Proc, ULT Hakoné Symposiom 1977 A

CONVENTIONAL CYCLE DILUTION REFRIGERATION DOWN TO 2.0 mK
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Introdustion

nilution: ren-igera.tmare pow the mest imporbtent €00l for pro-
dueing temperaturua $n the 10 nK reg:lon bacause of thelr shility to
maintain thepa temperatures oont!.r_mouslx Bepides their.use o cogl
all kinds of samples to their minigom working. temparatures ,djlution
refrigerators are also widely used to precoel Pomeranchuk cells, elec
tronic and nuclepr demagnetigzation etages ,ail systems whiel lead to
much lower final temperatures.

The importance of reaching lower and lower temperatures. nesds .
not to bé atressed a8 was shown by the very fertile fields of supar-
£Iuid >He ,solid JHe .muclear magnetism ,mixtures 6f 2 superfiuids
and ao on.

In a1l cases it is 2 great advantege to decrease the initial
temparatln-ea to which the above cited systems are precooled ,leading
to lower final temperaturas or smdller initfal magnetic fields ,smal-
ler muclear or elestronic cooling stages ox lomger working times. -

In tiis paper we simplify as much as possible the prublem of

achieving ultralow temperatures with a dilution refrigerator stves- .

ging only Yhose points which we have found important after many year:
of experieriges particularly @esigning and construtting efficlent heal
- exohangers. We also comment on still and mixing chamber désign as we:
as the influence of the diluted-eide .size on the fliow rate syl some
possibilitisas of reaching tamer!ﬁuren mm than our progsnt 2,0 mX
in eon‘h!.nunus mode. 5 )
g the lowast temp 2
The theory of the &fIutien of in “He apd ite use: An refri-
gerakion has been treated extensively in the litersture (ref.l tol0)
and the eader should refar to" one of these papers for a deep wwler-
standing of what is goinz on inside a dilutiqn refrigerator.

Lét us corsider the expression of the enthalpy balance on the

® Presented by G. Frossati ss an invited speaker.
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mixirig chanber of & dilution refrigerator.

The enthalpy of the concentrated phase is 3 out SHQJU

H, = 12.5 T2 J/mole; that of the dilute Ty=Tme. 4

phase ,on the  separation curve : la

Hy = 94.5 T2 J/mole (T in K). If T, and

T are respectively the temperatures of

me

the inccming 3He and of the mixing cham- {; 3593; /

ber, in Eelvin, we may write the enthalpy e /.

balence of the mixring chamber in dynamie 3|-h

equilibrium, for a heat leak Q (watta) d

and a JHe flow rate A (mole 8 1) as : i i

RN e 1 '3 0=Q+ QM)

% = 94.5 The = 12.5 T, J/mole 1) QI’E
Figure 1

For a glven-heat leak é, Toe is minimim when P, =T

Lo+ That is

2 1§ .
T = ¥ (2)
M yin v

For example, given a reasonable heat leak § = 0.1 uW and a flow
rete n = 3 x 107 ' moles/sec

Tmin ‘= 2.0 mK.

Aleo, from (1), irg = 0y
mc

T = 0.36 Ty- {3}

This 1s to say tHat 1f we want to éool the mixing chambér to the

loweat poeaible temper'atu:eau, Te has to be decreased and this is done

by means of hegt exchangers which remove heat from the low enthalpy
copcentrated He phase and glve it-to the higher emthalpy diluted “He,

The most efficient heat exchangers (H.E) are of the eontinuous
counterflow type, In contrast with the step or localized ones and we
will only consider bthe 18t type which certainly leads to better re-
8ults, as well as being more economlcal with respect to the volume of
5He required. g

Perfect continucus heat exchang=res
A continuous comnterflow H.E iz described by a system of 2 cou-

pled differential equations containing each one a term due to the
heat exchanged between the two phases, through the separating wall,
vie the Kapitza mechaniam, another which takes into ascount the vis-
cous heating of the liguids diue to their motion along the channels
and finally & term due to the -thermal sonductivity of the liquids
themselves. This equation has no anazlytical-soclution, but in practice
it is posaible to design H.E. where the viscous heating and the heat
conducted axially along the liqulds and of course along the body of
the H.E. themselves can be made small compargd to the heat transfered
from the eoncentrated to the diluted phase. In this case we are left

with that 1s calted a "perfeot continuous H.E." for which "all -the

heat _given by the concentrated stream is teken by the. dlluted stream":
In practice

{ Qiso. ' Yeond. * Sexen.
Let us consider a wall separa-

ting the toncentrated from the
diluted stream in a H.E. presenting
an area o, in contast with the
congentrated phase and o, in contact
with the dlluted phase (fig. 2).

