepellet
targetwhicharebeneficialtothenucleationofhy灢
drogendropletsintheDFC.

2暋TheDropletBehaviorintheDFCin
StandardWorkingConditions

暋暋IntheDFC,theambientgasisactuallyamix灢
tureofhelium gasandtheevaporatedhydrogen
gas.Duetotheconvectiveflow,themasstransfer
forthedropletintheDFCcanbeexpressedas[4]
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where晍misthemasslossratebyevaporation,ais
thedropletradius,Ristheuniversalgasconstant,

毷misthemasstransfercoefficientandMH,Pand
Tarethemolecularweight,thepressureandthe

temperatureofthehydrogenvapor,respectively.
ThesubscriptSdenotesthedropletsurface,and
thesubscript¥denotestheplacefarawayfromthe
dropletsurface.Psat(TS)isthesaturatedvapor

pressureofhydrogenatthedropletsurfacetemper灢
atureTS.
暋暋Becauseofthefiniteconductivityinsidethe
droplet,thedropletshouldbedividedinto many
isothermallayers.Theinterfacialheatbalanceat
thedropletsurfacecanbeexpressedas[5-6]
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where氀L,andCLarethedensityandtheheatca灢
pacityofthedroplet,respectively.Thefollowing
boundaryconditionsshouldsatisfy
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TL(a,t)=TS(t). (4)

暋暋Theenergybalanceequationforagiveniso灢
thermallayerinsidethedropletisgivenbyRefs.
[5—6]
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where毷Listhethermalconductivityofthedroplet,

andTListhedroplettemperatureattheradialpo灢
sitionrandtimet.hfgisthelatentheatofvapori灢
zationofliquidhydrogen,andhcistheconvective
heattransfercoefficient.Themasstransfercoeffi灢
cient毷mandtheconvectiveheattransfercoefficient
hc can becalculatedaccordingtotheempirical

equationsgivenbyRenksizbulutetal[5].
暋暋Thetypicalworkingparametersofthepellet
targetareasfollows:(1)Hydrogendroplettem灢
perature:14.1K;(2)Dropletdiameter:38毺m;
(3)Dropletvelocity:21.4m/s;(4)Thelengthof
theDFC:8 mm;(5)Surroundinggastempera灢
ture:15K;(6)Helium (backgroundgas)pres灢
sure:1500Pa;(7)Hydrogenvaporpressure:8暳
102 Pa,sothetotalpressureintheDFCis2300
Pa.

·27· 原 子 核 物 理 评 论 第28卷暋



暋暋Basedonabovethermodynamicequations,the
thermodynamicsimulationsinsupercoolingcondi灢
tionareperformed,andtheresultisshowninFig.
2.Thecalculationsshowthatwhentheelapsed
timeislongerthan2 ms,adynamicequilibrium
temperatureofabout10.8 Kisfoundtobethe
lowesttemperaturethatthedropletcanapproach
intheDFC.Asforthecommonlyused8mmlong
dropletchamber,thesurfaceandcentertempera灢
turesofthedropletareabout11.07and12.45K,

respectively[7].

Fig.2 Temperaturevariationswiththetime,whereTsurface

andTcenterdenotethetemperatureatsurfaceandcenter

ofthedroplet,respectively.

3暋KnowledgeaboutSupercoolingof
LiquidHydrogen

暋暋Inordertofindoutunderwhatconditionsthe
supercooled hydrogen droplets willnucleateto
solidpellets,weneedtogetaclearunderstanding
ofthenucleationprocess.Thetransformationofa
supercooledliquidtoasolidtakesplacebythe
growthofcrystals.Itfollowsthatwhenasolidbe灢
ginstoform,itmustatfirsttaketheformofex灢
tremelysmallcrystals.Thefreeenergy毮F(R)re灢
quiredtoformasmallsolidsphereofradiusinthe
liquidis[8]

