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A new type of vacuum layer  low tempera tu re  thermal  insulator is proposed,  a reflecting shield 
which is nontransparent  for radiation, having a surface with a regula r  sys tem of openings. 
Calculation of the diffraction of the e lectromagnet ic  waves allows one to make the total a rea  
of the openings close to the a rea  of the shield and thus prac t ica l ly  eliminate heat conduction 
in the insulator  by residual gases .  

The use of cryogenic apparatus on a continually growing scale in various branches of the economy 
demands ref inement  in existing methods and development of new methods and agents for their  thermal  shield- 
ing. Of all the thermal  insulators  existing at present  the most  effective is the vacuum laye r  [1] consisting 
of a number  of reflecting shields having a low degree of blackness,  success ive ly  spaced in a vacuum housing 
and thermal ly  isolated f rom one another.  

It  is known that in vacuum layer  insulators the t ransfer  of heat takes place simultaneously through 
radiation and gas and solid state conduction. Ea r l i e r  a majori ty  of invest igators assumed that the p res su re  
in the insulator l ayers  did not differ f rom the p res su re  in the space surrounding them, therefore  at a p r e s -  
sure  below 1 �9 10-4-1 �9 10 -5 t o r r  heat t r ans fe r  by residual  gases  was ignored. However, in recent  yea r s  it 
has been shown [2, 3] that the p r e s s u r e  within the insulator may reach (5-8) �9 10 -3 t o r r  even at a p re s su re  
in the insulator  housing below 2 �9 10-5-1 �9 10 -6 t o r t .  Because of this the residual gases* within the layers  
play an essential  role in heat conduction through the insulator vacuum layer .  Thus, according to the ca l -  
culation of the authors of [2] heat conduction by residual gases  in an insulator based on aluminum foil and 
f iberglass  paper  may reach 70-80%, while in an insulator of PETF crumpled sheeting aluminized on one 
side it is up to 30-50% of the total thermal  flux. 

Therefore ,  to increase  the efficiency of an insulator it is neces sa ry  to undertake measures  allowing 
one to considerably  reduce the p r e s s u r e  within the insulator.  This problem can be solved in two ways: 
e i ther  select ing mater ia ls  with minimal specific gas emiss ion,  decreas ing  the a rea  of the gas emitting su r -  
faces ,  and t rea tment  with the optimum pregass ing  technology, or  by discovering construction solutions 
which would allow the creat ion of favorable conditions for  the escape of residual gas molecules.  In the f i rs t  
of these a l imit  is reached,  determined by the level of gas emission of existing mater ia ls .  The known con- 
struction solutions also did not produce radical  changes. For  example, perforat ion of the shields allows a 
significant decrease  in gas p r e s s u r e  in the insulator layers .  Never theless  the thermal  efficiency of the 
insulator  shows prac t ica l ly  no improvement  in this case [3] because of the increase  in radiant heat t r ans fe r  
f ree ly  passing through the openings in the shields. A corrugated shield is used in an insulator of the Dymp- 
l a r  type to improve the conditions of escape from the layers .  This also does not lead to a decrease  in heat 
conduction of the insulator because of the increase  in radiant heat exchange connected with a considerable 
decrease  in the number of shields per  unit thickness of the given insulator.  

*By the t e rm "residual gases"  is meant gases  found in the insulator l ayers  due to the dynamic equilibrium 
of the p rocesses  of evacuation and gas emiss ion from the surfaces  of the insulator mater ia ls .  
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Fig. 1. Examples  of construct ion of pe r fo ra t ed  diffract ion 
shields.  

An insula tor  construct ion is p roposed  in the p r e sen t  work  in which one should expect  a cons iderable  
d e c r e a s e  in heat  t r a n s f e r  by res idual  gases  without a significant inc rease  in radiant  heat  t r a n s f e r .  I t  will 
be shown below that  taking the effect  of diffract ion into account  allows one to c r ea t e  a shield construct ion 
with the total  a r e a  of the openings close to the full shield a r e a  (Fig. 1), which neve r the le s s  re f lec t s  p r a c t i -  
ca l ly  all the incident radiat ion.  

We a lso  show under what conditions such specif ic  p rope r t i e s  of pe r fo ra t ed  diffract ion shields (PDS) 
a r e  observed .  

