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A method and optical  d i ag ram of a double -beam inf ra red  spec t ropho tomete r  developed by 
the authors  to m e a s u r e  the spec t r a l  and in tegra l  t r a n s m i s s i v i t y  and re f lec t iv i ty  of m a t e -  
r i a l s  diss ipat ing radia t ion a r e  descr ibed.  The r e su l t s  of measur ing  the t r an smi s s iv i t y  
and re f lec t iv i ty  of s amples  of pinewood of different  thickness  in the 0.5-10.0 # spec t rum 
range  a r e  presented.  

Theore t ica l  invest igat ions of the radia t ion energy  t r a n s p o r t  p rocess  in cap i l l a ry -po rous  colloids and 
var ious  technical  m a t e r i a l s  diss ipat ing radia t ion [1] pose the problem of developing m o r e  p rec i se  expe r i -  
mental  methods [2] of de termining  the the rmorad ia t ion  cha rac t e r i s t i c s ,  the re f lec tance  R~ and t r a n s m i t -  
tance T~, of the objects under investigation.  

Known methods and adap te r s  to double-beam [14] and s ing l e -beam [10, 13] inf rared  spec t ropho tom-  
e t e r s  using exposure  of the sample  to an in tegra l  radia t ion flux which causes  it  to be heated s t rongly 
during the m e a s u r e m e n t ,  cannot be used to study the the rmorad ia t ion  c h a r a c t e r i s t i c s  of mois t  ma te r i a l s ,  
and of m a t e r i a l s  whose optical  p rope r t i e s  a r e  a l t e red  during heating. 

Double -beam ins t ruments  using a monochromat ic  r ad ia t ion  flux to expose the sample  [6, 7] a r e  used in 
the v is ib le  spec t rum  range  (0.40-0.75 p), but only s ing l e -beam ins t ruments  [3-13, 15, 16] a r e  present ly  used 
in the in f ra red  spec t rum range  (), > 1.0 p). 

Among the def ic iencies  of the s ing le -beam method a r e  the ex t r eme  difficulty and the long durat ion 
of the m e a s u r e m e n t  and process ing  of the r e su l t s  obtained, and high demands imposed on maintaining the 
t e m p e r a t u r e  of the radia t ion source  and the surrounding medium constant,  the invar iance  of the sample  
and etalon p rope r t i e s  and the high accu racy  in mounting them at the s ame  place during the measu remen t ,  
as well  as the demands  to a s s u r e  constant  gain of the d e t e c t o r - r e c o r d e r  unit. 

The double -beam method pe rmi t s  e l iminat ion of the mentioned def ic iencies  to a significant degree ,  
and obtaining a quali tat ive re f lec t ion  or t r a n s m i s s i o n  spec t rum of the sample ,  and r equ i r e s  a l e s s e r  ex-  
penditure of t ime. An advantage of the double-beam method is  a lso  the fact  that the cha r ac t e r i s t i c s  of all  
e lements  of the ins t rument  should be kept constant  only for  a t ime  equal to the period of rota t ion of the 
m i r r o r  i n t e r rup te r  (~0.1 sec). Optical  signal compensat ion pe rmi t s  ut i l izat ion of a radia t ion detec tor  with 
a nonlinear light cha rac t e r i s t i c ,  but possess ing  high response .  

Underlying the method of m e a s u r i n g  R~ and T~ of m a t e r i a l s  d iss ipat ing radia t ion by means  of the 
double-beam scheme  is the method of the Coblentz m i r r o r  hemisphere  [16], developed and used up to now 
only in combinat ion with s ing l e -beam ins t ruments  and p r i m a r i l y  for m e a s u r e m e n t  of R~. 

The optical  d i ag ram of a un iversa l  double-beam in f ra red  spec t ropho tomete r  developed and produced 
by the authors  on the bas is  of the IKS-14 device,  is shown in Fig. 1 in principle.  The optical  d i ag ram of the 
device is such that it p e r m i t s  m e a s u r e m e n t  of the spec t r a l  R~ and T~ as  well  as  the in tegra l  R and T of 
m a t e r i a l s  d iss ipat ing radiat ion,  and making an absorp t ion  spec t rum ana lys i s  by the cus tomary  double-beam 
method. 
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Fig. 1. Optical diagram, in principle, of a double-beam infrared 
spect rophotometer  to measure  the ref lectance and t ransmit tance 
of mate r ia l s  dissipating radiation. 

The sample is exposed to a monochromat ic  modulated radiation flux for the measurements  of R~ 
and T)x, which permits  elimination of the influence of the intrinsic sample radiation on the inst rument  
readings and significant reduction in the heating during the measurement  process.  

