B



o
EL

R R
e
o IE

gragiiit
_,b.lu/rm
2 11X

oI ;
<=

X

1046997 |
o

]
Y=
H






w o w W w W

1

2
2
2
3
4

2

2

> W

(9]

¥y ZHEKESOKEEHR 000 e e e
ffEKEEHer tz—Knudsenodx,

"R E
—2-1 B-gHX (tn>>ts)
—2-2 ZBEEHKX (t. <<ts)
BCFHE#H (L¥8AEMRXIRE)
tmikE LI BEMUEAE (Quasi Liquid
Layer) PFEHET 254
-4-1 BERFEITSELTOIES
—4-2 [BRFAACSEARMNBZEEL VLSS
B3® EREEBIUCHFE 0000 e e e e
HEREE DK
INRYRR R A8
75 BE ] i
KGR DORE SN ORIE
EFE R
ERF &

Faw RAEFE-BBEHEE 0 e e e
R RR AR R B D ] E
BERR e BRABNE, BRzXVF-W,
RUBEKBNOILBAEE D ERATFy T3 VF -7 0k
D1/ 71 DKDFE



4

4

92 BN

(o2 e > BN o BN M

-3 A7y THEOHE

—4 WEKGFOFEHEHHTEXs . A7 9722V F—70
DORHFH

-5 {EHEHEOKIR

wHE OERER e e e e
-1 XEROREBEZIOBE - BffIEKENR
-2 HKREHEEOBIRMEKFHE

5—2-1 —-30~—-T7TCTHRETIKERDERKEEED

18 B8 FI B AR 7

5—-2-2 —30~—-7C., A—KEROERKRREED
i A8 A BE AR

5—2-3 —-3CULETHRETIE-—KEROERKEEED
18 B8 FI B {77

-3 HKEXREOZOBBEEK
5-3-1 KETHIKEERRALOREEBLUEEY » b
OF % -3
5—-3-2 KERESEAEKN
5—-3-3 HKEFOERMDOREL
5—-3-4 MmMREHIcETT ZEAM
—4 R 7y 7TEELBRMEDORF

®6w ERERomm 0 -
e3 E3 LTS

6-1-1 AAFOUREMOER EKBROKE
6-1-2 BROMREALKKEIOKES

2 EEZRPCHRET 3KERO MO RE KT

!
[

3 MREOERKEEEDBEIIEKFE
-4 KERREOZOHBE

5 IKEROBBFE & FEILEIEREX -

6 KEBROREFEEEEBRAEE

00 0 N~ =
o N =2 »~n ©

© o0 0w 0 o, o 00 o
S O O N O A



6 —7 WFIOEEEN-F-Xx7 b
6 -8 ZEIROEHE
6 -9 EEBRTKISHER
6 -9 -1 AFELARATKEOKE
6 -9 -2 HWEKBEOKE

BTE OEHEESR e e e e 1
o e e 1
531 ZTZEPTOXKLFOEHEHTFE 0 - e e e s 1
182 WEERC X2 ZRABOEOET 0 o e e .- 1
1823 HBEOHSEERNICLIZEREZTORE - - 1
sEXH e e e e 1

O O O © ©
o o o O s

p)



B

iy

ERBOBELRELZGLOMKRR. [SIRFNAHEIX» D TRALERKEFEN
KHHEKEVEETH S, CoH>b, BEBEEZEIFCKEREZRESE 5 ER

KEBERORERBOMAZAUEICL, BYPEBARKT TOSHEREOHAI
E-oTHEETH 5,

AMETE. 0~—3 0 COoORBEMHEET. KFFOohBILBOEREREA TS
40P anpEEEKHT. LrbERMLOBICKE SN 3B OEWAIEKIT % HE
RTEsTHYHLICZHEKEERES R T, ToORBELLOREKREE 2
Kl THYELTKERERESE2ERI. BROBLOFESRRDS
RBEIRKECRERZ, L2LEBS, COFERKREECARMEZERIC
ROBIEBTEBZE, FLREROKEROATL L RABEORKLZOE
{E2BECTEZLEIRENRINEAY S 2, ARRTCREBEL 4 OEECRET 55 M
Bk&D (0001} EE {10710} AOEHRKRKREE, BLUBERKALD
257y 7TOBBMERGHEOAELRZITV. ChoDREZREEBELDERRRE
MELE L, EERRAECTOBHREZT - THZHREBEKBEOREREZHS
MR LUTo £, KEROREFCRRTEIEORELHA NS LHIZ1. 0X
105 Pa (1K) OZRPTKERERESEEERGTL., BEELRTT
DEBRERLEGLET. KERORBENMOREAEHE. BB TOSHEROKE
FieowcEiRm L o

KEREOEBRRBKEMALHALZERBIHERLT, ¥4 /vavta—7
—RIZ2EE. BEZ0HHIMETV, SVEECTERE. BfafIELHEL 7

MBI, RAOE»BRMNERETZCLOTE 2 RFEBMS THHEMSR
AEAL. KESRELORER, BRE s b, 275 7TEHSEHK Lo ¥
foe FLVEDAS, EFAEBEBEREFALT, 257 v 7ORERE OB RMBEKE
HZREL o

GRERILBOKNE2EHE CE%40Pa0EEERP T, 0~—3 0 COBREMR
HMTRE—FEOBBMETCKERERESEALEIA. —30CTRZHEEDH
H. - 15 CTRZEAEDAIKR. —7TCTREZHAOARE., -3 CLELTRHE
CHERPREL. PHAKEORBEELCREBEECEFLIKFLTV R, BEEXR



HTOKBERORBEMOBERGEHZ L0 —BFE L ANZ LI, A—E&R
EFRHWT, —E0BEME (1. 9%) TEFEOAZERNICEZLLZEREIT-
oo COB, ROV A XEHAB DI, BEZEZALTERKERE2Y K
DEEFESE.HN50~100mOERRKBICLALEB, BRESETKERD

BEEERAN, HEROEFZEITERLACOLIIBERI LI TIRITD
NEPIBBL, ARRABKEZORBECOBERFEO —SHIELLHRATS
5LEA Do

wic, ZEHEKBORBBECOREKRGEHOBBEHS M sdic, {0
001} @& {(1070) HOERREAELQSOEEDRF » 7 OHTER
EoBRMERGEHEBEAOEETUE L. KEROERKEEE R, K&X
300um. cHiFEEatiFROEEOEN0. 6<c,//a<3. 00FA®D
RBROBEE. A kERORREEREZLZ VR LS VW TABNEORM
HELTRE L, MIERRLBAOREEREEZERLAER, RoFRm1E
bffce —30. —15, ~7TCORBETCKETS2LHEEKED {0001}
mE (1070} MOERKEAFECBIMEKGEER. EOEDOB C FEifmi
FEECHE—HKLA, /-3, 1. —-1. 9. —1. 0OCTHRELLXKERD
{0001} & {1070} MOEBRKREAEOBRMERFHEEREERE
HBELAER. —3. 1, —1. 9CTHRELAKERZD (0001} @RHED
HOBCFEHABEIESC—HKL, —1. OCTHRELAKERD (0001} Wi
FRRALCRUREESEEL., BURGHEEEHEORE K 5> ¢ AKRMPEE
T5Em (V-QL-SHH) ¢B{—HLl/iks —F,. {1010} EOHER
- 1. 9C%:BILT. BO0OHOBCFERM»SV-QL-SHEHRm~ELT S
EBbd ot

T, ERREEEOAE L ET LTI~ Mo THRABEZA W IKE R

HOZOBBERICE-T, SBAGNOBHEICEIKRER, BEEY M. 27y
TREDEHEUET L IENTEL, b, KEROKEEERZRERED
B e, REECHELABHRcERYy FBEREh, TOFSKDILD I L&
FRET. HoREREPSREBEANAELRF y TRBVEBEIAAKRERIR., £
ODERBUEHALCE SR> oHBETE &, Hic, BENEZY - DT
5L REEORLLSHEENICI/ nRF » THEEHTEFOHERERY



5. KiEREEBLCHESISNAREERSBARMICHIGT 2EB LD - 12,

Plko4 0P aTcoEEER>»S. ZHEKED (0001} @& {10710}
HIRFZIH-2CUTORETRRAORADOSELARMEE (BCFHEE) . B
—2CELVEBTRRUBREBRE - 7-SBARMBE (V-QL - SHEE)
FoTHRELTWBIEBbh ot T, KEROBBEOBERE,%:.
{0001} EE {10710} HOREEBOREARGFEHEOBVWIL X > THWPT
BIERERBV, TEHEKSESEEL/LT 2ERMETD (0001} EE
1070} HOREBBEZKKLAER, @BELL0RERFHEOHHOE 1 R
BELT, KFORBEOLEIZRTEHEGER e ODBELEAHMKEESE
BEThHdIEDBbh ot

AT MERCKE->-TS2EHERRI40PaLlDdbFVEHOERTTHRE
LTWwd, SEEBILK/DEVI BRI, ZEBH 2 LItk 3K FORBILE
DIERMBBHRTE, FLWROHELEPHI»THILELLND, - T, B
REZOEHERZI40P a0 EREERTOAEREABROREZTI EEX SN,
OB, BEANBRBESRESNSE, SERPRES B> THEREILHOIE
HBPEVWTHROBPANBENIHREL., BRKBOHBRKEVRET 5 &
EZoNB, T 1. 0X105 PanZERPTTRETLIEEROEHELEL

BERGHE L T LEHGER e OBRELEAMKERH LI > TREZIRTTH
%,

FARAATRESOFAEPKERORER CRETEEEAAT 2D, 1.
0Xx105%5 PadZEXRPTKERERESIEIERLIT-o/o TOHE. ZRT
EBERENBOEABNE TS > Td, SBARNVPEROAE KHEHET S
BICRBREKESRET S IEBDI -7 BB L 5 10BN M HEREL
MAECTR, ZREBBBECLIEREKEOMmIc. STARMBEBICL > TERE
NE2ERKEPE->-TVWIRTTH2, £/, EEBPEECHUNI W 2FE M
EVABKEPHEECHEVARKR., 52 VLI XRNALOSEREFTR., H2
UUTOBEBVEBRMET., SEEOBEOHI S CARNMPEET 5 L THHA
TE&EBIEBDLD -1,



¥1E F¥ &

P EBIcBF2BREEHR R, MREFEORNICPRSHEEZZ X3 LTE
EThb, CNOOMBOKNERHTHEMAER., LENEVWEEEESET
55, BRAEOHRFBIKEIHEREOBEI SRS BEA TV I LD IEBENE
Wo iz, HHEMN2800mlUEbHD. KESEV, AL, 2T ZEHEL
TRMO. TRE (1] TH 3, L0/, BENTR I EREICR S5h 3 Zhift
EOBBREBPLPATKRKERPEALASRR5E0VEKS Y. KESOEHER I
A, AR, 35 VRRAFERSGOETE - T3, [EIBLEELTWS D, K&
SERHOSEHBEBLTERPHONPBBEIRFRLILHFETHS [2] o« —H. K
FoBEwHGBELERPKEETR., PHETARAIEHFTLEEEIKEL
TVWBHAEENSS [3] o COLIEHRBROEREE. BE. ZX0ENT
EORBEHIKEK > TRESRERBD, ChosoloBEFEEHSMICTE2HER. K
RENBBER[/ L SE LD THL BEKREFHEADL S b REAKEVHETSH
%, . E
ERREOBLIRZEZEOMOBEEHS AR T2 ER. HABAEZNER
D2EVIRANENE N, BHPESECOBRMEHBENER 0T, REL
GrzRBCHHCE2ZENEROEERSHL T 2, SEROELRELRGD
MOBERELEFHARIERAMAR. 193 6 F PRI THMDTITONI, £
D%, 1. 0X10°% Pa (1RF) OEXRPTcBI2ERIBELOMAE [
4,5, 6] KIoTITRDbO, TNODERKRIFTRIA Y IS4 [4] /D
W14 v 7546 [6] (K1) &LTEFEHohk, ChSDERICE-T, 1.
0X10% PaoZEXRPTHRETI2EEFEOHNEBERERE., BifIE & 0B&
WHOohicd i, ZDH, Mason [7] &Hobbs [8] SH. NKFA ¥ 75 4
RRENALSEROFRELZOBE. BMNEREHOBELHRHAT I 2R
Bleo LBPLABES, WOoDHBHERMPE, £/21. 0X105 Pallffoz
[P THRET ZKEROFEEL Lo wWTR [9] . 2CHEETER WV,

LIATHEROREEERZOREERBICHFETII0T,. SHEOEELL
ZEBTLILDICE. TOREBREZHS AL LETAER SRV, SHERBOK
RBREBEZHOSLIRT A21DIREB. KAFOLBEBOEKRE2EH &2 L5 UK



0.3 2 2
o 9
& o a
sl 5| 8
¥ O Y
O L\ V]
‘?/\ Al O v
E -«
o ) a
0.2} 3} < | bt=-=- 8 ‘
Q 2973 9 &
< o |o| 2 <
a = w /\
> | Tl L
c
9 Plate
S p= 0 e e o i e e e Grn i G G R e G S G GNe GED GES G Gme G NS G G S CE Gee G, G E—. G—
301
5 - -
> Thick plate Hollow prism
0
>L<) o= e ar] an e e G E] e S . - = — . S Swm S pov e B G — e SR Gmt G Gm G G G . S Gve G S P Gun fmm oan
! Solid Very thick plate Solid column
column c/a—=>o.s c/a->1.4
1 1
o -10 -20 -30
To CC)
X 1 ERBEOREECEHITENINMNIA YT 5 A

EHEOY 4 Xt e/ a BB

Bl EEZRLTWVWS,

Fic, FPELRLESBBIIECKELTL



EFESHTTE2HEKELRES Y., B2ORERRELET I HENH 2, L
LS, COXIBHMRABAATHLERL. B -2 0 CUTOREBHEE &
REL OFHERBABTOHRIIGE LT TVIRW,
ERBOREZOBEEZH O P KT 2 ERUMAB L EEN LR T, MRS
AY T SLARRENKO~-3 0 COBERBTELI2ELERORBEEIL (c 8
Kl aFaoksoll) oRERER2HRET 2ERSRE S (BHE
Lacmann [1 0] ; 2H[11]) « EHSKE. 0OCHhroBEBETTSIIco2NT,
EEZD (0001} EHE {10710) WOREEBEN. BURKEE (BMAET
KB 2RUKABOELE R, BIFICK - TRERFE [1 2] . XBEFE [
13)] . NMR (MRKH*EEE) [14] SOoERICE-THRBaIL) BEHE
TERE (1) . REKDTFOERERSL. 0~0. 02 0MOEERE (1)
WEERPO. 0 2LUTORBEKDSFVREFHELTVRKE (IT) ~&Z&E{ L. L
PHINSORAEENELTZ2EEN {0001} @&k {1070} ATER
BLERE-TEHBORBENLMORERFEEZEROICHHE LA (K2) o &
S, ERBCREUEPFELLTY [15] SRELT, Kfgfoco {0001}
Be (10710) BORBEERHEL, thon, 1 REOERHTRET 3
EHBORBELL(LT2EBE (-4, —10, —20°C) T, BEEHITKEL
ZlLT 2FER Lo CORRBNMRSTA YIS AR —RLTED, 0~—
4°CE-10~—-20CTHEK, ~4~-10C&~-20CUTTAHRERER
BIKEKT B EZR Lo —H, BHOER [16] Ick5&-7C&—-15%C.
KBHMOZGET TR FORBBREEME L2 LKERORE (414 Xtkc/
a) T l, OwhEffE, FAHE-HH[17] 01 0REPEEANRPT
DEBRTR. AREESRETI2ZE0- 14 CTHRERYEHMLTREL. &
CHEH-E [18] P40PandBREEITOEBE TR, 2% U ToBBEHME
ARERPRETZ2EZEO - 15 CTHRERPEBLTRELL, ChODER
CERHSOBREOFER., EHOoRSABNEO 1 REOERTTHRET 25
D REELORE Wﬁﬁ@&%é LTwa st icERT 5. A5, SH&E
DEBELCREECSTHE, BAME. ZR0KEN. #RRE LICEHET 2
BAOBERIZECHBIKEL TV S,
BROBOVCEIPEET S L. KA FORBEBROERVPEL, SHEOR



X 2 BHELacmannOEERORBENMOBEREROBREZRT
A X
I REREZECRUREESEET 2RE. TRERXEOREKS T
OWERBEBRMB1 ED/NEC0. 02D KEVKRE (FEREEB) -
M3EREEHOREKRSFORBERMNO0. 02 L0/NhETVWRE (TR
R o



HRPBMNMERERAEOBCI -~ TAE—EE (XAVI7HR [19] ) o O
FHEBMIIEOAH - BESEOEBHCL2REREOARE — 24 U, #IERE

EPHRERVPERET 2. SEHBOXEBMAE R vV 7 OBINEX DKV,
CHAERET2FRTER LV, BEROENVELA B EEHEROREBIAMER
Wing 3, KFFOFHEHTEVSEROKRES LD bRESBBLIRERE
ZRPCR, REEBONER V7 OBBMEERZIELIRS, - TEREZE
ST, KEBBIERSEROZREH C—ELIRTIEBERKL, TE
EFZERKGTCREEBBMOELIREST S LB TCELIDOTC. BADO—FOEE.
FIFIECEHETREIE T, sRREEAEOARMEAGFHEZRAIEL. B4 0
REEREEET LD, SEEOREREERHEEET LB TE S, —
H.BEREROBVWTHYELCESEREKES 2L, REOBRICI ISR
ODABEZFCENTE, REEELERNEL EBICREBRS P TE S, T
MEECTOKEREOERRIBROXTEPRAROESEZOBALERZ B, &

CHBEMEZERICABICEMHREZ LA, REEROZTOBEBRY
FHELRZ20T, REBEOREIEHIC I ICMMENS %, Lanb&Scott [2 0] K
HIKEEATFOLPORBIERT TR YL A P LKBRERES®, &
7cBecmann& Lacmann [2 1, 2 2] B, EHKABERBRZ IS KBEERORVEHO
THIETiT-o7co OB, BEHOERREEEOBBMEKREE» SKERD
{0001} EE {1070} AOREBEEHEL D, R L CBEEFRES
B, EBRMESKEINFED K BVEANTOIRELTVSEDT, 0
~—30CORBLVEERB CET 2 KEROEELLE2HE NIRRT L
BTERP-To $APFLOEBOEE, AIEEIAREELS2VWTEBD, Ihi

BREMEORBOVCBINE -l Ld. MYDZVWEBEE LickEREZKE
SETCTWARCERFERBS S LEbN S,

FRROFE—~DHMNR, KESEPEELENLEEIT0~—-3 0 COBLVWERE
e bi»> T, WHIERVEACEIEEESR T . THYHE LS EAKSR
EREIEC. TORBENAVPEEDOAICL-TEDLII BT ELEFA NS
CELVHEIR. BAoBRE., BHECRETAKERD (0001} @& {1
0710} HOKEHEEHANZ L, HEZ3, RELLOBRERGFHORIEZH
Shicd BT L, BNE. EREREE2 L L TBIITERIMWIEVARE., ¥



BREVAK. 22 VERAFAARNAROKERECPEEKEFTOREEEZER
5 &ETHBo

LA T, ~MEBEE TORBREOTRIL. R OBk EEE OB
MERGHEDS . 52 VEKEERORABMEHEEDOSr SREBBLHET 5
BEIBH »7co LPLARPOHEROBREEOLIKELL DT A -9 —tL-T
FWMEINTVEIBEEEELLERT 201K, WSHO»rDORBEHELXMAE
DELERBRZITICENLEI LV, TITAPETR., BREOCEHRREEED
BEFIERER. X7 7ORIERFOBBNEREHE LB, OREERLEOL
RE, RAMHBEOXTOBBEZHEKICIT > TKEROREREZERL o
SEPORET AKEROXAHRABEOZ OBHEET- Ok, HAZEL
TARABYDTCTH 2, sHHMAETOFEER DV TKERORERE &
FEMMBEEEBE L7206, KRRBENDTTS 5o |



F2E ZHAEEROREER

SHEPSOHERREBRER (1) kKE=x=» POEELE (2) BRXRE
tokEa2=y bDA4%F 422 (3) BEAORWE O3-0BREISTS
N3, SHPOSRETIKEROEE (1) BKJIMOKESFHBKERRE NI
e 2BE (2) BKERRXRECBRELAKSGFIERET (F 7)) M
ARAFENHBE (3) IERLoOBLREB I 2 EHRLANTHAE CHIAT
3, B (1) £B]E (3) IEREOBECREKELRIVWEEZELONSDT,
BELBBNEEZEACBCAELIKEROSBELLCIERE (2) ¥AHENI
BEETH D, BE (2) R20VTR, W>2»0BEHm NS, EBREROBEHIC
VEREGRE, CTBARYT 3,

2—-1) fEKkEEHertz—KnudsenodoxX [2 3]

SHEPSKEREECIE LAKSFHLTCEEBFCIRVAT LI, B
(2) BREOAFEBELRLELST. BXA O ARERE T TCORRKOKERE
Rnax%25 %2 5%, COXIBKEKIEMFEREL VL, (OB, BRRXERZSF
MRRETKI TV, KL EREXAPENTVWTLRZAF Y7 TEEHLNT
WTHKDFOL > LBOWEBEZE-TVWEHFR, ERAETIE. BREETI
BB > HOICKDFHEET IHENSD. MEISN CRAKSTFBLTHERE
b4 2&RBOBV (Y PR E-HHE) o« COLDLRHEF Y7 OKERRED
REERER. BAKEEFE R CEERRZBHILbOTEAON S, 1B

Rad= @ Rnax HL I<a<l1 (1)

CTRnex RERRAE~NOKGFOEROHEE, SRD SN,

[

Rnax=van (P—Pe) /V (2727mkT) (2)

10



THxohs, HL.

T :HREORE

k :F®Vy 2 ryEK

P :SHOKESRE

P, :BETOREEOFEHESE

m :KHOFIEOHE (m=3. 0Xx10-23%[g])

va :BEHOKSGFIEOEE (vea=3. 0X10-23 [cm3] )

TdH5bo

X (2) 2Hertz—-KnudsendREWI, BBHNEREOES.
EEER (1) oBRBin@Eshscy, EREAI—MBPICHEIRZ S &
ZZohbd,

2-2) TRTEHKE [2 4]

— M. SEBREOESCR., BELBHNESTAECRVEDL . E8E
HRSFHURETATCEETH 2, L. EERABSFURETATEE TS
BROIE. HEEPRET S DR, o ER - THERERUEOSFRES
EEEH RS NALENS 2, CHEZRTHEEVL., ZOBEAEEpo
BXOBARKE, BAEEY ) OBERERET .. &

pe=7a,/kTlna (38)
In=vNgexp (—ge¢/ kKT) (4)

=y Negexp {—7 (v /KT) 2/ 1na}

ge=mw 72/ kKT 1lna (5)

11



THEx1o6hB, 2T

v T ZRIEEBEDOIBIAEBETSIKSFIFASvOEHEHET 2 V¥ -
(RF v T2z FE-)

a HRNOKSFIEOKEX

a : fuFO e (¢ =P,/ Po)
g¢  Z_RuBEOEKEHET 2 v F —
v :%EEE]; (y~1012[s_1])

Ne : BUERHYDOBFHOK
“RTERER. BEKHEE L. X7y TOREREE vV o KR/NEFRICED .
ZHEH#H#R (mMmul ti—-nucleation) EH—EEX (single
—nucleation) KKQWohsd, HIb, ESOHEBERLEIC _RITHK
BEKEN2EBtsn (Waiting time) id

ta~1,/1xS (6)

—FH. ZRaORF vy TEEVHIERAAEABCORLET 2ERMts (swe
eping time) &

t s~V S/V (7)

DBty >>ts OBEEH—HHER. tn <<ts ODEGZZEHEHA LV

>

Jo
2-2-1) B—g#X (ta>>ts)

COREHMRNTREEtISE I SFRB S EA MBI OT. EREOEER
EF#ERpsliBIERDES IR B,

12



R[[s’\’a/tn"’alns (8)
a I THHEBREEOER

COREHFROFHEL TR, KE#HER s PEHLTWLW2HREOHERMES
CHHlTEETHDE, COREBBRATCHEEVPKRET 256, KRR FELTE
THEINCZHEAERCRIEZELONS, —FH. COREHRIXTKERZBSEA
AELREEETRETAADCLERBRNERIRI 0% EHEEILTED.,
EREREDET WV,

2-2-2) ZHEHEHKX (ta <<ts)

CORERANTRETIERACERKEEER pald. BLXETRADOLI LI
%o

Rpopn~a Il 173v2s3 ' (9)

[HEREDOBAE. v/ KT~4 L REVD, ta >>ts &> TEHEER
XRPFHELEAVWEEDN TV S, ZHEEHRAR., BRREPHEKEDBEED
2Ry /RKTHNSVERBIBLEEAON, BRRERTR., Bt XRED
BRE—-HT2IEBHohTVS,

2—-3) BCFHE#H# (o¥AEMICLIKE) [23)]

2-2) TRRALFBCIHEKEOEBMEL+SEHBLVEI ZREEKRER
ZZIRA WV, Chid, FHBEREBLCF L RERBEEZERT 2 8ESNY S i
Lo TWVWB7HDTHB, Chitl. SHARMOZRHICL - THERALICR
7o 7BERENE, FHYARAHOERREEERIBRICES L S, 58
AERMBEECLI2EREOEHENRE#EFERspld. Burton, Cabrera,
Franks [25] R THL(BIWINBCFEmEEITN S,

13



CabreradLevine [26] IKt2BEEERETSE

Rsp= @ spRnax (10)
Qsp=ai1az (11)
az= (0 ,//01) tanh (c1/0) (12)
c1= (A /2Xxs) o (13)
o= (P—-Ps) /Ps (14)

EMRBo AEART v THR. xs BREKS FOREILEER. 01 REF AL
. o IEXEMRMNE (LT, BROELET) Thbdo a1 *2-1) TH
hica EAENRRBRELRE T, SE» O RBBRACIHELLKSGFIERRE
KRBT AHEERT. $7/2. 22 BU-KARRERAICKRE LcKSF. &
eEEEEBLT. 27y TREAZETIEEREZERL TS, ABIDHEG, X7
v7@+ﬁ%ﬂfﬁbx%vfmﬂ%bt*ﬁ%ﬁ%f#y7ﬁﬁwmbﬁin\
BEALT B LREL TV B, -
JIZT2—1) IK/RL7Rpax %

Rnax=Vae (P—Pe) /V (27mKT) (15)
=VmPe/\/ (Zﬂ'ka) . (P“Pe>/Pe
=VmPe/\/ (27zka) LN

CEEXHLTHABEE, 0<0y1 D

Rspoc o2 (16)
oc>01 DB
Rspoco (17)

E18B, CNIBo>01 Tllae DRIFILICKBHDT, COBasy=a1 &7

14



%,

Rsplds A7 v 7HIBAL ¢XF v 7HEY 2HAVWCEEHIT IENTES [
24] o b, EMEATCEIETZF » 7HORIEEE VY (A) . KHF1
BoEFEKzZAVFEF-—2WET B &

v(A) =20xsvexp (-W/KT) tanh (1,/2xs) (18)
=2¢xsvexp (—-W,/kT) tanh (o1,/0)
o pll PAN
o1 =107a/XxskT (19)

TREINE, REEERsp I

Rsp=av (1) /24 (20)

T&)%b)I‘QRspai

Rsp=avexp (—-W/KT) 062xs/A--tanh (A,/2xs) (21)
=avexp (-W/KT) oc+0/01-tanh (cg1,/0)

EEF L, COBRTR. REEEZ2ROTVWIRTFRZ2T v THIBER 7 7
DHERETHZ20T, BERALLBEAL TV IERUPERYEERo. D2 EE
iRt nid, FEHLTWAENCERAL TV 58 ARMOKIIKES
BEORNERELELLIWEEZEL SN S,