毮F(R)=4毿R2毩LS-4
3毿R3ns(fl-fs), (6)

where毩LSisthesurfaceenergybetweentheliquid
andsolid,nsisthenumberdensityinthesolid

phase,andflandfsarethefreeenergiespermole灢
culeintheliquidandsolidphases.Becauseofthe

surfaceenergy,毮FispositiveforsmallRandhasa
maximumvalueof
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whichoccurswhen
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ForR>R0thesolidtendstogrow withoutlimit
becausethisdecreasesthefreeenergyofthesys灢
tem.Thus,thecriterionthatdetermineswhether
aliquidataparticulartemperaturewillnucleateis
thereforetherelationshipbetweenthesizeofthe
largestclusterandthecriticalsize.Ifaspherewith
R>R0isproducedbyathermalfluctuation,the
supercooledliquid willmakeatransitiontothe
solidphase.Theprobabilityofthishappingper
unittimeperunitvolume,namelythenucleation
rate,isgivenby
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wherenListhenumberdensityintheliquidphase,

and毤LSistheactivationenergyfordiffusionof
atomsacrosstheliquid灢solidinterface.Theform
oftheexpressionfor殻Tindicatesthatthenuclea灢
tionrateisonlydeterminedbytemperatureifall
theotherquantitiesareknown.Itshouldbenoted
thatequation (9)holdswhentheeffectofvapor
pressureisignored.Thisisareasonableapproxi灢
mationforliquidhydrogenatlowtemperatures
whenitisinequilibriumwithitsvaporpressure[8].
Inaddition,thediameterofthedroplet(38毺m)is
bigenoughthatthesurfaceeffectcanalsobeneg灢
lected.
暋暋G.M.Seideletal.havemeasuredthenuclea灢
tionrateofsupercooledliquidhydrogenatanap灢
pliedheliumpressureof15暳105Pa,andtheresult
isshowninFig.3(curveA)[9].Basedonthisdata,

theoreticalratesforclassicalnucleationofhydro灢
genatzeropressurewascalculatedandalsoshown
inFig.3(curveB).Asforthepellettarget,the
heliumpressureintheDFCisonly1500Pa,sothe
nucleationratewillbemoreclosetothatatzero
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pressure.
暋暋Besides,thenucleationrate殻isdefinedas殻
=1/(V氂),whereVisthedropletvolumeand氂is
thelifetimeofdropletbeforefreezing.Fora38毺m
droplet,itsvolumeis2.873暳10-8cm3.Ifthelife灢
timeofthedropletisasshortas1ms,theneeded
nucleationrate willbeaslargeas3.48暳1011

cm-3/s.Itwillcorrespondtoatransitiontempera灢
tureof10.16and9.4KincurveAandB,respec灢
tively.

Fig.3 Thenucleationratesofliquidhydrogen.Alldatesare

takenfromRef.[9].

暋暋Asstatedpreviously,thenucleationofthesu灢
percooledhydrogen dropletsisjustsensitiveto
theirtemperatureundersuitableassumptions.If
thedroplettemperaturereachesalowervalue,the
highernucleationratethatcorrespondstoitwill
makethedropletsfreezeinashortertime.Then
we暞llmakesomethermodynamicsimulationsto
seehowthedroplettemperaturechangeswiththe
workingparameters,andtrytofindoutwhether
thedropletscannucleateintheDFC.

4暋ThermodynamicSimulationsatDif灢
ferentWorkingParameters

暋 暋 The working parametersofthe hydrogen
dropletsintheDFCaremainlythedropletsize,

dropletspeed,hydrogenvaporpressure,helium

pressure,andthetemperatureofthebackground
gas.Asaresultofthesimulations,wefindthat
thedropletsizeandspeedhavelittleinfluenceon
thedroplettemperatureandthusdon暞tdiscuss
themhere.

4.1暋Theinfluenceofthebackgroundgastempera灢
tureonthedroplettemperatureinsupercoolingcon灢
dition

暋暋Normally,cooledheliumgasisusedasback灢
groundgasinsidetheDFC.Consideringthecool灢
ingmechanismofthecoldhead,thetemperature
oftheheliumgasisusuallyhigherthanthatofthe
initialhydrogendroplet(14.1K).Onthisprem灢
ise,wechangethetemperatureofthebackground
gaswhilealltheotherconditionskeepunchanged.
TheresultsofthecalculationsareshowninFig.4.

