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An approximate method is proposed for computing the rate of liquid helium evaporation and 
the temperature of the radiation shields in eryostats in which the shields are cooled by 

vapors of evaporating helium. 

Cryostats with cooling of the radiation shields by vapors of the helium evaporating from the cryostat 
are most convenient for diverse deep-cooling researches [1-6]. The temperature of these shields is of 
crucial importance to the operation of a nitrogen-free cryostat. The rate of helium evaporation and the 

temperature of the shields were computed in [7] for Dewar vessels with high-vacuum insulation in which 

the heat flux to the helium tank occurs only because of radiation. Similar computations were later carried 
out for Dewar vessels with a multilayer vacuum shield insulation [8]. A method of computing the evapora- 
tion rate and the shield temperature for cryostats without nitrogen cooling and taking account of the heat 

fluxes most often encountered in actually operational devices is proposed below. It may well prove in 
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Fig.  1. Schematic d iagram of a n i t rogen- f ree  e ryos ta t  with one 
radiat ion shield.  1) Hel ium tank, 2) radiat ion shield, 3) outer  
housing, 4) suspension tube, 5) mechanical  s h i e l d - t a n k  coupl- 
ing, 6 ) m e c h a n i c a l h o u s i n g - s h i e l d  coupling, 7 ) s am p le ,  8) 
cooled optical f i l t e r s ,  9) entrance window, 10) e lec t r ic  w i r e s .  

Fig.  2. Cross  section of the suspension tube. 
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Fig. 3. Graphical analysis of a eryosta t  with 5 �9 10 -4 m 3 capacity 
(ere 1 = 0.036; ere 3 = 0.013; G �9 10 -3, kg/h;  Ts, ~ a) with one 
radiation shield, b) with two radiation shields.  

due course  that in low-capaci ty  cryos ta ts  their  magnitude is g rea te r  than the heat flux due to rad ia -  
tion. 

The schematic  d iagram of such a c ryos ta t  is presented in Fig.  1. The radiation shield of this c ryos ta t  
is cooled by vapors of the evaporating helium. Let us determine the heat fluxes delivered to the shield and 
the tank with helium f rom the outer walls of the cryosta t  calculated in the s teady-s ta te  condition. Let us 
assume that there is no heat influx f rom the radiation shield to the helium tank and the outer housing to the 
shield by way of the suspension tube. This condition cannot be satisfied for  sufficient s izes  of the suspen-  
sion tube and ideal heat exchange between the evaporating vapor and the inner surface of the suspension 
tube [9]. 

The heat f rom the outer housing to the radiation shield is t r ans f e r r ed  by radiation f rom the outer 
housing to the shield qi and external radiation background to the f i l ter  q2, by heat conduction over the 
mechanical  couplings between the housing and the shield q3, and by heat conductivity over the electr ic  wires  
q4. Additional heating of the shield occurs  because of evolution of Joule heat q~ in the e lectr ic  wires  as the 
operating current  flows through them (reliable heat contact between the wires  and shield is assured) .  The 
heat fluxes mentioned can be determined f rom the following relat ionships [9-1i]  

where 

and 

ql=Coereit:l [ ( ~ ~ ) ' - - ( T s ~  4] j, 

1 
Erel= 

1/e I -~ F1/Fz (1/e 2 - 1 )  

q~=C~ Th']4-100] (l~]Ts/4] ~2J  ~-~ (1-- "t:), 

(1) 

(2) 

1 
ere2= t/%-{- F3/Fa(1/e~--I) " 

This last  expression has been wri t ten under the assumption that the f i l ter  is r igidly clamped to the shield 
and no signal is delivered to the sample f rom outside. In this case the radiation source  is the background 
with the tempera ture  of the outer housing T h and the surface of the entrance window F3: 

)~1S1 q~ = nl ~ ( v h -  T~), (3) 

~$2 
q, = .2 ~ (Th-- V ). (4) 