2 —4) EEEREICELUKEARB (Quasi Liquid Layer)
BEETHEES

2-1) ~2-3) B, REH»POLERKRACETI2ERTCH > M., KEED
AR DEETCTKRETIEES. TO0XEHABRLUBERBICL->-TEDLDNITWS Z
LB B, COBEREIAXT 49 7BER (1) KSFPELEREKBICHD



AEh281BE (2) BHlREBLEEMHEORBE TR TFREREB FICHAAZ
N2BRIECHSFTCEIRTAERSKT VL, BEOBER. 2-1) ~2—-3)
TRRELTOREHKABEZL SN 5,

2—-4-1) BRATB+ARENTWEIEE [2 7]
KEREHICERKECES S ORURGKBLEFEEL. TOHOKSGFOHD
EEFEEEDET 5. TEXRERCIIERFAEMOKRKEER " pid, BED

BEREODOEEG LE LS

Reent y=Dq1Apug (8) /akT (22)
=Dq1/a -+ {P (8§) —P1} /P

Au (8) :EA2SDENKEEDOKICHST BMERTF Yy v+ 1

a B THEREEOEH
P KO P HEEASKE

P(6) :BET. Ess 0RLEEKEO EHELE

TdH 5o
ERRETERON LRIIMEP SOKFFOBLE LI BRURKBERE O KK
B

Ria=van {P—-P (&)} /V (27zmkT) (23)

P : JH DO ESKE

o0&, BB

R°°"t1b=R[a=a°°"t1Rmax (2 4)

=qcontyyv, (P—-Py1) /v (272mkT)

16



(K]
(K
i

agcont;=1—1,"(1+Dqiv (2azmKkT) SavaP1) <1 (25)
aconty FBEIRIFNAE—ETH S, - T—ERETHE
Rcontlcro' (26)

CCTHRUBRABRIEZE LK TFRETREBIKIDAENE EANR LI, &
OREHRATIR., 2-1) LA —BReERXERIBAERILKRIEEZ SN S,

2-—4-2) BRFAEICOTABRMBBEL VSRS [2 7]
EﬁAﬁﬁw¢©Eﬁ%@ﬁ&E¢%%é\Eﬁﬁ@@&%ﬁ&wam
Rsm;;a//z-v (27)
P AT v TORIEREE

1 A5y THB
a:R7F 9y 7—BOEX (BRTEHEE)

<

P

THEzZohs, ERi

A~47mper (2 8)

pe*=arq/ Ap (8) ' (29)

v=Dq/ akT-Apn (&) (30)
ERAT R E

Rspipb~a,/  {dmnayvyq,/ Ap ()} Daa/akT--Ap (5) (31)

17



=Dqg/ 4marvygakT- {Apg (&)1} 2

KTDqug, / 4mnayq- [ {P () —P1} /Pi1]?2

Ir

(&
&
i

Pc*: LEBARTFy TOHLROHEBYRR
Ty BUBEBELEEMHEORBEORTF v T2 XV F —

2—-4-1) LEAILCSEFERETIERS?1,=R1.TH 3D 5
RsP1= aSP; Rnax (32>
EBLE

asPr=1-1,/ {1+ (a /1) st
XDql\/ (271'ka)/an P[} (33)

(&
&
I

(a,/ L) st=avaP1/2Dqivy (27zmKT)
X { (14 kKTDq1*v (2zmKkT)
xo’/aﬂ'VmPI')’q]) 1/2—1} (34)

-T—FRETHE, Rery o@fafIE iy 22 5 73T REFA TN
THMEB T, Rpax KIESK I EBbh B, . CORERATHRET H25E.
KEERIE 2 -3) LELKBEVARMETCEZEACTSZLEILON S,

18



FHI3=E EREEBLUHE
3—-1) ERBREEDOHER

M3 ikiZRoz ol HEHOEREBOBKNER T, REEZE S WA
(A) @ovsv7xr—s8T, iBAMOKRHOESIRITHEHM6 cm. flE»S5
cm. EEHIR1. 7cmBEds, LY —F 20 (XVF =R FWEHEZE
BRI 2V E2lE0DE&bEIZbD; B) LERIEEE (Z2) Oo 47
i, BB10mm,. HE1lmm. ExH1moyYaryraTasFa—7%2FEHL
Too $HIDF2—7%2 RE10mmO XX Y FROMEF 2 — T THE - o
THY —= 2 VOBECOEHEOYYaryTAF2—TT2FHL, FOESR
¥e60cmThbd, AJHEREVWBEMEEL L. AHROREERECT 2ECMN
AT, ZROERENAEZHCIET, REREORELHZ0. 0 1°CUTMA
2 EBARRITIE - oo

(a) . KEKHHBAEKK (F) &75225—9Y (BREEWR; G) ODBD
BEEZZHETIBOFCINELNIA - —, (b)) B REEROEE %
ETEHBOFC I NVEEHTH B,
 RHEHATHEME (H) REEBIEREL. 50WOrar v 5 v T (
1) U axArvL—F— (FBRIraESA4 L) (J) 2UvN—8FT
BIRTX2&dcIERLA, COBEMBER., B Vv —-XEJHT BRICE.
(K) KW T tENCEERL S 22 ERERET S 74 Y - 7Y
—vOFHBHELTHETES, KERR. 35mmRAF—1Hh 235 (L) &I
2/34vFFVvENAT (M) 2FHLTEHL .

BESAOEZER YT (U) . HEEE T, EK#EES5 01 /min. FERE
JTR103TorrTddo HL, AERTRIKOBMAEIESG VDT, K
ERHNOL2FEIR102Tor rUFTRTHEHEIIE W,

BERY7EREMOBICE., KPBOFEMEECLDIER NS » 7 (T)
R, BRFT v TOKEIIE., BEEERHILIVWER-30CDzFL v TY
T VKBREBHLALDY, EB02@HT 2P TERERCESRSNE D -
2o

19



|
| ;

==/ § | ° !
— G F AJI

|

LA

| 3 3

I | D JE | EE |

i}
( TZ
) v
X g4
Y4 . L.
( y Q
Y W |
T U

X 3 S ORETAKEROFOESERAERERE

A:WEM, B;¥—-—F~%20, C;£BR. D:MBAF7 7w v, E; KR, F; KEIWGEHDOKIR.
G: H32BMERF— YV, H; MATFBEME. 1, "oy vs5v7, J i v—-¥F-FL@AIFR
-7 K ;BHEE.L;HAS.M; TVIAS, N, EFFTI4=7—, O EFATV—-ALAE],
P:E¥5¥t5—71Lva—45— (VHS) . Q; ¥F*+5—7va—5—(U) . R; EFFE=9—, 8
ESo—F—Y, T;EBEBF)NS v 7, U;EEEY S, V; PIDEFYS VT e s T LBEHREGT. W
Ty -~z VEEREERER. X, BRIERA v F. Y, LB -2 VHAEREBHRER.
7z EBEEEEBESR. a ; BEZREREFCIsVENVIA -5 - b FYINVEREI. c; TYINV
W PrA-—%—_ d;wA427navta—35,e;7YVvs—, f;CRT(E=%-).g;GP-1
{1 vy -—72—22=y b, h; BEZREAFA -y 25 vy vy -RWHEEX, |  REAEHMA -2~
25 vy BB, 1 BEE3IHI YT, 23 EENVT 4 Y—T NV T,

20



NAT (1) BFERED3Fay s T, BANL, BEXl. V-7 iKfEAHL 7o
KiERORERR VT (2) 2L, RE#EZHIR» SWILE o N
7 (2) AL LREENOENPERL. 1 0BBETKOTEHAKILICE
2, KEKEOERI. ERO0NEHN40Paddb&TIT-T o

3—2) INEY Y B 1

FiEy vy Y THARSTAREEOHEMRBERUTORED TH S, ETOY
—~ %0 (B) ik, ThZABOBRUCERKHNE (Z2) »po. —ERE
DB (AT ELTLVI-N) BESNTL 3, RBRTRLAKREEOERE
HolR (C) . ER#E. TRLABw 28 TH 2, L TOLBIREZIRILITHEA
TELDIC, INox2F7eryB (D) v YarvIs8ooY) vy itk TH
L7z EHRICRERSmMmOBERENHD,. EX0. 5mmoO¥yYaryaLsod
Ny Fdrvsrobic, BEX0., 2mmERLS5mmOAN-FT T ZABELETH %,
A= HIREYYI T AR, FRERNOEVWALFHOME AR &> TERK
KEHSh. REEE->TWB, (E) RABOZ> - v, ERdROMS T,
Ex0. 2mmBEE6mMmOA~—H532 (G) BEHINTV 2, RERERL
BE2IOAIN-—ASALcREE. BEZMEAOREX (i, h) PEHSN
TWwd, #N—A52OFABOHERREIZ. BMEMAIrRVEISHBMTE->TL
5o EROWBIOKZESEHBHKK (F) ik, BEZAEHOBREX (h) O
iENEELTH S, WMTEHR (D) KIR2 yAICAZHT. —HR¥PER - ¥ZD
AB., b RBBHEABCH T DIEFEDLDRATVE, EBL5DRb, OV ¥ 7
LEBRCIORIEZR> TV b,

3—-3) 5 B ]
REFEREFEORHIE CARYIRER, AMMNELTIHBIAEL. BT 2 & TH 5%,
BEEFIEO. 3%, KZEKEBKAOKRLREER LOEROBEZICET &

#0. 03 CIRHYUTIMNBEEETH S, AEBRTHR. KESHBBREIKE
EREMOBEZOWSE20. 01 CUFTIRMAZHic, KEKHERORE

21



i

FEEREEROBEHAL X, Blx D FETIT » ko
KEZHHBFROBERAG . BENEL AR RETILEI»SFHA L L.
BHROMEZR A v F (X) 2&F/o £9. BEREN0. 01 CoEEE (Z2)
o, BFEERELETCAHN LAY e rTra—AE, ERIY—F /31
(B) LEREE %, Hic. EREZENAER (Y) OFYa—aickd, LY
—ENRFVERNIBEREZHMABL T, KEKHBE (F) OBEZHTE L Lo
BAROY v 7VEERTImA LS, FlEHDOER (C) DRBFEFREVOD

T. KEKHEHBKE (F) OBERKERO. 01CiKE -7

—H. BEOREBELRIER (G) oLEmOBEER., SlofERE (2) T
AEBEREL KBHMENALZTHOY -2 VIcKTERE. PIDEKEHES
ROBERSHSE (V) KD YE—Pa vy be—VLTHEELL, UE—FaV
Fe— A SN AEREELER (W) BRRAS. 5 AOBREMBT 2SS
sfe TR, KREEK (G) OLEORELZHEZREG/NE(TEHIT. 0.
1 CORBEOEERGE (V) ok vy — (fl—-z2vxs vy vEEY) 2. F
fly—€xx 1o EHICHOFT . REEOTROFEMAR (C) LFHEHOMHE
(E) OHFBRIREVDOT, CORELZEHRIFEHILIN T, KEERO LA
EEREBELXO0. 01 CIKMABIENTET,

REEOBE. BHAET, Cho2BVWEETAE. Sifics skl
HB, ARBOXKEUEHEHTH B,

3-4) KGR ORKRENHF OHIE

BEMEM (i)  BEZ/EH (h) 0RABEREIVWFALSEEO0. 1 mm,
ITFANVEBOHR -2y vy YETHED, BEREFTRELLRICEAL
Too KIERBORERBER., #F5 20REERLE (G) KEELALREX (1) %
FEAL. 0. 1 CORBEDOF Yy VREER (b) THRIEL. Y5 VERES
LBAEMHIX, VI NVELVIFA -9~ (b) OGP — 1B (General Purpose

Interface Bus ; g) 2 LT, w47 varvba—-5%— (d) icidsk L 7,
BEMEOHEICKHER, KEIHBAKK (F) &4 7 2kE&EERLE (G) ©
BEZI.H-—a2v25 v v -HHHREY (h) D2 0EF[AZKIR (F) &

22



EEK (G) tEHEL. TOoMEBH0ZEL 1 n VOREET1 DR 6 BIRAIE%:
TP EDTEBFIINFNVEA -9~ (a) THIEL. GP-1B%2AHLT
Y4 spaovtEa—-y kKKKl RERE., BEE. EEEFR T T, K
ODHRBRAEETREETSILIRLTw s 5 6% T,

(1) HBMSPDHBTEELREZEZMDAA, CRTE=%— (f) L
KEEZEZB-> CTRRT 5, COLE, BEZD0F -3 2004 (H3®) 2F
HUTHRDAATWS, Bit, ChoDF— s h ol bicAMNELEELT
Ty - FIcERT D, COBEEREZD IS 7. EBETRICIY Y+ 7
vhbah, EREGEOBHZE(E2 B TEBBRILILENTEDS, £/, ERHT
OBMAEOERRICE->T, BEE2—FILE{IE2D. —FEOBIEFETKE
BERESEIEBRPTEILIRCKE - o

(2) =A4a3v0F-F-FOEEEhAF-Z2HLAKICE, LELXDBREE
LBEEEZEDOF - E2WMVAA, €= - LREZEFEOANZRT YA VERRT
5, BEZ{OVPBVWEHEFEREYS =4 -2 (S) TRIELALEEF - F-F
POANT B, HEEOAN KD Z L+ - K- FOREDF - B & N/ Bf].
. BEE. HEEORF - sET7uyE-F420. 7YY 5~ (e) Kk
L. CRTE®=%— (f) LikIEx2B->TERT S, Bic. CRTE=5-F
ODBRE. BEZ07 5 70kHEc, HEF - DB hAKRBZEZRHTERERT %,
TV vy -k eF-shkEEENTELIRLAORT—DEEFIKLSE <12
vOEIE, Ty E-F 4 R 70RBREALELDTH %,

3—5) KEFR

BREL-2-23KEROEZARABEEOEHEKRO-D, REEMS THHEMEE
ALk, CoBEMBEotMAROMNOREIENZ1 0AEETSHS [2 8]
B, KERREOXRORHES/ NI VLD, KERBRBUAOED » 5> 0K &L
A FRICHOBABERS 2, O, 5 ZOKEER (G) 0EEm%EES
By, BERBEOA -7 2A0HERIE. REBLEOa-F 1o v rEHELI, B
. RFENICBONIEBE LIy P52 P EHBL. BXoEVWKEERE LD
27y 7TORGHRECELHT AcHic, BEMEBKE2 /34 vyFoEKRE (RE

23



(/e

V=V -ARZEERALALTEAFROBMAK

ol ;L X, pl ;ERLYX, hm; ~"—7 35—, m;
CHE EERALBEEON—T7 I 55— o OXENEEHENIE L VB,
RRRELEBU S, V- ¥—XoXERIHEYT 2H 0L LG

LATFBRBEEL2, BEXELSHEE» SORFNBENE L VB,
FHoEoa s 2 P BEBICK B,

X 4

24



EEO. 3Lux) . SEE (PRI TKFEICE6 5 0 X)) OBERF LY
H A5 (M) 2Boffdtce £/ 50WDOAuF Y57 (1) oDk R
VE- T L BRBOREEBLEL, BHEBORBEZH LT LD, ERITIN
By any - ERROTFHE7 4+ vy -ZEH LI

LIArT, WA THERRBOMAR>WIEVWREENZR>—FT. €&
MESHAETHE2LEIRAVS S, KM EELSERRAOERREEE P,
REEOFBEOEHE., 27y 7TOEAEZ2EETIENEETEHD, JODHIC
BB ETL— V-2 X BRIcHATEIRICKBERLIERE L, V- ¥ -3k
THRETI2BGORFROBERE2, K4 IKRd, "—73I5—2FB LIV —¥
—%%2. AHXEHEAFENCRBREIEERCHI VS AXRATCRFSETEHEKE
EL. ~"=7y5—THMEIrSORFRLEREGDLDETHRETIHEILEID. &
HEHBOAXMAT~OEEEOEHEOE(LEZRTEETHREER LT LEL LN
T&%, BFENECEHEHBEROAFZA I 55— (E&5mm) . AEOMAEH S
AT, FETBEOMBEARIZHHICEZ B I LBTE %,

V—F—DRDODVDICRA I REXEFELTEILETES, AP FEREK100
um/swé%%z?v7@%%&¢bfﬁ%¢5tbmﬁﬁb\%vzﬁfa
tEFEIRBILEDTESI LI LT

FUENASITEBEEBE. EFt 54 <~ (N) THEZMMNL, 754
JVv—LAEY— (0) THHOKEXRT->E, EF4F-—TVva—-5— (V
HS A7 ; PELBUTF 92547 ;Q) KidH Lo 7. RERELT
35mmAF—AA AT (L) TOBEDIT- o

3—-6) EBRG &

¥, KEKHBAOKIR (F) 0BREZ7T 5 20REER (G) £ HEL
RERDBOREEE2KHEAT L, 5 2EK (G) OREVSHEEE I - LR,
BERYT (U) K- TERKEE21 00T ZERKEP KD LR, Y
V7 (1) 2L, KK (F) 0BEZ7 5 2EIRK (G) 0BRELD D LEL
L. D3 icBRMoRE (1 ~3%) £33, BADL LT (1) o+4i
FRUAI V(LR FOBEEZREENICHEAL, BUMNOKERZ 1 >0 BEME

25



DEHBHNIKETTALIKCIERT S, #5 2EIK (G) kil o2 F#M/NIkE
EPEETIOZHPD LB, BUERKEZT ). ZEXRZRERP S HE S
FIEEI 2 &5, KIR (F) &EHS2ER (G) LOoBREZZHET 3, 308
~2 45, EKKEEToBIEAVT (2) 2L, REEE2HEKRD> S
S TKEROREZEET 2, HL, —7CLoEVRETCRIv{HALTAHL
THRERSLERAEERS D, — 1 0 CTHRERS & RB/MNKkiE & 18 fa
MEZBEREOXCEBRPSHNOEECI TRACABLTH»oREERZT
> 7o

BELBHNEE2ZEACHIEREEXRESIEIHEGII, K& -7t kKiE
BE¥S50~1 00 miBEOKRKEIICRIEITW-KDERERERIT S, C
NRKESROREEEZAET 2BECEROREILEOHMRBALSTTVELS
KT 5D THb, MIBKEBOKREHEER3 002 mlT. c#iFEE ahh
HMOESO (¥4 X)) 0. 6~3. 0ROV TRIEZT - o
AREBCTH, 2RE. BRNETKERZTRRIELRICABRANEZY - <
FRFCVWE, KERSRELRE LAY 2 880EF CkBEMNA) 2. SAEE
KRR L. 2 AMARCOBECOREROREER TR, ERETHCRE
2P - DELRSRTCKEROBMBLIED 2EE (BA) OBEBEITV. B3
HEBLIUVEELZERBICREL o

26



FaR RMEHE - BEHE
4 — 1) EHRKEEEDME

LR ENEEREREORER. s R L3 BEOOBDEE LikiiRico
NTiTotre 1 7DBAEZBRVT. BN AESERHOHBEEBEL.
BRomES ZEE LI TRET I RREIE - CHEZT -7

M5 (a) oMk, BESalcOBMELEMELL. (b) OBETH,
EXxcdé2bOBEE{EHELE. (c) OBAKR. 30OES 2 b2 T
LTz oWMELENE L. B8, LORBROVWTRY Y FIBOLILD 5
FOEBRERES b EHEN. BESEL (1 0EZ0WYL Yy XTEY b DE
Bidl10pumiEE) 0T, BELTBILEED, L—F—THRBTRL YL
SHPEL .. EEREEFDOF— 9 2EHB20ici3 b TR0,

BHELAESDOF— Do, F—BEBRH 7054 “SNOW” Z2ff- Tk
ﬁ&ﬁﬁﬁ%@&btoif\&w“%ﬁ"\“ﬁ&"\“ﬁﬁﬁ”\“Eﬁ”
BRBENTVBEF LRI I 7 A VEREDOF— 5 2FEEMA %, KIT “SNO
W” i, BESoBBZ{tors 7 (A, K6) 2iR& ¥ 2, BifIE»—
EOXMZEEL TCREHEEERD LX) ST 2L, TOKHRNDOF -5 %
BEHTM L TR (ERE) &¢ER (BE) ©75 7 LclRd 5. mlic d&/D
HREZHEAL, Tho0BEROBEENRERFEE LTI/ I 70 LMITRREN
B, ¥, BELALRBOBMAEREAIA TS 7HELEBIRRREN S,

Ks5D (a) AR, EEHOERKEHEER (0001} SHEOERK
E®ER {1070} 3xhThRATRD K,

vy

R {0001} =d (c/72) /dt (35)
R {10710} =V3,/2-da/dt (36)

(b)) DEAHICIE. R {10710} OKDEBERD .

27



< 2b >
(a) (b) (c)
X5 :5}<%§§3@‘ﬁ§ﬁﬂf@iﬂﬂi5%
TR, FMEORHMOEEAMDPOEANK. RIBRASFZAAF—VE

N o

28



a,cs/zlumd s C/2 co/2a
+ c/2a
150 [~ GROWTH RATECum/s>  on 2.0 e
| Ric 2= .2B4332 |
140 T RO b = 232543 ) *
120 -
B S * 1.5
120 | -
11[] L S =',.:
= -
100 . N , Ll
0 - L
- &
80 ™ o ‘ &
- g
1 I .
B0 | » :
50 i | 0
100 200 300 400

timz{seac)

:kERoKE S OBBEL

Ef (@) &38R (O) . #h®FN (0001) AEE (1120) A
DIE%2RTo Rp ERp X, ZhEFHN (0001} @E {10710} HOER
RERETH S, ¢ a (+3—7) k. cHFELaARoRsOLERT,



R {10710} =db dt (37)
(c) oItk bi2FEH LI LT,
R {1070} =db, dt (3 8)

Lo R {0001} ER {1070} EZhhEFHNR(c/2)s R(DYELTT I
7ECERETE
EEREEEORTE A3 vEFRA LD, FHEECLIIBZORENN
Ao, AIERENRELEL

4—2) BEFHe EREBANEc . ZBR A VF-W., BLURERBROD
LHEEDOWERT v 701*/D$—7q|@.tth1/7qI@5R&575

HREOESREEEoBMAEKE >V T, HIEFKREERRZLER Y
BlEicEoTais 01 W D1/ 7 1 SO0YBEERBEZRESTHLIENTE S, &
ODHWOteHITT e sS4 “SVP” 2L 1,

“SVP” k. ANa i EOEEKEEE &880 B & o #] 5E & % i %t
K575 RBEEOIS S 7T BHIENTES, COTF70EPSERBLBE
REES, BRRX (10) PoRBattortBESHR, B (21) »5R3W
o1  ZLTERX (31) 25RB Do/ / 7adBEosh s,

AlEEEERHRA ORI “BHEEAEHE (direct search of optimization) ”
EENZREHER Koo TOFEFERODVWTRBZEXH [29] &
LEABRSHTWB LD, TITRENRBVWIEIRT S, stEIR. BIEEEER
EoZo 2 HOMOREML 6 HCEABEEBLA B ETHRIT SN,

HARX (31) BBLVTRDO&E T 1 ZRETIENTER L, R1IKBVWT
RDic/KH [14] K- TEBRNBONLEEEALTr 1 Z28EL. E
BicricEH [(10] PEROUCEALAZEZHVTDZ28 L 7o

30



4 —3) 25y THEDORE

EFZEZSHPTRETIKERZROXF ICR. REEOHLO» SIEN 5. #AtH (
Yo OF) EEEE (F532F) ELOoRIRATy T2HETLIENTE S, U
y I, BTFRATF v THRLEBRAFCHEELTVWIEELIONS, BEEERPT
. BFRTF 9 THRRRLERVE>BERROZX 7 v 7REEI LV,
ZF o TOFERER, 27 THZOEBEH OO 3 —EEEHEZEET 50D
CETIEMERELTRD L, —20BMNE CHEBEIRIEZIT >~ TEAEE
B - foo

25 o THEORECRV>PORBERHEN S > fco 27 » THERKL
00um/ sicdbRbid, ERBAELT 2hdicRd2BELRVERENL
BChHd, —H HEDBHEOKRENBBERTFy THENSEL RS, /NEREE
RECEBIRFy 7THRELZAET 20X e XE2RFCHEANTE, F
KEHPEEL T, FHBOLFE L LTRIFTVHFZT LA/ BEBDI Y
FPSZAPEEDKRELST B EBTENR, 16mm74WA%mmf;DﬁL
WHIE %29 5 T & BSHIK B, Fbk%u17;7ﬁa1717®mé(27
W TDFITRAEFIADEBEDE) VNS Tav 52 FHBEL, BILEER
5ORRNETH - o

HEEHOBOEL TRRAT v 7THENEBL RB3HERSL S, COMEMEIE
BIFELNS HEAREHEETH 20T, BROBELHBVEIEREDKS F DO
DEWKKHEFE T2 EELIOND, CORHRT v THEORIEREREO TR
I TIT» 7o

{1070} @THR. PTROEBREOHL %2 BEBTS2LERT v TH—BER
2LEDRH B, CORDRT » THEORIER. ARMBOHSZRT TT - o
—15CTRETAKEROEES. BUKMcs 2 —EREZEVLZX T » T D
A, MEREBLCZORBHOERREREL SR T » TOFETZRD 1,
FOHBE.K1O020H1000AFTRHRADOHEIORT v IHHFELLY. @
BHESSEVWEREFEVRF » 7THEECHBEI A, VR T v TEEERED - 7o
Eio, 27y THERGHNOBHERLA R ET/NE(RBEEL SN BOT, AIE
EN7c2Fy THEDIB, BRKOSDEHWTHEITL 72,

31



4—4) WEKDFOFHEHHTEXs. A7 v 722V F—7 OKDFA

HEREOERKEAEOBRMEAFHEOBFHERICE>T, A7 v 7EBE D
BRYMEEHOERELIEHRN AR BE L, ERELERN (18) Lol
B OREKSFOLEHEHTEXxs 2RD B EBHKko BL. WEo1 £
REOEEREREOBBMEREE» SRDIEEZFEA LA, xs Z2RD2D
ik, 2) EBRULL “"EEFEREE TRV

25y FTTEAF—gid, COHLTHERxs ZEAL. X (39) Itk ->TK
HTo

4-5) FHEOKI

Q1s 01 Wy Dt/ 71 ORER. ThZhAlEHELERINOLRD SEE
kpoht, ChdEHBELTxs O, BEHOERKREEE OB BIMEKT
BHORIEM SRDLor EWOEEFEHALALDOT., 01 PWED SREBKEW,
ryARDBZOICIRIDXs DEEFHALAOT, rDBZERXs LD HKEL,
BEHECHERLAZZOMOERRUTOEY TH %,

kK :F¥rv=vEH (1. 380662x10-23[J,/K])

m :KSF1EOCHE (m =3. 0x10-2% [g])
Ve :BEHOKSFIEOEE (ve=3. 0X1072% [em?])
v o BHERTF (p~1012[s-1])

32



BH5=E ERER

5—-1) KERORBEEANCORE - BaIEKREFHE

SHEH»ORET ZKEEY. KFTFTOWMVASBE (RAVA X7 17 ZBE)
KE->TOHBREEINBIFE, TORBEABEDL S BERFEKFELTVE D
ERANDBLD. KD TORRBLEBOBR P EE CE2BEELKPTTRET 25 H
HkBoRBEORE. AfafiE&kE®EL2H 1,

M7~K11ic, —830~—-0. TCORBEET2~3%0—EEBIBE TR
ESEkERO. TOBBEMA2TT. ChooRIE. WFhdEF 4L ER%E
EEICLALOT, KERZO cHMBBEEA LT AR ZE &, b REEANKES
MEEWTWS, FROAEBLIIFBEATRICE Y 1 E2EHDETHE2DT, #
ROy FREDEFTE-TWVW5S,

K7i—-30°C. BfafifE2. 7% THRETIKERZT. AETH %,

K8id—15°C. BAMME?2. 8% THRETAIKERZT. EARTH %,

Koik—7°C. @BfafIE2. 7% THRETZ2KERT. AETH 5, K9 D
BPROEKR. BREV I REROMicA LAFECHEEITS 2. REHRENK
gnkpic, ¥ 2ER» o BN LD -7 - (BEETREEZOLT2
) BRE L EBIALLBD, BLXE->TW5,

K10ik—-3. 1°C., BfafiFEl. 9B CRETIKERT, EARTH %,
BREEREBPRKEVWLDI, EREBOI -7 - (BEETREROLT2 v &
BRPRox v FELP, REELESRALB>TWVWE, Rid~ T, &P
ROx oy FR/BX->TVWBEOR, COWLBW B PO RHMERER > 2HiEH K
STHERFHLTCWRHTH %,

K11ik—0. 7°C. BEMNEL. 7T¥ CRELIAKERTCEARTH 5, b
~e CREEOLDICHESRELTWS, —0. 7TCTKRKENPERETN 28
FOEE (Jkfafn) . 0. 7T%¥TH30T. CoEFR/AKMEfLEoEEEME
TEEILKRE L, TOhkdic, (0001} BRIFEETEH. EEa., bTH
BOEAIRESHI {107T0) @077ty PREEELEDIKHERL T, filE
BEEICE 7o I7T~K1 1, 0~-3 0 CORBRETRETE2XKEZON

33



b C

d e

& 7 :—30°C. BYMAE2. 7%. 40P anZERdhtRET 2 KER cUU pn
(a) 0. (b) 81, (c) B0, (d) 90. (e) 120. (£f) 181s, EKHIFchEpblioHFAERTo



PR
U

X 8

d

(a) 0.