The image of the radiat ion source  (glow bar) 1 is projected with a • magnification on the entrance 
slit  6 of the monochromator  by using flat  2, spherical  3, and flat 4 m i r r o r s .  The collecting lens 5 is 
mounted in front  of the entrance slit 6 for  uniform exposure of the silt over the height. Pass ing through the 
slit,  the integral  radiat ion flux is incident on the parabolic m i r r o r  7, and having been ref lected there f rom 
is .expanded in a spec t rum by the pr i sm 8. Then, having been reflected f rom t h e m i r r o r  9 the monochro-  
matic  radiat ion flux passes  through the p r i sm a second time and is focused by the m i r r o r  10 onto the exit 
slit  11. By rotating the m i r r o r  radiation fluxes of different wavelengths can be directed at the exit slit, 
and then focused in the plane of the ref lect ing in ter rupter  surface 16 by using flat 12, 13, 15, and toroidal 
14 m i r r o r s .  

As the in te r rup te r  ro ta tes  (at a 8.8 Hz frequency),  the monochromat ic  radiat ion flux is directed,  by 
using the toroidal 17 and flat 18 m i r r o r s ,  to channel I or al ternatively to channel II by using the toroidal 
20 and flat 22 and 21 m i r r o r s .  

A compensating wedge 19 is located in channel I, and a photometric wedge 23 in channel II. 

An adapter  B is mounted to measu re  R~, and the radiat ion ftux of channel I is focused through an 
or if ice (~ 20 ram) in the hemisphere  with a single magnification onto the outer surface of the sample (etalon) 
32 at one of the conjugate points of the equatorial  plane of the hemisphere  28 (p = 55 mm) by using the 
spher ical  29 and the flat 30, 31 m i r r o r s .  Diffusely reflected radiation f rom the sample is collected at the 
receiving a rea  of the detector  33 by using the hemisphere.  

The radiat ion flux of the compar ison  channel II is a lso focused with a single magnification at the r a -  
diation detector  33 by using the spherical  24 and flat 25, 26, 27 m i r r o r s .  

An adapter  A is mounted for the T~ measurements ,  and the radiat ion flux of channel I is focused with 
single magnification on the outer surface of the sample (etalon) 32 by using the spherical  29 and flat m i r -  
r o r s  30, 31. Having passed through the sample (etalon), the radiation is collected at the receiving a rea  of 
the radiation detector. 33 by using the m i r r o r  hemisphere  28. The radiation flux of the compar i son  channel 
II is also focused through an orif ice in the hemisphere  on the radiation detector  33 by using the spherical  
24 and flat 25, 26, 27 m i r r o r s .  

Therefore ,  the radiat ion of channel I is incident on the detector  after reflection f rom (or passage 
through) the sample,  and the radiat ion of channel II is direct ly  incident on the radiat ion detector.  The de-  
tector  r ecords  the radiat ion f rom channel I af ter  ref lect ion from, or t r ansmiss ion  by, the sample and 
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Fig. 2. Diagram of the a r rangement  of the sample 32, the 
radiat ion detector  33, the m i r r o r  27, and the hemisphere  
28. 

f rom the compar ison channel II al ternately at the frequency 8.8 Hz. The difference in the exposure of the 
detector is compensated by the insert ion of a photometric wedge 23 in the compar ison channel II, which is 
connected mechanical ly to the pen of the recording unit, and a record  of the reflect ion or  t ransmiss ion  
spec t rum is therefore  obtained graphically in percent with respec t  to the etalon. 

A m i r r o r  with aluminum outer coating deposited on a glass  surface is the reflect ion etalon. An empty 
cuvette, t ransmit t ing substrate,  etc., depending on the kind of mater ia l  to be investigated are  the t r ans -  
miss ion etalons. 

Open-type PS-AI photores is tors  and others whose threshold sensitivity is 10- to 1000-fold g rea te r  than 
bolometers ,  RTE, opticoacoustic,  and other thermal  radiation detectors  are  used as radiation detectors.  
Utilization of cooled photoresis tors ,  bolometers ,  RTE, etc., is possible to expand the operating range of 
the instrument  and for integral measurements .  

In order  for the absorption spec t rum of a tmospher ic  gas vapors  (H20 , CO2, etc.) not to be super -  
posed on the sample spectrum, the distances between the in ter rupter  16 and the radiation detector  in chan- 
nels r and II should be equal. It would moreover  be necessa ry  to achieve an equal number of ref lect ions 
f rom the m i r r o r  surfaces  since the m i r r o r s  also absorb part  of the incident radiation. All this was achieved 
by taking the following precautions.  

1. An additional flat m i r r o r  21, which compensates  radiation absorpt ion in channel I by the m i r r o r  
surface of the in ter rupter  16, is mounted after  the in ter rupter  in channel II. 

2. The radiat ion flux of channel I is incident on the detector after  ref lect ion f rom (or passage through) 
the sample and reflect ion f rom the m i r r o r  hemisphere,  i.e., t r ave r se s  an additional path equal 
to two radii  of the hemisphere  28 (in our case 2p = 110 ram). To obtain an image of the slit on the 
detector  with single magnification in channels I and II it is necessa ry  that the radius of curvature  
of the spherical  m i r r o r  29 be 55 mm less than the radius of the m i r r o r  24. 