Assuming for s implici ty that all the Joule heat q5 evolved in the wires  is removed to the screen,  it 
can then be considered that 

q~ = I~R1AI~. (5) 
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TABLE 

Cryostat 
capacity, 
10 -4 m a 

10 
6 
5 

2,5 

Corn mr i son  of Corn 

surface area, 10 --2 m 2 

shield tank 

15,4 9,2 6,3 
13,7 10,1 6,8 
9,6 6,3 4,7 
6,5 4,4 3,2 

)uted and E x p e r i m e n t a l  Resul ts  

__ Computation 
G �9 10 "s, T, oK 
kg/h s 

5,9 t65 
6,5 166 
4,0 163 
2,9 164 

Experiment 

G �9 10 "a, T ,~ 
kg/h s 

5,7 163 
6,8 162 
4,1 166 
2,9 165 

qI to the rad ia t ion  shield is defined in this ca se  as the sum of the l is ted heat  The total heat  flux 
fluxes : 

q' = c o - -  [ ~re*F~ + ~re2Fa 

+ ( T h -  Ts) ( nl ~'zS1 s �9 + (6) 

The heat  flux q '  heat ing the rad ia t ion  shield is expended pa r t i a l ly  in d i r e c t  evapora t ion  of the liquid 
he l ium,  and pa r t i a l ly  goes  to the fas ten ing  of the rad ia t ion  shield to the suspens ion  tube and is cance l led  
by the evapora t i ng  cold v a p o r .  The pa r t  qI going f r o m  the shield d i r e c t l y  into evapora t ion  of the liquid 
hel ium is d e t e r m i n e d  by the shield rad ia t ion  to the hel ium tank q6, by the heat  conduct iv i ty  o v e r  the m e e h a n -  
ical  coupl ings  q7 and the e l ec t r i c a l  w i r e s  qs, and by rad ia t ion  of the f i l t e r  qg. In addit ion,  heat  f luxes  due 
to rad ia t ion  of the en t r ance  window qlo pas s ing  through the f i l t e r ,  r ad ia t ion  of the plug in the upper  pa r t  of 
the c r y o s t a t  throa t  qtl ,  and evolut ion of Jou le  heat  by the s amp le  q12 and the e l e c t r i c a l  w i r e s  q13 act  on the 
tank with he l ium.  These  heat  f luxes can be d e t e r m i n e d  f r o m  the fol lowing re la t ionsh ips  : 

\ 100 ) J ' (7) 

where  

1 
8rC 3 

1/% + F~/F, (1/e 1 --1) 

~,aSa 

~S~ (T s -  ~) ;  q8 = n~ -hl~ 

q9 = R~"s-" ~ -  F3. 

(8) 

(9) 

(10) 

The r equ i r ed  value RUt-u2 can be found in tables  [12]. 
Ts  

The total heat  flux qII  going into hel ium evapora t ion  because  of the f a c to r s  cons ide red  above equals  

@ = C~ \ 1 0 0 ]  + (Ts--Tg) \na ~/a" + n2 - ~  ] + R}TV' ~-~ Fa. (11) 

The heat  flux to the hel ium tank because  of rad ia t ion  f r o m  the window pass ing  through the f i l t e r  can 
be defined as:  

( Th / 4 ~ (12) qlo = CoSre2F7 \ 1 ~ ]  2~ ~" 

The heat  flux to the helium because  of plug rad ia t ion  can be e s t i m a t e d  f rom the e x p r e s s i o n  

(Tg 4 
qll=Co r 4Fo  100)' 
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where 

1 
ere 4 ----- (13) 

1/e 6 + (1/e 7 - 1 )  

Equation (13) is writ ten down under the assumption that all radiation incident on the inner surface 
of the suspension tube is not absorbed completely therein. In this case ,  the radiation on the liquid helium 
surface is incident only in the smal l  solid angle at which the lower end of the tube is seen from the upper. 
Radiation of the inner surfaces  of the suspension tube is not taken into account  here.  The true value of 
the fraction of  room radiation reaching the helium by the way of the tube can be found by a di rect  m e a s u r e -  
ment in practice during assembly of the c ryos ta t  and will be close to the rated value if the tube wails are 
strongly oxidized on the inner sur face .  

Considering that all the Joule heat from the sample and wires in the section under consideration goes 
to the helium tank, we will have 

qty. = I~R3, (14) 

ql~ = l~R2hl~n: �9 (15) 

Then the total heat flux qIII for evaporating the liquid helium in the c ryos ta t  is: 

qm = q n +  qlo + qll + qxz + qla = Gr. (16) 

Pa r t  of the heat which is delivered by way of the shield to the place where it is fastened to the sus -  
pension tube qIV is defined as the difference between the heat fluxes delivered to and from the shield 

qW = qI __qn. (17) 

It was assumed ea r l i e r  that heat is not delivered to the liquid helium by way of the suspension tube, 
hence the flux qIV should be cancelled because of the evaporating helium, i.e., the following relation should 
be maintained (Fig. 2): 

qI __ qII = Gc:~ ATg. 