: — 1 5°C. #fafOpE 2.

(b) 11,

o NaNa
)0 N -

8%, 40 PanZERBTHET BKER LUV M

(c) 21.

(d) 31,

(e) 4 1.

(f) 61 so %Eﬂﬂicgﬁi& bﬁﬁiCD?’ilﬁ]’F:ﬁ‘?To



JE

LT

1

X 9 P —T7°C, @IRFEE2. 7%, 40P aERKPTHRET 2KER 200 un
(a) 0, (b) 71, (c) 80, (d) 90. (e) 101, (f) 120s, KHFc#hEbMOHEERT,



a

L

ZOOQm

K10 :—3. 1°C., @fafIEE1. 9%, 4 0PanER[RITHKEST 3 KER
(a) ZEIPOKEILE>#EE. (b) 0. (c) 30. (d) 60.
(e) 90, (f) 150s. KHiZcihE bl u%ERTo



K11

:_0.70(:\

BEFIE 1. 7%, 4 0P a0 ZEhTclkET 2 KkEES

(a) BEPOSKRELCHE-E®Z. (b) 0. (c) 39. (d) 58,

(e) 71,
(b) ~ (e)

(f) 1837 s, ZHlZcihépiho FoxRrd,
BEETH B,




RORBERLTED. 40P a EEEK Y., BEAFMELH2 X THRET 5K
HRBORER., TOREREECKEFELTELTEZ I LBbH 3,

KERORBENMOERERGFUHEBFLHELI(HRT DI, B—OKERE
EFHLT, BEZZEAS7V0K. H50~100mOKRKESOKKRKRZIRTS
ETW-KDERSE, —EOBRNECEHREIC3ERST- [3 1]
COEIRBRMELEROREIEZHABILEMAT, A—OHRETEE:
TH2CERE-T, BEENMOBEREHDIZHET LI EBTES, K1 2
B, BEET. M. 9%0BfNETKELAE—KESGO. E#MMBIRIT3 0
OrmODRESIRKR>IBHDEETHS, —28. 6CE—-22. TCTRYES
Iy FE {10711} ¥dS5bh, —6. 9CLUETR, REHEEFKEVLD
K. BREEBOI—F -y FERBERITVWSE, —4. 8CULODBEET
HBOTRBCRAZ Ty FHGVEBECL - TVE0E., CORIBWEPHI
HEZF - CHACT->-TELZHEIRHALTHED, LASEEOHESRELT
WB7DTH 5B,

CORBIZOVT, cHABOREREL a MiFEIOREEEDLR (000
1] /R ([1170] 0BEEREREE2RD7-OHK13TH5b. cHHAEORE
HEELa@pFHOREEEORR., TORBORENITEE (c /a) ZRb L.
K13»5,. K4 0P adBEEESRT. BMEHN2 ¥ THRET IKERORE
AR, WoPRBEREKFELTWE I EBDbR 5,

LIAT. KEREH2UUTOBBAECRESEZE. MFA ¥ 75 4
TRRRKBPERETZ2ETO-15CHETSH, ARRKOBERSKRET 5. K
14, 40P afEEEKH. -7 ~ 15, —30COREETREIN3
00 mPEiclKELAKERY, ARG VRARKCTIHEEETR T LR
BEAFIE 2 Ll LoFaciRk, SEECARSEBELTCKEL T, BEEL
DREKEFHRREShT VW, —F, TROBBMEZI~8. 5 ¥OBEGITIZ. —
BOCKOPVWTHREEBERZRZBDONAL VY, — 15 CTRARPERL THRE
LTW3, COEII, XERODRBENMRBRBEDOA TR ABMER IKE
LTw3 [18],

T/, BRaMMEHN2 YUT kR EskEEE®2E, FCELEIRAEBEOHEE
ETEAREEEPRESCEIBENDD, v+ 20—, BAK. >0k, 2

33



=0.7 "C =1.0 =20 -4.8 -5.9

=12.9 -14.7 -16.8 =22.7 -28.6

200 um
12 :BMAMEL. 9%. 40P a0EEZRTCRE LAE —KEEOBEELoEEKEH
KERO—NOERENHI 00 pmiEB > BOEE, RH R cME bMOFEAETY. BEHREHETH 5.



|87

[T YN S NN NN SN NN TN WA AN TONN U SN NN DU NN UNT N SN NN NN YN NN NN A NN RN NN N AV ONT TN N MM |

-5 -10 -15 -20 -25 -30 -35
temperature (°C)

K13 H120ROcHMAENOREEESL ahiFE~OREEFEDLL
RI0001] /R [1120] oBEFIKEH



E column
(1 plate

100}

frequency ( °% )

50¢

A TETANTVERY

NIRRT RN

ol AL ASERRRRRCRRRRRRRARRCLARRREALEEEHARNNRERRRRRRRED

)
N |
o

-15
temperature (°C )

100

frequency (%)

SO

| eI

-15 -30
temperature (°C )

K14 :40PanEEEIHFTHRETIZHEHAKEOEBOEEKRER.LE
AR EFH®
TR EARME2 $LUT. TRISAEAOESI~8. 5%T. 300xm
ProR&SiKEKELALKERIT>DWTOHKE

42



1.0 min 13.0 min 280 min

100 uym

K15 :—15°C. #EMEI. 5%. 40P adEKHTHRELAAHAHKEE
(a) 0. (b) 60, (c) 240, (d) 360, (e) 480,
(f) 13805, KHAlRcEEbDOAEZERT

43



100 um

K16 :—-30. 1°C. @IFIEFE1. 8%, 40P adZRTKE LM AKKS
(a) 0. (b) 79, (c) 180, (d) 210, (e) 240, (f) 257 s, KFlclie alioF % RS
(b) v (d) & (f) BEEBRERD (1070} AIREY I+ 28bETH5B, (a) 5 (d) £Tik. (1070}
EHRICBHET DEHREOE AT, aMliAHADT I EERI 2HOBEPBEVADIRTVE LS LEA S,



[}
50Ff a 50 b 50F \ Cc
\
\
\ \
\ a \
\ \ \
10F 10F 10F 2
o\o o\\o \
[}
.ESD'O N 50F o \‘\ S0r :\
= \ o) ‘o N o \\
g N IS \\C‘\ E o N
L] Q
\ o 000 \o\\ { ° v~ ~ { i ° °:;° A \\8
8" - o oo ° o\‘~~.. 0o ° " \\°"~—° - o g °° \“%"‘&-
8 1.0‘;""°°"“_'_':_:_-_:"-"- § 1.0'-; ------------- 0= =TT g 1-0"'"'0""'"°°'°'-"9"°o":_:_‘_°9,'n:-
o 8 - - -] o[- S 0 -0
e~ or” (04 _- o o _o-
Ut 05F i/ 05F e 05 .7
/ ,/ ) //
/ o e /
/ // /’
I,° o,/ /
/ /
o1 r Orr / o1 ¥
/
. A !/ 0
O 1 1 1 1 N O 1 1 1 1 L 1 X 1 1 1 N 1 1
005 10 20 30 40 50 05 10 20 30 40 580 60 005 10 20 30 40 50 60
supersaturation(®) supersaturation() supersaturation( )
K17 :40PadBEEIPTHRETS2ZHMEBKED cilihE~oREHE

Lalfi FE~OREHEDOLR [0001] VR [1120] oiafa

fOBE K F 1

(a) — 7.

(b) —15. (c) —30%Co



5D {0001} HOREEESBIKICERIKEEVPRET Z2IEMDH %,
M15&K161c. —15CE-—30CTHRELCARRKKEEFEVARRKKSE
D %ERTo —15°C. BEFME. 5% THRETIKER (K15) TR {1
0T0) AABBEALEREEST., —30°C. BfIEL. 7% TRET 3HKK
k& (K16) Tids a~cTlR., {0001} EHPRBREAEREL TV,
M17i@k.—-7.-15, —30CCHRELALKERZRDOI L, BROKRE&H3
00 xmBlF, ¥4 Xtkc, a0, 7~3. 0DFERIK2VWT, c AR DK
EfFELaiFROREEEOLR (0001] /R [1120] oBMERK
EHZRT. COREREOLREROBKNREFEEZRT EEA SN, @M
E#H2%U TR, K156, 16lkRaLickd, 44 Xthe,/ addfificl
0L SENAKERBRELEVWIEbM S, CORBEBIGEEEL R >KE
EORERET AR, TKEVAHBIETE. XERo (0001} @& {10

0} WOEBLLOHEKEMBBHELTVWEIPIE-T,. EROEEIRES N
BIENHBIERRT, —H. BRMENEINTSZ2 LY 4 Xtbe ad¥1. 0

A &R, 2%l Eo# %WFT@*#%Q{OOOI}E&{IOT
0} BOHHCEMBBEHELELEBIEERLTVS, b, KERORBEER
BEOCHTIREL, BEMEE (0001} BHE (10710} B~OEMDOEE
ODHBEIKET %0

5—2) Ak B BE 0 B FO BE R TF 1

4—-1) HITRLAKEREOSZHLLOBEKEE., BaMERFES LD X
SBEHTELZ200EHZDICE. TTREETHKESTZKERED (000
1} EE (1070} HOREBRBEZART I2LEN S S, Cofdic, REE
THEHOERKXERE (BREEHOERFE~OREREE) LBEMEOKKREHA
N, FE2ETCRLASEEERILE, RATECEHEETH %,

46



5—-2—1) —30~—TCCHRETAIKEROERKRERE
wiafnEKREHE (3 0]

18. 19, 20ik—30, —15, —7TCTHRELLBE2DKERZD. |
0001} @& {10710) AOERKREREOBIMEKFEETRT. BH (
@) tHHM (O) B. ENFh {0001} FHE (1070} MOEBREERE
DRIEMERRT o KOWEHRIR., HIEHEES - LB BRHT B ICBERK 0
CERBENE L 02207152 -5 - %2BATHVWABCFEGRHMBTES 3,
Torsszdiciirhz@uERE. (0001} @& {1070} WDEHEK
ERELLET Z0ic, o5 7iciRli {1070} @DOBCFERHR
Z2HBELILbDTH %,

H. — K. eq. ¢ h7-HEBEHE. Hertz—KnudsenodR (2)
OPHRMEERL TS, fioBHER. {0001} mHE {1070} BPBCF

HEHBROEERERT o

K18, 19, 20,25, —30.,—-15, —7TCoOKBET. H8%LITD
BRMAECKET 2KERO. (0001) FE (10710} MOEBRRERE
ORIEMEIX. BCFERHBELEL-RLTVWRIENbhE, B, —15°C
TR (K19) BfafIEH2%EE LT, (0001} @mE (10710} @D
FERREREORK/NEGEOEFIEZLTBD., -1 5 CREORETCR. KERO&R
BA LI BENEREESS LB B,

5—-2—-2) —30~—-7C. A—Xk&EROEHKREEAE OB BIMERENE
(31]

REEHOREEFEOHE Yy, BBMETE. SERXBLCEHEL TV
PERMOEEPREEFCHELXE5IL20T, HROKESLEOHBEO I, T,
A—#RCEEH L TREREZHETAE., BCREOHVRAIERITY> T &M T
Ebo K21, 22, 23k, fificALBECEH—KEROKRELERERD
BT lERL--TROALBEOERBREEEOBIMEKRGFE LT T ER LW

4'7



w
o
N

N
o

growth rate (um/s)
- N
;m O

o

©
(&)1

o
o

o
o

1
182}

growth rate (pm/s)
N
)

o

o
o

0 2 4 6 8
supersaturation (%)

18 :—30%C.40PanEKPTHRETIKERD. ERRERAE DB
fafnEE R F i
24 (@) EEA (O) . Th®Eh {0001} EE& (1070} &
DEBRME%2RT . EH 1B CF HEipdhig, WHEIZ. Her t z—
KnudsendORXBIUBCFERBBROBERZRY o

48



w
o

N
al

growth rate (um/s)
. ,
(@)

1.5
1.0
0.5
0 2 4 6 8
supersaturation (%)
30 T : n
/
o H-K.eq. 4
2.5 I €q o

|

growth rate (um/s)
- N
o O

o

O
ol

1 1 1

0 2 4 6 8
supersaturation (%)

19 :—-15C. 4A0PanZLRPTHRETIKERD., ERKREREEOB
fafnEAREE
2 (@) EHM (O) By ThEh (0001} @& (1070} M
DERMEERTo EH I3 B CFHEABHE. BRI, Her t z -
KnudsendRXBLIUBCFERHBBOBERERT o

43



X 20

1.5

growth rate (um/s)
N
o

o

o
(8]

o 2 4 6 8
supersaturation (%)

1.5

growth rate (um/s)
N
(&)

o

©
3

0 2 4 6 8
supersaturation (%)

:—7°C. 40P a0ZKPTHRETIKERO. EREREEE OB
FOBE R

2, (@) EEMN (O) k. #h®Fh {0001} EHE {1070} &
DEBRMEERT EHIIBCFHERBHR, WRIE, Her t z -
KnudsendORBLUBCFERUMBROBERERT o

50



K21

w
o

N
(8]

growth rate (pm/s)
— N
o o

o

o
3

0 2 4 6 8
supersaturation (%) _

w
o

T T,
/
H.—K.eq. Ky/
/

N
(82}
T

growth rate (um/s)
- N
o o

o

.t
3y

0 2 4 6 8
supersaturation (%)

:—30°C. 40P anZERPTHRELK, A—KERDOERKRRERE
D@ ERENE

EH (@) LM (O) B. #hZEFh (0001} @& {10710} @
DERMEERT ERIIBCFEREE. BWHERX. Her t z —
KnudsendoXEBLUBCFEAMBOBFTEZEZRTo

o1



X2 2

w
o

N
)
1

growth rate (um/s)
— N
o O

o

o
”

0 2 4 6 8
supersaturation (%)

w
o

I ] ]

|
| -
’,«H.‘ K.eq.

N
182}
T

growth rate (pm/s)
- N
o o

o

o
(82}

0 2 4 6 8
supersaturation (%)

:—15C. 40P anZRBTHRE LKL, A—KEROERKEEE
o & BfEKREE

23 (@) LHA (O) B, th¥Th (0001} EE {10710} &

DEEBEZRTo EHRXBCFERmME, BHEZA Her t z -

KnudsendDXBIXUBCFEGHBOBMEBRZRT o

572



X2 3

w
o

N
18]

growth rate (um/s)
— N
;N O

o

ot
»

0 2 4 6 8

growth rate (um/s)
o ©

o

o
13

1

0 2 4 6 8
supersaturation (%)

:—7°C. 40P adZEKRPTHRELAL. A—KEROERKREEAED
BiafE Kk EFHE

2R (@) E¢HA(O) e zhFh (0001} @E {1070} &
DEBEZRT. ERIIBCFEREBHE. BHERA,. Her t z —
KnudsendRXBIUBCFEGHEOHEREETRT -

93



Bk, FECECEAMREFEREZR T, ChooRrobh dtkic, Bims
EREZFSH LD LB, B{—HLTWVW3, I, —30. —-15., —7
CCTHRETIKERD {0001} @E {10710} @M. HicHllEBIBIOEN
TOHORBARMMKEL TWS,

5—2-3) —3CULETHRET 2R —KERDOERREEED
BRI R (3 2]

-3. 1. ~-1. 9, —1. 0OCT, RificA LA E—RROKRRLERZR
DRLTHOESKREEEZERMEOMEBE L TRD, 124, 25, 26
B, Fh®Fh-3. 1°C., —1. 9°C. —1. 0OCTRHRELALKER HlT. &
(@) » {0001} @, BIHL (O) ¥ {10710} AOAEEEZRT. AR
B 0HBEULETE. KEROXRBCELMKEE (Quasi-Liqui
d Layer) PEAETR IEVERIATVWS [12], 2ofcdic, K2
4, 251k, BoEOBCFERHH L, HERAOCEUBATENFEL. E
CRUBRGKBLEHELEORERSTAGMMPEREL T I2E550BEmMR (V-
QL-SHEi#m:Vapor—Quasi-Liquid-=Solid:&B7)
[(26] OWMAEERLTH S, 24~267T, EHRIE (0001} mw. {10
10} HOEAZTNOREMICb-LbHEEI LSV, BOBOBCF
HRMHRERT. —HmHEBRIREUBSESEEL. TOBBRREK S EARMLY
GHLTVWAIBAEOEGHBEEZ RS, /. HHEEHer tz—Knudsen
OXDOEREZRT o

ChoDolp o, KEEKD {0001} MEKEALTE, —1. 9CLHERT.
AEENSEOEDOB CFEGHBELBES —HFHI &, F4-3. 1~-1. 9
CTR. T CLVEBORUNEZRILXTHEABIBNE ) OEKRIFXL TS
Manwl & (R1BH) Fhbhofo —H. —1. 0CTHR., AIEERV-Q
L-SHEmEL—HKT 3,

¥/, {1070) @ELTR, —1. 9C2BERLTCEDHDBCFEHA
POEV-—QL-SER/ NOEMAPEI >TVWEILERLTV S,

DI, HOERKREEEOBBMEKRFE»SE. (0001} . |

54



X2 4

1.5 7 T T T
|
0 ! /
2 |
| /
1.0 I =
= /
@
£
; 0.5 -
@)
1 L 1
0 05 10 15 20
supersaturation (%)
1.5 I 1 ]
|
|
0 I
= /
G10F | -
o |
g | /
-
205
°
(®)]
1 ] -
0 - 0.5 1.0 15 2.0

supersaturation (%)

:—3. 1C. 40PanZERPTHRELI. A—IKERDEHKEHE
B OB i M B IR

B2 (@) LHHN (O) B, #hFN (0001} @& {1070} @
ODEBRMBEERRT. W, ERBLU 1 S#EBER. ThZhHer t z -
KnudsendoX, EOHOBCFERBIUVRUBEBLEFEL.
ERAECOTARMUPEFEET 2REEGE R T

99



X2 5

growth rate (um/s)

(’r' i 1 _
0 05 1.0 1.5
supersaturation (%)

1.5 T —

o

o
3

growth rate (pm/s)

0 0.5 1.0 15
supersaturation (°)

:—=1. 9°C, 40P aZERPTEREL K., B—KEREZDERKER
BE @ fa 0B R

2H (@) &AL (O) B, #h®Fh (0001} TE {1070} &
DERMEERT, W, EEBLU1 mlKE3., Th¥hHer t z -
KnudsenodoR, BOFEOBCFERBLURUBREBLELE L.
BRAEICSEARNIBELET 2REEGETR T,

26



X2 6

1.5 ’ L ]
I
—~ I
N
A |
£ | ,/
20! / -
g | /
o [ /
| ’
c
- I
205} / 4
° [ £
o | o
I
| o,o/
1o | )
0 0.5 10 15
supersaturation (%)
1.5 , l T
|
© |
g I
~ 1.0 — ’ ’ -
© | /
?‘." l, -/
s || /
2 0.5 / -
° | .
> ||/
|
I/
0 0.5 1.0 1.5

supersaturation (%)

:=1. 0°C. 40P anZERPTHRELL. EH—KEROEBKER
Eo&tfafEREHSE

2 (@) LHA (O) . EhEh (0001} EHE {10710} @&
DEEBE:RRT, WHEBLU 1 A8RBER,. ¥ Her t z—
KnudsendDABIURUREENEEL.,. BRFEIC S BAEKA
BEET AREERERT,



1070} A&db—-1C~—-2CoOMT. BCF»»P5V—-QL~—-S~DiREHKE

ODEALBE-TVWE LEEDbDR B,

Rlic, AIGELBROUE» SROEBEFR a1 LERBABIMEC 1. 27

w TIRANFE -y KDFOERzANF—W. PIEOILEIER x SR CBELUEERE
NOKSFOHCHEBERD W EEBEREORXR T v 722V F—7q1 OEERT o

CITC. RF 9w 72 NWFEF—qld, 01 Dfixs OE%

c1=20,/2xs=2nm feoy /  KTXs (39)

KRALTERD R,
BLfe WERXALTOSTFIEOLEEFHRHKETHY

fe{0001}=V 3 aa?2, 4 (40)
=8, 85X10-'[cm2/ molecule]
fa{l0I0)=apce 4 (4 1)

8. 32X10°'"[cm2// molecule]

OXME [10) ZFEAL o

K1k, hoHABRLIBEsHIELANK, -7 ~ —15CDar OfER
BeckmannSDf [2 2] EBL—HLTW2DBbhr 3, $HEFE1I S, —15
CT {0001} EDo1 DEBHBIR/AESB->TVWEIEE, ChicHBLT,
—15CDxs {0001} DEHBHFICRKELR>TWVWEIEDN, KERDREE
OEELZ(cHEEL TAEHE NS, BEic, —3. 1 C~—-1. 0 COEAICI.
o1 DEB—-TCLUTOEDL /SEETLIEVWIE,. DaOEANMR DA
EME [(14] $VRBBE1IFIREVIEED, BUREBOEE L z oYK
LTEEI N3,

98



#1 t—1, 0C~—-30CTHRETAIKBEROMEERar . BRBMNE: « KDFOoRRzFANVF-W., KHHEH
HETCORF y T2 AMFE— g, BLEE / BEHRETCORAF y 722 ME—- 71, BUBEETOKSFOEHCILBAEDG &

KD F DO REILELFERE X 0

Present Experiments Theory [10,27] Other Experiments
mperature{°C] [ -1.0|-1.9|-3.1 (-7 |-158 |-30 > -4 |- 17 |-158 |-30 -1.5 | -7 to -15
: [14] [22]
{0001} 0.1410.07{0.17]0.1410.39
a i 0.14
{1070} 0.1410.1110.13]10.160.32
{0001} 0.56 10.35] 2.5| 0.5 1.7
o1 [ %]
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~ [#¥10-13erg 8.5
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7 {oo001} 1.5 1.6 1.4 6.10
[¥10-14erg .
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D q1 {0001) 6.6
[%10-8 . 0.308
cem2/s] {1070} 5.0 3. 4
Xs {0001} 0.5| 3 0.1
2.1 2.5 3.1
[¥10-%5cm] {1070} 0.4 1 0.2
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J = 4. 19 joul “cal
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m = 3X140-28% K g
Ve = 3X10-29 m3
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Kg = 14. 2 W,/ mK (0°C)
Ke = 22 W,/ mK (0°C)
Ts —Te = (1. 29xXx104h+3. 99x10-2) R (47)
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Abstract: The growth mechanisms of long prisms with skeletal structures
precipitating in the polar regions are studied by observing the surface micromor-
phology of columnar ice crystals growing in air at high and low supersaturations.
It is concluded that long hollow prisms, that is, long prisms with large skeletal
structures grow by a two-dimensional nucleation mechanism under supersatura-
tion above about 10%, while long prisms with small skeletal structures grow by a
screw dislocation mechanism under supersaturation below about 2%.

1. Introduction

Before the 1980’s there had been only a few observations on snow single crystals
precipitating in the polar regions, long solid prisms (SHiMizu, 1963) and rectangular
crystals (HigucHi, 1968), and on diamond dust type ice crystals (KikucHi and HOGAN,
1979) and so on. The morphology and the growth mechanisms of these polyhedral
crystals have been experimentally studied by Kopavashi (1965), Gonpa and KOIKE
(1982) and GonDa (1983).

Recently, a long hollow prism has been observed at Mizuho Plateau, Antarctica
(SATow, 1983). Thereafter, WADA and GONDA (1985) have quantitatively discussed
the crystallographic properties and the growth conditions of the long hollow prisms
observed at Mizuho Station, Antarctica. Meanwhile, the habit and the morpho-
logical instability of columnar ice crystals grown at low temperatures have been ex-
perimentally studied by GONDA ef al. (1984) and GonpA and Gowmi (1985). Through-
out a series of these studies, the growth mechanisms of long prisms with skeletal
structures have become of major interest.

In this paper, the growth mechanisms of long prisms with skeletal structures
precipitating in the polar regions are discussed on the basis of the surface observations
of the columnar ice crystals grown in air at high and low supersaturations.

2. Experimental Procedures

A growth chamber of ice crystals is described in detail in a previous paper (GonDA
and KOIKE, 1982). The growth chamber is cooled by flowing an electric current of
0-5 amperes to the thermoelectric cooling panels attached at the top and the bottom
of the chamber, keeping a growth substrate at a slightly higher temperature than that
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of an ice plate. The temperature of the growth substrate and the ice plate is controlled
by regulating the electric current to flow to the thermoelectric cooling panels.

When the growth substrate reaches a desired temperature, water vapor is supplied
by keeping the ice plate at a slightly higher temperature than that of the growth sub-
strate. Minute ice crystals are formed in air by inserting 2 cm?® of sufficiently diluted
silver iodide smoke into the growth chamber. Minute ice crystals formed in air fall
quickly and grow on the growth substrate. Growing ice crystals are observed in situ
using a differential interference microscope.

The surface micromorphology of columnar ice crystals was observed in a desired
air pressure after a large polyhedral ice crystal was formed under low air pressure.
The surface photographs were taken using a single-lens reflex camera or a video camera
which is attached at the top of a cylindrical mirror.

3. [Experimental Results

3.1. Columnar ice crystals with large skeletal structures grown under relatively high
supersaturation

Figure 1 shows a columnar ice crystal with large skeletal structures grown in
air of 1.0 atm at —30°C and 8.8% supersaturation. Under this growth condition,
the skeletal structures are formed on the (0001) face of the crystal when the crystal
size reaches about 20 pm. The skeletal structures develop with increasing crystal
size, that is, the crystal becomes more unstable. Here, this crystal is photographed
from the [1120] direction, and because the (1010) face of the crystal is out of focus, a
boundary layer along a-axis of the (1010) faces is invisible. The surface micromor-
phology of columnar ice crystals was observed in order to study the growth mechanisms
of these crystals.