Fig.4 Thedroplettemperatureevolutionsatdifferentback灢

groundgastemperatures.

Wecanseethattheequilibriumtemperature
ofthedropletdecreaseswiththeincreaseofthe
backgroundgastemperature,butit暞squitelimit灢
ed.Nomatterthetemperatureissetto15,20or
25 K,thefinalequilibrium temperatureofthe
dropletisalwaysaround10.8K.
暋暋Sincechangingthebackgroundgastempera灢
tureisnearlynotbeneficialtothecoolingofhydro灢
gendroplets,weintendtokeepitaslowaspossi灢
bleforthefollowingreason:Thehigherthetem灢
peratureofthebackgroundgas,thegreaterthe
massloss.Take50Kforexample,thedroplets
willloss80% oftheirinitialmassin2 ms.It暞s
possibleforthedropletstodisappearpriortothe
vacuuminjection.Normally,atemperaturearound
15Kissuitableforthissituation.

4.2暋Theinfluenceofthebackgroundgaspressure
onthedroplettemperatureinsupercoolingcondition

暋暋Duringtheoperationofpellettarget,theflow
ofheliumismanuallyregulatedbythetotalDFC
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pressure.Now weonlychangethehelium gas
pressurewhilekeepthetemperatureofbackground
gasat15Kandhydrogenvaporpressureat800Pa
unchanged.AsshowninFig.5,wecaneasilyfind
thattheequilibriumtemperatureofthedropletde灢
creasesobviouslyasthebackgroundgaspressure
decreases.Thedropletwillreachanequilibrium
temperatureof11.06Katapressureof3000Pa,

and10.77Kat1000Pa.
暋暋Nowthatthelowerbackgroundgaspressure
isbeneficialforthedropletstoreachalowertem灢
perature,canweswitchofftheheliumgas? The
answerisno.Intherealexperimentalsituations,

whenthepressureofthebackgroundgasislower
than1000Pa,wefindthenozzleismucheasierto
befrozen,andthushinderthestablegenerationof
thedroplets.Therefore,it暞ssuggestedtosetthe
heliumgaspressureat1000Paandnomoreless.

Fig.5 Thedroplettemperatureevolutionsatdifferentback灢

groundgaspressures.

4.3暋Theinfluenceofthehydrogenvaporpressure
inbackgroundgasonthedroplettemperatureinsu灢

percoolingconditions

暋暋Asmentionedabove,theambientgasinthe
DFCisactuallyamixtureofheliumgasandhydro灢
genvapor.Itwasfoundthatwhentheheliumsup灢
plywasshutofftemporarilyandthegenerationof
dropletswasstillfortunatelyoperatedintheDFC,

theambientgaswasonlythehydrogenvaporbe灢
causetheresidualgaswasnotpumpedoffinstan灢
taneously.Thehydrogenvaporpressurewouldar灢
riveatthehomeostasiswiththecoactionofthe

dropletevaporationandexhaustofvacuuminjec灢
tioncapillary.Thepressureofthisresidualgas
wasmeasuredtobe800Paanditcouldbetreated
asthepartialpressureofhydrogenvaporinthe
realexperimentalruns.
暋暋Ifwefindsomemethodstochangethepartial
pressureofhydrogenvapor,suchaschangingthe
innerdiameteroftheinjectioncapillary,what暞s
theevolutionofdroplettemperature?Inthesimu灢
lations,weonlychangethepressureofhydrogen
vaporwhilekeepthetemperatureofbackground
gasat15Kandtheheliumgaspressureat1000
Pa.ThecalculationresultsareshowninFig.6.
It暞sfoundthattheequilibriumtemperatureofthe
dropletschangeswiththehydrogenvaporpressure
synchronously.Thesmallerthehydrogenvapor
pressure,thelowerthedropletsequilibriumtem灢
perature.Itisnoteworthythatthedropletequilib灢
riumtemperaturewillreachto9.5Kat100Pa.