Usually the radi i  of shields of vacuum l a y e r  t he rma l  insula tors  cons iderably  exceed the dis tance 
between them,  which in turn is l a rge  in compar i son  with the max imum wavelength in the in f ra red  range.  
This  c i r cums tance  allowed one to cons ider  the r e f l ec to r s  and incident wave f ronts  to be  planes in the so lu-  
tion of the diffract ion p rob lem.  In addition it was a s sumed  that  the pe r fo ra ted  shield or  two-dimensional  
diffract ion grat ing re f lec t s  unpolar ized radiat ion in the s ame  way as  a one-dimensional  gra t ing  re f lec t s  
longitudinally po la r ized  waves .  

We c a r r i e d  out m e a s u r e m e n t s  in the m i l l i m e t e r  range  (on an ins t rument  f rom [4] by the method of [5]) 
of the t r a n s m i s s i o n  coefficients of one-dimensional  and two-dimensional  l a t t i ces  with a per iod on the o r d e r  
of the diffracted waves  which conf i rmed the r ightness  of this assumpt ion .  The re fo re  a numer ica l  solution 
of the diffract ion p rob lem was conducted for  the case  of normal  incidence of an E -po l a r i zed  wave on a plane 
r e f l ec to r  consis t ing of a per iodic  a r r a n g e m e n t  of conductors  in a perpendicu la r  c ro s s  section.  The choice 
of this fo rm of the e lements  al lows one to obtain shields with the des i r ed  ref lect ing c h a r a c t e r i s t i c s  having 
the l a r g e s t  s ized s l i ts  for  the given range of waves .  This  is explained by the fact  that  in obs tac les  of the 
wavegulde type the p rope r t i e s  of a diffract ion grat ing genera te  a Fou r i e r  t r ans fo rmat ion  of the incident radiat ion 
supplemented by the f i l ter ing p rope r t i e s  of a unimodal waveguide.  

In this a r t i c l e  a r e  p resen ted  the dependences of the grat ing t rans in i ss ion  coeff ic ients ,  e x p r e s s e d  in 
the magnitude of b, on the relat ion between ~hetr hermet ic :  p a r a m e t e r s  and the incident wavelength (Figs.  
2-4) found through a numer ica l  solution of a double infinite sy s t em of l i nea r  a lgebra ic  equations of the f i r s t  
type,  obtained by the method of r e sepa ra t ion  into a sy s t em of functions complete  in the l e s s e r  interval  [6]. 
The s y s t e m  of equations descr ib ing  diffract ion effects  in s t r uc tu r e s  of the waveguide type,  wri t ten for  the 
case  of longitudinal polar iza t ion of the p r i m a r y  field, has  the fo rm:  
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Fig. 2. Change in value of t r ansmi s s ion  of 
incident radiat ion as a function of the ra t io  
between wavelength and dimensions  of open-  
ings in a one-dimensional  la t t ice  for  var ious  
ra t ios  of its th ickness  h / l  and filling with 
openings 0 (b and d/X a re  d imensionless) :  1) 
h/l=0.5,  0=0 .5 ;  2) 1 ,0 .5 ;  3) 1 ,0 .9;  4) 2, 
0.9; 5) 4, 0.9. 

where  

v , . =  ' - ( - I )  ~ ; 
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la,~--b,~; la~ + b~; n = O ;  
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In obtaining the s y s t e m  (1)-(2) the per iod was taken as equal to 2v. The upper  subsys t ems  in (1) and 
(2) we re  obtained in "joining" the fields to the s l i t s ,  the lower  by sat isfying the boundary conditions on the 
meta l .  The s y s t e m s  of equations p resen ted  a r e  sui table for  a numer ica l  solution on p r e sen t  day PDS with 
a p rec i s ion  of not l e s s  than 1%. The calcula ted resu l t s  agree  well  with exper imenta l  data [7]. 

As seen f rom Fig. 2, pe r fo ra t ed  diffract ion shields have good t r a n s m i s s i o n  p rope r t i e s  for  all  e l e c t ro -  
magnet ic  waves  having a length more  than twice the s ize  of the openings of these  s t ruc tu res .  ~ In this case  
for  the wavelengths  examined the amount of t r ansmi t t ed  radiat ion can be made as smal l  as des i red  by in- 
c r ea s ing  the shield th ickness .  