Figure 2 shows the microscopic photographs of the (0001) face of a columnar
ice crystal grown in air of 1.0 atm at —30°C and 13% supersaturation, where the size
ratio ¢/a of this crystal is about 1.5. When we observe the surface micromorphology
of an ice crystal, as the air is introduced into the chamber after a large polyhedral ice
crystal having the size ratio c¢/a nearly equal to unity was formed in air at low pressure,
the size ratio c/a of the ice crystal is relatively small except for the experiments at very
low supersaturation. In the case of this photograph, though the two-dimensional
nuclei at the corners are not visible, it will be evident that the growth layers on the
(0001) face originate in the two-dimensional nuclei at the corners of the crystal. At
21.2 min (b) after the growth stage (a), the center of the (0001) face became concave
in order that the growth layers originated in two-dimensional nuclei did not reach
the center of the (0001) face. At 36.1 min (c), the concave at the center of the (0001)
face became considerably deep by the bunching of the growth layers running near the
center of the crystal. At 46.5 min (d), it is seen that four giant steps were formed on
the (0001) face by the bunching of relatively thin growth layers. At 50.7 min (e),
this phenomenon became more clear. At 58.8 min (f), another new giant step is seen.

Figure 3 shows the video photographs of the (0001) face of a columnar ice crystal
grown in air of 1.0 atm at —15°C and 10% supersaturation, where the size ratio c/a
of this crystal is about 2.6. Here, it is seen that the video scanning lines (dark bold
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Fig. 1. Columnar ice crystal with large skeletal structures grown in air of 1.0 atm ar —30°C and
8.8% supersaturation. (a) 0, (b) 9.9, (¢) 37.3, (d) 76.0, (e) 143.7, (f) 173.6 min.

Fiz. 2. Microscopic photographs of the (0001) face of a columnar ice erystal grown in air of 1.0
atm at —30°C and 13% supersaturation. (a) 0, (b) 21.2, (¢) 36.1, (d) 46.5, (e) 50.7,
(f) 58.8 min.
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200 pm

Fig. 3. Video photographs of the (0001) face of a columnar ice crystal grown in air of 1.0 atm at
—[5°C and 10% supersaturation. (a) 0, (b) 0.3, (¢) 0.5, (d) 1.3, (e) 7, (f) 11.8 min.

lines) run obliquely across the crystal corners. As shown in the figure, in the growth
stage (a) the growth layers (arrows 1) originated in the two-dimensional nuclei at the
corners of the crystal can be seen. At 0.3 min (b) after the growth stage (a), the growth
layers (arrows 1) starting from the other corners can be seen, too. After 0.5 min (c),
it is seen that the growth layers which started from each corner spread along each
edge of the crystal and a circular thick growth layer begins to be formed. Here, a
screw dislocation had emerged near the corner at the top of the right on the (0001)
face of this crystal. Accordingly, the growth layer of the top of the right spreads
toward the center of the (0001) face. After 1.3 min (d), this phenomenon can be
clearly seen. After 7.0 min (e), a circular concave is seen in the center of the (0001)
face. After 11.8 min (f). another thick growth layer advances from the outside to
the center of the (0001) face, and as a result the concave of the (0001) face became a
double bottom.

From these surface observations, the growth layers originated in two-dimensional
nuclei at each corner of the (0001) face at relatively high supersaturation advance
toward the center of the (0001) face, and as a result, large skeletal structures are formed
on the (0001) face.

3.2.  Columnar ice crystals with small skeletal structures grown under low supersaturation

Figure 4 shows a long prism with small skeletal structures grown in air of 1.0
atm at —30°C and 1.4% supersaturation. Under low supersaturation like this, it is
known that long prisms grow by screw dislocations emerged on the (0001) face of the
crystals (Gonpa and Koikg, 1982). In the growth stage (a), the crystal grows in the
state of polvhedral form. However, at 35.4 min (b) after the growth stage (a), small
skeletal structures are formed on the (0001) face and the crystal grows unstablly.  After



112 Takehiko Gonpa, Tadanori Ser and Hideki Gomi

e
i
i

i
G e o
S e
i
i
3

i
e
o

Long prism with small skeletal
structures grown in air of 1.0 atm
at —30°C and 1.4% supersatura-
tion. (a) 0, (b) 354, (¢) 72.5, (d)
141.9, (e) 187.7, (F) 212 min.

72.5 min (c), the (0001) face which became flat came to be unstable again. After
141.9 min (d), it is seen that the skeletal growth on the (0001) face is repeated four
times. After 187.7 min (e), the skeletal growth is repeated five times. After 212
min (f), the polyhedral crystal grows again. As shown in this figure, the stable and
unstable growth is repeated many times at low supersaturation with increasing crystal
size. As a result, many air bubbles are enclosed into the crystal and a long prism
with small skeletal structures grows. Here, there is no skeletal structure at the center
of the (1010) face of this crystal because the growth rate of the (1070) face is very small
as compared with that of the (0001) face, so the (1010) face grows stable.

Figure 5 shows the microscopic photographs of the (0001) face of a columnar
ice crystal grown in air of 1/3 atm at —30°C and 2.8% supersaturation, where the
size ratio ¢/a of this crystal is about 1.5. In the case of this crystal, though a screw
dislocation at the corner is invisible, it is evident that a screw dislocation emerges at a
corner on the (0001) face of the crystal. The reason is that an evaporation pit and evap-
oration layers due to a screw dislocation were formed because the chemical potential
in the position where a screw dislocation emerges is high when the crystal was kept
in an evaporation state. The second is that two-dimensional nuclei are not formed
on the ice crystal surface under such low supersaturation as 2.8% from the theoretical
consideration. In the growth stages (a) and (b), it is understood that relatively thick
growth layers are formed by the bunching of thin growth layers and advance from
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Fig. 5. Microscopic photographs of the (0001) face of a columnar ice crvstal grown in air of 1/3 atm
ar —30°C and 2.8% supersaturation. (a) 0, (b) 0.6, (¢) 2.0, (d) 3.6, (e) 5.1, (f) 8.1 min.

200 pm

Fig. 6. Video photographs of the (0001) face of a columnar crystal grown in air of 1.0 atm at —7°C
and 1.60% supersaturation. (a) 0, (b) 1.0, (¢) 3.0, (d) 5.3, (e) 6.2, (f) 6.7 min.

the outside to the center of the (0001) face. At 2.0 min (c) after the growth stage (a),
a new growth layer advances toward the center of the crystal. After 3.6 min (d),
the giant steps are formed by further bunching of relatively thick growth layers, and
as a result the skeletal structures are formed on the (0001) face. After 5.1 min (e)
and 8.1 min (f), the skeletal structures on the (0001) face tend to diminish and the
(0001) face tends to become stable. However, when the crystal grows further it is
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found that new thin growth layers advance from the outside to the center of the (0001)
face. That is, the growth process of (a)—(f) is repeated many times.

Figure 6 shows the video photographs of the (0001) face of a columnar ice crystal
grown in air of 1.0 atm —7°C and 1.6% supersaturation, where the size ratio c/a of
this crystal is about 1.2. In the figure, it is seen that the video scanning lines (dark
bold lines) run oblique to the crystal edges. In order to increase the supersaturation
in the growth chamber when the air was introduced into the chamber, two-dimensional
nuclei were formed at the corners of the crystal and the deep concave was formed
near the center of the (0001) face (growth stage (a)). After that, the supersaturation
in the growth stage (a) was kept at 1.6%. Therefore, further nucleation at the corners
of the crystal is not formed. In the case of this crystal, a screw dislocation emerges
at the position indicated by an arrow (photograph (f) is the evaporation stage). At
1.0 min (b) after the growth stage (), it is seen that the growth layers with thin steps
run from the outside to the center of the (0001) face. After 3.0 min (c), the deep con-
cave produced when the air was introduced in the chamber diminishes and the growth
layers with relatively thin steps advance in succession toward the center of the (0001)
face. After 5.3 min (d) and 6.2 min (e), the skeletal structure with shallow concave
which is characteristic at low supersaturation is formed by the bunching of the thin
growth layers. After 6.7 min (f), as soon as the crystal is kept in the evaporation
state, the evaporation began to arise preferentially at the dislocation site indicated
by the arrow. It is seen that a circular (0001) facet is also formed by the evaporation
at the center of the concave. Moreover, it will be understood that there are evapora-
tion steps at the edges of the crystal if we carefully observe the surface of this crystal
in evaporation state (f).

Based on the surface observations described above, it is understood that when
screw dislocations emerge near the corners of the (0001) face under low supersaturation,
the skeletal structures are formed on the (0001) face.

4. Discussion

In order to study the growth mechanisms of long hollow prisms precipitating in
the polar regions, the surface micromorphology of columnar ice crystals growing in
air at relatively high and low supersaturations were studied using a differential inter-
ference microscope. As a result, it is understood that the large skeletal structures
formed at high supersaturation are formed by the bunching of thick growth layers
originated in two-dimensional nuclei at the corners of the (0001) face, which advance
from the corners to the center of the (0001) face where the surface supersaturation is
the lowest. Columnar ice crystals with large skeletal structures growing under high
supersaturation remain in the state of unstable growth with increasing crystal size,
and as a result, sheath-like crystals are formed.

On the contrary, small skeletal structures of columnar ice crystals growing under
low supersaturation are formed by the bunching of thin growth layers originated in
screw dislocations which emerge near the corners of the (0001) face. However, when
screw dislocations emerge near the center of the (0001) face of the crystal under super-
saturation below about 2%. The growth layers originated in screw dislocations run
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from the center of the (0001) face to the outward direction, and as a result, polyhedral
ice crystal is formed (figure is not shown). That is, it is understood that the instability
of the (0001) face under low supersaturation depends on screw dislocations emerging
either at the corners or at the center of the (0001) face.

On the other hand, the step height of the growth layers due to two-dimensional
nuclei forming at high supersaturation is high and the step velocity is small, while
the step height of the growth layers due to screw dislocations forming at low super-
saturation is low and the step velocity is large. This fact means that large skeletal
structures and small skeletal structures are formed at high and low supersaturations,
respectively. Moreover, step patterns and step motion on ice crystal surfaces which
was described above are reproducible many times in our experiments. Therefore,
it is concluded that long hollow prisms, that is, long prisms with large skeletal struc-
tures observed at Mizuho Station, Antarctica (Fig. 7), were formed by the bunching
of relatively thick growth layers originated in two-dimensional nuclei at the corners
of the (0001) face.

Fig.7. Lonmg hollow prism observed at =
Mizuho Station, Antarctica (Wapa
and GoND4, 1985). ‘

On the other hand, it is considered that long prisms with small skeletal structures
which have symmetrically many air bubbles inside the crystal (KLiNov, 1960) are
formed by the bunching of thin growth layers originated in the emergence of screw
dislocations near the corners of the (0001) face. When the observations of natural
snow crystals and diamond dust particles under supersaturation below about 2%
are carefully made in the polar regions, the same long prisms as shown in Fig. 4 should
be found.

5. Conclusion

The surface micromorphology of columnar ice crystals growing in air at high
and low supersaturations were observed in order to study the growth mechanisms
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of long prisms with skeletal structures precipitating in the polar regions. The results
obtained in this study are as follows.

1) Large skeletal structures on the (0001) face of columnar ice crystals growing
in air at supersaturation above about 10% are formed by the bunching of relatively
thick growth layers originated in two-dimensional nuclei at the corners of the (0001)
face.

2) Small skeletal structures on the (0001) face of columnar ice crystals growing
in air at supersaturation below about 2% are formed by the bunching of relatively
thin growth layers originated in screw dislocations which emerged near the corners
of the (0001) face.

3) When screw dislocations emerge near the center of the (0001) face of a columnar
ice crystal growing in air at supersaturation below about 2%, the columnar ice crystal
grows in the state of polyhedral form.

4) It is concluded from the experimental results that long prisms with large
skeletal structures precipitating in the polar regions are formed by a two-dimensional
nucleation mechanism under supersaturation above about 10%.

5) Long prisms with small skeletal structures having many air bubbles inside
the crystals should be found when we carefully observe natural snow crystals and
diamond dust particles precipitating in the polar regions.
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Abstract: The morphological instability and the growth mechanism of ice
crystals grown in air at —30°C and at supersaturation below 4% have been ex-
perimentally studied. Whether ice crystals grown under this condition would
develop into long prismatic columns or into thin plates is dependent on the
emergence of active screw dislocations on the {0001} or {1010} faces of the crys-
tals. The morphological instability of ice crystals grown in air at low super-
saturation is related to the emergence of active screw dislocations near the corners
of the {0001} or {1010} faces. From the experimental results, the growth form
and the growth mechanism of snow crystals at low supersaturation observed at
Mizuho Station, Antarctica are discussed.

1. Introduction

Snow crystals precipitating at Mizuho Station, Antarctica are generally formed
under the low absolute humidity. However, in Antarctica where the temperature is
low, high or low supersaturation will be produced by a small variation of water vapor
contents even under nearly constant temperature. Paying attention to single crystals,
we have found by the observations at Mizuho Station (WADA and GONDA, 1985) that
long hollow-prisms (long prismatic columns with large skeletal structures) precipitate
with high frequency under about 10% supersaturation.

On the other hand, in the polar regions, long solid prisms (SHIMIZU, 1963), rec-
tangular snow crystals (HicucHI, 1968), diamond-dust type ice crystals (Kikuchi and
HoaGAN, 1979) and long prisms with skeletal structures which enclose air bubbles inside
the crystals (KLINOV, 1960), etc. have been observed under the circumstance where the
supersaturation is estimated to be small. Thereafter, the growth form and the growth
mechanism of ice crystals have been experimentally studied in order to understand
those of snow crystals observed in the polar regions (KOBAYASHI, 1965; GoNDA and
KOIKE, 1982; GONDA et al., 1984; GoNDa and Gomi, 1985; GONDA et al., 1985). It
has been found by these studies (e.g. GONDA et al., 1985) that ice crystals growing at
the supersaturation above about 10% grow by a two-dimensional nucleation mecha-
nism, while those at the supersaturation below a few % grow by a screw dislocation
mechanism.

The purposes of this article are to study experimentally the morphological insta-
bility and the growth mechanism of ice crystals growing in air at low temperature and
low supersaturation, and from the obtained results, to discuss the growth form and the
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growth mechanism of snow crystals under low supersaturation observed at Mizuho
Station, Antarctica.

2. Experimental

The structure of a growth chamber, the cooling and the temperature control of it,

the supply of water vapor and its measurement, the supply of ice nuclei, etc. have been
described in other papers (KURODA and GONDA, 1984; GONDA et al., 1984), so, further
explanations related to the experimental methods are omitted in this paper.
" To study the morphological instability of ice crystals growing at low temperature
and low supersaturation, ice crystals were formed in air at 3.3 x 10? and 1.0 x 10 Pa at
—30°C and supersaturation below about 4%, and growing ice crystals were observed
in situ using a differential interference microscope attached to a single-lens reflex camera.
Next, the normal growth rates of a polyhedral ice crystal were measured in air at 4.0 x
10 Pa at —30°C and supersaturation below 3%. To keep the physical properties of
the crystal as constant as possible, the normal growth rates of the same crystal were
measured as a function of supersaturation. At the same time, the surface micro-
topography of the crystals was observed using a differential interference microscope
attached to a TV camera.

3. Experimental Results

3.1. Morphological instability of ice crystals grown in air at — 30°C and low supersatu-
ration

Figure 1 shows an example of a columnar ice crystal grown in air at 1.0 x 10% Pa
at —30°C and 1.4% supersaturation. At 12.0 (b) and 39.3 (c) min after the growth
stage (a), the crystal grew preferentially to the (0001} direction and a polyhedral co-
lumnar crystal was formed. From the observations of surface microtopography of
many ice crystals, it is inferred that the growth of this crystal is related to the emergence
of active screw dislocations near a center of the {0001} face. After 50.1 min (d), the
{0001} face of the crystal became unstable and a long prismatic column with small
skeletal structures was formed. At 84.3 min (e), after the initial skeletal structures on
the {0001} face had been enclosed inside the crystal as the air bubbles, the secondary
skeletal structures were formed on the {0001} face. At 97.3 min (f), the {0001} face
bécame stable again and the polyhedral crystal was finally formed. The morphologi-
cal instability under low supersaturation described above, in the later stage of the growth
(d, e), is related to the emergence of active screw dislocations near the corners of the
{0001} face (GONDA et al., 1985). In addition, in the growth stages (e) and (f), the
non-hexagonal columnar crystal was formed by the emergence of active screw dis-
locations on the {1010} face of the crystal.

Figure 2 shows an example of an ice crystal grown in air at 1.0 x 10° Pa at —30°C
and 0.8% supersaturation, whose size ratio c/a is close to unity. From the observa-
tions of the surface microtopography of many ice crystals at low supersaturation, it is
inferred that both the {0001} and {1010} faces of the crystal grew by screw dislocations
which emerged on the both faces. This crystal was photographed from the direction
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Fig. 1. Columnar ice crystal grown in air at 1.0 < 10° Pa at —30°C and 1.4% supersaturation.
(a) 0, (b) 12.0, (¢) 39.3, (d) 50.1, (e) 84.3, (f) 97.3 min.

along g-axis. From the surface microtopography, it is inferred that active screw dis-
locations emerge near the corners of the {1010} face of the right-hand side of the
crystal. That is, the macroscopic steps advance from the outside to a center of the
{1010} face and the shallow concave was formed on the {1010} face (c). After that,
the steps further moved towards the center of the {1010} face and a relatively deep
concave was formed on the {1010} face by the bunching of the growth steps (d, e).
Moreover, the concave became gradually small and the {1010} face became the flat
surface (f) again. In the progressive process of the growth steps, the concave is cap-
tured into the crystal as the air bubbles when the concave on the {1010} face became
comparatively deep (GonpaA and KOIKE, 1982).

Figure 3 shows the instability limit of the {1010} face of columnar ice crystals
grown in air at 3.3x 10" Pa at —30°C and relatively low supersaturation. The mor-
phological instability of the ice crystals under low supersaturation was produced by
active screw dislocations which emerged near the corners of the {0001} face (GoNDA
et al., 1985). As shown in Fig. 1, the morphological instability at low supersaturation
produced by screw dislocations can be repeated such as the stable growth to the un-
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Fig. 2. Ice crystal grown in air at 1.0 < 10° Pa at —30°C and 0.8% supersaturation, whose size ratio
cla is close to unity. (a) 0, (b) 44.7, (¢) 74.6, (d) 89.6, (e) 96.6, (f) 100 min.
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Fig. 3. Instability limit of the {1010} face of columnar ice crystals grown in air at 3.3 10" Pa at
—30°C.

stable growth or vice versa. For example, as shown in Fig. 3, the morphological
instability of the {1010} face under about 2% supersaturation is repeated twice with
increasing crystal size. Furthermore, when ice crystals grow over a long period of
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time, the morphological instability of the crystals is repeated many times. That is, the
morphological instability produced by screw dislocations is drastically different from
that produced by two-dimensional nuclei, which occurs only one time. On the other
hand, the morphological instability of ice crystals depends also on the ratio of growth
rates Ry/R, and the size ratio c¢/a of ice crystals (GonpA and Gowmi, 1985). Here, R,
and R, show the growth rates of the {0001} and {1010} faces of ice crystals, respectively.

3.2. The growth rate and the surface microtopography of ice crystals grown in low air
pressure at —30°C and low supersaturation

Figure 4 shows the supersaturation dependence of the normal growth rates of the
{0001} and {1010} faces of a columnar ice crystal grown in air pressure of 4.0 x 10
Pa at —30°C and low supersaturation. In this growth condition, the resistance of the
volume diffusion of water vapor can be ignored. As shown in the figure, the normal
growth rates of the {0001} and {1010} faces of the crystal quadratically increase with
increasing supersaturation in the region of supersaturation below about 1.5% and
then linearly increase with increasing supersaturation in the region of supersaturation
between 1.5 and 3%. These experimental results coincide with the theoretical con-
sideration by BURTON et al. (1951). Therefore, it is considered that both the {0001}
and {1010} faces of the crystal grow by a screw dislocation mechanism.

Figure 5 shows the video photographs of the {0001} and {1010} faces of ice crystals
grown in air pressure of 4.0x 10 Pa at —30°C and low supersaturation. Here, the
upper crystal is that grown at 1.8% supersaturation while the lower crystal is that
grown at 1.4% supersaturation. In the figure, circular white parts are the cavities
introduced between ice crystals and a growth substrate. As shown in the figure, an
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Fig. 4. Supersaturation dependence of the normal growth rates of the {0001} and {1010} faces
of a columnar ice crystal grown in air at 4.0 X 10 Pa at —30°C.
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Fig. 5. Surface microtopography of the {0001} and {1010} faces of ice crystals grown in air at 4.0
10 Pa at —30°C. The upper and lower crvstals show the {0001} and {1010} faces, respec-
tivelv. (a) 0,(b) 5, (c) 10s;(d) 0, (e) 2,(f) 45s.

active screw dislocation emerges near a corner of the {0001} face (arrow 1), and the
growth layers advance from a center of the screw dislocation. On the other hand,
active screw dislocations emerge on a defect running perpendicularly to the c-axis on
the {1010} face (arrow 1), which may be stacking faults proposed by KoBAyasui and
OHTAKE (1974), and the growth layers move from the centers of screw dislocations to
the outside of the crystal. It is concluded from the experimental results that ice crystals
grown at —30°C and low supersaturation grow by a screw dislocation mechanism.

4. Discussion

The morphological instability and the growth mechanism of ice crystals grown in
air at low temperature and low supersaturation have been experimentally studied.
From the experimental results, the growth form and the growth mechanism of snow
crystals observed at low supersaturation in Antarctica are discussed. The morphologi-
cal instability of ice crystals grown at high supersaturation has been produced only
once in the whole stage of growth (Gonpa and Koikg, 1982, 1983; Gonpa and Yama-
ZAKI, 1982: Gonpa and Gomi, 1985 Gonpa er al., 1984). However, the morphologi-
cal instability of ice crystals grown at low supersaturation is repeated with increasing
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crystal size such as the stable growth to the unstable growth or vice versa (Figs. 1 and
3). In the case of high supersaturation, large skeletal structures have been formed by
two-dimensional nuclei at the corners of the crystals (GonDpA et al., 1985; Wapa and
GoNDA, 1985). In the case of low supersaturation, small skeletal structures have been
formed by the screw dislocations which emerged near the corners of the {0001} face:
this has been confirmed also by the surface observations of ice crystals grown in air at
1.0 x 105 Pa (GoNDA et al., 1985).

Fig. 6. Snow crystals observed at Mizuho Station, Antarctica. Air temperature at a height of
1.5 m above the snow surface is (a) —19.1 and (b) —22.6°C.

Figure 6 shows an example of snow crystals observed at Mizuho Station, Antarctica
on (a) January 5, 1980 and (b) March 19, 1979. Let us discuss the growth mechanism
of snow crystals observed at Mizuho Station from the experimental results described
above and the other experiment (GoNpA and Se1, 1986). Gonpa and Sk (1986) found
that the {0001} and {1010} faces of an ice crystal growing at —7, — 15 and —30°C and
at a supersaturation below 5% grew by a screw dislocation mechanism. Therefore, it
is considered that both the {0001} and {1010} faces of ice crystals growing at a tem-
perature between —7 and —30°C and at supersaturation below 5% grow by a screw
dislocation mechanism. Accordingly, it is inferred that the non-hexagonal polyhedral
snow crystal (a) was formed by the emergence of active screw dislocations near the cen-
ters of alternate {1010} faces of the crystal under low supersaturation. On the other
hand, it is inferred that the non-hexagonal snow crystal with small skeletal structure (b)
was formed by the emergence of active screw dislocations near the corners of alternate
{1010} faces of the crystal under low supersaturation. Furthermore, it is understood
by careful observations of the snow crystal that the morphological instability of the
{1010} face was produced twice or more. Figure 6 shows the characteristics of single
snow crystals formed in Antarctica under low supersaturation.

5. Conclusions

The morphological instability and the growth mechanism of ice crystals grown in
air at low temperature and low supersaturation have been experimentally studied. The
growth form and growth mechanism of snow crystals at low supersaturation observed
at Mizuho Station, Antarctica have been discussed from the experimental results. The
obtained results and the conclusions are as follows.

(1) Whether ice crystals grown under the condition described above grow as long
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prismatic columns or as thin plates depends on the emergence of active screw disloca-
tions on the {0001} or {1010} faces of the crystals.

(2) Non-hexagonal ice crystals grown in air at low supersaturation are formed
when active screw dislocations emerge on some {1010} faces of the crystals.

(3) Skeletal ice crystals (morphological instability) grown in air at low supersatu-
ration are formed when active screw dislocations emerge near the corners of the {0001}
or {1010} faces.

(4) The growth form and the growth mechanism of snow crystals observed in
Antarctica (Fig. 6) can be interpreted by the experimental results described above and
the other experiment (GoNDA and SEe1, 1986).
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MORPHOLOGICAL FEATURES OF COMBINATION OF BULLET-TYPE
SNOW CRYSTALS OBSERVED AT SYOWA STATION, ANTARCTICA

Kunimoto Iwar
Faculty of Education, Shinshu University, Nishinagano, Nagano 380

Abstract: Morphological features of combination of bullet-type snow crystals
replicated at Syowa Station, Antarctica are discussed from observations using a
stereomicroscope. Some stereophotomicrographs of them are shown.

The number of bullets forming the combination was counted. The bullets
with five components were the most frequently observed. The maximum number
of components was ten.

The angles of their c-axes were measured, and found that about 70°, 55° and
88° or their supplementary angle were predominant. In addition, 64° and 78°
were found. These angles may be explained by the CSL theory by T. KOBAYASHI
et al. (J. Cryst. Growth, 32, 233, 1976).

Apparent pyramidal faces of bullet crystals are not the crystallographic pyrami-
dal faces; {1011}, but are mere skeleton structures. These findings will be im-
portant for discussing the optical phenomena in the Antarctic atmosphere.

1. Introduction

It is well known that ice crystals or snow crystals formed at low temperature, such
as in the Antarctic atmosphere and in cirrus or cirrostratus clouds, are mainly of bullet
and columnar types (KiKucHI and YANAIL 1971; HEyMsrFIELD and KNOLLENBERG, 1972).

Size distribution of bullet crystals was investigated by KikucHI (1968). The
angles of the c-axes of bullet crystals were measured by KoBAYASHI ef al. (1976). UYEDA
and KikucHI (1979) studied the three-dimensional configuration of combination of
bullet-type snow crystals.

Up to the present, however, few studies have been made on morphological features
of snow crystals of bullet type, because such crystals have been scarcely observed in
the temperate region.

In this paper, morphological features of combination of bullet-type snow crystals
are discussed from observations using their stereomicrographs.

2. Method of Observation

Replicas of snow crystals are made with one per cent polyvinyl formal in ethylene
dichloride. The number of crystals forming the combination is counted under a stereo-
microscope. The angles of their c-axes were measured from their photomicrographs
taken by placing the c-axes on the horizontal plane using a simple universal stage.

Morphological features are examined by taking the stereophotomicrographs with
the method described by Iwar (1981, 1983).
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THE GROWTH MECHANISM OF ICE CRYSTALS GROWN IN AIR AT A LOW PRESSURE
AND THEIR HABIT CHANGE WITH TEMPERATURE

T. GONDA and T. SEI

Faculty of Science and Technology, Science University of Tokyo,
Noda, Chiba 278, Japan

Resume - La dependance avec la température de la morphologie d'un crlstal de glace
forme dans l'air a 4.0 x 10 Pa avec une sursaturation inférieure & 5 % et le
mécanisme de cette croissance ont été étudiés en faisant des cycles
croissance-évaporation du cristal de glace. La modification de morphologie du
cristal de glace avec la température dans les conditions précédentes coincide
grossmrement avec celle des cristaux de glace formés dans l'air a 1.0 x 105 pa et
on a trouvé que les faces {0001} et {1010} du cristal de glace formé avec une
supersaturation inférieure & 5% croissent par un mécanisme de dislocations vis. La
dépendance avec la température de la morphologie du cristal de glace formé dans ces
conditions peut étre qualltatlvement expllquee par l'anisotropie du coefficient de
condensation et de sa dépendance avec la température.

