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Abstract-A convenient algorithm for calculating the overall reflectivity from, and the absorptivity in each 
layer of. a multi-thin-film array is reported. To account properly for interference the radiative transfer 
problem is formulated in terms of the amplitude of the electric field vector rather than the radiant flux or 
intensity. Commencing with a substrate, the system coefficients are construcred by finite element embedding. 
When rhe embedding builds to the top of the array. the field amplitude is assigned a normalized value of unity. 
and the remaining amplitudes are back calculated step by step. The Poynting Theorem permits the 
normalized fluxes lo be found. and dilierencing then gives rhe absorptivity ofeach layer. Absorbing media, 
polarization. interference. and oblique incidence are all fully included. The absorptivity-per-layer values are 
needed in analyzing the cooling requirements of laser mirrors and absorbers used with high concentration 

solar collectors. 
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amplitude of electric field of upgoing 

wave above the 11th interface; 

amplitude of electric field of downcom- 

ing wave above the 11th interface; 

amplitude of clcctric field of upgoing 

wave below the nth intcrfacc; 

amplitude of clcctric field of downcom- 

ing wave below the ,Ith interface; 

* wavcnumbcr for medium n; _ 

thicknsss of rIth medium; 

electric field strength ; 
magnetic field strength ; 
z-direction unit vector; 

absorptive index of medium n; 

thermal conductivity; 

unit imaginary number; 

radiation mean free path; 

medium attenuation and phase change 

parameter, equation (6); 

total number of interfaces (and films); 

refractive index of medium n; 

radiosity [W/m*]; 

irradiation [W/m21 ; 
net flux [W,‘m’]; 

reflection coefficient, equation (I I); 

Fresnel reflection coefficient for top of 

ttth interface ; 
Fresncl reflection coefficient for bottom 

of rrth interface; 

Frcsnel reflection coefficient for inter- 

face between media i and j; 

time; 

Fresnel transmission coefficient for top 

of nth interface; 

Fresncl transmission coefficient for bot- 
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tom of ,Ith interface; 

T. temperature; 

Tm. transmission coefficient. equation (IO); 

:. distance normal to surface. 

Greek symbols 

absorptivity; 

thermal dilTusivicy ; 

wall thickness; 

cmissivity ; 

angle from normal ; 
wavelength in vacuum ; 
SMan-Boltzmann constant. 

Subscripts 

i. j. tn. II. 
0. 
(PI. 

6). 

Superscripts 

+. 

-, 
l 

ith. jth, tttth or 11th interface or medium; 

incident radiation; 

polarization parallel lo plane of 

incidence ; 
polarization perpendicular to plane of 

incidence ; 
thermal ; 
vector components. 

upgoing; 

downcoming radiation; 

complex conjugate ; 
complex quantity (for emphasis). 

Cossu)I:R the problem of predicting [he transient or 

steady temperature in a solid exposed on one face lo a 

high flux of radiant energy. If the time of exposure I is 

long enough so that thedepth ofa thermal wave J(*,r), 

where a, is the thermal diffusivity, is large compared to 

the radiant exponential decay length L, in the solid, 

and the thickness of the solid S is also large compared 
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to L, one treats the problem as a standard conduction 
problem subject to a radiation boundary condition 

ST 
-k,l;- =q- _ COT* 

1‘” ” 0 

where z is the surface absorptivity, q- is the irradiation 
(W/m’) and the other terms have their usual meaning 
as shown in the Nomenclature. However. when the 
exposure time is short. the solid thin, and.‘or the solid 
material is not highly opaque. the distance L, over 
which the radiation is attenuated may not be small 
compared to J(z,t) or 6, and the leve) of analysis above 
is inadequate. Instead, it is necessary to have know- 
ledge of how much radiation is absorbed as a function 
of depth from the surface and use this knowledge to 
formulate the problem as conduction with a depth- 
dependent volume heat source. 