Manipulating the equations under considerat ion,  we obtain 

(18) 

qI __q l I  _ G c p A T g . .  (19) 
qIII Gr 

The difference ATg in this equation can be considered as the sum of the temperature  differences 
AT~ and ATe, where AT~ is the temperature  difference to which the vapor from the entrance to the s u s -  

pension tube to the lower par t  of the place where the shield is fastened is heated, and AT" is the t empera -  g 
lure difference to which the vapor  is heated while passing over the tube from the lower to the upper part  
of the shield fastening. In Fig. 2 these sections are  between the points A and B, and B and C, respect ively .  
Then 

ATg = ATg + ATg. (20) 

The quantity /XTg in (20) is constrained by the second law of thermodynamics ,  from which it follows 
that the gas temperature  at the point C, equal to (ATg + 4.2), cannot be g rea t e r  than the shield t empera -  
ture. In the limit case (ATg + 4.2) can equal Ts, however,  the length of the suspension tube should then be 
quite large.  

Assuming the gas temperature  at the point C to differ f rom the shield temperature  T s by severa l  
degrees ,  it cart be considered that 

ATg = T s -  4.2 - -  6. (21) 

Taking the above into account, let us t ransform (19) relative to T s .  For  Tg = 4.2~ T h = 300~ we 
obtain 
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w h e r e  

A ( r~ "~5 (_r~ l'* rs 
\m-o/ \1oo ] 

A = 6.25.105 (ereaF 5 --0.16SrezFTf2"0; 

B = 4.96.102 ereaF ~ (1 3 12.66) - -  10aSrezFT~2v 

•  a A-~3  + n 2  A---~-/ ,  L3S3 )~,S.~ I" 

)~aSa ;~4S~ / ; 
C =1.26.10t  _(ha - ~  3 n~ 

Al I ] 

D=102  1 .26(634 .3)  n~, ~ - - 4  -~-na --0.2RTs f~F a 

--6.3.101 1.28ere2FT~ 3 Crew.F6 -~- --1,26I e(Ra 3 R~Alln2) 

- 2t '-XU -XUJF 
E =2.O8.10 ~ [ ~  F~ + 0 . 1 6 ~ & a  (1-- ~)] 

3 1.56.10a (n~ ~,1S~ ~,zS~ "] ( XaS 3 , ~ + n, - ~ - - y  +5.2I%AI~- 0,4 n~ Al~ 

3 n~ All ] ( 13  13,256) 30.016R~,'s -v '  ~F 3 (t %-12,66) 

30.8.105 (6 34.2) erezF7 f2~ 30,79erelF6 ~ 3 1.2613(6 34.2) (R 3 

3 t?~zXIln~). 
A n u m b e r  of p a r a m e t e r s  in (22) depend func t iona l ly  on T s .  This  equa t ion  is so lved  fo r  T s by s u c -  

c e s s i v e  a p p r o x i m a t i o n s  appl ied  to a spec i f i c  des igned  i n s t r u m e n t  by s e l e c t i n g  a su i t ab le  va lue  of T s .  The 
l .osses by e v a p o r a t i o n  G fo r  a known sh ie ld  t e m p e r a t u r e  a r e  then defined as:  

G = qm/r. (23) 

F o r  a c r y o s t a t  in which  the hea t  f lux to the tank  is only by  r ad ia t ion ,  (22) s i m p l i f i e s  and takes  a 
f o r m  s i m i l a r  to (3) in [7]: 

w h e r e  

\I00] = E', (24) 

A' = 6,25.105ema F~; 

B' = 2.6.104 [ere,,F s (0,0230,246) _ Sre,Fx ] ; 

E' =2,08.  105erelF1. 