-Then, if the heat ia exchanged
through the phonon mismatch process
(réf. 11-12) and if Ty is the tempe-
rature of the wall

A
%0

o

aglTh - (4) Pigure 2

e w =
If the exchenge areas are equal (o"= =0, 7 0)

8ot - (6)
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with a,, the average heat transfer coefflolent

a &
e TENE T (7
‘:'m t"t:""'ci, iﬁK:

Rgm being the average Kapitza resistlvity, related to the
Kapitza resistance R, by

Rn"T}:R'm (8

If @, = a5 = a, which 1s qulteapnssible 8inee there is always
gome l‘l-[e circulated in the concentrated phase, then on = a/2 and
Rgn = 2 B

The conditian of a perfect H.E. is that at each point all heat
given by the concentrsted phase be taken by tl_:_e dilute phase :

dH, = dH, (9)

ar ; 030;&'1'0 = Gdeﬂ"d (10)

For temperatures such that the concentrated 3He and the diluted
3He can be considered respectively as & Fermi liquid and a Fermi gas
(below about 50 mK), the hest capacities are proporticnal to the tem-
peraturs, with

= 030 =al' = 25 T J/mol

Cd=bT'107TJ'7mo1 {aE)

3

if we put Ac = As AZ, we are left with the system of 2 equatlions :

geenar, §° o, nmﬁs('l' = ) (12)

brg = et 13)

ap b8t~ (Dt -nar, T (14)

writing Saf8 113 @5 = & (15).
an

k]

“with T in Kelvin, By in m"’x

Then (13) becomes ME s == {18)

Integrating from Z = 0, the point where the ‘concentrated 3lle enters
the mixing chamber, to Z = %, where % is the total length of the

‘exehanger, cne gets :

-2 -2
21 (= TS (0) - TS (17)

T (l.) ie the temerature of the still, whiech dis lmmm to be about

0 7 K, so that '1' (!.) iz nepligible compared to '1' (0) Now, we have
seen rron £d. (3) that '.I!lu = 0.36 T (_0), if the heat lesk to the ml-
xing chamber is amall, 8o that (1T) becomea :

2.”.!77'\-']!2 (28)

8ince tds = o, the total exchange area, and neglecting (-,.f!)2 = 5.10°2,
we get the fundamental expression relating the temperature of the
mixing chamber to the characteristics of the conbinuous exchanger, in
the ideal case :

2 . n
T .2 < 6.4 Re T {128)

In the actual csse, there is always & heat lesk to the mixing
chanber so that for an Infinite exchange area the minimum mixing
chamber temperature Is given by (2). .

We will then add to (19) the limiting factor given by (2) apd
the final equation will be : -

-sunm-+ 1.22 x 18~ 9 i20
M

fwabt, n in mole-sl'sleo, end ¢ in m°.

About heat leaks

The expression (20) allows the caleulation of the exchange area
nacusa:ry to achieve a cerr.a.t? mindmum temperature T . at a glven e
flow rate n provided RKm and ¢ are known, supposing &_il?o that some
geometry for the H.E. has been devised that will make Q... and
acond. emall compared to the heat exchanged qéxeh



Let us first exaemine the heat leak o the mixing chamber gla. Ir
we measure T, and 'I‘c,' we ee.n determine Q from expression (1) when i
the refrigerator has reached its equilibrium at a given flow vate. q
can be divided in two terms, s constant one and another which depends
one the flow rate :

Q:Q,, * ey

L
Qree is a background heat leek coming from exchange gas, vibra- .

tions, heat conduct:l.on a:l.ong the aupporte, heat ccming eventually
from plastics, ete... Usually thia heat lee.k decreases with time,
either because gas is trapped@ on the oold surfacee (we observe & fac-
tor 10 improvement in the pressure indication at the top of the cryos~
tet, after one week of experiments, typically from 10—6 to 10-7 torr)
or because the epoxy mixing chamber wails come to thermgl equilibrium.
To decrease the remaining part :I.t is useful to mount the eryostat on
& heavy conerete block-(about 103 kg} resting on rubber pads. All
rotary pumps and some large booaster pumps could also be mounted -un
indspendent concrete blocks, as an additional precaution.

The use of & shield at 30 to 50 mE should decrease the effect
of radiaticn and exchange gas. We use either l‘He or JHe as exchange
gas, typiecally 2-3 torr at room temperature and we pump overnight at
b K.

Our background heat ieake are ususlly smaller than 10 nWatt
after a few days thet the M.C. has been at low temperatures.

i In gll casez, the problem of the residual heat leak can be over—
come by using large flow rates, at the expense of bigger heat exchan-
BeTE.