The problem becomes more complex when the solid 
is multilayered. because a simpleexponential radiation 
decay law no longer holds. But multilayer thin films 
are the rule rather than the exception for high pcrfor- 
mancc laser mirrors and are used on solar collectors, 
spacecraft thermal control surfaces. and solar LYII 
covers, Thus the prohlcm arises of how to compute the 
absorbed tlux in each layer of a multilayered thin film 
system. 

A similar problem ari.ses in computing the absorbed 
flux in each layer of a multiglazed solar collector. This 
problem was addressed by Wijeysundera [I], who 
formulated it in simultaneous linear equations to be 
solved by matrix inversion. Siegel [Z] had previously 
used the net radiation (radiosity - ir~diation) ap 
preach to compute transmission through a stack of 
plates. A more convenient computational algorithm 
was found to be finite element embedding (33, an 
extension [4] of the differential em~ddin~ technique 
developed by Bellman et ~1. (see. e.g. [5]). 

In order to apply such a technique to multilayered 
thin tilms, it is necessary to account correctly for the 
fact that the layers have thicknesses that are fined and 
comparable to the wavelength of the irradiation. 
Reflected electromagnetic waves from different ele- 
ments of the thin titm array interfere, constructively or 
destructively, and that interference is used by the 
optical designer to obtain the desired result, avery high 
reflcu;ivity in the case of a laser mirror. or a very high 
absorptivity in the case of a solar absorber. 

The optics of multi-thin-~lrns are well drzeloped. 
The problem of predicting the overall retlcctivity or a 
multilayer stack or designing a stack to obtain a 
desired retlectivity has received much attention. e.g. 
[6]. The problem of predicting the peak absorption in 
a weakly absorbing dielectric layer has also attracted 
attention, because peak absorption has been as- 
sociated with laser-induced damage. An excellent 
literature survey is given by Bennett and Burge [7]. AS 
stated by them: “When the optical properties of a 
single- or multilayer-film-coated surface are calculated 
as a boundary value problem, immensely complicated 

expressions result.” To avoid this complexity Apfel [Y] 
employed a recursion relation, in effect the embedding 
algorithm that itself can be regarded as a form of the 
Gauss elimination algorithm. Apfel suggested using 
the recursion relation to find the immediate boundary 
conditions on a layer and compute the peak timr- 
averaged field squared. The calculational method is 
outlined; comolete details are not given. 

A significant factor in muttilayer films identified by 
Temple er al. [9] is absorption in thin ((a. 0.1 jrm) 
interfacial layers. The presence of an interfacial layer 
was inferred from two types of measurements. In one. a 
film showed an absorptance virtually independent of 
thickness at a value higher than the bare substrate. In 
another, a wedge-shaped tilm was shown to display a 
residual jump in absorptance when measurements 
were extrapolated to zero thickness. Bennett and 
Burge [7] identified scattering from imperfections as 

another factor increasing absorption. 
In what follows the problem of finding the absorp- 

tivity in each layer of a multi-thin-film array is solved 
by applying the finite element embedding algorithm. 
Theatgorithm isdeveioped and presented in full dotail. 
and sample cittcul;~ti(~ns are shown. Arbitrarily ah- 
sorbing media. po~~ri~ati~~n, and ohliyuo incidtncc arc 
all fully included. Interfacial layers can be included to 
the extent that their properties are known, but no 
provision has been made for ~~ltt~ring. 

AS c;tn be seen in Fig. I, ;I layered stack of thin films 
consists of a number of materials of various thick- 
nesses. These materials are media for tr~Insmissi~~n of 
the electromagnetic radiation and are numbered from 
I to N from the substrate up to the top of the stack. A 
final medium, air or space, exists above the stack and is 
given medium number IV f 1. Above each medium is 
an interface between it and the next one. These 
interfaces are given an index number as shown in the 
figure. The numbering from the bottom to the top 
facilitates using the embedding algorithm. 