The compu ta t ion  was  v e r i f i e d  on a s e r i e s  of s i m i l a r  c r y o s t a t s  of d i f f e ren t  c a p a c i t i e s .  Af t e r  the r a t e  
of he l ium e v a p o r a t i o n  f r o m  the c r y o s t a t s  and the t e m p e r a t u r e s  of the i r  r ad i a t ion  sh ie lds  had been  m e a s -  
s u r e d ,  the r educed  r a d i a t i v i t i e s  of the work ing  s u r f a c e s  e r e  1 and a r e  a w e r e  d e t e r m i n e d .  They  w e r e  found 
to equal  0.013 and 0.036. T h e s e  v a l u e s  w e r e  i n s e r t e d  as ini t ia l  va lues  in the c o m p u t a t i o n  of o the r  c r y o s t a t s .  
Such c r y o s t a t s  w e r e  f a b r i c a t e d  and i nves t i ga t ed .  The compu ted  and e x p e r i m e n t a l  da ta  (p resen ted  in Tab le  
1) a r e  in s a t i s f a c t o r y  a g r e e m e n t .  The inves t iga t ions  conducted  c o n f i r m e d  tha t ,  in p r a c t i c e ,  the  hea t  f lux 
o v e r  the s u s p e n s i o n  tube had no e f f ec t  on the r a t e  of he l ium e v a p o r a t i o n  f r o m  the c r y o s t a t .  

Solut ions fo r  the sh ie ld  t e m p e r a t u r e  and the r a t e  of he l ium e v a p o r a t i o n  can be obta ined  g r a p h i c a l l y .  
The fol lowing s y s t e m  of equat ions  connec t ing  the shie ld  t e m p e r a t u r e  to the r a t e  of he l ium e v a p o r a t i o n  
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[ Ts~ 4 Gr = Coere3F a 1,1~] ' 

f (  Th'/ '  - / T, ~'] (T, '  I' OCp (T s --4,2-- 8) = CoSrelF1 1 - -  Coere3F5 
l ~ ' /  J \100/  ' L \ 100 ] 

(25) 

can be composed on the basis of (11) and (18) for a c ryos ta t  in which the heat is supplied to the helium tank 
only by radiation from the radiation shield. 

The results  of a computation for a c ryos ta t  of 5.10 -4 m 3 capacity are presented in F ig .3a .  The 
figure shows a family of curves  for Th = 300~ and 6 = 3, constructed for different ratios F J F  1 under the 
assumption that F z and F 5 are fixed and given. Curve 1 has been constructed from the f i rs t  equation in the 
sys tem,  and 2, 3 and 4 from the second. Curve  2 corresponds  to the limit case when the surface area  of 
the radia t ion shield equals the tank surface area,  and 3 corresponds  to the other l imit case when the shield 
surface a rea  equals the housing surface area.  Curve 4 corresponds  to the selected construction.  The 
ordinates and abscissae  of the intersect ions of the curves yield G and Ts, respect ively ,  for  each of these 
cases .  A change in the ratio Fs /F  1 from 0.5 to 1 results  in a 20-25~ change in T s in the 155-180~ tem-  
perature  band. Hence the helium evaporabil i ty changes approximately 1.7-fold. An anaiogous problem 
taking account of the heat fluxes listed above is also solved graphical ly by success ive  approximation. 

The relations presented can also be used to design analogous cryos ta ts  with two and more  shields.  
To est imate  the influence of the second shield on the evaporation rate and shield temperature ,  we con-  
sidered a c ryos ta t  having the following pa ramete r s :  

F 5 = 4.7-10 -* m 2 ; F 1 =6.3.10 -~ mZ'; FI =9.6.10 -2 m2'; 

Fh= 13.10 -~ m2; ere2,=0.013; e:rel=0.04; ere=0.03- 

The solution of the sys tem of equations 

f( T.s~" " 7g 4 qlo=Coere3Fs L\~-~j--[~-~) ]=Gr' 

q~l = qlo "-~ GCp (T s - 4 . 2 -  8) = coe~eF~ \ ~ ]  j , 

' [(  T h e '  i T ' . ] ' ]  

(26) 

was found graphical ly.  