The flow dependent heat leak Q(n) 1s actually much bigger than

gx-ee. and we obee.we it to increase roughly lineerly with n, that is

§ = constant. It would be nevertheleee necessary to measure T ‘more
precisely because of the '1' dependence of the enthalpy bala.nce. This
term can be attributed to a combination of viscosity and eonduction
effects and becomes :I.mportent usually below 10 oK. ©

Typically, uhen Qree is dominating, the refrigerator reaches
some minimm temperature upon decreasing the flow rate and further
deerenee leads to a sharp Increase in '1‘ . ¥When Q{n) is dominating,
i3 A will eventually eteh:l.liee for some re.nge of n values, and only

when n 1s low encugh that qree dominates egain will T e start to
reise.
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) Q(n) can in principle be made as small as wanted. In fact
Q.. = ZnV°n? where Z ia the geometrical impedance factor (ref. 1)
siven by 2 = 128 I.hrDu for a round tube of length L and diameter D
ahd by % = 12 L/AB3 for a rectangular channel of width A and thick-
ness B. n 1s the viscosity which at low tenperaturee goee as T - and-
¥ is the molar volume of 3He, in the concentrated (V ¥ 36.8 em3lmn1e)
or diluted phase (Vy = 430 m3/lolﬁ at a eoncentration of 6.4 %).
Then Qnec is proport:l.cnel to LD 7. Since the hest aonduetion is
?roportimel to p?r~1 , it is always posaible to minimise Qv:l.ee
qeond by inoreasing I:loth length and diameter, the limit being only
the volume of liquid and of course the space svallable for the ailu-
tlon unit.

Calculation of somtinucus heat exchangers

We then calculate the total exchang: area nesded to reach '1' at
& flow rate n through equation 20, using a value of Q compatible w:lth
the minimum temperature chosen.

For Inatange, if ¢ = = and The = 2.0 K

8. 372 x' 10 g/motre
. (

Of. course, we do not want an infinite surface, so we must use a
smeller value of .  Fig. 3 showa the plot of eq. (20) for. three aiffe-
rent values of ry using as exchange meterial sintered Ag powder of
grain slze smaller than 1 wicrometer (ref. 13) dalled "French powder".
From the higher temperature part of the curve we can deduce an RKm
value of 8 x 10°2 n?K'/W from the 1%% germ of eq. (20) where the
sffect of the % term 1s neghgihle. The \Bend:l.ng upwards of the curve
pa.seing through the experimentnl points st lower ’.l.' can be attributed
to = =6 x 10 R .'.l'jmnle. A second set of point us:lng finer powder of
average diameter 700 A (called "Jzpanese Powder™) (ref. 14} is also
shown. Here, 3 = ¥1,6 x 107" J/mole.

The French powder ‘once aintered had a specific area of ,im Im
(messured by the B.E.T, method). Detells-of the sintering process are
given In the next seotion. A eenlple of the Japanese powder sintered to
a f:l.ll:l.ns fe.etor of about 50 § and carefully outgassed at .~ 150°C had
an ares of 1.8 m' Ig "The exchangers themselves were - -sintered to a fil-
ling factor of 60.% and were not outgassed at high temperature before
operation, which might explaia the higher By, = 4.8 x 1071 ?X'/W by
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&n actual loss of the total arsa. Measurements of the specific area
of this powder under different sintering conditions are being.done.
Recently, velues muoch clomser to thope of the "French powder" were
reported (ref. 15) for the "Japanese powder™, when used with pure e,

Very fine sintered powders show an inereased thermil resistivi-
ty at temperatures above about 10 mK (ref.' 16-17) due mainly to the
decreased thermal conductivity of 3l-.h‘z inside the _pores, and 1t can be
seen as & departure from the idedl "law at h:.gher tenperatu.res s for
the 2nd set of points. This effect can be minimised using relatively
thin layers of sinter, possibly with coarser grains for the exchangers
which are supposed to work above 8-10 nK.

Bulk meterizla with low Kapitza resistivities and low thermal
ecnduetivities are also good candidates for continuous heat exchangers
(ref. 18-20) but it becomes & problem when areas bigger than about
0,1 m° are needed because of the big volume occupied.