Retlection and transmission occurs at each interface, 
and absorption occurs upon the passage of radiation 
through each layer. Because the layers have regular 
thicknesses, precise to a small fraction of a wavelength 
(in contrast to say a piece of window glass). the 
electromagnetic waves interfere: for example the wave 
reflecting from the top of the ith intcrfacc and one 
reflected from the i - I interface below and transmit- 
ted through the ith interface have diiTcrent phases 
because of the longer upward and downward path 
taken by the latter. To account for the regularity in the 
phase differences between the waves it is necessary to 
formulate in terms of electric or magnetic amplitude 
instead of radiant tlux as is usually done by the 
radiation heat transfer worker. Ncycrthcless, the 
radiosity - irradiation approach usually favored by 
the heat transfer worker can be retained with consider- 
able advantage to the ray tracing approach sometimes 
taken by the optical worker. 
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I:I(;. I. Multilihn intcrfwc ;md medium number wsipnmcnts. 

l’;lking an irradi;ition radiosity approach. one’ dis- 

tinguishcs hclwscn the lot~~l upward traveling wave 

(the radiosity) and the total downward travclinp w;ivc 

(the irradiation ). Above the ttth intrrface the electric 

field amplitude of the upward W;IW is denoted ,4,,’ as 

shown in Fig. I, and the downward W;IVL’ there is ,4,;. 

The upward wave travcrscs medium 11 + 1 and thus 

cxpsrisnccs some attenuation (absorption) and phase 

shift before arriving beneath the )I + I intcrfrtcc. Be- 

neath the 11 + I intcrfaca the upward wave ckctric field 

amplitude is dcnotcd ff,‘, ,. Similarly the downward- 

going wave bcncath that interface is drnotcd S,, , as 
shown in the ligurr. 

To summari7c. the subscript of an intcrbcial quan- 

tity dsnotrs the interface. and the subscript of ;I 

material property or Ia+ thicknsss denotes the 

medium. The ith interface lies ~tbovs the ith medium. 

The Frcsncl cocllicicnts [IO, I I] are intcrlkkl 

quantities that rclatc the amplitudes ;~hovc and below 

each intsrbcu. Dsnotc as r. the rcllcction cocflicicnt for 
the downward W;IW above the !I intsrfacc and the 

transmission cocfiicicnt as I,. Let those for ths upward 

W;IVC below ths II intcrfncc bc ri and rb. The single 

intcrfacc subscript is used in place of the usual double 

medium subscript [I l] as follows: 

r. = r. + , “. fn = tm.1.n 

ri = r,.,, ,. r:, = f”,” _ , * 
(la d) 

where for p-polarization 

r 
tijcos (7, - ti, cos ‘7, 

l_,lP, = 
Ii, cos 9, + ti, cos t7T, ' 

(2a) 

'i.jtpb = 

26,cos 0, 

6, cos 0, + Ii, cos f7, 
(2b) 

and for s-polarization 

ri. ,,., = 
tii cos 0, - tij cos 0, 

ti, cos 0, + ti, cos 0, ’ 
(‘c) 

ft. jC5l = 
Zti, cos 0, 

ti,cos0, + ti,cosCI,’ 
Cd) 

The tilde denotes complex arithmetic. Quantities A,, 

B,. E. H, no,, rn. R,. rn and T, are also complex. Snell’s 

law relates the complex sin II, to the real angle of 

incidence (I,,. 

ti, sin 0, = ti, + , sin 0, + I = sin I),,. (3a) 

cos 0, = \ 
.-7 
I -sin-II, = ,/I - (sin’/),, ti,‘). (31) 

The complex index of refraction is 

ti, = tf, - ;/ii (4) 

whcrc i is the unit imaginary numhcr J( - I). The 

(real) rcfractivc index is tt ,. and the absorptive index is 

k, in the jth medium. With this notation the .A, and W, 

amplitudes arc rclatcd as follows: 

A,,’ = r,Amu + r:fl,’ , (SSI 

II,, = r:HM+ + r,A; (Lb) 

Equation (Sa) is the mathem;Azal statsmcnt of the fact 

that thr upward W;IVC’ ;thovc the ttth intcrfacc is formed 

by rcllcction of the downward W;IVC’ from ahovc plus 

transmission of the upward wave from below. Sim- 

ilarly eqn. (5b) states that the downward wave below 

is formed by rellcction from below of the upward wwc 

bcncath the interface plus transmission of the down- 

ward wave arriving from above. 

