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A sitnple technique for growing large, optically "perfect" 
ice crystals 
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ABSTRACT. Large, sing le ice crys ta ls conta ining no a ir bubbles and free of bo th 
sm all-a ng le g ra in bound aries a nd visibl e stress birefrin ge nce ca n b c g rown using a ye ry 
simple grow th chamber w ithin a tempera ture-controll ed , oute r e n closure. Th e m e thod 
reli es upon th e spont a neo us fo rma ti on of a n ice c r ys ta l with its (axis acc urate ly n o rma l 
to a liTe . sli g htl y supercoo led, \I'a ter surface . 

INTRODU CTION 

Ice sing le c r ys ta ls a re u se ful fo r m a n y la b o ra tor y 

exp erim ents. D ecad es ago, a common so urce 0 1" such 

crys ta ls was na tura l g lacie r ice, o ften from ~I end enh a ll 

G lac ier nea r junea u, Alas ka (e.g. N a ka ya, 1956 ) . L a rge 

ice crys ta ls h a lT a lso been g row n by sta nd a rd m e th ods 
(e.g. Higas hi , 1974; R oos, Ig75 ) il nd oth ers (Turn er and 

o th ers, 1987 ) . This no te d esc ribes a meth od th a t has bee n 
in use a t th e N a ti ona l Cenle r fo r Atmos ph e ri c R esea rch 

fo r se\T ra l yea rs, th a t is some\l'ha t simple r th a n mos t 

o th ers a nd produ ces large c rys tals th a t a rc o p tica ll y 

perfec t acco rdin g to na ked-eye inspect ion Ll sing po la ri zed 

li ght. 

THE BASIC METHOD 

All \"(' rsions o f thi s techniqu e h a\'e employed a commer
cia l, co nsta nt-t empera ture in c ubato r se t be twee n - 0.5 
a nd I. ooe a nd consta nt within a fe\l' tenths o f" a d egree. 

The crvs ta l-grow th cha m ber \\' ithin th e inc uba to r is a 
la rge, heavil y insul a ted , na t-bo ttomed , po lyca rbona te 
tub. A 250 ml pl as ti c conta ine r with a ho le in th e bottom 
was put inlo th e tub , filled w ith a ir a nd eno ug h sta inl ess
stee l we ig hts to hold it at th e bo ttom , unde r wa te r. The 
lUb is fill ed with wa ter a nd pl aced in th e in c u ba to r. 

The purpose o f the plas ti c conta iner in th e b o t to m of 

th e g rowth ch a mbcr is press ure reli ef. During freez ing, 

wa ter is fo rced into th e conta in e r , compress ing th e a ir so 

th a t th e icc disc is not crac ked by th e ex p a nsio n as it 

g rO\\'s . This a lso discourages a ir-bubble fo rm a ti on by 

PIT \'C nting th e sudden pressure d ec reases th a t accompa ny 
cracking. Th e re la ri\'ely sli g ht ri .. e in pressure as th e a ir in 

th e bo ttl e is compressed pro ba b ly helps too, since it 

increases th e so lubility of a i r in th e wa ter. Th e wate r Llsed 

\I'as processed through a hig h-qua lity deioni z ing sys tem , 
bu t was no t d egassed. 

Us ing a tub 25 cm dee p a nd 2 1 cm in di a m e te r , with 

a bout 4 cm o f foam insu la tio n a nd wa te r a t roo m 

te mpera ture, ice s ta rts fo rming a ft e r a bout 1 cl a nd 
th e rea fter thi cken s a t ro ughl y 1 cm d I. ~lu c h of th e ice 

sla b tha t fo rms can be a crys ta l w it h i ts c axis acc ura tel y 

\ 'C rti ea l and with n o o pti cal e\'ide nce o f im pe rfec tio n . Th e 

sla b o ften is la rge ly free of a ir bubbles until it reach es a 

thic kn ess of"5 o r 6 cm. Once in about ten tri es a n ice di sc 5 
o r 6 cm thi ck \I'o uld b e a sing le, "pe rfec t" crys ta l 2 1 c m in 

d ia m e ter. O ne in t\\'O o r three tri es \I'ould furni sh a uvsra l 
w ith cross-sec ti o n a l a rea of 100 cm :! o r more. . 