With > 21.6 x 10_“ J/mole wa obtain -ﬁ =2.5x 105 for the

mo1

French powder and % =1.5 x 106 _I for the Japaneseone,to go te 2mK or,

respeéctively 50 n° and 300 o® for a flow rate of 2 x 10 -4 moles/Becond,
which means 500 g of French powder or 166 g of Japanese powder. For

&n average density after sintering of & glem:", this gives sponge volu-
mes of 100 em’ and 33 em’, which implies that 50 cm> of >He are needed
in order to fill the pores in the Prench sinter and 16 cm’ for the
Japanese one. Of course, on the diluted 8ide, the required volume of
e is roughly 6 ¥ of the above values.

The amaller 3ﬂe consumption and total volume cececupled do favour
the use of the finer powder, but in practive we use both, for the
followlng reasons :

1) S8ilver powder sticks well only to silver or some silver pla-
ted metal and in this respect: the French powder stieks much better
than the J apanese one which needl .& mich greater pressure (hence a
loss of area}. We then use a .2 mm layer of French powder which acts
as a ‘"solder" between the metal foll and the Japanese powder.

2) Between 25 nkK and 18 mK we use a meximum of .6 mm thick
gintered Prench powder to minimise the effect of the increased Rg-

The beat configuration of a continuous H.E. for reasons of opti-
misation of viscosity and cpndu'cti_on effocts is the one shown schema-
tically in fig. 4, where the fluld flows alcng square channels. Here,
for a given viscous hesating, heat conduction and liquid volume inside
the chammels are minimpum.
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The silver is aintered on both sides of & metel foll in the
form of slaba, t = 1 to 2 mm thick and w = 1.5 to 3 cm in width.

¥ ] ] I T T

& B m 2
107 B2y french . (%
o1 povider . :‘:%'
A5
3 83 .._mlxiure of french drld
o panese powder il
: e Z;B&mosu'; japanese powder
——— kapton foils
" Tme (mK)
10 f==psa s | ] I i i L
2 3 4 5 6 7 8910

Mixing Chamber Pemperatures as 4 funmction of

% {m°mole s 1)

FIGURE 3

8ince we have calculated the amount of Ag needed,we oan estimate

the length of the total exchanger. Por.example, if t = ,15 and
2 2,0 cm, then L = 330 cm for the French powder and 110 em for the

Japdnese one. We will use for ingtance 6 elements 25 om long, which
are conveniently made in the form of olrcular boxes.

Let us now make two assumtions which are somewhat drastis but
which work well for the purpose of caloulating H.E.

1 - A1l the heat developed by viscosity and conduction goes to
the mixing chamber. .

2 - The temperature &t any length of a continuous H.E. is.the
same we would obtein by cutting it there and installing a mixing cham-
ber.
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Decause of possible instabilitles due to partial vaporisation
of ?He below the still (ref. 1 and 5) and to decrease the heat conduo-
ted backwards in the diluted side, we.use a long continuous H.E. made
either of CuNi or Brass (see next gection for deteils), which lowers
T, from .7 K to sbout,70 mK (thus T_, ~ 25 mK}. From expression 20,
witnn:2:10“md§-16x10"ueget, for Ty, = 25 mK

1=1ﬂ=d=.15m2.ﬂg
2 - =
or  ,025 HPCWNi (Rg = 1,25 x 1073

The 15% m.E, will be caloculated in the same way to go frem 25 mK
toBmKwithFrenchpowder(Rxm B x 10” ).T = § oK,
6-150-016:11 1.lll4m whichmeanna.bouthnoric.jofPrenm
powde:-. For a sintered 8leb 25 om long and 2,0 em width, this gives a
thickness of ,06 om.

Keeping these points in mind we can calculate the sizea of the
channels for the Ag H.E.

Celoulation of the ‘channel sizes
If AT is small we oan take (see fig. 4 for typleal. geometry) :

Thot k Tcold
=il —c0 g

o =

end, &8 we mentioned earlier

Qig.” InVns fn‘ [CEY)
acondf% }2 K1:1"[' = BD° (22)
Ty

. . ! o
Q‘I'_ i Qv:l.sc.'_" Qona.” ;4' HeBD

o,

If we make gp— = 0, then

! =
Where Ng, * 2—:‘{1;2— N Bee Kzlmz,

Dopt

T Schematic vlew of Heat Exchanger-

FIGURE 4

=/
Ay = D—'E—“;\L N sec Ialmz
T

T § 15 mK Tor “He,

Kd’?‘i'z%

T § 100 nk for He,.

The calculatlion proceads a= follows :
a) Given Ty » h and L, calculsate D'optd and

T‘l cold
Q'I' (‘llr.lsc non_d. )d'

b) From (1), ua.‘mg-g = E&'_‘_ (where @ is to be estimated)
caloulate T, P T, fije supposed known from the calculation of
a previous efement or ua.n be taken simply as 2.8 Tdco for "the _1“
.H.E. Remember that we gire gssuming T,d ] o for each point of
the H.E. where we would cut it andé put a mixing chamber below.