The complex amplitude change in phase and magni- 

tude upon traversal (upward or downward) of medium 

tt + I is accounted for by multiplier ttt, + I [I I] 

% c I =cxp(-ti,,,cosI),+,2nt/,+,,‘i.) (6) 

where i. is the wavelength in medium A’ + I, assumed 

to be a dielectric (vacuum or low density gas) with unit 

refractive index. and rl,, + , is the thickness of medium 

tt + I. Accordingly 

II’ n*l = 111, , , A”’ . Ua) 

A, = n1, + l II,, , . Vb) 

With .4: ,, , , prescrikd for a given component of 

polarization and B,* = 0 there are 4 unknowns (,4,*. 

.4,J. f3,,,. B,) for each of A’ - 2 interfaces (tt # I or A+) 

and 3 unknowns at interfaces I and A’. making a total 

of 4N - 2 unknowns. There are two equations [5(a) 

and 5(b)] for each interface (tt runs from I to N) giving 

2N such equations and two equations [7(a) and 7(b)] 
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for each layer (media 2 to 1V) giving t(.V - 1) more. complex conjugate of the magnetic field amplitude 
The total of -IS - 2 equations can be soived by matrix vector. k is the unit vector in the :-direction normal to 
inversion. but the embedding algorithm is more the interface, and (I* is the incident flux normalizing 
convenient. factor: 

E3lBEDDtZG 

For a given component of polarization. imagine that 
amplitude ,+,I+ f is known. Let all amplitudes be 
normalized to that value. Suppose also that the linear 
relation between A: and A; is known ; cnll it R,, then 

/I,+, = I, (8) 

A,’ = R,A,. (9) 

The outgoing wave amplitude A,,++, normalized by 

A;+ I is R,+, and is sought. We have equation (9) and 
equations 5(a, bf and 7fa. b). To recapitulate: 

R n+l ==rll+, + f:+,B,‘,,. (5a) 

B, , = r:, + t B,e+ t + 1, i , . (%I 

B’ n+l = Of, + 1 AZ. 0) 

A, = rtl, + , B, . Vb) 

A; = RJ,. (9) 

Substitute equation (7a) into (Sb) and the result into 
equation {7b). Introduce equation (9) and solve for the 
normalized A; : 

Substitute equation (10) into ~qlj~Iti~)n (9) and the 
result into equation (5a) to find the dcsircd recursion 
formula 

2 

R 
WI + 11, + , t, + , ’ R 

nt, =r,+, + -.-_“, 
I -m,2+,r:t,R, 

(11) 

The embedding procedure commences with R i = rl 
and T, = I I. Then equations (10) and ( I I ) generate TX 
and RL and then T, and RJ. and so on, up to T, and 
R,. These (complex) coeflicicnts are computer calcu- 
lated and stored for each componrnt of polarization. 

PlM.lsr~ 

Once the set of R, and T, are found, the wave 
amplitudes normalized to A,< = I can be back calcu- 
lated by peeling off one interface after another. From 
equation (10) written for !I = nf - I, 

A,.., = T,A,. tw 

Commencing with )tl = N and peeling back to N - I, 
N - 2, . . ., 1, one tinds the set of A,. 