N o direc t CO lltro l of crys ta l initi a ti o n o r or th e nucle i 

fo r a ir- bubbl e (o r mation a t th e ice/wa te r in te rface p ro\'ed 

necessary fo r th e prod ucti on of" good crys ta ls. Th e la rge 

c rys ta ls a re sto reci a t - 15 to 20 e, but th ey ca nn o t be 

coo led to th a t te mpe ra ture \T ry fas t without runnin g th e 

ri sk of crackin g (" o m th e th erm a l s tress. 

THE PERFECTION OF THE CR YSTALS 

No studi es h a \'c b ee n unde rt a ke n to es ta bli s h th e 
d islocation or impurity con ten t o f the crystals g rown 

w ith this tec hniqu e, since nrither \\'as im portan t fo r o u r 
p urpose, whi ch was to produ ce m a ny o ri ent ed "seed s" fo r 
g rowth expe rim e nts . H owewr, th e o ptical perfec tio n is 
rem a rka ble. It is a lso rema rk a ble th a t such perfec ti o n is 
present onl y w hen th e crys ta l c axis is acc ura tely norm a l 

to the \I",Her sur face . (I t \I'o uld b e diffi cult a nd p ro b a bl y 
po intl ess to qu a ntify thi s. ) Fig ure 1 shows th e centra l, 

co lo rl ess porti o ns o f o pti c-axi s in te rference fi gures fro m 
ice sla bs 2.5 cm thi c k. Th e close-up ca m era \\'as foc used a t 
th e midd les of" th e sla bs, and a ll p a nels we re ph o to
g ra phed a nd p rinted with th e sam e expos ures a nd 

contras t, so th a t th e diflerences in o\ 'C ra ll ap peara nce 

b e tween pa nels owe littl e to th e ph o togra ph y. Fig ure l a 

sho ws one o f" th e p e rfec t crys ta ls. Th e interfe rence fi g ure 

a ppears na\\' less to the na ked eye . Fig ure I b is fro m a 
sing le crys ta l th a t g re\l' with its c ax is a bout 3 fro m 
\'C rti ca l, a nd sh o w s m a rk ed o ptica l inhom oge n e it y . 

Fi g ure I c is in c lud ed to show th e strikin g (a nd 

puzz ling) stress bire frin ge nce that a lways accompa nI es 
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Fig . I. OfJtic-atis il1teljerence figures jiom slabs 2.5 cm 
thick , qj (a ) all oj)tirally "/mjeet" crystal, (b) an 
impe!fect crystal thal grew with itJ o/)Iie axis about :r 
from tlte vertical . and (c) a biCl)'stal. showing stress 
birefrillgence from the grain bOll1zdm), between two 
'"jmjeet" o),stals. The scale re/)resents the plane in 
fOCllS, though it would not be vel)' different at either the top 
or the bollom of the slab . A 55 mm lens was used with I : 1 
maglllficalion onto the film 

grai n bou nd a ri es between crys ta ls wi th their e axes 
parallel , a nd is not seen accom panying other g ra in 
boundaries. Th e two adj o inin g crystals werc both 
op ti call y perfect in this case, except close to th e ir grain 
boundary, which itself is parallcl to th e c axis. (This stress 
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bircfringence is also seen in sec tions th at are thin, but is 
not e\' ident in sec tions cu t parallcl to the ( axis , ei th er 
norm a l or para llel to the grain boundary. Thus it 
presumably reprcsents stra in that does not iJ1\'olve local 
ti lting of th e c axes. The stress birefringence shows litt le o r 
no decrease upon annealing for weeks a t about - lOoC. ) 

C rystals that grow with their e axes a t high ang les to 
th e water surface (m o re than perhaps 15 or 20°, bu t th is 
fi gu re is poorly established ) also show no stress birefrin
gence, but the big on es com monly conta in small-a ng le 
gra i n boundaries. 

The opticall y " p erfect" crysta ls arc excellen t fo r 
g rovv ing melt fi gures (T ynd a ll fi g ures) by exposing the 
ice a t O°C to infra red radiation. F ew T ynda ll fi g ures 
nucleate, so they often grow to ove r a centime ter in 
diameter. Many sm a lle r T ynda ll fi g ures form und er the 
same conditions in any crysta l th a t grew with its c axis 
o th er th an \·errical. 

WHY DOES THIS METHOD WORK? 