¢) Repeat the ealoulation (a) for the concentrated side to obtain
Doptro od 61‘0 dv:l.st:.., ] cond.

For the 274 e:cha.ngar, and T will be T,
of the 1°° one. Determine what will be T, for & fragtlon of the
total aresa calculated. In this cese with- § elements lefi,
o= Zgg = 50 m® or 28 gn. per H.E.,Simply add the equivaient area, in-
Japanese powder of the 1°¥ hegt. exchanger to the ares of the second,
that 18 6 x 1.6 n’ + 50 m® = 59.6 ©°. Then from (20) with

2 =EEL6—1|‘ 3 x :105 e mol ! and ‘s heat lesk equal to the eme caloula-~
¥ 10 J
teaforthei“nl (-g"l’isxio"

'1' dc e = 3.5 mE. Also caloulate '1'

deola

J/mol.) obtaln

D and

Dopt.a* Dopt.

obel = (Quq,,, * qcc:ml. u mviuc. y Qtumd. g " Q.7 fﬁ Soie aibg
ge it might turn out that otalm is largey than 1.6 x 10 'J/mol.
which means that L is too short for this thermal gradient and the
amount of powder should be decreased or L increased. The prodedure iz
identical for the other exchangers, until the minimum temperature is
reathed. v

The total heat leak as a functlion of the channel slze hes a ra-

ther flat minimum so after finding D £, this value cgn be decreased
in order to minimize the amount of helium in the channels (see
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appendix for typical channel sizes and powder @lstribution).

Obtaining high flow rates .

As we sald earlier, in order to overcoms the effects of qreu.
and als¢ to have a maximum cocoling power at a given THG' it is neces-
sary to have large flow rates, -the largest compestible with the pum-
ping systems. We have observed that for a stlll,designed (and
measured) to give high flow rates, it is the high temperature H.E.
which limits most the flow.

Fig. 5 shows the 3ne flow rates as a funotion of power to the
8till for different impedances of the diluted alde, on a dllution
refrigerator with a pumping system capable of A = 4 x 10"'molaslsec.
(two mercury pumps type Edwards 2M UA backed by a 12 m>/n Aloatel
pump type 2012 H). Curve A is for a continuous counterflow H.E. of
the type described in refs. 1 and 22 and widely used in most of the,
existing dilution refiri-

gerators. It is made of m
2 concentric CuMi tubes ""'+ _—»
1.50 long respectively = ,:.’fff
1,0 ¥m I.D., 1.5 mm 0.D. a L
and ,2 mm I.D., .8 mm I _e__..f:'a:"'
0.D. with an impedance |
8 .3 | e
Zy = 2 x 10° en’. The =t
maximum A, is limitead ol —
-5 [ 1 p T 7 1]
to 7-8 x 10 “moles/sec. apm (e

Curve B is for a H.E. 3 Y
of the type w are now He flow ratgo_a:hg ﬂ__t;ﬁlon of power
using, which
leaves to the dilute Figure 5
phase a free diameter of 2 mm (bkee"technical details"). Zn ig typical-
ly 3 x 108 a3 and the 3He flow rate goes up linearly with qst;l.li
until eventually the maximim Flow rate'poaaib].e for the pumpe is-
attained.

Curve C was obtained when we added a short section of 0,5 mm
I.D. tube in serdes with the exchanger B at a place gstimated to be at
about 300 mX. PFov this tube Z = T x 107 cm 3. The decrasse in flow
rate is drastic. j 2 -

Curve D shows -the effect of a similar valus of impedance .
(Z = b x 107) but made -of 6 m of PVC epaghetti X,D. 1,8 mm placed in
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series w:f.t_:h exchanger B,'a?t 30 mE. There i3 a very little effect on
the flow rate. :

These experiments tend.to show ‘that 1t is not the impedance byt
rather the. dismeter of the diluted side which is the important pare-
‘meter on the flow of -He quasi-particles, that is, we are facing some
oritical welocity effact which would have to be more carefully stu-
died in order to derive a quantitative expression for optimizing
length and dismeter of this H.E. At lower temperatures the tube sizes’
become large snd the 3Ee-molaz volume minimum henoe no effect on the
flow rate is expested.

Technical details

a) Silver Bxchanger Construction.