I t  is shown in Fig. 3 that the m e a s u r e  b of the coefficient  of t r a n s m i s s i o n  of the incident radiat ion 
depends essen t i a l ly  on the degree  of filling of the s t ruc tu re  with openings 0 and is an exponential function of 
the re la t ive  th ickness  h/~ of the PDS. 

The concre te  choice of geomet r i ca l  p a r a m e t e r s  of the PDS is de te rmined  by the t e m p e r a t u r e  l imi t s  
in which the insula tor  ope ra tes .  I t  is known that the spec t rum of e lec t romagne t ic  waves  emit ted  by var ious  
su r f aces  depends on the i r  t e m p e r a t u r e ,  and upon its reduction,  accord ing  to Wien 's  law, the max imum 
radiat ion energy  is shifted to the wavelength region (Xmax T = 2898 p.  ~ F r o m  the dis tr ibut ion of power  
accord ing  to wavelength of e lec t romagne t ic  radiat ion for  an absolute ly  black body [8] it follows that  at t e m -  
p e r a t u r e s  below 300~ a lmos t  all  the radiant  energy  is c a r r i e d  by waves  longer  than 5p. The re fo re  in an 
insula tor  operat ing at t e m p e r a t u r e s  below 300~ the dimensions  of the openings in the shields located by 
the hot wall should not exceed 2-2.5/z. In the cold l a y e r s  these  d imensions  may inc rease  in propor t ion  to the 
d e c r e a s e  in t e m p e r a t u r e  up to 50p. 

It  should be mentioned that  the openings may  have an a r b i t r a r y  shape in c ro s s  sect ion with the condition 
that  the max imum  dimension sa t i s f i e s  the given ra t io .  
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Fig. 3. Dependence of t r a n s m i s s i o n  Of inc i -  
dent radiat ion on re la t ive  th ickness  of a one-  
d imensional  la t t ice  for  var ious  wavelengths 
and deg rees  of filling with openings (b and h/l 
a r e  d imens ionless) .  (Solid l ines for  k = 0.5; 
dashed,  k = 0.98): 1) 0 = 0.3; 2) 0.5; 3) 0.7; 
4) 0.9; 5) 0.95; 6) 0.99; 7) 0.1; 8) 0.3; 9) 0.5. 

F o r  evacuation of the gas  molecules  it is d e s i r -  
able that the dis tance between the openings, i . e . ,  the 
la t t ice  per iod,  be minimized,  although its l imit ing 
value will be de te rmined  by the technological  p o s -  
s ibi l i t ies  of building the s t ruc tu re s  under examinat ion.  
While the openings can theore t ica l ly  occupy up to 99% 
of the PDS a r e a  it should be expected that diff icult ies 
in the technology of building such s t ruc tu re s  will de-  
c r e a s e  the propor t ion of openings in the PDS to 20-25%. 

The ref lec t ive  p rope r t i e s  of diffract ion shields 
we re  examined ea r l i e r .  Below we descr ibe  the method 
of select ing cons t ruc t ive  p a r a m e t e r s  taking into a c -  
count the c h a r a c t e r i s t i c s  of heat  t r a n s f e r  in an insu-  
l a to r  in the p re sence  of such shields .  In all  p ro b a -  
bi l i ty in the proposed  insula tor  heat  t r a n s f e r  by g a s e s  
(as well  as in the solid state) is e l iminated a lmos t  
complete ly .  The re fo re  the choice of shields should 
p roceed  f r o m  the condition of providing the i r  min imum 

t r a n s m i s s i o n  of radiat ion and f rom the exist ing technological  poss ib i l i t ies  of producing the sma l l e s t  of open-  
ings. 

Because  of the magnitude of heat  t r a n s f e r  in the insula tor  by radiat ion in the absence  of openings in 
the shie lds ,  attention mus t  be paid to the propor t ion of the energy  radia ted  by the hot wall in the shor t  wave 
region of the spec t rum which is r e la t ive ly  f ree  to pass  through the PDS (Fig. 4, cu rves  3 and 5). I t  should 
be noted that,  as  seen f rom Fig. 4, the shor t  wave radiat ion (X < 2d) will a lso be blocked by the shield to a 
cer ta in  extent.  