After the chamber fill ed with wa ter is placed within the 
constant-temperature enclos ure, the water coo ls from its 
uppe r surface, a nd mi xes by co n vec tion unti l its 
tem pera ture reac hes 4°C. Then the coo ler water no 
longer sinks, the surface layer supercools and freezing can 
commence . f'iucl ea tion of ice is a ve ry rare event a t - 0.5° 
to - l.O°C, and we su spect th at the sta rt offi"eezing ra re ly 
if eve r is a nuclea ti on process, but is ca used by onc o r 
more tin y frost crys ta ls dislodged from the refrigera tion 
unit impacting the wate r surface . r f th at piece of frost is a 
sin gle crys tal , it grows fastest in the basal direc tion , a nd 
buoyancy forces o ri ent it with its c ax is vertical. Then it 
grows late rall y in al l directions to cover the surface . 

Thi s rcorientation is not achieved if the ice th a t fa lls 
into th e wa ter is a pol yc rysta l. Also, the growth sometimes 
a ppears to start at th e wall , in which case also th e crysta l 
can not reorient. Howe\"er, evcn if on e or a small numbe r 
of crys tals start with non-verti cal c axes, room may sti ll 
remain for desirably o ri ented crys ta ls to form in th e 
remaining liquid surface before it becom es co\'e red. This 
a lso is because the g rowth rate of ice a t low supercooling is 
very mu ch faster normal than para ll el to c. Any 
orien ta tion except w i th the e ax is verti cal forms blad es 
that ex tend across th e surface and into the water but 
thicken very slowly . Open water a t th e surface th en lasts 
1 h or more, leaving opportunity for a new crysta l with its 
c ax is vertical to cover th e remaining a rea of open water. 

Since the orientat ion of th e sta rting ice is easil y 
determined by inspection , it pays to look at the ice during 
th e first freez ing, a nd sta rt ove r if mos t of the surface is 
covered by crys ta ls with the wro ng o ri enta tion. 

VVh y must th e initi a l crystal have its c axis accura tel y 
vertica l for this m ethod to prod uce the crys ta ls wi th 
exce llent optical quality? The answer to this question very 
likely relates to th e beginning crys ta l morphology. A 
c rys ta l with its c ax is even a litt le of[ vertical grows as a 
basal pl a te ex tending down into th e water at a n angle. 
vVh e n that angle is m ore th an a few d eg rees, the plate is 
observed to extend as much as I cm below the water 
surface before cover age with ice is com p lete. This a lso is a 
common observa ti o n in the freezing of open pudd les, 
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perhaps first noted by H allett ( 1960). When the basal 
bl ades ex tend into the water a t a n a ngle, buoyancy forces 
may be sufficien t to deform the ice enough to generate 
small-angle g ra in boundaries a nd oth er imperfec tions. 
Also, soluble impurities may become trapped in the ice 
between the blad es . Then the expansion from partial 
fr eezing of these includ ed pocke ts of so lution can cause 
small-angle g ra in boundaries (Knigh t, 1962 ) . 

IMPROVEMENTS 

Severa l improvements of th is m ethod have been 
a ttempted. In one, an outlet at the chamber bottom 
with a tube to discharge water in to a conta in er a t a 
higher level within the constant- temepra ture enclosure 
keeps th e wate r pressure constant as th e ice di sc thickens. 
This works well , there is littl e or no problem of the tube 
freez ing up if th e discharge end of the tube is well 
shielded, and h aving the tube into the bottom of the 
g rowth chamber a lso greatly simplifies remova l of th e ice 
disc. However, a ir-bubble formation appears lo be more 
of a problem without the pressu re increase. This can be 
so lved by providing very gentle stirring, using a magnetic 
stirring bar controlled at 100 rpm, started when th e ice 
thickn ess reaches 0 .5- 1 cm. Stirring too vigorously or too 
early melts th e ice. Anoth er improvement is to provide 
very gentl e heating around th e conta iner a t the level of 
the water surface to discourage ini tia l crys ta l formation at 
the wall s. This hea ting is turned 0[[ as soon as th e surface 
is ice-cove red. 

However, th e bas ic method has been more than 
adequate to supply oriented, single-crystal seeds for other 

Knight: i nstrumenls and methods 

crys ta l-growth exp eriments. The c-ax is orienta tion is 
known , and a-axis orientati ons can be determined by 
inspection of frost crys ta ls grown on the basal surface. 
Ori ented slabs can th en be cut on a band-saw, and the 
seeds cut from these oriented slabs. O ccasional air bubbles 
in th e ice were not a problem in m a king seeds abou t 
1.5 cm on a side. The m ore elaborate sys tem, with stirring 
to prevent high supersaturation with air a t the water/ ice 
inte rface, is recommended if single c rys ta ls considerably 
larger than that a re required to be co mpletely free of a ir 
bubbles. 
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