Abstract

The temperature dependence of the habit of an ice crystal grown in air at 4.0 x
10 Pa under a supersaturation below 5% and its growth mechanism were investigated
by repeating the growth and evaporation of the ice crystal. As a result, the habit
change of an ice crystal with temperature under this growth condition roughly
coincides with that of an ice crystal growing in air at 1.0 x 105 Pa, and it was found
that the {0001} and {1010} faces of the ice crystal grown at a supersaturation below
5% grew by a screw dislocation mechanism. The temperature dependence of the habit of
the ice crystal grown under this growth condition can be qualitatively explained by
the anisotropy of the condensation-coefficient and its temperature dependence.

1. Introduction

It is well-known that the habit of snow crystals growing in air at 1.0 x 107 Pa
varies with temperature (1-3) . The mechanism of the temperature dependence of the
habit change of snow crystals has been studied by several authors {4-6)] . Recently,
a new interpretation of the temperature dependence of the habit change of snow crystals
growing in air at 1.0 x 105 Pa at water saturation has been proposed (7,8] .

Generally speaking, the snow crystals growing in air at 1.0 x lO5 Pa depend on
three processes described below. (1) volume diffusion process of water molecules to
the crystal surfaces (2) surface kinetic process for incorporation of water molecules
into the crystal lattice (3) transport process of the latent heat of sublimation by
conduction. Here, it is considered that the temperature dependence of the habit of
ice crystals growing from the vapor phase is closely related with the surface kinetic
process for incorporation of water molecules into the crystal 'lattice. Therefore, the
study of ice crystal growth under such circumstances as the resistance of the volume
diffusion of water molecules and the resistance of the transport of the latent heat of
sublimation are ignored is very important because under this growth condition,
only the effect of the surface kinetic process of water molecules can be studied.
Accordingly, in this study, ice crystals were grown on a cover glass at various
temperatures in air at 4.0 x 10 Pa.

The studies on ice crystal growth on a substrate at a low air pressure have been
carried out by different researchers (9-12] . Recently, Gonda and Sei ({13} studied
the habit of ice crystals grown on a cover glass in air at 4.0 x 10 Pa and found that
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it depended not only on air temperature but also on supersaturation over ice and
crystal size. The purposes of this paper are teo study the temperature dependence
and the mechanism of the habit change of an ice crystal growing on a substrate in
air at 4.0 x 10 Pa and at a relatively low supersaturation.

2. Experimental

A growth chamber and the method of its measurement are described in detail in a
vrevious paper (14) . Ice crystals were nucleated in air at 4.0 x 10 Pa at -7, -15
and -30 C and at 1.9% supersaturation by inserting a small amount of silver iodide
smoke into the growth chamber. The temperature dependence of the habit change of an
ice crystal was measured at 300 um in size by repeating the growth and evaporation of
the same ice crystal.

Next, to investigate the growth mechanism of the (0001} and 110101 faces of the
ice erystal, the supersaturation dependence of the normal growth rate of these faces
and the supersaturation dependence of the advance rate of macrosteps (step velocity)
on these faces were measured, and the surface microstructure of the (0001} and |lOIO)
faces was also observed in situ using a differential interference microscope.

3. Experimental results

=12.9 -14.7 -16.8 ~224 -28.6

D — |

200 um

Fig. 1 Temperature variation of the habit of an ice crystal formed under air pressure
of 40 Pa and 1.9% supersaturation

Figure 1 shows the temperature variation of the habit of an ice crystal at 300.4m
in size formed by repeating the growth and the evaporation of the same ice crystal.
In the present experiment, it is found that the transition temperatures from hexagonal
column to hexagonal plate are almost -6.5, -13.5 and =157C,

Figure 2 shows the temperature dependence of the ratio of growth rates of the ice
crystal shown in fig. 1.
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From figs. 1 and 2, at a temperature

above -6.5 C, a hexagonal plate grows; 20
at the temperature range -6.5 to -13.5°C,
a hexagonal column grows; at a tempera-
ture near -14 C, a hexagonal plate grows;
and at a temperature below -15C, a
hexagonal column grows. The habit change
of an ice crystal growing in air at 4.0 x
10 Pa with temperature roughly coincides
with the temperature dependence of the
habit change of an_ice crystal growing

in air at 1.0 x 10 Pa. Here, in the case
of present experiment, the ratio of growth
rates R{O001) /R{1120) of an ice crystal

R[OOOI]/R (n70)

| ad o a s s by | BRSNS IS |

is in the range of 0.5 to 2.0, while the 0 -5 -10 -1 -20 -25 -30 -35
size ratio c/a of ice crystals growing in temperature(°C)

airjat 1.0 x 105 Pa is in the order of i

10 to 10 (15). ig. 2 Temperature dependence of the

ratio of growth rates R (00011/R (1120}
of an ice crystal grown in air at

4.0 x 10 Pa and at 1.9% supersatura-
tion.

Next, the supersaturation dependence
of the normal growth rate of the {0001}
and {1010} faces and the supersaturation
dependence of the advance rate of macrosteps
on the (0001} and {1010} faces of an ice
crystal growing at each temperature were
measured to study the growth mechanism of the ice crystal. o

Figures 3 and 4 show the results at 4.0 x 10 Pa at -7, -15 and -30 C. 1In the
fig. 3, each dotted straight line shows Hertz-Knudsen equation, and each solid curve
shows the theoretical curve when an ice crystal grows by a Screwdislocation mechanism.
ol is the condensation coefficient which means the rate to incorporate water molecules
impinging on the crystal surfaces from the vapor phase into the crystal lattice.
From the comparison of the experiment with the theory, it is considered that the (0001}
and {1010} faces of the ice crystal grown at each temperature and at a supersaturation
below 5% grow by a screw dislocation mechanism.

(b) , (c)

~ 3 aar . w3r ’
1) 0 p, -
£ 2 ! H-K.eq 7 £ H-Keq ,/
=N a a
- ~ {1070} ~ /" {oooi}
o 2+ w2 2 2+ ;. =048
3 K 3 A
< £ <
3 30 3 s fi0o}
& £ &5 =063
) . ) A ,
0 3 6 9 0 3 6 9 0 3 6 9
supersaturation (%) supersaturation (%) supersaturation (%)

Fig. 3 Supersaturation dependence of the normal growth rate of the éOOOl} and
{1010} faces of an ice crystal grown at (a) -7, (b) =15 and (¢) -30°C. Solid
and open circles show the experimental values of the growth rates of the {0001}
and {1010} faces, respectively. ¢ is the condensation coefficient.

On the other hand, the growth steps originated from screw dislocations were
observed on the {0001} and {1010} faces of ice crystals grown at -7, -15 and -30°C.
In the fig. 4, solid and open circles show the experimental values of the step velocity
on the {0001} and {10I0} faces, respectively, and solid and dotted curves show the
theoretical curves of the step velocity originated from a screw dislocation. It is
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considered from the figure that the {0001} and {1010} faces of the ice crystals grown
at each temperature grow by a screw dislocation mechanism.

(a) b) c
—~ 400 A400r( ~400 (e)
a Q
€300 (e € 300
S {00011 {10701 -
5 200 L= =200
o B e ° |
2100 f1070} {00011 Yook . {0001
a a | U
L o , {1010}
» . , . ;@ Liétof“°--‘r“”’i
4 6 4 g 0 2 4 6
supersaturation (%) supersaturation (%) supersaturation (%)

Fig. 4 Supersaturation dependence of the advance rate of macrosteps (step
velocity) on the 10001} and {1010} faces of an ice crystal grown at (a) -7,
(b) -15 and (c) -30°C. Solid and open circles show the experimental values
of the step velocity on the (0001} and (1010} faces, respectively.

4, Discussion

It was found from figs. 3 and 4 that both the {0001} and {1010} faces of an ice
crystal grown at -7, -15 and -30 C and at a supersaturation below 5% grew by a screw
dislocation mechanism. In spite of this experimental fact, as shown in figs. 1 and 2,
how does the habit of an ice crystal grown at 1.9% supersaturation systematically
varies with decreasing temperature three times at a temperature between -0.8 and

-30%C 2
Figure 5 shows the temperature L
100011 //f
/ o

dependence of the condensation coefficient

(=}
ol

of the {0001} and {1010} faces of an

ice crystal grown at -7, -15 and -3OOC and
at 5% supersaturation. As shown in the
figure, it is considered that the temper-
ature dependence of the habit change of

an ice crystal grown in air at 4.0 x 10 Pa
and at a supersaturation below 5% can be
qualitatively explained by the anisotropy
and the temperature dependence of the
condensation coefficiento . That is to i ; .
say, at -7 C, a columnar ice_crystal grows 0 -10 ~20 ~30
as a result of o/ 10001}) o{1010}; at -15°C, temperature ( °C )

a plate-like ice crystal grows as a result

of ol§10I01> ®j0001) ; at —SOOC, a columnar Fig. 5 Temperature dependence of tr.:

(=]
o~
T

<
w
Y

>
N
T

{1070}

condensation coefficient a
=
T

ice crystal grows as a result of condensation coefficient o on the (0001
o {0001} > of1010} . and {1010} faces of an ice crystal grown

Generally speaking, the condensation at -7, -15 and -30C and at 5% super-
coefficientd increases with decreasing saturation. Solid and open circles show
temperature, but the condensation coeffi- the values on the {0001} and (1010}
ciente¢ on the {0001} face of an ice faces, respectively.

crystal grown ag -15"C becomes smaller

than that at -7 C because the number of

growth hillocks on the {0001} face of the ice crystal at —15°C decreases more than
that at -7°C. This fact was found by observing in situ the crystal surfaces using
a differential interference microscope. The growth mechanism of an ice crystal
growing at a temperature above -6.5 C is under investigation.
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5. Conclusions

The temperature dependence and the mechanism of the habit change of an ice
crystal grown in air at 4.0 x 10 Pa and at 1.9% supersaturation was studied by
repeating the growth and evaporation of the ice crystal. The results obtained are as
follows:

(1) The habit of an ice crystal grown in air at 4.0 x 10 Pa and at 1.9% super-
saturation depends on temperature. This experimental result roughly coincides with
thg temperature dependence of the habit change of ice crystals grown in air at 1.0 x
10° Pa.

(2) The {0001}l and {1010} faces of the ice crystal grown at a supersaturation
below 5% grow by a screw dislocation mechanism.

(3) The temperature dependence of the habit of an ice crystal growing in air at
4.0 x 10 Pa and at a relatively low supersaturation can be qualitatively explained by
the anisotropy and the temperature dependence of the condensation coefficient o on
the 10001} and {1010} faces.
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COMMENTS

N.FUKUTA
Question :

I again have a difficulty of understanding your use of screw dislocation mechanism
for snow crystal growth. Do you have any direct evidence of screw dislocation
existence in the crystal ?

Remark :

Your measurement of condensation coefficient seems to be in good agreement with ours
which was done earlier.

Answer @

In our experiments, ice crystals grow on a substrate. It can be considered that
screw dislocations arise when ice crystals nucleate in air by the role of silver
iodide smoke or ice crystals grow on the substrate. Therefore, we can observe the
growth hillocks on the ice crystal surfaces, in a center of which screw dislocations
emerge. In addition, we can observe that the spiral growth steps spread continuously
from the center of the growth hillocks.
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Abstract: The evaporation form and the evaporation mechanism of dendritic
ice crystals grown in air of 1.0 x 10° Pa and at water saturation and polyhedral ice
crystals grown in air of 4.0 X 10 Pa and at relatively low supersaturation are studied.
In the case of dendritic ice crystals, the evaporation preferentially occurs in the
convex parts of the crystal surfaces and in minute secondary branches. On the
other hand, in the case of polyhedral ice crystals, the evaporation preferentially oc-
curs in the parts where screw dislocations or stacking faults emerge. On the basis of
these experimental results, the formation mechanism of single bullets observed at
Mizuho Station, Antarctica is inferred.

1. Introduction

The growth form and the growth mechanism of ice crystals have been studied by
many authors (KoBavasHi, 1961; GonNDA, 1980; BECKMANN and LACMANN, 1982;
KurobpA and LACMANN, 1982; YAMASHITA and AsaNo, 1984; Gonpa and SE1, 1987,
etc.), but the evaporation form and the evaporation mechanism of ice crystals have
not ever been studied. On the other hand, snow crystals formed in natural clouds are
probable to evaporate below the cloud base because below the cloud base, snow crystals
are exposed under the condition of ice subsaturation. Accordingly, it is important
to study not only the growth form but also the evaporation form of ice crystals in
order to presume the formation condition of snow crystals observed on the earth. In
addition, it is important to study the evaporation form as well as the growth form of
ice crystals for understanding the formation mechanism of snow crystals observed in
Antarctica where many of snow crystals may be precipitated at a humidity just above
and just below ice saturation.

KikucHi (1968) inferred that a single bullet was formed by the separation of a
combination of bullets during a free fall. Thereafter, single bullets were also observed
by the other authors (SHIMIZU, 1963; KikucHI and YANAI, 1971; WADA and GONDA,
1985; Twal, 1986).

The purpose of this paper is to study the evaporation form and the evaporation
mechanism of dendritic ice crystals grown in air of 1.0 X 10° Pa and at water saturation
and polyhedral ice crystals grown in air of 4.0x 10 Pa and at relatively low super-
saturation, and to presume experimentally the formation mechanism of single bullets
observed at Mizuho Station, Antarctica (WADA and GONDA, 1985) in order to clarify
KikucHr’s hypothesis (1968), too.
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2. Experimental

A cold chamber used for the growth and evaporation experiments of dendritic
ice crystals growing in air of 1.0 10" Pa and at water saturation is described in a
previous paper (Gonpa and Yamazakl, 1982). Minute ice crystals were formed in
air of 1.010° Pa and at —15°C, by supplying silver iodide smoke into the cold
chamber. Only one of ice crystals nucleated in air was received on a cover glass
previously cooled down to a desired temperature, and the ice crystal was grown at
—15°C and water saturation. The dendritic ice crystal grown under the condition
described here was evaporated at a subsaturation near ice saturation, and the evapora-
tion form was observed using a differencial interference microscope.

Next, a cold chamber used for the growth and evaporation experiments of poly-
hedral ice crystals in air of 4.0 < 10 Pa is described in a previous paper (GoNpA and
Koike, 1982). Polyhedral ice crystals were grown in air of 4.0 10 Pa at —7, —15
and —30°C and relatively low supersaturation and then were evaporated at relatively
low subsaturation. The evaporation form was observed using the same microscope
as that described above.

The reason why the evaporation experiments of ice crystals were carried out in
air of 1.0 10" and 4.0 < 10 Pa is to check the effects of the existence of air on the
evaporation form and the evaporation mechanism of the ice crystals.

3. Experimental Results

3.0, Evaporation form of dendritic ice crystals in air of 1.0 10° Pa and at a sub-
saturation near ice saturation
Figure | shows a dendritic ice crystal with minute secondary branches growing
in air of 1.0 10" Pa and at — 15°C and water saturation (a-d) and then evaporating
at a subsaturation near ice saturation at — 15°C (e-h). As shown in the figure, in the
evaporation stage, as the convex parts on the {0001} face and minute secondary branches

Fig. I. Dendritic ice crystal growing in air of 1.0 % 10° Pa and at —15°C and water saturation
(a—d) and then evaporating at a subsaturation near ice saturation (e=h). (@) 0, (b) 50, (¢)
95,(d) 140 5; (e) 0, (f) 30, (g) 60, (h) 70 5.
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Fig. 2. Dendritic ice crystal growing in air of 1.0 = 10° Pa and atr —13°C and water saturation
(a—d) and then evaporating at a subsaturation near ice saturation (e-h). (a) 0. (b) 35, (¢)
60, (d) 190 5; (e) 0, (f) 15, (g) 25, (h) 35 5.
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Fig. 3. Length along a-axis of a dendritic ice crystal grown in air of 1.0 < 10° Pa and —15°C and
warer saturation vs. time elapsed when the ice crystal evaporates.

(arrow 1) preferentially evaporate, the ice crystal surface becomes smooth.  After that,
the top of primary branches evaporates with the lapse of time (f and g).

Figure 2 shows a dendritic ice crystal growing in air of 1.0 10° Pa and at —15°C
and water saturation (a—d) and then evaporating at a subsaturation near ice saturation
at —15°C (e-h), which was photographed from the direction along the b-axis. In
the growth stage, it is seen that there are the convex parts on both the {0001} and
{1010} faces and under the condition of — 15°C and water saturation, the crystal with
dendritic plates on the top and the bottom of the columnar part finally grows. After
that this crystal was evaporated at a subsaturation near ice saturation (e-h). As
shown in the figure, the minute convex parts on the {1010} face as well as those on the
{0001} face preferentially evaporate, and as a result, the ice crystal surface became
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smooth (¢). In the next stage. the top of the primary branches evaporates with the
lapse of time (f and g).

Figure 3 shows an example of the length along @-axis of a dendritic ice crystal
grown in air of 1.0 10" Pa and at —15°C and water saturation versus time elapsed
when the ice crystal evaporates. In the evaporation stage, the columnar part (a) with
dendritic plates on the top and the bottom is almost constant with the time elapsed.
On the contrary, it is seen that the parts which correspond to the primary branches (a)
abruptly decrease with the lapse of time.

3.2, Surface structure of polyhedral ice crystals evaporating in air of 4.0 10 Pa and

at relatively low subsaturation

Dendritic ice crystals are formed when ice crystals grow in air of 1.03< 10" Pa
and at water saturation, under which the resistance of volume diffusion process of
water molecules is very large. On the contrary, polyhedral ice crystals are formed
when ice crystals grow in air of low pressure and at relatively fow supersaturation,
under which the resistance of volume diffusion of water molecules can be ignored.

Figure 4 shows the surface structure of the {0001} face of a polyhedral ice crystal
growing in air of 4.0 < 10 Pa at —30°C and 1.8% supersaturation (a and b) and then
evaporating at 0.6% subsaturation at —30°C (¢-f). In Fig. 4 (b and d), the bold lines
running obliquely from the top of the left to the bottom of the right are the video
scanning lines. In the growth stage (a and b), it is seen that the growth steps move
from the centers of screw dislocations (arrow ) emerging near the corner of the crystal
to a center of the crystal. On the contrary, in the evaporation stage (c-f), it is seen
that the evaporation steps advance from the centers of screw dislocations emerging
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Fig. 4. Swurface structure of the {0001} face of a polyhedral ice crystal growing in air of 1.0 >
10 Pa ar —30°C and 1.8% supersaturation (a, b) and then evaporating at 0.6 % subsatura-
tion (e=f). (a) 0, (b) 30s; (c). 0, (d) 11, (e) 16, (f) 2] s.



Evaporation Form of Ice Crystals 117

400 pm

Fig. 5. Surface structure of the {0001} face of a polyhedral ice crystal growing in air 1.0 % 10 Pa
at —7°C and 2.0% supersaturation (a, b) and then evaporating at 6.0% subsaturation
(e=f). (a) 0. (b) 25; (¢) 0, (d) 0.5, (e) 1.0, (f) 4.5 s.

200 pym

Fig. 6. Surface structure of the {1010} face of a polyhedral ice erystal growing in air of 4.0
10 Pa ar —15°C and 2.0 supersaturation (a—c) and then evaporating at a subsaturation
near ice saturation (d-f). (a) 0, (b) 9, (¢) 195, (d) 0, (e) 27, (f) 54 s.

near the corner of the crystal to a center of the crystal (¢). In the next stage, the evap-
oration takes place as if we cut the {0001} face at an angle because the evaporation
preferentially occurs at the edges of the crystal with the lapse of time. It is considered
that the streaks running from the crystal edges to a center of the crystal were formed
by the impurities adsorbed on the crystal surface in the growth process.

Figure 5 shows the surface structure of the {0001} face of a polyhedral ice crystal
growing in air of 4.0 10 Pa at — 7'C and 2.0% supersaturation (a and b) and then
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evaporating at 6.0% subsaturation at —7°C (¢-f). In Fig. 5 (a and b), the bold lines
running obliquely from the top of the left to the bottom of the right are the video
scanning lines. It can be understood from the growth hillock emerging on the {0001 ]
face that the source of growth steps is the screw dislocation emerging on the {0001}
face. In the case of evaporation stage (c—f), it is understood from the evaporation pits
emerging on the {0001} face that the source of the evaporation steps is the screw disloca-
tion emerging on the {0001} face. That is to say, when screw dislocations emerge
on the crystal surface, the growth steps or the evaporation steps advance from the
center of screw dislocations under low supersaturation or under low subsaturation,
respectively.

Figure 6 shows the surface structure of the {1010} face of a polyhedral ice crystal
growing in air of 4.0x10Pa at —15°C and 2.09% supersaturation (a-c) and then
evaporating at a subsaturation near ice saturation at —15°C (d-f). In the growth
stage (a—c), the boundary lines formed by the collision of growth steps which come
from the opposite side are seen. In the evaporation stage (d-f), the evaporation pref-
erentially occurs at the position where a stacking fault proposed by Kosayasni and
OHTAKE (1974) emerges perpendicularly to the c¢-axis near the center of the {1010}
face in addition to the evaporation at the edges of the {1010} face: at 27 min after the
evaporation, the linear concave is observed near the center of the {1010} face (arrow 7
in photo e). At 54 min after the evaporation (f), the ridges characteristic of the
evaporation are seen as a result of the disappearance of the {1010} face.

Figure 7 shows the surface structure of the {1010} face of polyhedral ice crystal
evaporating in air of 4.0 10Pa at —7°C and a subsaturation near ice saturation

i lE L im b LR
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Fig. 7. Surface structure of the {1010} face of a polvhedral ice crystal evaporating in air of 4.0 -
10 Pa ar —7"C and a subsaturation near ice saturarion (a, b) and then growing at a su-
persaturation near ice saturation (c—f). (a) 0, (h) 95; (c) 0, (d) 8, (e) 34, (f) 74 ».
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(a and b) and then growing at a supersaturation near ice saturation at —7"C (c-f).
In the evaporation stage, the evaporation preferentially occurs at the portions where
a stacking fault running perpendicularly to the c-axis near the center of the {1010}
face and screw dislocations emerge. As a result, a linear concave formed by evapora-
tion (arrow 7) and many evaporation pits are seen. At 9 s after the evaporation (b),
the advance of evaporation steps is seen. In the earlier growth stage (c). many growth
hillocks are formed together with the traces of the ridges formed during the evapora-
tion process. At 8s after the transformation into the growth stage (d), the {1010}
lace was formed on the ridges, and at the same time, the growth hillocks began to grow.
At 34 s after the growth (e). the {1010} face began to form by the sweeping of the growth
steps. At 74 s after the growth (f), the {1010} face is formed and it is seen that the
growth steps come from the active screw dislocation emerging at the corner of the
top of the right.

4. Discussion

It was found that the minute convex parts on the {0001} and {1010} faces and
minute secondary branches of dendritic ice crystals grown in air of 1.0 10" Pa pref-
erentially evaporated and then the top of the primary branches evaporated. This
experimental fact can be explained by the reason described below. That is to say,
the saturation vapor pressure over minute convex parts of the {0001} and {1010} faces
and minute secondary branches is higher than that over plane surfaces in accordance
with the curvature effect of the surface tension (Gibbs-Thomson's effect). Accord-
ingly, the minute convex parts and the minute secondary branches of the dendritic
ice crystal evaporate when the vapor pressure holds at a subsaturation near ice satura-
tion.

In the next place, it was found that the evaporation of a polyhedral ice crystal
grown in air of 4.0:< 10 Pa preferentially occurs in the portions where the screw dis-
location and the stacking fault emerge. This is because the chemical potential of the
portions where the screw dislocation and the stacking fault emerge is higher than that
of the other portion. The reason why the evaporation experiments of ice crystals
were carried out in air of 1.0 10” and 4.0 < 10 Pa is to check the effects of the existance

Fig. 8. Snow crystals observed at Mizuho Station, Antarctica on March 20, 1979 (WapA and
GaNDaA, [985).
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of air on the evaporation form and the evaporation mechanism of the ice crystals.

Figure 8 shows an example of snow crystals observed at Mizuho Station, Ant-
arctica on March 20, 1979 (WaApA and Gonba, 1985). As shown in the figure,
though the corners and edges of a single bullet are very sharp, the external form of its
narrow part is considerably irregular. The former means that the single bullet was
not formed by the evaporation of the combination of bullets because if the single bullet
was exposed under a subsaturation over ice, whether its external form is deformed
or its corners and edges evaporate and must be cut at an angle. On the other hand,
the latter means that the single bullet was not exposed under a supersaturation over
ice after the formation of the single bullet because if the single bullet was exposed under
a supersaturation over ice, its irregular part grows and must become sharp. Accord-
ingly, it is inferred that the single bullet observed at Mizuho Station was formed under
ice saturation by the breaking of the combination of bullets due to the external force
during a free fall.

5. Conclusions

The evaporation form and the evaporation mechanism of dendritic ice crystals
growing in air of 1.0 10° Pa and polyhedral ice crystals growing in air of 4.0x 10 Pa
were studied. According to the experimental results, the formation mechanism of
single bullets observed at Mizuho Station, Antarctica was inferred. The results ob-
tained in this study are as follows.

1) The evaporation of dendritic ice crystals grown in air of 1.0x10° Pa pref-
erentially occurs in the convex portions of the {0001} and {1010} faces and in the
minute secondary branches, and then the top of primary branches evaporates.

2) The evaporation of polyhedral ice crystals grown in air of 4.0 10 Pa pref-
erentially occurs in the portions where screw dislocations and stacking faults emerge,
and then the corners and edges of the crystals evaporate.

3) It is inferred that the single bullets observed at Mizuho Station, Antarctica
are formed not only by the evaporation of the combination of bullets but also by the
breaking of the combination of bullets due to the external force during a free fall.
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Polyhedral ice crystals are formed at a few % supersaturation in order to clarify experimentally the growth mechanism and the
habit change of ice crystals growing in low air pressure at a temperature of 0 to —30° C. On the basis of the normal growth rates
versus supersaturation, in situ observation of ice crystal surface and the advance rates of steps versus supersaturation, it is concluded
that the {0001} and {1010} faces of ice crystals grow by the vapor—quasi-liquid—solid (V—QL-S) mechanism at a temperature of 0 to
—2°C, while they grow by the BCF mechanism at a temperature of —2 to —30°C. The habit change with temperature of ice
crystals growing in low air pressure is explained by the temperature dependence of the condensation coefficient a, of the {0001} and

{1010} faces.

1. Introduction

The growth of ice crystals from the vapor phase
is one of the important problems of cloud physics,
glaciology and crystal growth. The change in mor-
phology of ice crystals growing in air of 1.0 X 10°
Pa with temperature and supersaturation has been
studied by Nakaya [1], Kobayashi [2], Hallett and
Mason [3], etc. It is well known that the change in
morphology of ice crystals growing in air and
other gases depends also on the volume diffusion
of water molecules towards the crystal surface and
also on the transportation of the heat released by
sublimation [4—6]. Therefore, ice crystals have been
formed under conditions where the resistance of
the volume diffusion of water molecules and the
transportation of the latent heat of sublimation is
ignored in order to study the habit change of ice
crystals growing from the vapor phase [7-10].

Recently, Kuroda and Lacmann [11] and
Kuroda [12] have theoretically interpreted the
mechanism of the habit change with temperature
of ice crystals growing in air of 1.0 X 10° Pa at
water saturation, on the basis of the anisotropy of
the growth mechanism of ice crystals and its tem-
perature dependence. In these papers, the so-called
vapor—quasi-liquid-solid (V-QL-S) mechanism
has been proposed in order to interpret the habit
of ice crystals growing at a temperature near the
melting point. After that, the existence of a quasi-
liquid layer has been confirmed by ellipsometry
[13] and NMR [14] measurements. On the other
hand, the off-faceted morphology of ice crystals
growing from the vapor phase has been observed
at a temperature near the melting point [9,15]. The
purpose of this paper is to form polyhedral ice
crystals under conditions where the ressistance of
the volume diffusion of water molecules and the
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transportation of the latent heat of sublimation is
ignored, and to clarify experimentally the growth
mechanism and the habit change of ice crystals
growing in low air pressure of 40 Pa at a tempera-
ture of 0 to —30°C.