Fig.6 Thedroplettemperatureevolutionsatdifferentvapor

pressures.

AccordingtoexperimentalLiquid灢Vaporequa灢
tionforH2

[10],weknowthatthesaturatedvapor
pressureofliquidhydrogenhasadirectrelation灢
ship withitstemperature.Whenthehydrogen
dropletsareinjectedintotheDFC,ambientvapor
pressurelowerthantheirsaturatedvaporpressure
leadstotheprocessofgasificationanddropoftem灢
perature.Oncethehydrogendropletsarriveatthe
dynamicequilibrium,theycan暞tbecooledany
moreandwillmaintainaconstanttemperature.In
thisconditionthevalueofambientvaporpressure
isbasicallyequaltothatofthesaturatedvapor
pressurecorrespondingto currenttemperature.
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Thatistosay,theliquidhydrogenisinequilibri灢
umwithitsvaporpressureintheDFC.Neglecting
theeffectofpressure,wecanspeculatethatthe
dropletsatatemperatureof9.5K willpossibly
nucleatewithin1msifcurveBinFig.3wascor灢
rect.

5暋SummaryandConclusions

暋暋Becauseofexistenceofthesupercooling,the
hydrogendropletscan暞tfreezepriortovacuumin灢
jection.Thisphenomenonhasinfluencedthesur灢
vivalofthedropletinthecapillaryandtheangular
divergenceattheendofthecapillary.Wehave
analyzedallthefactorsthatmayaffectthedroplet
temperature,andconcludedthatthehydrogenva灢
porpressureintheDFCisthe mostprominent
one.Inordertomakethesupercooleddropletsnu灢
cleateintheDFC,theoptimalworkingconditions
suggestedbytheoreticcalculationareasfollows:
thepressureoftheheliumgasshouldbeaslowas
possible,soisthepressureofthehydrogenvapor,
andthelengthoftheDFC mustbeextendedpro灢
perlysuchas6cmto makethedroplethavee灢
noughtimetocooldownandnucleate.Thevalues
oftheseparametersshouldbedeterminedexperi灢
mentally.
暋暋Thetheoryaboutequation(9)wasdeveloped
forclassicalfluids,anditisnotclearhowitshould
bemodifiedforquantumsystems.Itassumesthat
anucleusgrowsorshrinksasaresultoftheran灢
domadditionorsubtractionofindividualatoms.
Collectivemotionsofthetypethatareimportantin

quantumfluidsarenotconsidered.Lifshitzand
Kaganconsideredthecollective motionanddis灢
cussedthenucleationbythermalfluctuationsin
quantumfluids[8].Theresultsforthequantumnu灢
cleationratetellsusthatthenucleationrateis
highestandkeepconstantatlowtemperatures(T
<3K).Athighertemperatures,thefreeenergy
barrierincreasesandthetunnelingratedecreases
veryrapidly.Intherangeof9.5—10.8Kgivenby
thethermodynamicsimulation,thequantumeffect
haslittleeffectonthenucleationrate.Therefore
it暞sareasonableapproximationforthehydrogen
dropletsundercurrentexperimentalconditionsto
betreatedasonekindofclassicalfluids.
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液滴室内的氢液滴超冷条件下的结晶*
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摘暋要:液滴室内超冷现象的存在使得氢微球在自身温度低于其三相点温度的情况下依然处于液态。这可

·67· 原 子 核 物 理 评 论 第28卷暋

* 收稿日期:2010灢04灢08;修改日期:2010灢05灢31

暋暋*暋 基金项目: 中国科学院近代物理研究所所长基金资助项目(O901030SZ0)

暋暋1)暋E灢mail:lizhankui@impcas.ac.cn



能导致液滴在真空注入过程中发生碎裂。结合液氢的超冷知识,对液滴室内的氢液滴进行了热力学模拟,
理论上提出了利于氢液滴尽快冷却成固体小丸的最佳实验条件,即保持液滴室内氦背景气体和氢蒸汽的压

强尽可能低,并将液滴室长度延长到6cm 以上。

关键词:小丸靶;氢液滴;超冷;结晶
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