The calouleted amount of silver is sintered on both eides of a
silver—plated CulNi fail ,1 mm thick which is then fitted between two
boxes with the profile showr in fig. 4 and welded to thém. The boxes
are wade by pressing or spinning a poorly condusting metal Yike brass,
stainless steel or copper-nickel, typically ,3 to ,5 mm thieck. Inlet
and outlet tubes are soldered to each end. This sandwioh is then
twibted to meke a helix and welded -

Japanese powder 1s first pressed at room temperature to the oal-
culated dimensions, at a density of ‘45 to 50 % (about 0,5 ton/em® or
leas), which leads to a pelf sustaining but fragile sponge. A Bilver
plated CuNl foil is then centered between two silver sponges. A thin
uniform layer of French powder between the sponges and the foll acts
as a bonding agent. The sandwich is pressed inside a’jig with a brass
plston using bolts with epring washers to provide pressure during
sintering, singe the powder shrinks a little. Teflon or vespel pis-
tons, witch expend upon heating, can ‘elsc be used. | L

The apsembly 1s then taken into an oven conslsting of & heated
plate and a glass bell jar provided with g viton o-ring (ref. 21). The
oven, which was heate@ to 200°C bafore introducing the jig is then
pumped for 5 min. snd 1 Abm. Hy is 1ntroducec_l after which'1it 1s left
for sbout 40 min. The jig is then removed and cooled rapidly with com-
pressed eir. Températuré and pressure are qulte important for the
quality of the bonding and game trials should be done to minimize
these parameters in order to obtain s maximum area compatible with
‘good bonding of the einter to the foil. Exnhangérs using only (or
mestly) French powder or aimilar can be sintered directly to the foll



although we find easier to first presas it.

b) The high temperature econtinuous H.E.

We make’ it in ‘the following way : we wrap on a lathe around a2
steel rod 2.0 mm in diameter. ebout 5 m of annealed brass tube '1.-5 mm
I.D. end 2-0 mm 0.D. making a coil roughly 1.5 m long and leas than
4 mm 0.D. Abeut 1 m of CuNi tube .2mm I.D.,Ymm.QD.ig soldered to the
brass tube and the whole 18 fitted inside allmm I.D.,4.5mm 0O.D. Cu Ni
tube which is then wound in one or two flat spirals. This kind of
exchanger geometry effectively decreases the possibility of gravits-
tional instablilities in the region of temperstures where the concen-
tration of 31!&, hence the density of the diluted phase changes most,
thet is above 30 mK. The small tube acts as & secondary impedsnce to
recondense the eventual 31=Ita vapours left on the concentrated side.

The brasa tube flattens on being wrapped around the small rod
(which is of course removed afterwards), thus excluding most of the
311; volgme, but a-t_:l.ll leaving a low enough impedance of the order of
107 em “.

8till and mixing chewher desisn y

In designing an Sge evaporator (st111) two polints are impo'r-
tant : - |
1) It must hold a volume bi-g enough %o compensate for changes in he-
lium level due to different volume samplee in the M.C. or eventually
some single oyole experiment. In general we like to have a large free
gurfece for the 1liquid, typieally 50 td 100 cmz, which gives a rathar
flat etill thus saving vertical apace. It 18 nevertheless easy to
show that this area can be reduced by at least & factor 10 if needed.

‘If we pump on liquid mixturesof 3m—: and uHe the amount eof gas
evaporated from a free -surface A of 1iquid is given,using the Lang-
mir férmyls, by ’

o - 1 .
By + By = 2,88 & [P5(T) + Pp(m) - BT 7 mole a1

where P3(T-) and Py(T) are the equilibrium pressures of BHe and nH.e- at
temperature T,and Py is the pressure of the gas above the bath. With
P in Pascel (1 torr = 133 Pa), A in me and T 1 Kelvin . S8ince for
1'<0,8K, Py » Py, h = 2,48 A[P5(T) - B JT" 7 mole s 1.

Thus, for i = 3 x 10 mole s ® and A = 100 en® = 10"2 n at.
T =0,TK s We have

.

Py(7) ~ By + 1,45 x 10™2pa

since Py(7) = 8.5.Pa. Py @ P, that is for such an evaporation. area
the 1iquid is practically in equilibrium with its vapour end 10 ¢i-
mee lesa area would still be adequate since the pressure drop would
be less than 2% .
2-The amount of “He recirdulatea should be kept to-2 minimum to
avoid instabilities and viscous héabing due to superfluid accelera-
tion as well as heat releasse die to phase separation at temperatures
higher than .1 K,causinf a heat load to the tubuler H.E.(ref.5).
"Also ,superfinid 'He in equilibrium with JHe at T will enter
the M.C. in the form of high enthelpy diluted phase thus creating an
extra heat loed which can be aigniPicant when we are seeking for tam-
peratures of a few milikelvin..h an example,if 4 = 2.5 x 10"'1:1019 a~1
with 20% "He and T, = 8 mK (Tpe = 3 mk) .