2. Experimental

2.1. Growth chamber and temperature control sys-
tem

Fig. 1 shows the experimental apparatus for in
situ observation of ice crystals growing from the
vapor phase. The surface temperature of a glass
substrate (G) is kept at a desired temperature by
controlling the electric current (2 to 5 A) which
flows to the thermoelectric modules attached at
the bottom surface of the chamber using a PID
type temperature controller (V). A copper—con-
stantan thermocouple as a sensor of the tempera-
ture controller is attached at the position between
the bottom surface of the chamber and the upper
surface of the thermoelectric modules. In this ex-
periment, the temperature of the growth substrate
(G) is held constant with an accuracy of 0.01°C.
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Fig. 1. Experimental apparatus for in situ observations of ice
crystals growing from the vapor phase.

The temperature of the ice plate (F) for a water
vapor supplier is controlled by adjusting finely an
electric current which flows to the thermoelectric
modules. The heat released from the thermoelec-
tric modules is removed by circulating the isopro-
pyl alcohol cooled at a desired temperature using
the circulating refrigerators (Z).

The growth temperature is recorded through a
digital thermometer (b). The analog output of the
thermometer (b) is digitalized using a digital elec-
tronic voltmeter (c) and its values are recorded in
a microcomputer (d) through a GP-IB (general
purpose interface bus) interface unit (g). The tem-
perature difference between the ice plate (F) for
the water vapor supplier and the upper surface of
the growth substrate (G) is digitalized using a
digital electronic voltmeter (a) and recorded in the
microcomputer (d) through the GP-IB interface
unit (g). The thermocouples (h, i) are made of 0.1
mm copper—constantan wires and the growth tem-
perature and the temperature difference between
the water vapor supplier and the growth substrate
are measured with accuracy of 0.01°C.

The growth temperature, the temperature dif-
ference, etc are recorded using a microcomputer
(d) with the method described below.

(1) The time sequence of the growth temperature,
the temperature difference and the supersatura-
tion are recorded using a CRT monitor (f). The
experimental data are printed out using an impact
dot matrix printer (¢) when the experiments are
finished.

(2) When a key of the keyboard is pushed, the
growth time, the growth temperature and the tem-
perature difference are recorded in a floppy disk
and printed out by a printer (e).

2.2. Vacuum system

A rotary vacuum pump (U) is connected to the
growth chamber in order to evacuate the air in the
growth chamber. The air pressure in the chamber
is measured using a Pirani vacuum gauge (S). In
order to avoid the inflow of impurities into the
chamber, a cooling coil tube (T) is inserted be-
tween a rotary vacuum pump (U) and the growth
chamber. A three-way vacuum cock (1) is opened
when silver iodide smoke is supplied or the air in
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the chamber is evacuated. A cock (2) is closed
when an ice crystal grows at a desired growth
condition.

2.3. Optical system

In the present experiment, a reflex-type dif-
ferential interference microscope (H) was used to
observe the surface structure of ice crystals grow-
ing on the growth substrate (G). We must mini-
mize the light which reflects at the positions ex-
cept for the ice crystal surface in order to increase
the detection sensitivity of the microtopography
on the ice crystal surface. Therefore, a glass
window of 0.2 mm in thickness is coated with a
nonreflection film and the under-surface of the
substrate glass of 0.2 mm in thickness is blackened
with black oily ink.

As the reflection factor of light on the ice
crystal surface is comparatively small, a 50 W
halogen lamp is used to detect the microtopog-
raphy of the ice crystal surface. A green inter-
ference filter and a heat insulating filter are also
inserted into the optical path in order to increase

the resolving power of crystal images and to de-
crease the heating of ice crystals by the irradiation
of the light. In this experiment, a 2/3 inch TV
camera (M) with high resolving power (above 650
lines in horizontal resolution) and high sensitivity
(0.3 lux in minimum intensity) is used. A VHS-type
video tape recorder (P) or a U-matic video tape
recorder (Q) through a video timer (N) is used to
detect the crystal images.

3. Experimental results

3.1. The habit change of ice crystals with tempera-
ture

Ice crystals were grown on a glass substrate of
0.2 mm in thickness in low air pressure of 40 Pa at
a temperature of 0 to —30°C. The reason why the
ice crystals were grown in low air pressure of 40
Pa is that under this air pressure, the resistance of
the volume diffusion of water molecules can be
ignored. Under these growth conditions, where the
resistance of the transportation of the latent heat

200 ym

Fig. 2. Ice crystal grown in low air pressure of 40 Pa at —0.7 °C and at 1.7% supersaturation: (a) 0, (b) 6.4, (c) 7.1, (d) 7.4, () 7.6 and
(f) 8.7 min.
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200 pm

Fig. 3. Ice crystal grown in low air pressure of 40 Pa at —30° C and at 2.7% supersaturation: (a) 0, (b) 31, (c) 60, (d) 90, (e) 120 and
(f) 181 s.

of sublimation can be also ignored, the surface
supersaturation becomes equal to the bulk super-
saturation.

Fig. 2 shows an example of an ice crystal grown
in low air pressure of 40 Pa at —0.7°C and 1.7%
supersaturation. The ¢- and b-axes are shown by
arrows. This crystal was photographed from the
direction of the g-axis. Photos a and f indicate the
positive pictures, while photos b to e indicate the
negative pictures. It is known from photo b that
the ice crystal at —0.7°C grows as a plate-like
crystal with smooth {0001} face. On the other
hand, although the {1010} facets are also observed
in the growth stage (b), they disappear in the
growth stage (c). The dark part in the center of the
crystal corresponds to a glittering part because
photos b to e are negative pictures. As seen in the
figure, an ice crystal growing at —0.7°C grows as
a plate-like crystal.

Fig. 3 shows an example of an ice crystal grown
in low air pressure of 40 Pa at —30°C and 2.7%
supersaturation. As the size ratio c/a of the ice
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Fig. 4. Length along the ¢- and a-axes of an ice crystal grown
at —30°C and at 2.7% supersaturation versus the time elapsed.
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crystal grown at —30°C is 1.4, this crystal is a
columnar crystal. The habit change of an ice crystal
growing in low air pressure at relatively low su-
persaturation with temperature is described in de-
tail in a previous paper [16].
Fig. 4 shows the length along the c- and a-axes
of an ice crystal grown at —30°C and 2.7%
supersaturation versus the time elapsed. Solid and
open circles show the experimental values of the
length along c¢- and a-axes of the ice crystal,
respectively. For example, the growth rates of the
{0001} and {1010} faces of the ice crystal were
calculated from this figure using the method of
least squares. That is to say, the growth rates of
the {0001} and {1010} faces can be obtained as
the gradient of straight lines in this figure. The
growth rates of only one ice crystal versus su-
persaturation were measured at various constant
supersaturations by repeating many times the
growth and the evaporation of the same ice crystal.

3.2. Normal growth rates of an ice crystal versus
supersaturation

The normal growth rates of an ice crystal were
measured as a function of supersaturation in order

1.5 —— T 1.8 —— T
i
-~ H.-K.egq. ~ H-Keq.
LR Y 0 ' oy
S ol ! | ol :
L -4 L 4
S0y /a0ty 7 Sr0F /
- 1 ! - 1 /
b ! / o ' g N
c ! /' c i (1010)
- 1 - 1
305K / 4 305t -
° 05 *-I o/o s 05 |
o [ [} o ] A
1] o/ 1
X 4
- L L L !
0 05 1.0 15 0 05 10 15
supersaturation (%) supersaturation (%)
1.5 T T T 15 ; T T
- | H-Kegq - | H-Keq
" w
-~ 1 ~ 1
3 ] 0001) 3
20 ! { 20
- 1 “
H 'l '/ %05
05 b S5t
sosm / s
o 1 / o .
e :
i 4
1 1 - 1 i
0 05 1.0 15 0 05 1.0 15
supersaturation (%)

supersaturation (%)

(a) (b)

Fig. 5. Normal growth rates of the {0001} and {1010} faces of
an ice crystal grown in low air pressure of 40 Pa at (a)

—1.0° C and (b) —1.9° C versus supersaturation.
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Table 1
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Experimental values of the condensation coefficient a;, the critical supersaturation ,, the evaporation energy W of a water molecule,
the specific energy of a step at the vapor/ice interface, v, and at the quasi-liquid/ice interface, vy, the self-diffusion constant of
water molecules in the quasi-liquid layer, D, and the mean migration distance of water molecules on the ice crystal surface, x,

Temperature (° C) Present experiments

Theory [11,18] Other experiments

-10 -19 -31 -7 -15 -30 -4 -7 -15 -30 -15[14 -7to—15[8]
o {0001} 014 007 017 014 039 0.14
{1010} 014 011 013 016 0.32 0.14
oy (%) {0001} 056 035 25 05 17
{1010} 050 038 22 18 27
W (x107% {0001} 64 65 63 8.5
erg/molecule) ({1010} 65 65 6.3 8.5
y (X107 {0001} 15 16 14 6.10
erg/molecule {1010} 098 22 0.47 5.76
Y (X107'¢ {0001} 1.2 26
erg/molecule) {1010} 1.1 1.6 18
Dy (x107% {0001} 6.6 0.308
cm’/s) {1010} 5.0 34 0.308
x5 (X107 cm) {0001} 05 3 0.7 21 25 37
{1010} 04 1 0.2 21 25 37

to study the growth mechanism of the ice crystal
growing in low air pressure at various constant
temperatures.

Fig. 5 shows the normal growth rates of an ice
crystal grown in low air pressure of 40 Pa at (a)
—1.0°C and (b) —1.9°C versus supersaturation.
The dotted lines represented by the Hertz—Knud-
sen equation, the solid curves and the alternate
long- and short-dash curves show the theoretical
curves of the Hertz—- Knudsen equation which gives
the maximum growth rates, the BCF mechanism
[17] and the V-QL~-S mechanism [18], which shows
the growth mechanism of ice crystal covered with
a quasi-liquid layer where screw dislocations out-
crop on the quasi-liquid/ice interface. The solid
and open circles show the experimental values of
the normal growth rates of the {0001} and {1010}
faces of an ice crystal, respectively.

The growth rates of only one ice crystal grown
at various constant supersaturations were mea-
sured by repeating many times the growth and the
evaporation of the same ice crystal. Here, the
surface supersaturation is corrected by measuring
the evaporation point of an ice crystal at every

measurement. Therefore, a very low dispersion in
the normal growth rates was achieved.

From a comparison of the experimental values
and the theoretical curves, it is understood that
the {0001} and {1010} faces of an ice crystal
grown at —1.0°C grow by the V-QL-S mecha-
nism. On the other hand, it is understood that the
{0001} face of an ice crystal grown at —1.9°C
grows by the BCF mechanism, while whether the
{1010} face of the ice crystal grows by the BCF
mechanism or the V-QL-S mechanism is not
determined from only fig. 5.

Fig. 6 shows the normal growth rates of the
{0001} and {1010} faces of an ice crystal grown in
low air pressure of 40 Pa at (a) —3.1°C and (b)
—7°C versus supersaturation. In the figure, the
dotted lines represented by the Hertz—Knudsen
equation, the solid curves and the alternate long-
and short-dash curves show the theoretical ones of
the Hertz—Knudsen equation, the BCF mecha-
nism and the V-QL-S mechanism, respectively.
The other dotted lines show the asymptotes of the
BCF curves. The solid and open circles show the
experimental values of the normal growth rates of
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Fig. 8. Surface structure of the {0001} and {1010} faces of ice crystals evaporating in low air pressure of 40 Pa at —1.0 and —1.4°C,
respectively, Photos (a), (b) and (c) are the evaporation process at 0.2% subsaturation; photos (d), (e) and (f) are the evaporation
process at a subsaturation near ice saturation: (a) 0, (b) 18 and (¢) 60 s; (d) 0, (e) 10 and (f) 49 s.

the {0001} and {1010} faces, respectively. As
shown in the figures, it is seen that the experimen-
tal values of the normal growth rates of the {0001}
and {1010} faces of an ice crystal grown at — 3.1
and —7°C coincide with the BCF theoretical
curves, respectively.

Fig. 7 shows the normal growth rates of the
{0001} and {1010} faces of an ice crystal grown in
low air pressure of 40 Pa at (a) —15°C and (b)
—30°C versus supersaturation. The dotted lines
represented by the Hertz—Knudsen equation, the
solid curves and the other dotted lines show the
theories of the Hertz—Knudsen equation, the BCF
mechanism and the asymptotes of the BCF curves,
respectively. The solid and open circles are the
experimental values of the normal growth rates of

the {0001} and {1010} faces, respectively. As
shown in the figures, it is seen that the experimen-
tal values of the normal growth rates of the {0001}
and {1010} faces of an ice crystal grown at —15
and —30°C coincide with the BCF theoretical
curves, respectively.

Table 1 shows the experimental values of the
condensation coefficient a;, which means the ad-
sorption probability of water molecules from the
vapor phase on an ice crystal surface, the critical
supersaturation o, where the normal growth rate
versus supersaturation relation is transformed from
quadratic to linear, the evaporation energy of a
water molecule, W, the specific energy of a step at
vapor/ice interface, y, and at quasi-liquid/ice
interface, v, the self-diffusion constant of water
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Fig. 9. Surface structure of the {0001} and {1010} faces of ice crystals grown in low air pressure of 40 Pa at —30° C. Photos (a), (b)
and (c) are the growth process at 2.5% supersaturation; photos (d), (¢) and (f) are the growth process at 2.0% supersaturation; the
arrow shows the direction of the ¢-axis: (a) 0, (b) 2 and (c) 19 s; (d) 0, (e) 90 and (f) 180 s.

molecules in quasi-liquid layer, D, and the mean
migration distance of water molecules on ice
crystal surface, x_. For the sake of the compari-
son, the theoretical values [11.18] of W, v, v, and
x. are also shown together with the measurement
under pure water vapor conditions [§] and the
NMR measurement [14]. Here, the intervals of
confidence for a;, o, and W are two digits before

and after the decimal point and those for vy, v,
D, and x, are one digit before and after the
decimal point. It is understood from the table that
the experimental values of W and y agree ap-
proximately with the theoretical ones. On the other
hand, it is understood that the experimental values
of y, are smaller by an order of magnitude than

the theoretical ones, while the values of D, are

(a) (b) (c)
g400r 5400 400
5 5 5
§300- §300— B §300-
g {0001} H {10101 v
5200r 5200 g--—"" 777 5200}
I N = @ v
s v I e £ 0 £ {0001}
g 100 F E%,o’ {1070} g |00,?, {0001} $ 100} * =
2 % g G $ o {1010}
b s 1 L ; ® 1 L , =2 - St e S
0 2 4 6 0 2 4 6 0 2 4 6

supersaturation (%)

supersaturation (%)

supersaturation (%)

Fig. 10. Advance rates of steps on the {0001} and {1010} faces of ice crystals grown in low air pressure of 40 Pa at (a) —7°C, (b)
—15°C and (c) —30°C versus supersaturation, respectively. The solid and open circles show the experimental values of the {0001}
and {1010} faces, respectively.
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larger by an order of magnitude than the value of
the NMR measurement. The explanation of a; is
described in a later section.

3.3. In situ observation of ice crystal surface

In order to clarify the growth mechanism of ice
crystals growing in low air pressure at a tempera-
ture of 0 to —30°C, the experimental values of
the normal growth rates of an ice crystal versus
supersaturation were compared with various
growth theories. As the growth mechanism of ice
crystals depends on their surface microstructure,
in situ observation of their surface structure must
be done.

Fig. 8 shows the surface structure of the {0001}
and {1010} faces of an ice crystal evaporating in
low air pressure of 40 Pa at —1.0 and —1.4°C,
respectively. Photos a to ¢ show the evaporation
process at 0.2% subsaturation. When we carefully
observe the crystal surface, the evaporation pits
are observed on the {0001} facet. On the other
hand, photos d to f show the {1010} faces of an
ice crystal evaporating at a subsaturation near ice
saturation. A v-shaped evaporation groove run-
ning vertically to the c-axis may be concerned
with a stacking fault outcropping on the {1010}
facet. Many evaporation pits are seen near the
edges of the {1010} facet with further evapora-
tion.

On the basis of many in situ observations of the
surface structure of ice crystals growing and then
evaporating under low air pressure, it is under-
stood that the evaporation preferentially occurs at
the positions where a stacking fault or dislocations
with screw component outcrop, and in the growth
stage, they act as the center of growth. That is to
say, a one-to-one correspondence was experimen-
tally found between the growth hillocks formed on
the growing ice crystal surface and the evapora-
tion pits in the evaporation stage [19].

Fig. 9 shows the surface structure of an ice
crystal growing at — 30 ° C. Photos a to ¢ show the
surface structure of the {0001} face. The disloca-
tion density at —30°C is smaller than that of
—15°C. In these photographs, there is only one
growth hillock (arrow 1). On the other hand,
photos d to f show the surface structure of the

{1010} face. A white spot in the center of the
{1010} face is the air cavity formed between the
ice crystal and the growth substrate in the early
growth stage. The black spot which exists at the
right hand side of the {1010} face may be dust
adhered on the lens of the microscope. The video
scanning lines are also seen obliquely at the bot-
tom of the left. In these photographs, no growth
hillock is observed on the {1010} face, but a
small-angle boundary is observed in the center of
the {1010} face. It was confirmed by many surface
observations that some dislocations with screw
component existed at the position where the
small-angle boundary outcropped.

3.4. Advance rates of steps versus supersaturation

In order to determine the growth mechanism of
polyhedral ice crystals grown in low air pressure,
the advance rates of steps versus supersaturation
were measured together with the normal growth
rates of the {0001} and {1010} faces versus super-
saturation and in situ observation of ice crystal
surface.

Fig. 10 shows the advance rates of steps on the
{0001} and {1010} faces of ice crystals grown at
(@ —7°C, (b) —15°C and (c) —30°C versus
supersaturation. In this figure, the solid and open
circles show the experimental values of the {0001}
and {1010} faces, respectively. The solid and
dotted curves show the BCF theoretical ones of
the {0001} and {1010} faces, respectively, which
were calculated using the critical supersaturation
o, and evaporation energy W (table 1). Here, the
mean migration distances x, of admolecules on
the ice crystal surface were chosen so as to fit the
experimental values at a supersaturation below o;.
It is understood that the experimental values of
the advance rates of steps on the {0001} and
{10i0} faces agree approximately with the BCF
theoretical curves at each temperature and at a
supersaturation below o;.

4. Discussion

The normal growth rates of the {0001} and
{1010} faces versus supersaturation and in situ
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Fig. 11. Growth mechanism and the habit change of polyhedral ice crystals growing in low air pressure at a few % supersaturation
with temperature.

observation of the ice crystal surface and the
advance rates of steps versus supersaturation of
ice crystals grown in low air pressure of 40 Pa at a
temperature of 0 to —30°C and at a few %
supersaturation were measured in order to clarify
the growth mechanism and the mechanism of the
habit change of polyhedral ice crystals with tem-
perature.

The growth mechanism and the habit change
with temperature of polyhedral ice crystals grow-
ing in low air pressure of 40 Pa at a few %
supersaturation are summarized in fig. 11. As
shown in the figure, the limiting habit of the ice
crystals changes with decreasing temperature as
follows: the hexagonal plate grows at a tempera-
ture of 0 to —4°C, the hexagonal column grows
at —4 to —10°C, the hexagonal plate grows
again at —10 to —21°C and the hexagonal col-
umn grows at a temperature below —21°C. On
the other hand, the {0001} and {1010} faces of ice
crystals growing at a temperature of 0 to —2°C
grow by the V-QL-S mechanism [18], and those
at a temperature of —2 to —30°C grow by the
BCF mechanism [17]. The growth mechanism of
ice crystals grown at a temperature of 0 to —2°C,
which was determined in the present study, coin-
cides with that proposed by Furukawa et al. [13].

In order to clarify the mechanism of the habit
change of ice crystals with temperature, we must
study the surface kinetics of water molecuies on
ice crystal surface in molecular level. As for the
first step, the condensation coefficient «, of the
{0001} and {1010} faces, which represents the
adsorption probability of water molecules from
the vapor phase on ice crystal surface is shown in
fig. 12 as a function of temperature. As shown in

the figure, the condensation coefficient «; of the
{1010} face decreases monotonously with decreas-
ing temperature in the temperature range of 0 to
—3°C, but increases monotonously with decreas-
ing temperature in the temperature range of —3 to
—30°C. On the other hand, the condensation
coefficient a, of the {0001} face repeats the rise
and fall with decreasing temperature. As a result,
in the temperature range of 0 to —4°C, the
hexagonal plate grows because a;1070; > @y(0001)5
in the temperature range of —4 to —10°C, the
hexagonal column grows because a;(g01) >
®y(1070); in the temperature range of —10 to
—21°C, the hexagonal plate grows because
@ (1070) > @10001; and at a temperature below
—21°C, the hexagonal column grows because

70001} = @1(1070)-

o o o o

N w » (8]
T
L

condensation coefficient «.
=}

L 1 L

0 -10 -20 -30
temperature ( °C )
Fig. 12. Condensation coefficient &, of the {0001} and {1010}
faces of polyhedral ice crystals as a function of temperature.
The solid and open circles show the values of the {0001} and
(1010} faces, respectively.



As for the second step, as the condensation
coefficient a; depends on the surface microstruc-
ture of growing ice crystal, for example, we must
measure the slope of the growth hillocks which are
formed on the {0001} and {1010} faces as a
function of temperature and supersaturation. If
these measurements are carried out, the tempera-
ture dependence of the habit change of ice crystals
growing from the vapor phase will be explained
more clearly.

5. Conclusions

The normal growth rates of the {0001} and
{1010} faces versus supersaturation, in situ ob-
servation of ice crystal surface and advance rates
of steps on the {0001} and {1010} faces versus
supersaturation were measured in order to clarify
the growth mechanism and the temperature de-
pendence of the habit change of ice crystals grow-
ing in low air pressure of 40 Pa at a few %
supersaturation. The results obtained by the pre-
sent experiments are as follows.

(1) The limiting habit of polyhedral ice crystals
growing in low air pressure of 40 Pa at a few %
supersaturation changes repeatedly with decreas-
ing temperature, such as hexagonal plate —»
hexagonal column — hexagonal plate — hexagonal
column.

(2) Ice crystals grown under the conditions de-
scribed above grow by the V-QL-S mechanism at
a temperature of 0 to —2°C, but grow by the
BCF mechanism at a temperature of —2 to
—-30°C.

(3) The habit change of polyhedral ice crystals
growing in low air pressure at a few % super-
saturation with temperature can be explained by

707

the temperature dependence of the condensation
coefficient «; of the {0001} and {1010} faces.
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HABIT OF ICE CRYSTALS GROWN IN AIR AT A LOW
PRESSURE

T. GOoNDA and T. SEI

Faculty of Science and Technology, Science University of Tokyo,
Noda, Chiba 278, Japan

Abstract. Polyhedral ice crystals were grown in air at 0.3 Torr at—7,—15
and—30° C and various constant supersaturations and their habit change was
investigated. Under supersaturation 0<2%, the habit of polyhedral ice
crystals grown in air at low pressure depends on crystal size, but under
8.5%>0>2%, it does not depend on crystal size. At each temperature, the
habit of polyhedral ice crystals grown in air at low pressure depends on
supersaturation. Under supersaturation 0<<2%, the habit of polyhedral ice
crystals does not depend on temperature, but under 8.5%>0>3.0%, it
depends on temperature.

1. Introduction

The growth forms of snow crystals growing in air at 760 Torr (1 atm)
becomes morphologically unstable except for the crystals growing at low
supersaturation. It has been shown that the habit of snow crystals growing in
air at 760 Torr depends on temperature and their morphological instability
depends on supersaturation (KOBAYASHI, 1961). Thereafter it has been shown
that the habit and the morphological instability of ice crystals growing in air
and other gases depend not only on temperature and supersaturation but also
on air pressure and crystal size (ISONO et al., 1957, GONDA and
KOMABAYASHI, 1970, 1971; GONDA, 1976, 1977, 1980). Then, the effects of
gas pressure and crystal size on the habit and the morphological instability of
ice crystals have been studied in detail (GONDA and NAMBA, 1981; NAMBA
and GONDA, 1985). Moreover, it has been found that the size ratio ¢/a of
skeletal ice crystals growing in air and helium gas depends also on
supersaturation (GONDA and KOIKE, 1982a; NAMBA and GONDA, 1985).

From a series of these studies, it has been found that the volume diffusion
process of water molecules towards the crystal surfaces plays an important
role in the growth forms of skeletal ice crystals growing in air and other gases

—
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above and below 760 Torr and the anisotropy of the surface instability of the
crystals exerts a large influence on the change in growth forms of ice crystals.
On the other hand, the theoretical studies of the temperature dependence of
the habit of ice crystals grown in air at 760 Torr have been presented by
KURODA and LACMANN (1982) and KURODA (1982), but the experimental
verification of the theory has not been performed except for experiments
at—30 and—35°C (GONDA and KOIKE, 1982b).

Next, polyhedral ice crystals always grow in air at low pressure where the
resistance of volume diffusion process of water molecules is ignored (LAMB
and SCOTT, 1972; BECMANN and LACMANN, 1982). The systematic study of
the habit change of polyhedral ice crystals under low air pressure has not ever
been performed, but, it was recently found that the habit of polyhedral ice
crystals growing in air at low pressure depended also on supersaturation
(GONDA and KOIKE, 1983; GONDA et al., 1984).

The purpose of this paper is to find the factors which control the habit
change of polyhedral ice crystals growing in air at low pressure where the
resistance of volume diffusion process of water molecules is ignored and to
study the mechanism of habit change of polyhedral ice crystals.

2. Experimental

A growth chamber and the method of measurements are described in
detail in a previous paper (GONDA and KOIKE, 1982b). The indispensable
experimental conditions in the formation of polyhedral ice crystals are as
follows. The first is to lower the partial pressure of air in the growth chamber
in order to reduce the resistance of volume diffusion process of water
molecules. In the case of present experiments, the partial pressure of airis 0.3
Torr.

The second is to keep growth temperature and bulk supersaturation at
the desired values. In order to release the latent heat of sublimation quickly, a
circular cover glass of about 0.2 mm in thickness was contacted with a copper
substrate and ice crystals were grown on the glass. The temperature difference
between an ice plate for supplying water vapor and the growth substrate was
measured by coupling a digital multimeter to a personal computer through a
GP-IP adapter unit. The accuracy of measurements was+0.03°C. The
distance between the ice plate and the growth substrate is 3 mm and the inner
walls of the growth chamber are completely covered by the thermal insulator.

The third is to use a microscope which can measure the surface
microtopography of polyhedral ice crystals. In this study, a reflecting
diferential interference microscope was used. In order to clear the picture
images of the crystals, the nonreflecting film is coated on an observation
window of about 0.2 mm in thickness and moreover, the bottom surface of the
substrate glass is blackened with black oily ink. Ice crystals and their surface
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microtopography were recorded in the video tapes using a TV camera with
high sensitivity and high resotution.

3. Results

Ice crystals were grown at—7, —15 and—30° Cin air at 0.3 Torr where the
resistance of volume diffusion process of water molecules is ignored. Figure 1
shows an example of polyhedral ice crystals grown in air at 0.3 Torr at—15°C
and 0.5% supersaturation. Under low supersaturation, long columns which
are not seen in Kobayashi’s diagram at—15° C grow with high frequency (see
Fig. 4(a)). As seen in the figure, this crystal grows only along c-axis.

Figure 2 shows an example of polyhedral ice crystals grown at 5.5%
supersaturation under the same temperature and air pressure as those in Fig.
1. As shown in the figure, under relatively high supersaturation, plate-like ice
crystals predominantly grow'(see Fig. 4(b)).