The following relations were obtained from (26) by manipulation: 

CoSre3F5 ( 1 ~ )  4 

F 

CoerelFl[(To]-- ,~] j 
G ~  

r +  cp (T s --4.2-- 5) 

T s = T s [  S,reF1 1 + - -  -r +1 

(27) 

The results  of a computation for a c ryos ta t  of capacity 5 -10 -4 m 3 are presented in Fig .3b,  where the 
temperature  of the f i rs t  shield in ~ is plotted along the absc i ssa  according to the lower scale ,  and that of 
the second shield according to the upper scale ,  and the rate of evaporation in kg/h is plotted along the 
ordinate.  The appropriate value of evaporabili ty can be found at the point of intersect ion of the curves .  
Use of a second shield lowers the temperature  of the f i rs t  by 20-25~ end diminishes the rate of helium 
evaporation 1.8-1.9-fold as compared with a s ingle-shield cryos ta t .  F rom the computation it appears that 
the temperature  of the f i rs t  c ryos ta t  shield cannot be higher than 160~K for the selected values of the 
radiativit ics of the working sur faces .  The dependences presented in F i g . 3 a , b  prove to be valid even for 
c ryos ta t s  of different capaci t ies .  
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However ,  it should not be forgot ten that the lower  ra te  of helium evapora t ion  is achieved in prac t ice  
because of an inc rease  in the c r y o s t a t  s ize  and weight.  

e0 
e re  l, e re  2, ere 3, ere4 

F1, F2, F 3, F4, F 5, F6, F7 

Th, Ts ,  Tg 
gl, g2, 83, 84, g5, 86, ~7 

~2 
T 

n 1 , n2, n3 

kl,  k2, k3, k4 

Si, $2, $3 

A/ t ,A /2 'A /3 ,A /4  

I 
R~, ~ ,  P~ 

l 
d 
RPl-P2 

Ts 

G 
r 

ATg 

Cp 
F~, T' 

S 

! 

ere  
qlo, q21, q32 

N O T A T I O N  

radiat ion coefficient  of an absolutely black body; 
reduced emi s s iv i t i e s  r e spec t ive ly ,  of the housing and shield,  entrance b a c k -  

ground and f i l t e r ,  shield and helium tank, plug and liquid helium; 
su r face  a r e a s ,  r e spec t ive ly ,  of the shield,  housing, f i l te r ,  window, tank (flask), 

liquid hel ium,  and sample  ; 
t e m p e r a t u r e  of housing, shield,  and tank su r f aces  ; 
e m i s s i v i t i e s ,  r e spec t ive ly ,  of the shield,  housing, f i l te r ,  window, tank, plug, 

and liquid helium s u r f a c e s ;  
solid angle within which the window radiat ion is dis t r ibuted;  
f i l t e r  t r a n s m i s s i o n  coefficient;  
the n u m b e r  of s i m i l a r  mechan ica l  couplings and e l ec t r i ca l  w i re s  between the 

housing and shield and shield and tank; 
mean  heat  conductivity of the mechanica l  couplings and e lec t r i ca l  wi res  in 

appropr ia te  t empe ra tu r e  bands;  
c r o s s - s e c t i o n a l  a r e a s ,  r e spec t ive ly ,  of the mechanica l  h o u s i n g - s h i e l d  coupling, 

the w i r e s ,  and the mechan ica l  s h i e l d - t a n k  couplings; 
lengths,  r e spec t ive ly ,  of the mechan ica l  couplings and wi res  in the housing 

- s h i e l d  and s h i e l d - t a n k  sect ions  ; 
working cu r r en t ;  
mean  r e s i s t i v i t i e s ,  r e spec t ive ly ,  of wi res  in the h o u s i n g - s h i e l d  and shield 

- t a n k  sec t ions ,  and sample  r e s i s t iv i ty  at the working t empera tu re ;  
total length of the suspens ion tube; 
d i a m e t e r  of the suspension tube; 
radia t ion of the f i l ter  sur face  in the wavelength band f rom ~1 to ~2 at the t e m -  

pe ra tu re  T s 
m a s s  flow rate  of the evapora t ing  hel ium per  unit t ime;  
latent  heat of v a p o r - f o r m a t i o n  of hel ium; 
t e m p e r a t u r e  d i f ference  to which the vapo r  is heated f rom the ent rance  in the 

suspension tube to the upper  pa r t  of the piace where the shield is fastened 
to the tube; 

t e m p e r a t u r e  di f ference between the shield and the vapor  at the point C; 
specif ic  heat of the hel ium gas;  
su r face  a r e a  and t e m p e r a t u r e  of the second shield in a c ryos t a t  with two 

shields  ; 
reduced emi s s iv i t y  of the f i r s t  and second shield s u r f a c e s ;  
heat  fluxes in the c ryos t a t  with two shields f rom the f i r s t  shield to the tank, 

f rom the second shield to the f i r s t ,  and f rom the housing to the second 
shield,  r e spec t ive ly .  

1 
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