Q@ =294,5x (8 x 107%) ¥ .064 x 5 x 1075 = 1.9 x 1075w wieh
might be biggér than thé background heat leak.We use eurrently‘ still
temperaturee up to 0.85 K.(18% uHe due to its inereasdng vapour
preasure)when_ we want maximm cooling power and we observe no insta-
bilities, although the minimum temperatures are all achieved with ‘He
concentrations smaller than 5% ybhat is,atill temperatures lower than
.75 K. )

The contribution to Ve circutation due to film flow along the
pumping tube-is roughly 4 x :I.O_'6 moles sec-i per om of pumping tube
perimeter. If we use a burning film type of gtill(ref. 5 and 23 )
then we can adopt large pumping tubes (6 to 8 mm ip)-hence negligible
preasure drops thus minimum temperature of the still for a given flow
rate. Neverthelegs if the still is-tg work &t flow rates greater than
2x 10° moles/sec., at temperatures where the '‘He vapour pressure is
very small compared to 3lie,i:hen 2 polished orifice of 5 or 6.mm
should be adequate sinece the 'He £ilm fiow will be only about 3% of
the total 3I:Ie Flow. -

We observe ‘the best 3l{eluﬂe ratios at a given total &still when
the tube which will burn the film is heated with the minimum power
neceéary to do 80 ,and then t-he rest of the power is applied to a
large area resiptance (50 - 100 mz) inside the bath .The lowest ratios
are obtained when heat is appiied to the body of the still.It is thus
conveniqnt that the 3He which is to be cooled to the still temperature
-be  put in equilibrium directly with the bath by mesns of a large
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grea capillary or sintered material sc.as to decrease aE much as
possible the temperature Jump betwean the bath and the H.E.,just as
with the heating resistance.

The miXing chamber (M.C.) design does not seem to have a great
infiuvence on the performance of the aliution refrigerator, as long as
the connecting tubes are compatible with those caleulated for the iut
H.E..The PHe inlet tube can stop at the top of the mixing chambers
since bring:l'.n-g it down ,benides occupying otherwise useful space insi-
de the M.C. can also lead to heating effects due to phase separation’
which can eventually exilst inside i1t =specilally with the large diame-
ters necessary for the lowest temperatures.The outlet tube for the
dilnted 3He starts from tho bottom B0 as to make the 3i!e run along all
the M.C. thus improving the temperature.” homogeneity .Fig.6 shows a

' typlecal mixing chamber. The construction material is & hot setting
epoxy resin (ref. 24) .We actually buy already cured rods(ref. 25)
which are then machined and bonded with liquéi_'.d epoxy (ref. 26 ).Access
into the M.C. is through 1a.r'ge conical plugs {total angle about. 40°)
ameared with Apiezon N or sili= -
con greapge.These seals are per-
fectly relimble and we have ma-—
de them frém about 3 to 60mm in
diameter .The®joints between
epoxy and metal tubing are made
by means of Stycast 2850 FT,The
temperatures inside the M.C.
are automatically stabilised by
heating a manganin wire resia-
tance placed in the concentra-
ted side ,close to a sliced
.apeer 100 2 carbon resistor. (ref.
27)

Pigore 6
Epoxy mixing chamber

Temperature measurements

The mixing chamber temperatures were meagured by means of the
A.C. Busceptibility of a cylinder of powtered Cerium Magnesium Nitra-
te ,of dlameter equal. to height sfrom 1K to a few mK ,with a very
sensitive mutual. indutance br:l.dge (ref.27) .Below 10 mK we have
also used the nuclear susceptiblility of powdered Pt (nef.28 )measu—
red with a continuous wave spectmeter (Q-meter) mhde with- a PAR
lock-in amplifier and generator model 124 A and a tuned circuit with
the Pt coil resonating at 140 kHz. R.F. voltagee up to 1.mV showed no
gign of saturation of the signal -
down to 2 mK .The width of the

gignal was constant zlong all m# . - o
the measurements. ]

The C.M.N. (before tub~ § e
ning the field on)was plotted _'gr E
against the height of the sig- "‘| Lo i
nal and surprisingly enough m’!r- =¥
showed no deviation from thé
cur:l.e law between 3 mK and i ;;" N i
11 mK(Fig.7) .Also shown is / \
the cooling power at a flow .
rate of 2.2 x 10~" moles/sec. LS / I i
The C.M.N, had been pravious- L =it m%m
1y calibrated against the A, Vi & Wm
Byand ¢ transitions of 35e ,.-" O RMN points only
by means of a small Pomeran- 4 ¢ Lom
chuk cell placed :i.na:_lde the '; A 0 Tcm("""l o
M.C. and in equilibrium with
it.(ref.29) ]