Figure 3 shows the ratio of growth rates Rjooo1}/ Rii120 of polyhedral ice
crystals grownin air at 0.3 Torr at—7, — 15 and —30° C versus supersaturation.
In the figure, open circles show the ratio of growth rates of polyhedral ice

l'*l l; l

—_—
100 um

Fic. 1. Columnarice crystal grownin airat 0.3 Torr at —15°C and a supersaturation
of 0.5%, (a) 5.0, (b) 6.0, (c) 9.0, (d) 11.0, (e) 13.0, (f) 28.0 min.
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400 um

Fic. 2. Plate-like ice crystal grown in air at 0.3 Torr at —15°C and a supersaturation
of 5.5%, (a) 0.8, (b) 1.3, (c) 1.8, (d) 2.5, (¢} 3.3, (f) 4.3 min.

crystals below 300 um in size and of the size ratio 3.0=¢/ a=0.7; therefore, the
points plotted in the figure are considerably fewer than the number of ice
crystals observed. Dotted lines are the maximum and the minimum of the
ratio of growth rates, respectively. As a general tendency which is common to
each temperature, it is clear that at low supersaturation g<about 2%,
polyhedral ice crystals of both Roon/ Rpii201> 1.0 and Rjeoory/ Rui2p<1.0 grow
together with those of Ryoeony/ Rinze=1.0. However, at relatively high super-
saturation, only polyhedral ice crystals of Ryooon/ Rii30=1.0 grow, that is, the
size ratios ¢/a of every ice crystals growing at each temperature have a
tendency to approach unity with increasing supersaturation. From these
experimental results, it is understood that the habit of polyhedral ice crystals
growing at low air pressure depends on supersaturation.

Figure 4 shows the formation frequency of columns and plates above 300
pm in size grown in air at 0.3 Torr versus temperature. Under supersaturation
6<2% (Fig. 4(a)), long columns grow with high frequency at each tempera-
ture, that is, the habit of polyhedral ice crystals grown in air at low pressure
does not depend on temperature. However, under 8.5%>0>3% (Fig. 4(b)),
columns grow at—7°C, plates grow at—15°C and at 30°C columns and plates
grow with almost the same frequency, that is, the habit of polyhedral ice
crystals grown in air at low pressure under relatively high supersaturation
depends on temperature.
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FiG. 4. Formation frequency of columns and plates grown in air at 0.3 Torr versus
temperature. (a): Under supersaturation <<2.0%, (b): Under 8.59%,>¢>>3.0%.

Figure 5 shows the size ratio ¢/a of polyhedral ice crystals grown in air at
0.3 Torr at—30°C versus crystal size. At supersaturation g<<about 2% (Fig.
5(aj), the size ratios ¢/ a of polyhedral ice crystals either increase or decrease
with increasing crystal size, that is, the habit of polyhedral ice crystals growing
in air at low pressure under low supersaturation depends on crystal size.
However, at supersaturation 8.5%>0>4% (Fig. 5(b)), in this experiments, the
observational limit of supersaturation is 8.5%), the size ratios c/a of ice
crystals are almost constant with increasing crystal size. The crystal size
dependence of the habit of polyhedral ice crystals growing in air at low
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F16. 5. Size ratio ¢/a of polyhedral ice crystals grown in air at 0.3 Torr at —30°C
versus crystal size. (a): Under supersaturation 0<<2.0%, (b): Under 8.5%>¢>4.0%,.
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pressure at—7 and—15°C also shows the same tendency as that at—30°C.
That is to say, the habit of polyhedral ice crystals growing in air at low
pressure depends on crystal size only when the supersaturation is below about

2%.
4. Discussion

The growth forms of skeletal ice crystals growing in air and other gases at
760 Torr or more is controlled not only by the surface kinetic process of water
molecules on the crystal surfaces but also by the volume diffusion process of
water molecules towards the crystal surfaces. When the later is the rate
determining process, the size ratio ¢/a of skeletal ice crystals would be
determined by an anisotropy of the surface instability of the crystals (NAMBA
and GONDA, 1985).

On the contrary, the habit of polyhedral ice crystals growmg in air at low
pressure where the resistance of volume diffusion process of water molecules
isignored is controlled by the surface kinetic process of water molecules on the
crystal surfaces. In order to interpret the temperature, supersaturauon and
crystal size dependences of the habit of polyhedral ice crystals shown in Figs.
3-5, we must investigate the growth mechanisms of the (0001) and (1010) faces
of polyhedral ice crystals growing in air at low pressure.

Figure 6 shows the supersaturation dependence of the normal growth
rates Ryooo and Ryiize; of polyhedral ice crystals below 280 um in size grown in
air at 0.3 Torr at—15°C, where the growth rate of the (1010) face is converted
into that of the [1120] direction. As shown in the figure, under supersaturation
6<0.7%, both growth rates Rjooo1j and Rniz0) are proportional to the square of
supersaturation ¢; under 6.5%>¢>0.7%, they are proportional to super-
saturation ¢. Except for the critical supersaturation g1, which turns the second
power to the first power of supersaturation and the absolute value of growth
rates, the supersaturation dependences of the growth rates Rjooon and Rz of
polyhedral ice crystals grown at—7 and—30°C show the same tendency as
those at—15°C.

On the other hand, from the observations of the surface micro-
topography of polyhedral ice crystals grown at each temperature, it was found
that screw dislocations emerged on the (0001) and (1010) faces of almost all
crystals. From these experimental facts, it is concluded that the (0001) and
{(1010) faces of polyhedral ice crystals growing in air at low pressure at —7,
—15 and—30°C grow by a screw dislocation mechanism in the region of
measured supersaturation (0<8.5%). Therefore, the experimental results
shown in Fig. 3 are explained as follows. At low supersaturation, as the
growth rate of polyhedral ice crystals is very small, the strain-energy in the
crystals is small. Therefore, it is considered that screw dislocations are difficult
to generate under this growth condition, therefore active screw dislocations
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emerge on either the (0001) or the (1010) faces. Accordingly, the ratio of
growth rates of polyhedral ice crystals becomes either Ryooo13/ Riii27g>1.0 or
Riooon/ Rin300<1.0, and as a result either long prisms or thin plates grow. On
the other hand, at relatively high supersaturation, as the growth rate of
polyhedral ice crystals becomes large, the strain-energy in the crystals is
accumulated. Therefore, it is considered that screw dislocations are easy to
generate under this growth condition, therefore active screw dislocations are
easy to emerge on both the (0001) and the (1010) faces. Accordingly, the ratio
of growth rates of ice crystals Rjooon/ Riinze) approaches unity.

As shown in Fig. 5, the reason why the size ratio ¢/a of polyhedral ice
crystals depends on crystal size at low supersaturation but does not depend on
crystal size at high supersaturation is the same reason as that described above.

As seen 1n Fig. 4, the habit of polyhedral ice crystals grown in air at low
pressure does not depend on temperature under a supersaturation below 2%,
but it depends on temperature under a supersaturation of 8.5%>0¢>3%. The
reason is uncertain in the present stage; however, at each temperature, the
(0001) and (1010) faces of polyhedral ice crystals grow by a screw dislocation
mechanism under measured supersaturations; moreover, it was found that the
supersaturation dependences of step velocity on the (0001) and (1010) faces of
polyhedral ice crystals showed the same tendency among each temperature.
Considering these facts, the possibie explanation of the temperature depen-
dence of the habit of polyhedralice crystals growing in air at low pressure may
relate with an anisotropy of the surface microtopography of polyhedral ice
crystals, that is, an anisotropy of the step separation of thin growth layers due
to the emergence of screw dislocations.

5. Conclusions

Polyhedral ice crystals were grown in air at 0.3 Torr at —7, —15 and
—30°C and various constant supersaturation, and the habit change of
polyhedral ice crystals grown under these environmental conditions where the
resistance of volume diffusion process of water molecules towards the crystal
surfaces is ignored was studied. Results obtained in this study are as follows.

(1) Under supersaturation ¢<<2%, long columns grow with high
frequency together with low frequency of thin plates, but under 8.5%>0>2%,
both short columns and thick plates which the size ratio ¢/a is closer to unity
grow. That is, the habit of polyhedral ice crystals growing in air at low
pressure depends on supersaturation.

(2) Under supersaturation 6<2%, the habit of polyhedral ice crystals
depends on crystal size but under 8.5%>0>>4%, it does not depend on crystal
size.

(3) Under supersaturation 0<<2%, the habit of polyhedral ice crystals
does not depend on temperature, but under 8.5%>0>3.0%, it depends on
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temperature.

(4) The supersaturation dependence of the habit of polyhedral ice
crystals growing in air at low pressure and the crystal size dependence of the
habit of these crystals under a supersaturation below 2% can be explained by
the emergence of active screw dislocations on either the (0001) or (1010) faces
of the polyhedral ice crystals. On the other hand, the temperature dependence
of the habit of polyhedral ice crystals growing under a supersaturation of
8.59%>0>3% can not be explained in the present stage, but the possible
explanation may relate with an anisotropy of the step separation of thin
growth layers due to the emergence of active screw dislocations on the (0001)
and (1010) faces of polyhedral ice crystals.
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Abstract

Polyhedral ice crystals are grown on a growth substrate in a low air pressure
of 40Pa at -7,-15 and -30°C at relatively low supersaturations. The measure-
ments of the normal growth rates of ice crystals versus supersaturation and in
situ observations of ice crystal surfaces are carried out. It is inferred
that the {0001} and {107 0} faces of ice crystals grown under these conditions
grow by the mechanism proposed by Burton,Cabrera and Frank(BCF mechanism).
The habit change of ice crystals with temperature is equivalent to the tem-
perature dependence of the condensation coefficient a1 of the {0001} and {10
10} faces. In this paper,the formation mechanism of non-hexagonal snow crys-

tals observed in the upper atmosphere and in Antarctica is discussed.

l.Introduction

Snow crystals in the upper atmosphere where noctilucent cloud and mother-of-
pearl cloud often occur are formed in air of 1 to 0.1Pa,and their shapes may

be different tfrom those in the lower atmosphere of 1.0x105Pa(Isono and

Iwai,1969,1971) because both the air and vapor pressures are different from

them. On the other hand,snow crystals in Antarctica are generally formed un-



der low temperatures and low humidities(Wada and Gonda,1985). Moreover,as the
air pressure at both Mizuho and South Pole Stations is lower than 1.0x105Pa,
non-hexagonal snow crystals such as trigonal plates,rectangular crystals and
long solid prisms which are rarely observed in Japan have been observed in
Antarctica(Kikuchi and Hogan,1979;Satow,1983). Accordingly,the experiments of
ice crystal growth in a low air pressure and at relatively low supersatura-
tions are important to study the formation nechanism of polyhedral snow crys-
tals in nature.

The normal growth rates of the {107 0} and {0001} faces of polyhedral ice
crystals grown on a substrate in a low air pressure as a function of super-
saturation where the resistance of the volume diffusion of water molecules and
the transport of the latent heat of sublimation are ignored were measured in
order to clarify the growth mechanism of ice crystals growing under conditions
described above. At the same time,in situ observations of ice crystal sur-
faces were carried out,too. Snow crystals in nature are affected by air
velocity(Keller and Hallett,1982), However,as the ftirst step,to clarity the
growth mechanism of polyhedral ice crystals growing at relatively low

supersaturations,in situ observations of the ice crystals on a substrate were

2



carreied out in a stagnant air of a low pressure. In Lhis paper,the tormation

mechanism of non-hexagonal snow crystals observed in the upper atmosphere and

in Antarctica is discussed.



2. Experimental method

The schematic diagram of a growth chamber and the methods of measurement are
described in detail in other paper(Sei and Gonda,1989}. The outline of the
methods of measurement is as follows. The growth chamber is cooled by tlowing
an electric current(2 to 5A) to the thermoelectric modules attached at the top
and bottom surfaces of the chamber. The electric current tlowing to the ther-
moelectric modules is automatically regulated using the electric power sources
of linear control type. The growth temperature was held at constant with an
accuracy of *0,01°C. Water vapor was supplied by making a temperature dif-
ference between an ice plate suppling the water vapor and the growth
substrate. The supersaturation was corrected by ascertaining the evaporation
point of an ice crystal in each experiment and its accuracy is 0.1%.

By inserting a small amount of sufficiently diluted silver iodide smoke into
the chamber,ice crystals were nucleated in a low air' pressure ol 40Pa. A
minute ice crystal sat on a growth substrate was grown under a desired tem-
perature and supersaturation. In the case of ice crystal growth on the
substrate,the resistance ol the transporl of latent heat of sublimalion can be

ignored because the latent heat is yuickly absorbed by the substrate. The



normal growth rates of polyhedral ice crystals as a function of supersatura-

tion were measured at the temperatures of -7,-15 and -30°C when only one ice

crystal was formed within a field of view of a microscope. In order to

clarify the growth mechanism of ice crystals,the surtface structure of ice

crystals grown at these temperatures was observed in situ.



3. Experimental results

3-1. Habit of ice crystals grown in a low air pressure

Figure 1 shows an example of an ice «crystal grown at -7°C and at 2.7%
supersaturation. Two arrows show c¢- and b-axes,respectively. In the
figure,four white spols which are seen in the center of the crystal are air

cavities formed between the

bottom

subsgtrate. The size ratio c¢/b of the

surface

crystal is 1.9, tLhat is,because

of the crystal and the growth

c/a is

1.7,this crystal grows as a hexagonal column.

Figure 2 shows an example of an

supresaturation. The size ratio

c/b

is,because c/a is about 0.4 this crystal

Moreover,the size ratio c¢/b of an

1.6,that is,because c/a is about 1.4 the

The habit change

substrate temperature is described in detail in a

Sei,1988).

ice crystal grown at -15°C and al 2.8%

of the crystal 1is about 0.5,that
grows as a hexagonal plate.
ice

crystal grown at -30°C is about

crystal grows as a hexagonal column.

of ice crystals grown in a low air pressure with different

previous paper(Gonda and

Fo"]



3-2. Normal growth rates of ice crystals versus supersaturation

The normal growth rates were measured as a function of supersaturation in or-
der to clarify the growth mechanism of ice crystals grown in a low air pres-
sure at relatively low supersaturations.

Figure 3 shows the normal growth rates of the {101 0} and {0001} faces of ice
crystals grown in a low air pressure of 40Pa at -7°C versus supersaturation.

In order to keep the error as small as possible,ice crystals below 300um in
size and those from 0.6 to 3.0 in size ratio(c/a) were chosen to measure the
normal growth rates of the {101 0} and {0001} faces. Open and solid circles
represent the experimental values of the normal growth rates of the {101‘9}
and {0001} faces, respectively. The bold solid curves in the upper and lower
graphs are the BCF theoretical ones(see Appendix),in which the values of the
condensation coefficient a1 and the critical supersaturation o1 are deter-
mined to agree with the experimental values. The light solid curve in the
lower graph is the BCF theoretical one of the {101 0} face. Dotted lines rep-
resented by H.-K.eq. are the Hertz-Knudsen equation(see Appendix) which gives
the maximum growth rate, and the other dotted lines are the asymptotes of the

BCF theoretical curves. The condensation coefficient a1 which represents

Fl'g.



the adsorption probability of water molecules impinging on the crystal surtace
from the vapor phase can be obtained from the gradient of the asymptotes.
Figures 4 and 5 show the normal growth rates ot the {107 0} and {0001} faces
of ice crystals grown at -15 and -30°C versus supersaturation,respectively.
Open and solid circles represent the experimental values of the normal growth
rates of the {107 0} and {0001} faces,respectively. The bold solid curves,the
light solid curve,the Adotted lines represented by H.-K.eq. and the other
dotted lines are the same theoretical curves as those described in Fig.3.
From a comparison of the experimental values and theory,it can be inferred
that the {101 0} and {0001} faces of ice crystals grown at -7,;15 and -30°C
grow by the BCF mechanism.

3-3. In situ observation of ice crystal surfaces

It can be confirmed by in situ observations of ice crystal surtaces that the
{0001} and {107 0} faces of ice crystals grow by the BCF mechanism. Figure 6
shows the surface structure of the {0001} and {101 0} ftaces of ice crystals
grown at -7°C and at about 2% supersaturation. As shown in the figure,many
small growth hillocks,that is,raised surface fteatures at the site of emergent

dislocations are observed on the {0001} face(photos a to c),while some growth

F ) 3
4
i(y.

Fj.



hillocks(arrows 1 ) are observed on the {101 0} face,too. It is understood
from photos d to f that the dislocations with a screw component outcrop near
the edge of the crystal and the growth steps advance from a center of the
dislocations. As a result,the boundary lines formed by the collision of
growth steps are observed.

Figure 17 shows the surface structure of ice crystals grown at -15°C and at
about 2% supersaturation. In the figure,three white spots in the center of
the {0001} face(photos a to c¢) are air cavities formed between the bottom sur-
face of the crystal and the growth substrate. In photos b and c¢,the growth
hillocks are represented by the arrows. It is understood that although the
growth hillocksﬁon the {0001} face at -15°C are observed,the density is lower
than that at -7°C. Photos d to f(negative pictures) in the tigure show the
surface structure of the {101 0} face. Two large black parts in the center of
ﬁhe crystal are air cavities formed between the bottom surface of the crystal
and the growth substrate. It is seen that a black line running vertically in
the center of the crystal was deformed by the electrical distortion of the TV
image, It is seen that a growth hillock represented by the arrows 1% in

photos d and e was covered by the growth steps which advanced from the center

Fy.



of the other dislocations{photos e and ). From in situ observations of the

ice crystal surfaces,it was confirmed that ice crystals growing in a low air

pressure at relatively low supersaturations grew by the BCF mechanism.
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4. Discussion

Polyhedral ice crystals were grown on a substrate in a low air pressure of
40Pa at relatively low supersaturations where the resistance of the volume
diffusion of water molecules and the transport of the latent heat of sublima-
tion are ignored. In this study,the normal growth rates of the {0001} and {10
10} faces of ice crystals grown at -7,-15 and -30°C as a function of super-
saturation were measured and in situ observations of ice crystal surfaces were
also carried out. As a result,it is inferred that the {0001} and {101 0}
faces of ice crystals grown under this condition grow by the BCF mechanism.
On the other hand,the habit of ice crystals larger than several hundreds um
grown in a low air pressure is a hexagonal column at -7°C,a hexagonal plate at
-15°C and a hexagonal column at -30°C. The habit change of polyhedral ice
crystals with temperature shows the same tendency as the size ratio c¢/a of the
ice crystals grown in air of 1.0x105Pa with temperature(Kobayashi,1961). In
order to understand the habit change with temperature of ice crystals grown in

a low air pressure,the condensation coefficient a1 of the {0001} and {1071 0}

faces of ice crystals grown at -7,-15 and -30°C were calculated from figs.3 to

Table
/

5(Table 1).
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Although both (the {0001} and {1071 0} faces of polyhedral ice cr&stals grown
at -7,-15 and -30°C grow by the BCF mechanism,the habit of these ice crystals
changes with temperature. The habit change of ice crystals with temperature
is equivalent to the temperature dependence of the condensation coefficient
a1 of the {0001} and {107 O} faces. In order to clarify the temperature de-
pendence of the condensation coefficient « 1,the temperature dependence of the
slope of growth hillocks on these faces will be measured in near future.

Next,let us discuss the formation mechanism of non-hexagonal snow crystals
observed in the upper atmosphere and in Antarctica. ‘In the upper atmosphere,
trigonal plates have been observed in a thin cirriform cloud(Heymsfield,1986).
On the other hand,long solid prisms(Shimizu,1963),thin non—hexagon;i plates
and rectangular crystals(Kikuchi and Hogan,1979; bGonda,Sei and Wada, 1986)
have been observed in Antarctica where the relative humidity is low. The for-
mation mechanism of snow crystals of these unusual type will be explained by
the outcrop of dislocations with a screw component on the {0001} and {IOT 0}
faces as described below. For example,a long solid prism is formed when a
dislocation with a screw component outcrops only on the {0001} face. - The

reason is that at a low supersaturation,although the {10T 0} face can not grow

12



by the BCF mechanism,the {0001} face can grow.» On the other hand,a trigonal
plate 1is formed when the dislocations with a screw component outcrop only on
alternate {107 0} faces. The reason is that at a low supersaturation,although
alternate three {107 0} faces which dislocations do not outcrop can not grow
by the BCF mechanism,other three {107 0} faces which they outcrop can grow
and finally disappear.

5. Conclusions

Polyhedral ice crystals were grown on a substrate in a low air pressure of
40Pa at relatively low supersaturations. The results obtained by many experi-
ments are as follows.

(1) The habit change of polyhedral ice crystals grown in a low air pressure at
relatively low supersaturations. with temperature shows the same tendency as
the change in the size ratio c/a of the ice crystals grown in air at 1.0x105
Pa with temperature.

(2) It is inferred that the {0001} and {107 O} faces of the ice crystals grown
under these conditions grow by the BCF mechanism.

(3) The habit change of ice crystals grown in a low air pressure with tempera-

ture is equivalent to the temperature dependence of the condensation coeffi-

13



cient a1 of the {0001} and {107 0} taces.
(4) Snow crystals of unusual type observed in the upper atmosphere and in An-

tarctica will be interpreted by the outcrop of dislocations with a screw com-

ponent on the {0001} or {101 0} faces.
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Appendix

1.Hertz-Knudsen equation

The maximum growth rate of a crystal surface 1is given by

equation,

Roax =ve *(p-pe )/¥ (27 mkT) (1)

where

ve :molecular volume of an ice crystal

p

tactual water vapor pressure

pe :saturation vapor pressure over ice at temperature T

k

T

:molecular weight of a water molecule

:Boltzmann's constant

tabsolute temperature

16
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2.Growth rate due Lo the BCF mechanism
Burton,Cabrera and Frank(1951) theoretically investigated the surtace kinetic
process of growth +{rom the vapor with the aid of dislocations with a screw

component outcroping on a singular surtface. This is so-called the BCF surface

ditffusion model. The normal growth rate Rsp due to the BCF model is expresed

as follows.

Rsp'—'al ‘a2 *Rmax

a2 ={oc /o1 )-tanh(oc1 /o)

61 =(A/2xs )06

where Rmax 1is given by eq.(1),and

o =(p-pe )/pe

a1 :condensation coefficient which means the adsorption probability of water

17



molecules from the vapor phase on an ice crystal surface
A :distance between spiral steps advanc?ing from a center of dislocation

Xs :mean migration distance of water molecules on an ice crystal surface

18
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Figure captions

Fig.1 : An example of an ice crystal grown in a low air pressure of 40Pa at -7

°C and at 2.7% supersaturation;(a)0,(b)71,(c)80,(d)90,(e)101 and (f)
120s. Two arrows show the direction of the c- and b-axes,
respectively.

Fig.2 : An example of an ice crystal grown in a low air pressure of 40Pa at
-15°C and at 2.8% supersaturation;(a)0,(b)l1,(c)21,(d)31,(e)4]l and
(f)61s. Two arrows show the direction of the c- and b-axes,
respectively. ’

Fig.3 : Normal growth rates of tﬁe {107 0} and {0001} faces of ice crystals
grown in a low air pressure of 40Pa at -7°C versus supersaturation.
The open and solid circles represent the {1071 0} and {0001} faces,
respectively.

Fig.4 : Normal growth rates of the {107 0} and {0001} faces of ice crystals
grown in a low air pressure of 40Pa at -15°C versus supersaturation.
The open and solid circles represent the {107 0} and {0001} faces,

respectively.



Fig.5 : Normal growth rates of the {101 0} and {0001} faces of ice crystals
grown in a low air pressure of 40Pa at -30°C versus supersaturation.
The open and solid circles represent the {1071 0} and {0001} faces,
respectively.

Fig.6 : Surface structure of the {0001} and {107 O} faces of ice crystals
grown in a low air pressure of 409& at -7°C and at about 2% super-
saturation ;(a)0,(b)28 and (c)58s;(d)0,({e)3 and (f)8s.

Fig.7 : Surface structure of the {0001} and {101 0} faces of ice crystals
grown in a low air pressure of 40Pa at -15°C and at about 2% super-
saturation;(a)q,(b)13 and (c¢)19s;(d)0,(e)3 and (f)bs.

Table 1 : Condensation coefficient a1 of the {0001} and {101 0} taces of ice

crystals grown in a low air pressure of 40Pa at -7,-15 and -30°C.
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GROWTH FORMS AND GROWTH MECHANISMS OF SINGLE
SNOW CRYSTALS GROWING AT A LOW TEMPERATURE

Takehiko GonbpA, Tadanori Ser and Hideki Gomi
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2641, Higashi-Kameyama, Yamazaki, Noda 278

Abstract: Single ice crystals have been grown in air at various constant
pressures at —30°C and various constant supersaturations, and measurements
of normal growth rate and in situ observations of the surface micromorphology
of ice crystals have been made. As a result, it has been found that the habit
and the morphological instability of ice crystals grown at —30°C vary markedly
not only with supersaturation and crystal size but also with air pressure.
On the basis of this study, it is considered that many snow crystals formed
in polar regions at a supersaturation below about 29, grow by a screw mecha-
nism, while at a supersaturation about above 109 they grow by a nucleation
mechanism.

1. Introduction

It has become clear from theoretical studies (KuroDA and LACMANN, 1982;
Kuropa, 1982) and experimental studies (GonDpa, 1977, 1980; GoNDA and KOIKE,
1982a, b) that the habit of small ice crystals grown in air at 1.0 X 10°Pa at a temper-
ature below —22°C depends not only on temperature but also on supersaturation.
Moreover, it has been pointed out that the habit of ice crystals depends also on
crystal size and the external form and internal structure of minute ice crystals below
1-2 pm (GonDA and KOIKE, 1982b).

In order to study the mechanism of the habit change of ice crystals, we must
form polyhedral ice crystals in air at low pressure where the surface kinetic process
for incorporation of water molecules into the crystal lattice is the rate determining
process, and it is necessary to measure the supersaturation dependence of the normal
growth rate of the {0001} and {1010} faces of ice crystals (GoNDA and KOIKE, 1983);
in addition, we must observe the surface micromorphology of growing ice crystals.
Moreover, we should form ice crystals in air at various constant pressures and
should study the effects of air pressure on the normal growth rate of each face of ice
crystals.

The purpose of this study is to infer the growth forms and growth mechanisms
of single snow crystals forming in the polar regions, on the basis of studies of the
air pressure and supersaturation dependences of the growth forms of ice crystals
growing at —30°C and observations of the surface micromorphology of growing ice
crystals at —30°C.
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2. [Experimental Procedures

A cold chamber for in situ observation of ice crystals growing at —30°C has
been described in a previous paper (KURODA and GONDA, 1984). The cold chamber
is designed to independently cool an ice plate for supplying water vapor and a
substrate for ice crystal growth. The chamber is cooled by flowing an electric
current to the thermoelectric cooling panels for the water vapor supply and for the
growth substrate, keeping the ice plate at a temperature lower than that of the
growth substrate. The temperature on the ice plate and on the growth substrate is
accurate to +0.05°C. Temperature control is carried out by automatically turning
on and off the electric current flowing to the thermoelectric cooling panel for ice
plate (2A) and that for growth substrate (5A), using the temperature regulators.

Thereafter, the air in the chamber is evacuated for about 10 min using a vaccum
pump until the air pressure reaches about 4.0X10Pa. When about 3cm® of
sufficiently diluted silver iodide smoke is inserted into the chamber in order to
nucleate ice crystals, keeping the ice plate at a temperature slightly higher than that
on the growth substrate, minute ice crystals are nucleated in air at low pressure at a
constant supersaturation and fall on the growth substrate. Then, the residual air
in the chamber is evacuated for about 1 min for the growth of ice crystals under as
lower pressure as possible, and photomicrographs of ice crystals are taken. Ice
crystals were grown in air at 4.0 10, 3.3 10* and 1.0x 10° Pa at —30°C and under
various constant supersaturations.