We de te rmine  what m ax i m um  wavelength X 0 l imi t s  the" given sect ion of the spec t rum.  Fo r  this one 
mus t  take into account that  the radiat ion spec t rum of rea l  bodies di f fers  cons iderably  f rom the spec t rum of 
an absolute ly  black body. The value chosen de t e rmines  the m a x i m u m  allowable s ize of the openings in the 
PDS located nea r  the hot wall ,  which is d < ~0/2. The min imum per iod of the distr ibution of openings will 
be de te rmined  by the technological  poss ib i l i t ies  of building such s t ruc tu r e s  o r  by the necess i ty  of gas  p e r -  
meabi l i ty  of the shields ,  while this in turn is de te rmined  by the coefficient  of filling of the s c r eens  0 = d / l .  
Making use of the graphs  (Fig. 3) and assigning a p e r m i s s i b l e  value of the t r a n s m i s s i o n  in the wavelength 
region of X > 2d, it is easy  to find the requi red  re la t ive  shield th ickness  hA f rom the values of 0 and k = l/X 0. 
The calculat ions show that  the th ickness  of the PDS for  a t r a n s m i s s i o n  coefficient  b _ 0.1% does not exceed 
21 in a ma jo r i t y  of c a s e s ,  so that  for  eff icient  ref lect ion of radiat ion in p rac t i ce  it is quite suitable to use 
a luminum foil 6-20p thick. We note that the shield may also  be made f rom po lymer  f i lms covered  on both 
s ides  with a meta l  l a y e r  having a low degree  of b lackness .  

F o r  t he rma l  separa t ion  of the ref lec t ing shields in the proposed  construct ion packing m a t e r i a l s  a r e  
needed having not only a low the rma l  conductivity but a lso  good gas  diffusion and smal l  gas  emiss ion .  The 
mos t  suitable m a t e r i a l s  for  this purpose  a r e  f iberg lass  pape r s  manufactured without binders  and having 
e l e m e n t a r y  f ibe r s  0.3-0.5p in d i ame te r .  In o rde r  to a s s u r e  good gas  diffusion the th ickness  of the f i b e r -  
g lass  pape r  should be minimal  and is de te rmined  by the technological  manufactur ing capabi l i t ies  and the 
s tu rd iness  requi red  in its use. 

In an actual  insula tor  the ref lect ing shields a re  sepa ra ted  f rom each other  in space  depending on the 
th ickness  of the insula tor  housing. This may  cause resonance  pumping of energy  between neighboring p e r -  
forated diffract ion shields of waves  s ho r t e r  than half  the dis tance between them.  However ,  if b is f a r  
s m a U e r  than the absorpt ion coefficient  of such s t ruc tu res  for  the resonant  wavelength,  the resonance  t r a n s -  
miss ion  of energy  may  be comple te ly  d i s regarded .  To show this ,  consider  the p r o c e s s  of multiple r e f l e c -  
tion of waves  of unit ampli tude between two PDS with identical coefficients  of ref lect ion.  We obtain a di f -  
fe rence  in path length for  light undergoing m ref lec t ions ,  with intensi ty d e c r e a s e d  by ~ - m  t imes  f rom the 
field intensity,  and emerg ing  f rom the s y s t e m  with r e s p e c t  to l ight pass ing through the two l aye r s  without 
ref lect ion of 

A ----- 2mh-cos [~. 
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Fig. 4. Dependence of t r a n s m i s s i o n  of incident 
radiat ion on ra t io  between per iod  of s t ruc tu re  
and wavelength for  var ious  th icknesses  and 
deg rees  of openness  of la t t ice  (k and b a r e  di -  
mens ionless )  (solid curve ,  0 = 0.9; dotted, 0 
=0.5 :  1) h =  l; 2 ) 2 l ;  3 ) 4 / ;  5) l. 

Here/3 is the angle of incidence of the wave and h is 
the dis tance between shields.  Af te r  the m- th  ref lect ion 
the e lec t romagne t ic  oscil lat ion has the fo rm 

Totall ing the ent i re  field of the infinite se t  of 
r ays  pass ing  through the two shields ,  we obtain 

o o  

II = ~=o IIm = -6 exp (2nicot) [1-- a exp ( 2~i @-) ]-~. 