’ Figure T

Temperature and cooling power

* Conelusion

We have shown that temperdtures of the order of 2 mK can be
obtained in & continuous way by means of dilution refrigerators using
pintered Ag heat exchangers.For the moment we.do not think the ulti-
mate péri_‘omances have been reached and in faot it is poassible that
using finer powders to incroase the aree of the last exchangers, or

‘some improved hedt exchange mechanism ,cquld pospibly lead to tempera-



tures sround 1 mK ."Direct" heat exchange where the two phases came in
direct contact before entering the M.C. thus avoiding liquid to solid
Kapitza resintance seems the most attractive poseibility . He circula-
tion and double{ 33& - "He) eirculation mechines (ref.30,31,32) are
promiaing. devices ueing direct exchange but still demand a great deal
of ‘work to ‘mcheive lower temperatures. Hul-tiple mixing chambers
(ref.33,34) when used in comnection with a good "classical® dilution
ref:ngerator migth prove to be the beat solution although there is -
the drawback of decreased z'He flow (thus smaller copling power ).
Eventually this inconvenience might be overcome by having a last H.E.
made of a number of very small holes in the wall separating both
phases ,in such a way that the surface tension would inhibit the Flow
of JHe through the holes.Then all the JHe would flow through the
mixing chamber and heat would be conducted from one phase to the other
along the ecolumn of 3Iic-: trapped intc the ‘holes according the expres-
sion :

Q=Enfin TIE)

(1f the thermel conductivity goes as -1 hwhere A is the area and I
the length of each of the n holes and K is the coefficient of thermsl
conductivity inside the holes.For example ,to go from 2.0 mK to-

1.5 mK , .75 kg of Japanese powder area needed on each side of the H.E'..
at fi = 2.5 x 10" mole 8 ~I,to exchange .15 uW.This could bs achei-
ved with 1500 holes 50 u meters in dismeter and 10 ym long,if we use
for K the coeffeicient of bulk thermal conductivity of 3He .Prelimi-

rary experiments are being donhe in our laboratory to test this poBsi=
bility.
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- Appendix
-Galculsted valuee for continucus heet exchdngers with

3 4 -1

me=8x10-2m21t-l_ﬂ L=25cm and A =3 x 10 'mole s

_N‘! .Phese T, . (mk) .Teolq(mk} Dy, 1=(_mm)I ﬁv_,_c(ll'il) u(qz) -&exehguﬂ

1 D 30 9 .7 .01 1.8 92.5
¢ 82.6 24,5 1.7 -008 1.8

2 D 9 5.5 7.5 .ol}!l 3.6 3,08
c 24,5 14,7 2.8 .009 3.6

3 D 5.5 3.9 9.3 .0467 6.6 i
¢ 14.6 10.0 3.5 .010 6.6

] D 3.9 3.0 10.8 047 11.5 .39
c 10.0 7.2 4.1 L011 11.5
D 3.0 2.4 12.0 .050 254 a2
c 7.1 5.1 4.5 .014 25.4

i D 2.4 2.0 13.3 . 050 84.3 .45
(¢} 5.0 3.5 5.0 021 81,3

Obs. D0 t -velues can be rurther decreased by about 10- 15’ for the ree-

sons explained in the text.Furthermore, the actual leaks to the M.C.

are somewhat smaller than those calculated,as-we could expect.
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Discusslon

T.

éuga-nra: In your experiment ﬁ/ﬁs ._:I,s nearly opnsta:nf.: What is the
main reason for this? I_f this 1s true, to increase 'n3 seenms to
have no marit. i

Frossatl; The flow dependent hest leak seems to be a cambination of
viscous heating and thermal corduction effects. In this sense if
a certain .temperature 18 required a sufficliently low Q/n must be
almed for whén valculating .the channel slzea. This is always
possible by increasing the diameter and the length of an exhanger
channel until Q(x'l) becomes eventuslly lower than Q residual, in
which case aome work has to be done on vibratlonal problems,
thermal conduction along solids, exchange gas etc. ’

In minimizing Q(i) by increasing dismeter and length we are
of course essuming that no convectional instebilities or some
other m:;n-tr:l.via.l phenomena exist. To avold as muck as. poseible
convactibnal effects the diluted stream is kept horizontal as much
‘ag possihle, especlally above 30 mE, where the- concentration of 3Ee
decreases.