3. Experimental Results

3.1. Habit and the morphological instability of ice crystals growing at —30°C

Figure 1 shows a long solid prism grown predominantly in air at 4.0 10 Pa at
—30°C and a supersaturation of 0.7%. In air at 4.0 X 10Pa, the (0001) and (1010)
faces of ice crystals are stable. At a supersaturation of 0.7%, long solid prisms
which grow preferentially in the {0001) direction are formed even in air at 1.0 x 10°
Pa (GonpA and KoIkE, 1982a).

Figure 2 shows a polyhedral plate-like ice crystal grown predominantly in air at
40x10Pa at —30°C and a supersaturation of 8.8%. As seen in Figs. 1 and 2,
and the statistical data (GonpA and KoOIKE, 1983), when the supersaturation increases
under constant temperature and air pressure, columnar ice crystals are transformed to
plate-like ice crystals with increasing supersaturation. That is to say, at this growth
temperature, the habit of ice crystals depends on the supersaturation.

Figure 3 shows a columnar ice crystal with skeletal structure grown predomi-
nantly in air at 1.0 10°Pa at —30°C and a supersaturation of 8.8%. Under this
growth condition, polyhedral ice crystals grow only when the crystal size is below
about 20 ym or above about 330 gm.

Figure 4 shows the air pressure dependence of the instability of the (0001) face
of 80 um columnar ice crystals grown at —30°C and a supersaturation of 8.8%.
As seen from Figs. 2-4 when air pressure varies from 4.0 x 10 to 1.0x 10° Pa under
constant temperature and supersaturation, the habit of ice crystals varies from
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100 pm

Fig. 1. Long solid prism grown in air at 4.0 10 Pa a1 —30 C and
a supersaturation of 0.7%%: (a) 1.4, (b) 3.5, (¢) 5.0, (d) 7.0,
(e) 10.2 min.

100 pm

d
Fig. 2. Plate-like ice crystal grown in air at 4.0 <10 Pa ar —30°C and a supersaturation
of 8.8%: (a) 04, (b) 0.8, (¢) 1.2, (d) L.7. (e) 2.3 min.

plate-like to column-like (Fig. 5): at the same time polyhedral ice crystals are trans-
formed to skeletal crystals. This means that the habit and morphological instability
of ice crystals depend markedly on air pressure.

Figure 5 shows the air pressure and supersaturation dependences of the ratio of
axial lengths ¢/a of 80 gm ice crystals grown in air at 4.0 10, 3.3 10"and 1.0 10° Pa
at —30°C. FEach point is a mean value of about 10 ice crystals. As seen in the
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G o -

Fig. 3. Columnar ice erystal with skeletal structures grown in air ar 1.0 10° Pa at
—30°C and a supersaturation of 8.8%: (a) 1.8, (b) 14.3, (¢) 60.5, (d) 92.0,
(e) 142.9 min.

1007 [ unstable
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pressure of air (Pa)

Fig. 4. Air pressure dependence of the instability of the (0001) face of 80 pm
columnar ice crystals grown at —30°C and a supersaturation of 8.8%.
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figure, at a supersaturation below about 2%, long solid prisms grow and become still
longer in the (0001) direction when the air pressure increases. On the contrary, at
a supersaturation above about 2%, in air at 4.0 10 Pa plate-like ice crystals grow,
at 3.3 10* Pa column-like ice crystals grow, and at 1.0 10° Pa relatively long prisms
with skeletal structures grow. That is, the habit of ice crystals growing at —30°C
varies markedly not only with supersaturation but also with air pressure.

Figure 6 shows the instability limit of the (0001) face of column-like ice crystals
grown in air at 3.3 10* and 1.0 x 10° Pa at —30°C. Each point is a mean value of
about 10 ice crystals. As shown in this figure, the instability limit of the (0001) face
depends not only on supersaturation and crystal size but also on air pressure, that is,

4
3
Fig. 5. Air pressure and supersaturation o2
dependences of the ratio of axial 4
lengths cla of 80 um ice crystals o
grown in air at 4.0< 10, 3.3 < 10* and 1 o -
1.0<10°Pa at —30°C. @, O and
A show mean values of ice crystals

grown in air at 4.0x10, 3.3 < 10* 0 5 4 3 +
and 1.0 10° Pa, respectively. supersaturation (°13

500¢
1.0x10°Pa 3.3x10° Pa

bl i
§200- stable region

@
N
0100+
g 500 unstable region
>
]

20t

]O n "

0 29 5.8 8.8 ns

supersaturation (°/,)

Fig. 6. Instability limits of the (0001) face of columnar ice crystals grown in air at
3.3<10* and 1.0.710% Pa at —30°C.
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in air at 3.3 10* Pa polyhedral ice crystals are transformed to skeletal ice crystals at
a supersaturation of about 4.1%. while at 1.0 10° Pa the same change occurs at a
supersaturation of about 1.6%. This means that a morphological instability as well
as habit change of ice crystals occurs with increasing air pressure.

3.2, Surface micromorphology of ice crystals growing at —30°C
Figures 7a and 7b show an example of the surface micromorphology on the (0001)

b | I
100 um
Fig. 7. Surfuce micromorphology of the (0001) Fig. 8. Surface iicromorphology of the
and (1010) faces of ice crystals grown (0001) face of ice crystals grown in
in air ar 4.0 <10 Pa at —30°C, (a) and air at 3.3 108Pa at —30°C and
(b) show the (0001) and (1010) faces, a supersaturation of 11.9%: (a) 0
respectively; the arrow 1 is a spiral (h) 45.5, (¢) 58.2 min.

center.
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and (1010) faces of ice crystals grown in air 4.0 10Pa at —30°C and supersaturations
of 0.4 and 2.7%, respectively. In Fig. 7a, it seems that there is a spiral center from
which thin circular steps with equal separation are generated and advance successively
toward each edge of the crystal. In Fig. 7b, part of the (1010) face of an ice crystal
is photographed to show the spiral center in detail. In Fig. 7b, a curved line which
is seen at the center of the (1010) face is the line dividing giant colliding steps
originating from the two spiral centers shown by arrows; it runs in the direction
along the c-axis. Such surface micromorphology as shown in Fig. 7 is always
observed at the surface of ice crystals growing under the growth condition described
above, so it is recognized that ice crystals growing at a supersaturation below about
2% grow by a screw mechanism when screw dislocations emerge on ice surfaces.

Figure 8 shows an example of surface micromorphology of the (0001) face of an
ice crystal growing in air at 3.3 10*Pa at —30°C and a supersaturation of 11.9%.
In Fig. 8a, duplicate circular macro-steps can be seen. The circular step advances
towards a center of the crystal (Fig. 8b); and when the step reaches the center of the
crystal, the smooth (0001) face is formed (Fig. 8c).

4. Discussion

Ice crystals have been grown in air at 4.0x 10, 3.3x10* and 1.0x10°Pa at
—30°C and various constant supersaturations, and normal growth rates and surface
micromorphology of ice crystals have been studied. As a result, the habit of ice
crystals grown at —30°C varies markedly not only with supersaturation and crystal
size but also with air pressure. The air pressure dependence of the habit of ice
crystals means that the three-dimensional diffusion field of water molecules and the
absorption of air molecules on ice crystal surfaces are important factors in the habit
change of ice crystals. It is seen from Fig. 5 that the ratio of axial lengths c/a of ice
crystals increases with increasing air pressure. This means that air molecules restrain
the growth of the (1010) face more than that of the (0001) face of ice crystals. This
experimental result supports the results obtained by KuropA and GoNDA (1984).

The instability limits of the (0001) face of ice crystals growing at —30°C depend
not only on supersaturation and crystal size but also on air pressure. This result
means that the three-dimensional diffusion field of water molecules depends not only
on supersaturation and the external form of ice crystals but also on air pressure.
Because the morphological instability is concerned with two-dimensional nucleation
at the corners of ice crystals, Fig. 6 means that the two-dimensional nucleation at
the corners of ice crystals is easily formed when the air pressure becomes high. That
is, when the air pressure becomes high, the gradient of water vapor pressure at the
corners of the crystal becomes steep and lines of constant vapor pressure around the
crystal become dense. In this growth condition, water vapor is concentrated onto
the corners of the crystal and two-dimensional nucleation occurs at the crystal
corners.

Because such surface micromorphology as shown in Fig. 7 is always observed at
the surface of ice crystals grown at —30°C and a supersaturation below about 2%, it
is considered that ice crystals growing in air at 1.0X 10° Pa at —30°C grow by a screw
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mechanism at a supersaturation below about 2% when screw dislocations emerge on
the crystal surfaces. On the other hand, from studies of the morphological instability
(Figs. 4 and 6) and many observations of surface micromorphology of ice crystals
growing in air using a video tape recorder (not shown in this paper), it is considered
that ice crystals grow by a nucleation mechanism at a supersaturation above about
10%.

On the basis of experimental results described above, it is inferred that many
solid snow crystals forming in the polar regions at a supersaturation below about
29% (SHimizu, 1963; HicucHi, 1968; KikucHr and HoGAN, 1979) grow by a screw
mechanism, while many snow crystals with skeletal structures (SATow, 1983) forming
in the polar regions at a supersaturation above about 10% grow by a nucleation
mechanism,

5. Conclusions

Single ice crystals have been grown in air at 4010, 3.3 10* and 1.0 10° Pa
at —30°C and various constant supersaturations, and measurements of normal growth

rates of the ice crystals and in situ observations of their surface micromorphology
have been made. The results are as follows.

(1) The habit of ice crystals growing at —30°C varies markedly not only with
supersaturation and crystal size but also with air pressure. This fact means that
the three-dimensional diffusion field of water molecules and the adsorption of air
molecules on crystal surfaces play an important role in habit change of ice crystals.

(2) The morphological instability of ice crystals growing at —30°C depends
markedly not only on supersaturation and crystal size but also on air pressure.

(3) It is considered that ice crystals growing in air at 1.0x10° Pa at —30°C
grow by a screw mechanism at a supersaturation below about 2%, and by a
nucleation mechanism at a supersaturation above about 10%.

(4) Therefore, it is inferred that many solid snow crystals formed in polar
regions (SHIMIZU, 1963; HIGUCHI, 1968; KikucHI and HOGAN, 1979) grow by a screw
mechanism at a supersaturation below about 2%, while many snow crystals with
skeletal structures (SATOW, 1983) formed in the polar regions grow by a nucleation
mechanism at a supersaturation above about 10%.
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Abstract: By analyzing photomicrographs, the nature of ice crystals grown
at temperatures lower than —15°C was studied first. Tt was found that in
the initial stage of growth, the frequency of occurrence of single-crystalline
ice decreases as the temperature decreases although the type of nuclei and
method of seedings affects it considerably, and that at temperatures below
about —17°C, the lower the temperature the greater the growth rate of poly-
crystalline ice as compared to that of single-crystalline ice. Second, large ice
crystals were grown in an unforced air flow cloud chamber and the nature of
polycrystalline ice growing at temperatures lower than about —20°C was in-
vestigated with the following findings: the most prominent polycrystals are
those with a sharp growing tip and having a few or many side branches; the
most abundant polycrystals arc those having a smaller growth rate than the
former and being composed of a single or several radially grown branches of
assemblages of plates, columns or irregular crystals; radially grown polycrystals
are very fragile.

1. Introduction

Polycrystalline snow crystals have attracted interest in the study of cloud physics
and crystal growth only in the last fifteen years, in spite of their frequent occurrence
in natural clouds; as a result, experiments focusing on growing polycrystailine”ice
from the vapor have been tried quite recently (TAkAHAsHI, 1983; SaTO and KIKUCH],
1983). However, little is known about the effect of nuclei or seeding method on the
formation of ice polycrystals; detailed features of various polycrystals of ice, their
growth rates and individual growth mechanisms have also been little investigated.

In previous experimental studies YamastiTa (1971, 1973, 1974) has shown the
crystal habit of single crystalline ice quantitatively and has shown several types of
nonhexagonally shaped single-crystalline or polycrystalline ice. Most of photomicro-
graphs of these ice crystals and other polycrystals, however, have not been analyzed.
The present paper first describes analyses of ice crystals in these previous experiments,
and second ice crystals grown in an unforced air flow cloud chamber, which was
designed by YAMASHITA and OHNO (1984), at comparatively low temperatures.
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In situ observation of the surface morphology

of ice crystals growing from the vapour phase
Takehiko Gonda and Tadanori Sei

Faculty of Science and Technology,
Science University of Tokyo,Noda,Chiba 278

Abstract

The surface of ice crystals growing from the vapour phase is observed in
situ in order to clarify experimentally the growth mechanism of the ice
crystals. As a result,it is concluded that ice crystals growing at a tem—
perature below -2°C and at relatively low supersaturation grow by a screw

dislocation mechanism
1. Introduction

The experimental studies on the growth mechanism of ice crystals have been
carried out in order to clarify the mechanism of the habit change of ice
crystals with temperaturel)'z),but they have been insufficient up to the
present. On the other hand,Kuroda and Lacmann3? have theoretically inter—
preted the mechanism of the habit change of ice crystals with temperature

4 4n the basis of the anisotropy of

which is called as Kobayashi’diagram
the growth mechanism of ice crystals and its temperature dependence
Recently,Gonda and SeiS),and Sei and Gondas)'7) have proposed the mechanism
of the habit change of ice crystals growing in low air pressure at rela-
tively low supersaturation with temperature. It has been clarified from
this study that ice crystals growing at a temperature below about -2°C grow
by a screw dislocation mechanism,while those at a temperature above about
-2°C 'grow by a V-QL-S mechanism8’. This conclusion has been drawn from the
comparison of the experimental values of the normal growth rate versus su-—
persaturation with the theory and from in situ observation of ice crystal
surface. However,we must wait for more detailed study of in situ observa—
tion of ice crystal surface because they are insufficient up to the
present.

The purpose of this paper is to confirm the growth mechanism of ice crys—
tals growing at a temperature below —2°C on the basis of in situ observa-—

tion of ice crystal surface which was recently observed.
2.Experimental

A growth chamber and the method of its measurements are described in

6, Accordingly, in this paper,we describe only

detail in a previous paper
essential items on in situ observation of ice crystal surface. Ice crystals
were grown on a glass substrate in air of 40Pa and at a temperature below

-2C and at various constant supersaturations,where the resistance of

~,67 —

0.



volume diffusion of water molecules is ignored. Ice crystals grown above
several hundred g m were observed in situ by the use of a reflected dif-
ferentlial interference microscope. The bottom surface of the glass sub-—
strate is blackened with the black oily ink in order to remove the light
refrected from the glass substrate. A video tape recorder is used through
an Image processing equipment in order to observe continuously ice ecrystal

surface.
3, Experimental results

It has been concluded from the comparison of the experimental values of
the normal growth rate wversus supersaturation with the theory that
polyhedral ice crystals growing at a temperature below about -2°C grow by a
screw dislocation mechanism,while those above about —2°%C grow by a V-QL-S
mechanism. The purpose of this paper is to confirm the growth mechanism of
ice crystals growing at a temperature below —-2°C on the basis of more
detailed in situ observation of ice crystal surface

Figure 1 shows an example of
in situ observation of the
(N001> face of a polyhedral
ice crystal grown in air of
40Pa and at -30°C. In the
figure,a~c¢ is the growth
process at 2. 5% supersatu-—
ration,while d~f is the
growth process at 0.4% super—

saturation. As shown In the

figure,at 2. 5% supersatura-

——
100 pm

tion,only one growth hillock

is seen on the (0001) face. Fig:1 : The surface micromorphology
On the other hand, when the of the (0001)> face of an ice crystal
supersaturation is decreased growing in air of 40Pa and at -30C.

to 0.4%, the circular growth

steps are formed instead of the growth hillock. This fact means that a
screw dislocation emerges on the (0001) face. That is to say, the ice crys—
tal grows by a screw dislocatlon mechanism at low supersaturation described
here.

Figure 2 shows an example of “In situ observation of the (0001> face of
polyhedral ice crystal grown in air at 40Pa and at —-7°C. In the figure,a~b
is the growth process at 2. 0% supersaturation,while ¢~f is the evaporation
process at 6.0% subsaturation. The bold lines running obliquely from the
top of the left ta the bottom of the right are the video scanning lines

In the growth processCa~b),only one growth hillock is seen on the (0001)
face,while in the evaporation process{(d),a v-shaped evaporation pit is ob-
served at the same position as the growth hillock. A new evaporation pitde)
is observed after further evaporation. It is seen that the evaporation
steps are formed with further evaporation(f).

These facts mean that screw dislocations emerge on the (0001 face of the
crystal. That is to say, the crystal grows by a screw dislocation mechanism

at low supersaturation described here.



Figure 3 shows the advance
rate of macrosteps (step
velocity) on the (0001} and
{10 T 0 faces of polyhedral
lce crystals grown in air

of 40Pa and at (a)-7, (b2-15,
(¢)-30°C versus supersatura—
tion. The solid and open
circles show the experiment—
al values of the {0001} and
{10 T 0} faces, respectively

Lo 400 pm

In the figure, the solid and

dotted curves are the BCF Fig.2 : The surface micromorphology of the
theoretical ones of the (0001> face of an ice crystal growing and
{0001} and (10T O} faces,re- evaporating in alr of 40Pa and at -7TT.

spectively. From the compar-—

ison of the experimental values with the theory,it is wconcluded that the
{0001} and {10 T0) faces of lce crystals grown at each temperature grow by
a screw dislocation mechanism at measured supersaturations. The same con-—
cluslon was also obtained In regard to ice crystals grown at a temperature
between -2 and -7°C.

(a) (b)
—wADO( ~400 AT (¢)
= ) 0
E @
23007 / 5300 £ 300t
> 7 £00a > fiofol %
5 200 5 200 e.-—"""77 :200_
= 8y gess=z=TT 8 ; o
2100 o/ g0 (1070) 2100 ﬁ“ (0001 Sygol e {0001)
o ¥ a b /‘_——______
= = ¢ o 10101
% 5 . " D g i , , 2 o,
B : N 8 0 2 4 6 0 2 4 6
supersaturation (%) supersaturation (%) supersaturation (%)

Fig.3 : Advance rate of macrosteps on the {(D0D1) and (10T O0) faces of ice
crystals grown in air of 40Pa and at (a)-7, (b)-15 and (e¢)=307C

versus supersaturation
4.Discussion and concluding remarkes

The growth mechanism of polyhedral ice crystals will be estimated from the
comparison of the experimental values of the normal growth rate versus su—
persaturation with the theory. Moreover,in situ observation of ice crystal
surface is important to determine the growth mechanism of the ice crystals.
As shown in Figs. 1 and 2, the growth hillecks are equivalent to the sources
of circular growth steps at low supersaturation and those of evaporation
steps at subsaturation, Accordingly,it is concluded that these crystals
grow by a screw dlislocation mechanism., This fact is also supported from the
comparison of the step velocity versus supersaturation with the theory.
That is 1o say,it is concluded that ice crystals growing at a temperature

below —2°C and at relatively low supersatluration grow by a screw disloca-



tion mechanism.
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Growth Mechanism and the Habit Change of Ice Crystals
Growing from the Vapour Phase
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The growth mechanism of ice crystals growing at low air
pressure is experimentally studied and the mechanism of
the habit change with temperature of ice crystals is discuss-
ed. By repeating the growth and the evaporation of the
same ice crystal at a constant temperature, the normal
growth rates of the {1010} an {0001} faces of the ice
crystal versus supersaturation are measured and compared
with the various growth theories. The surface structure of
an ice crystal growing or evaporating at a constant
temperature is studied in situ. It is found from the present
experiments that at a temperature of 0 to —2°C, the
{1010} and {0001} faces of ice crystals growing at low air
pressure grow by the V-QL—-S mechanism, while at a
temperature of —2 to —30°C, they grow by the BCF
mechanism. The mechanism of the habit change with
temperature of ice crystals is discussed in terms of the
temperature and surface orientation dependences of con-

densation coefficient «;.
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A ; thermal insulator
B ; thermoelectric module

C ; metal plate
D ; teflon sidewall

-

E ; copper plate

F ;ice plate
G ; glass substrate
H ; differential interference microscope

I ; halogen lamp

__J

J ; laser or stroboscope
K ; reference mirror

L ; camera

M ; TV camera

N ; video timer

O——T—

O ; video frame memory

P ; video tape recorder (VHS)
Q ; video tape recorder (U)

R ; monitor

<
S
=

Fig. 1
growing from the vapour phase.
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Experimental apparatus for in situ observation of ice crystals

S ; pirani gauge

T ; cold trap

U ; vacuum pump

V ; temperature controller

W ; DC power supply

X ; reversing switch

Y ; DC power supply

Z ; thermostatic refrigerated bath
a ; digital voltmeter

b ; digital thermometer

Bel
L
[y

¢ ; digital voltmeter
d ; microcomputer
e ; printer
f ; CRT monitor
g ; general purpose interface bus
h-i; thermoelectric couples
T u 1 ; three-way vacuum cock
2 .
4

4

3, isolation valves
; leak valve
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Fig. 3 Normal growth rates of the {1010} and {0001} faces of an ice crystal
grown in air at 40 Pa versus supersaturation (a) —3.1°C, (b) —7.0°C.
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200 pm

Fig. 6 Surface microstructure of the {0001} face of an ice crystal growing or

evaporating in air at 40 Pa at —1.0°C.
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Fig. 8 Surface microstructure of the {0001} face of an ice crystal growing or evaporating in air at 40 Pa at —7°C.
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Fig. 10 Surface microstructure of the {0001} face of an ice crystal growing in air at 40 Pa at —30°C.
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Abstract

The morphological instability of polyvhedral ice crystals growing from the vapor phase is studied
on the basis of the microscopic standpoints. The morphological instability takes place not only
by the two-dimensional nucleation at each corner of the crystal but also by the outerop of the
dislocation with screw component at the periphery of the erystal. Tt is estimated that the crit-

ical step height to take place the morphological instability is the order of several hundred .

1.Introduction

The morphological instability of polyhedral ice crystals is one of the important problems together
with the habit change of ice crystals grown from the vapor phase. In the present days,there are
some studies on the morphological instability of polyhedral crystals growing {rom the vapor and
liquid phases. For example,the theoretical studies on this problem have been done by Kuroda et
al.1) Irisawa et al,?2) and Nanev?3).

On the other hand,the experimental studies on this problem have been done by Gonda et al.4)-6),
It has been clarified by the experiments that the morphological instability of ice crystals grown
from the vapor phase depends nol only on supersaturation but also on crystal size,air pressure,
size ratio c/a and the ratio of growth rates Rs/Rer. However,the mechanism of the morphological
instability of the crystals has been unsolved until now.  The purpose of this paper is to clarify
the mechanism of the morphological instability on the bases of in-situ observations of ice crystal

surface growing from the vapor phase.

2.Experimental J i

]
©

The whole apparatus for ice crystal growth is
shown in Figure 1. The apparatus is composed of

four systems,that is,the growth chamber for ice

crystals(n),cooling units(b),na vacuum system(i, P j
Jr1) and an optical system(o,p,m,n). =
The dimension of the growth chamber is 8cm in ll =
. . . . . TIT T yll T
outer diameter,4cm in inner diameter,5em in —!L

height. and 0.3cm in the distance between a water

< d Q rl s
vapor supplier and the growth substrate. {[:]

In order to cool the growth chamber at a de- gl=

C
e
sired temperature,an electric current below 2A ~ =
| | i h =

was flowed to the thermoelectric modules which

were stuck on the upper plate for the water va- Fig.! : Whole systems for ice crystal growth.



por supplier and on the lower ptate for the growth

the temperature difference hetween the ice plate and the growth substrate.

ated in air at a desired temperature and supersatu

silver jodide smoke into the chamber. Only one jce

crystals fallen on growth substrate. The surface t

substrate. Water vapor was supplied by making
lece crystals ere nucle-
ation by inserting a very small amount of diluted
v erystal was grown by evaporating the other ice

opography of the ice crystal was observed in situ

using a differentizl interference microscope(p) and was recorded by the video tapes(m,n) through a

video booster(o).

3.Experimental results

Depending on the origin of grouth steps, the morphe

ylogical instability of the crystal is devided

into the two-dimensional nucleation mechanism at higher supersaturation and the dislocation mech-

anism al. lower supersaluration,

Figure 2 shows the time sequence of a macrostep
formed by the two-dimensional nucleation at each
corner of the polyhedral ice crystal grown in air
of 2.9%x 104 Pa at -15.3"C. The supersaturation
was estimated to be several ten %. Six circular
nuclei formed at each corner of the crystal are
transformed to a large circular macrostep by the
conlecence of them after further growth of two-
dimensional nuclei. After that,the macrostep ad-
vances from the periphery of the crystal to a
center of the crystal. In this growth stage,the
central part of the crystal is lower by a step
height than the periphery of the crystal.

As shown in the figure,the macrostep on this
crystal sweeps up the crystal surface for about
30sec.

Figure 3 shows the time sequence of a macrostep
formed by the dislocation with screw component
outcroped at the periphery of the polyvhedral ice
crystal grown in air of 5.3x 10? Pa at -15.5°C ~
and at 1.1% supersaturation. The macrostep fomn—fE:~
ed by the outcrop of the dislocation firstly ad-
vances along the periphery of the crystal where
the surface supersaturation is higher,after that,
the curvature of the macrostep is turned around.
When the external form of the macrostep became
circular, the macrostep advances toward a center
of the crystal. The macrostep on this crystal
aweeps up the crystal surface for about d0sec.
From the comparison of Figs.l and 2,it is under-
stood that the external form of the macrostep
formed by the two-dimensional nucleation is con-

siderably different from that formed by the out-

~
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Fig.2 : Time sequence of a macrostep formed by
the two-dimensional nucleation mechanism in

air of 2.9% 103Pa at -15.3°C.
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Fig.3 : Time sequence of a macrostep formed by

the distocation mechanism in air of 5.3x 103Pa

at -15.5°C.
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crop of the dislocation with screw component in the early stage of growth., Moreover,the advance
rate of the macrostep formed by the two-dimensional nucleation is larger than that formed by the
outcrop of the dislocation with screw component.
Figure {4 shows the morphological instability of polyhedral ice crystals grown in air of 6.6x 10?7 Pa
at —15°C versus supersaturation and erystal size,which was formed by the outcrop of the dislocation
with screw component. In the figure,0 ,0 and B
show the cases where the dislocation with screw
component. outerops at the periphery,at both a 700 r (- @ -
center and the periphery and at. a center of the ] @
{0001} face,respectively. <— show the size
i ol imstabilite, 90T E@ @

range which causes the morphological instability.

Tt is understood that the morphological insta- H skeleton
bility depended on the outcrop of the dislocation 500
with screw component causes only when the dislo-

cation outcrops at the periphery of the crystal.

400

Moreover, the dislocation is apt to outecrop at the
periphery of the crystal when the supersaturation

becomes high.

300

crystal size (um)

4.Discussion and conclusions
200
The morphological instability of the polyhedral

ice cryatals grown in air at about -15°C and at

various constant supersaturations was studied. 100 +

Tt was found that the morphological instability

of polyhedral ice crystals was formed not only by 26 5.2 65
the two-dimensional nucleation at higher super- supersaturation (%)

saturation but also by the outcrop of the dislo- Fig.4 @ Morphological instability of polyhedral
cation with screw component at the periphery of ice crystrals grown in air of 6.6x 103Pa at -15°C
the crystal at lower supersaturation. Moreover, versus supersaturation and erystal size.

the morphological instability caused by the dis-

location is easy to be formed when the supersaturation is higher because the dislocation is eass

to be outcroped at the periphery of the crystal when the supersaturation is higher. However,the
stable growth often takes places even when the dislocation outcrops at the periphery of the crys-
tal at higher supersaturation. In this case,it is because the height of macrostep formed by the
dislocation mechanism does not reach to enough height to take place the morphological instability,
In the present stage,it is estimated that the critical step height to take place the morphologi-

cal instability is the order of several hundred A.
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