When the amplitudes are found (or as soon as each 
one is found) the net flux can bc found above or below 
the corresponding interface. Poynting’s Thcorcm sta- 
tes that the normalized flux is 

q = Re{k . ,? x fi*;,‘q,, (12) 

where E is the complex electric tield vector. fj* is the 

(I” = (A,, , IL cos u, + * = cos U”. (13) 

The z component of the vector cross product 2 x A* is 
composed of two terms. E,H: and - &,H:, the 
former being the p-polarization contribution, and the 
latter the s-polarization component: 

qn,,,, = RefE,H~~,‘cosO,. (14a) 

qntq, = Re i - E,H: ) n kos f?,. (14b) 

Above the nth interface in medium n + I the complex 
:-direction-cosine is cos t?,, + !, and the complex Z- 
wavenumber is 6,,+, = fini,+ I cos fT,,+ ,, Maxwell’s 
equations show that 

E, = cos ir, + , [A,,, - &+,,,I. (15a) 

E, = A,*, + An;.,. (15b) 

If, = ii, + ,[A&, - &a (15c) 
If,. = 4 t ,[A,,,, + A&,1. (1Sd) 

As a check on the accuracy and one guard against 
pr~~gr~lmming error, it is as well to compute <fntpt and 
qn,.) b&w an intcrfacw and compare thorn to the values 
above. Since intcrf~~~i~;t absorption is pr~~vid~d for only 
by having discrete finite (albtit thin) htycrs. the values 
above and below the interface must agroc to within 
round-olT error. D&w tho intcrfacc 

E, = cos ir,[ s, ” - s,: J, (14a) 

E, = B,;“, + B,:,,* 116b) 

HX = r;.EB,:,, - B,,,]. 116c) 

II, = cos fT,[B”+(,, + B,,,]. (16d) 

Equations I-t(a) and (b) give the fluxes. 
The partial absorptivity of each layer can then be 

found by differen~ing. For the nth medium (11 = 2. N) 

%P) = (I”(P) - li.-I&q, (17a) 

anf*t = 4 Ill*) - Yn - it*)’ (17b) 

For an opaque substrate 11 = I the absorptivity is just 
the norm&cd flux entering it. For irradiation that is 
(on the average) unpolarized the partial ~ibsorptivity of 
the nth iaycr is 

a, = :Cr,,,, + %,.,I. (181 

The system absorptivity is, of course. 

s 

a,-S=nC,a,=I -4. f19) 

Equation (19) (which can be written for each com- 
ponent of polarization as well as for the average) really 
consists of IWO relations, serving as yet another check 
upon the ca[~ulation. 



Finite clement embedding with optical interference 819 

Table 1. Sample results for a five-pair high-low half-wave multilayer system 

Net flux for Partial 
Interface Normalized flux unpolarized irradiation absorptivity 

or medium above and below intcrfacr above and below interface of medium 
n YllPl 4.f.I 4. % 

1 0.9 14408 0.873523 0.893966 0.893966 
2 0.918523 0.877468 0.897996 0.004030 
3 0.922745 0.881573 0.902159 0.004163 
4 0.926900 0.8R5556 0.906228 0.004069 
5 0.931147 0.889683 0.910415 0.004187 
6 0.935354 0.893723 0.9 14538 0.004123 
7 0.939613 0.897852 0.918733 0.004195 
8 0.943881 0.901959 0.922920 O.CQ4187 
9 0.948147 0.906085 0.927116 0.004196 

10 0.952475 0.910259 0.931367 O.M)4251 
11 0.956754 0.914388 0.935571 0.004204 

Substrate properties: n, = 1.5, C, = 0.0. 

Even (n = 2. 4. 6. 8. 10) medium properties: nz = 1.4. kz = 0.00093. d, = 3.75 jjm. 

Odd (n = 3, 5, 7. 9, 11) medium properties: n., = 2.1. k, = O.tIOl43. d, = 2.5Ojrm. 

Wavelength: L = 10.5jjm; angle of incidence: 0, = 30”. 

SAMPLE RESULTS 

Optical coatings for laser mirrors. solar absorbers, 

solar cell cover-glasses. and spacecraft thermal control 

surfaas often consist of arrays of pairs of materials. At 

times thin layers of B third material arc introduced to 

provide a dillusion barrier or to improve adhesion. In 

the preceding development any number of diGrent 

materials may be accommodated when their thick- 

nesscs. optical propertics. and order of stacking are 

known. Two examples are prcscntcd. one for a half- 

wave stack of pairs of matcrinls. and the other for a 

single pair. 