Consequently the field intensi ty in pass ing  through 
the two shields can be p resen ted  in the fo rm 

I = i@ I + (1 - -  a) - - - - - - -~ sin~ ~ ~ (3) 

where  ~ is the energe t ic  absorpt ion coefficient ,  equal 
to 

cz= l - - a - - b .  
I t  is seen f r o m  (3) that  in the absence  of absorpt ion independently of the value of b the plane para l le l  

s y s t e m  is comple te ly  t r a n s p a r e n t  for  all  spec t r a l  components  having a wavelength X = 2 h c o s ~ .  Fo r  l a rge  
in te rva l s  between l a y e r s  this condition can be sa t i s f ied  for  a cons iderable  number  of components  of the 
s p e c t r u m  of incident radiat ion.  However ,  if b << c~ for  the sho r t e s t  of its components  the total  intensi ty of 
the t r ansmi t t ed  field is negligibly smal l .  

The calcula t ions  made a lso  showed that  the t r a n s m i s s i o n  of incident radiant  energy  by the diffract ion 
s t r u c t u r e s  examined changes l i t t le  when the d i rec t ion of the incident radia t ion d i f fers  cons iderab ly  f r o m  the 
no rma l ,  T h e r e f o r e  deformat ion  of the shields occur r ing  during packing  of the insulation has p rac t i ca l ly  no 
effect  on the value of b. 

Thus,  on the bas i s  of the r e su l t s  of an analys is  of the mechan i sm of heat  t r a n s f e r  in vacuum laye r  
insu la tors  taking the diffract ion effects  into account  a new type of ref lec t ing :shield i s  p roposed  in the p r e -  
sent  a r t i c l e .  The use of the PDS leads  to only an insignificant  i nc rease  in radiant  heat  t r a n s f e r  and allows 
a cons iderab le  d e c r e a s e  in hea t  t r a n s f e r  by gases  in the insula tor  l a y e r s .  This  leads  to a high gas  diffusion 
both in the lining m a t e r i a l s  and in the ref lec t ing  shie lds ,  which should lead in the final ana lys i s  to a de-  
c r e a s e  in the total  heat  flux through such an insula tor .  The high gas  diffusion of the PDS is de te rmined  by 
the  fact  that  in the mo lecu l a r  s ta te  the ra te  of evacuat ion is propor t iona l  to the a r e a  of the openings,  which 
in the p roposed  insula tor  can c o m p r i s e  up to 20-25% of the total  shield a rea .  The reduction in specif ic  
weight  and the d e c r e a s e  in t ime  and expendi ture  of cooling agent  for  its cooling a r e  advantages  of the given 
insula tor ,  while a disadvantage is the complexi ty  of p repa r ing  the ref lec t ing shields .  

In conclusion it should be noted that  up to the p r e s e n t  t ime  one poss ib le  construct ion method has been 
introduced for  improving the vacuum in l a y e r s  of an insula tor  which cons is t s  in the use of pe r fo ra t ed  shields 
p e r m e a b l e  to radiat ion.  As shown in the p r e s e n t  work,  o ther  d i rec t ions  in the improvemen t  of gas  diffusion 
cons is t  in the construct ion of porous  vacuum l a y e r  insu la tors  having shields impassab le  for  radiat ion.  

h = 2h* 
0 = d/l 
d 
k = z/x 
a n and b n 

X 

N O T A T I O N  

is the per iod of the dis t r ibut ion of openings (slits); 
is the th ickness  of the gra t ing  (ref lect ing shield); 
is the coeff icient  of filling of the s t ruc tu re  with openings; 
is the d i a m e t e r  of the opening o r  the width of the sli ts;  
is the wave number ;  
a r e  the ampl i tudes  of the F o u r i e r  components  of the re f lec ted  and t r ansmi t t ed  f ields,  r e s p e c -  
tively; 
is the wavelength of the e l ec t romagne t i c  radiation; 
is the angle of incidence of the wave; 
is the d is tance  between the shields;  
is the coefficient  of re f l ec t iv i ty  of the PDS in t e r m s  of power .  
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