Table I shows results for an array of five pairs of 

one-half wave high-,t-low+1 layers. The one-half wave 

layer has thickness such that II&E. in equation (6) is I. 

It minimizes reflection and thus transmits a high 

fraction of the incident irradiation into the substrate. 

In this example the absorption per layer is small. A 

normalized flux of 0.935571 is transmitted through the 

top intcrfacc (tf = I I ). I - 0.935571 = 0.064429 is 

reflsctcd. and 0.931367 is transmitted through the 

second intorfacc (II = IO) etc. The di&rence. 

0.935571 - 0.931367 = 0.004204, is absorbed in the 

top Inycr, medium I I. and so on. The bulk of the 

irradiation. a fraction cqu:~l to 0.893966. p;~sscs into 

the substrate. To (at Ic;lst) the number of digits shown. 

Table 2. Sample results for a quarter-wave absorber/emitter 

Wavelength i 

fjjm) 

Partial absorptivities 
of media 

aI =1 01) 

Absorptivity 
of system 

Cz, + 11 + ‘x, 

3.oO 

3.25 
3.50 
3.75 
4.00 
4.50 

5.00 
5.50 
6.00 
7.ot-l 
8.00 
9.00 

IO.00 
I2.00 
15.00 
I R.00 
24.On 
30.00 

0.1656 
0.074-t 
0.0430 
0.0336 
0.03 17 
0.0406 
0.0697 
0.12X’ 
0.1564 
0.0720 
0.03X6 
0.0273 
0.0249 
0.0191 
0.01 Rh 
0.0198 
0.0237 

0 0. I295 0.295 I 
0 0.4567 0.531 I 
0 0.5716 0.6146 

0 0.0604 0.6400 

0 0.6122 0.6439 

0 0.5737 0.6143 

0 0.4488 0.51x5 

0 0.1904 0.3186 

0 0.0504 0.206,x 
0 0.4046 0.4766 

0 0.5509 0.5895 
0 0.6003 0.6277 
0 0.6157 0.6406 
0 0.6326 0.6517 
0 0.6274 0.6460 
0 0.6125 0.6323 
0 0.572x 0.5965 
0 0.5’79 0.5557 

Substrate properties: rt, = k, = lO(i.,‘i.,,)’ I, i., = I?jjm. 
Medium 2 properties: n1 = 1.5. k, = 0. r/, = 2.Ojrm. 
Medium 3 properties: n, = k, = lOfiJi. n )’ ‘. [I, = 0.036jjm. 
Angle of incidence: 0,, = 30‘ unpolarized irradiation. 
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the below-the-interface fluxes agree with the above- 

the-interface ones. 

Table 2 shows a quarter-wave emitter used to 

enhance the emission from the back side of a solar sail 

(121 or sunshield. The solar sail is to propel a space 

vehicle by solar-photon recoil. Recall that the photon 

has energy kc/i. and momentum h i. [ 131. Thus on the 

solar side of the sail. a high reflectivity metal must be 

used. However, such a metal will inevitably have also a 

high solar absorptivity-to-emissivity ratio and may get 

too hot in the space environment. However, if the 

required structural strength of the sail is achieved by 

using a dielectric backing instead of using a metal foil, 

then the back-side emissivity can be increased. A low- 

weight system can be made (as viewed from the back) 

of a metal substrate, a quarter-wave dielectric spacer 

(rl,tl,/i., = i). and a thin absorbing-emitting top 

layer. Of course, while the system maximizes the 

emissivity at wavelength i., it minimizes it at i.,,/2. The 

total hemis~heric~if cmissivity is the rtverage over the 

Planck spectrum ftlr the service tcmpcrature. 

Table 2 shows the behavior expected. At i.,> = 12 blrn 

the system absorptivity- emissivity is a local maximum 

of 0.6517. of which 0.6236 is c~?f~tributed by the thin 

outcr layer and only 0.01Yl by the substrate. At 

wavelengths longer than i.,, the partial absorptivity of 

thr outer layer falls while that or the suhstratc rises 

somewhat. At 6jtm and again at 3,rm the system 

absorptivity is a minimum with the bulk of the rcsiduai 

absorptivity being contributed by the substrate. IS+ 

cause Ilagcn Rubcns optical behavior was assumed 

(tr e: k = c 1. “I L), the minimum at 3 jrm is greater than 

that at 6 jtm. 

The concept of finite elcmcnt cmbcdding pr~~i~)usly 

u.sed to treat layers thick (thus irregular) compared to 

wavelength has been shown to be applicable to layers 

thin and regular compared to wavclcngth, provided 

ampl~tudcs are used in the two-stream equations 

instead of radiant tluxes. Complete deta& of the 

derivation and sample calculations presented here 

make it possible for the thermal analyst to readily 

calculate the partial absorptivity per layer. 

Achnowlrdyemenr-The problem was suggested by Mr E. E. 
Luedke and Dr R. L. Johnson of TRW Systems. Mr D. A. 
Antoniuk provided able assistance in the computer program 
debugging. 
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REFERESCES 

ASSEMBLAGE D-ELEMENTS FINIS AVEC INTERFERENCE OPTIQUE 

R&me-On reporte un algorithme convenabte pour Ie calcul de la rtilectivit& globale et I’absorptivitt de 
chaque couche d’un arrangement de tines couches multiples. Pour tenir compte de finterfbrena, le probkme 
de transfert radiatif est formuk en fon&n de I’amplitude du vecteur champ dleutrique plut6t que le flux 
rdiatif ou I’intmsik Les ctxtiicicnts du systkme sont construits par association d’iitments finis en 
~ornrnensant par un substrat. Quand i’assaiation s*CI&e au sommet de l’arrangement, ~amplitude du champ 
a une vakur normalis& unitaire et tes autres amplitudes sont recalcukes pas P pas, Le thtorCme de Poynting 
permet de trouver Ies flux normal&% et en Ies ditT2renciant on oblient I’absorptivitt de chaque couche. Les 
milicux absorbants, la polarisation, IInterfCrena. I’incidence oblique sont tous inclus. Les valeurs 
d’absorptivite par couche sont n&ssaires dans I’analyse dcs besoins de refroidissement des miroirs laar et 

des absorbeurs utiliis drms Its collecteurs solaires d forte con~ntration. 
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FINITE ELEMENTE-ANWENDUNG BE1 OPTISCHER INTERFERENZ 

Zusammenhssung-Es wird ein bequemer Algorithmus zur Berechnung des GesamtreRexionsvermGgens 

und des AbsorptionsvermGgens in jeder Schicht einer mehrfachen Anordnung diinner Schichten vorpstellt. 
Urn die lnterferenz richtip anzusetzen, wird das Srrahlungsaustauschproblem zweckm33iper in Amplituden- 
termen des elektrischen Feldvektors ditrgesrellt als in Termen der Strahlungswllrmestromdichte oder 
Intensittit. Beginnend mit dem Substrat werden die Systemkoeffizlenten durch finite Elemente ermitrelt. 
Wenn die Darstellung zur Oberseite der Anordnung gelangt. wird der Feldumplitude ein auf eins normierter 
Wert zugewiesen unddie iibrigen Amplituden schrittweise zuriickgerechnel. Das Poynting-Theorem erlaubt 
es. die normierten WirmestrGme LU berechnen. Nachfolgende DilTerentiation liefert das Absorptionsvermti- 
gen jeder Schicht. Absorbierende Medien. Polarisation. Interferenz und schrBger Einfall lussen sich voll 

heriicksichtigen. Die Werte des Absorptionsvermiigens pro Schicht braucht man bei der Bestimmung der 
Kiihlungsanforderungen von Laserspiegeln und Absorbern von hochkonzentrierenden Solarkollekroren. 