3. An additional m i r r o r  27, which compensates  radiation absorpt ion by the m i r r o r  surface of the 
hemisphere  28 in channel I, is mounted in channel II. 

Upon compliance with these measures, the radiation fluxes in channels I and II traverse equal dis- 

tances and undergo an equal number of reflections up to the time of incidence on the radiation detector. 

Therefore, the superposition of absorption spectra of atmospheric gas vapors and absorption by mir- 
rors are excluded. 

Meanwhile, utilization of the mirror hemisphere does not assure absolute values of the diffuse re- 
flection or transmission coefficients will be obtained as a result of the measurements. The qualitative re- 

flection or transmission spectrum turns out to be correct, but the quantities R A and T A are obtained re- 
duced as compared to their true values. This is because not all the radiation energy reflected from or 
transmitted through the sample reaches the detector, but only some part. The fundamental reasons for 
losses in the measurements of R A are: a) loss of reflected radiation through the entrance orifice; b) the 
screening effect of the mirror 27 set within the hemisphere and the mounting of the radiation detector; c) 
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Fig. 3. Dependence of the spect ra l  t r a n s -  
mittance T X and ref lectance R~ of pinewood 
on the wavelength h for different sample 
thicknesses:  1) 0.14 mm; 2) 0.46; 3) 1.05; 4) 
2.26; 5) 3.00; [1-4) data obtained by the de-  
scr ibed double-beam method]; 1 ', 4') data 
obtained by the double-beam method of an 
integrating sphere in an SF--10; 1 ", 4 ") data 
obtained by a s ingle-beam method on an 
TKS-12 with a Seiyukov adapter [5]; 5) data 
obtained by a s ingle-beam method [4], X, ~. 

aber ra t ion  of the optical sys tem whereupon the image exaggerates  the size of the receiving a rea  of the 
radiat ion indicator.  

Losses  of the reflected radiat ion through an entrance orifice of 20 mm diameter  a r e  around 3% of all 
the ref lected energy for  diffuse reflection. Losses  of the specular  component can turn out to be significant 
since the specular  component through the entrance orif ice can emerge  a lmost  completely beyond the l imits 
of the hemisphere.  

Losses  of the specular  component a re  eliminated by a special  a r rangement  of the entrance orif ice in 
the hemisphere  as  shown in Fig. 2. In this case the angles of incidence of radiat ion specular ly  reflected 
by the sample and of radiat ion f rom the compar ison  channel directed by the m i r r o r  27 to the detector  a re  
approximately identical. Then the signal of the radiation detector  for reflect ion f rom the sample will be 
proport ional  to the recorded  energy 

2 2 2 
NI - QoRkRhemi(1-Rde t + RXRhemiRdet-RXRhemiRde t + . . .  ). (1) 

The signal for recording  of the radiat ion energy of the compar ison channel will be proportional to the 
following value: 

2 2 2 
NTI = QoRmirror(1 - R d e t  + RXRhemiRdet-RXRhemiRdet + �9 �9 �9 ). (2) 

Such an a r rangement  of the sample,  detector,  and hemisphere  permits  elimination of the influence 
of multiple ref lect ion between the sample  and the detector  on the measured  value of R}~ since the ra t io  
between the signals NI/NTI equals R~tRhemi/Rmir ror ,  which equals the ref lectance Rh of the sample when 
Rhemi and R m i r r o r  a re  equal. The quantity R}t determined in this manner is less than the true value only 
because of the radiat ion loss. 

The second r eason  evokes a large  radiat ion loss.  The dimensions of the m i r r o r  27 within the hemi-  
sphere  a re  10 • 25 mm. The m i r r o r  27 is fastened to a rectangular  6 x 8 mm rod as shown in Fig. 2. The 
radiat ion losses  because of screening by the rod and the m i r r o r  a re  about 6%. The use of open-type photo- 
r e s i s t o r s  permit ted cutting down the radiat ion losses  because of screening by the detector  mounting, f rom 
50% [5] and 25% [3] to 7%. 

Therefore ,  the total radiat ion losses  because of screening and leakage through the orif ice a re  about 
16% by computation, which was later  verif ied experimentally.  

The aber ra t ions  of the optical sys tem were  reduced to a minimum by compliance with the condition 
s - 0.1p [3]. 
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TABLE 1 

Material 
Measured quantity, . Calculated, % 

%~ I T ~ r 

Pinewood (1.5 mm 
thick layer) 

Plastic foam PS-4 
(8.0 mm thick layer) 

White enamel AS-2 

I 
70,5 { 5,3 

78,5 { 
[ 

77,2 [ -- 
I 

72,8 

80,5 

78,9 

5,7 

The total radiation losses  in the T~ measurements  a re  less and a re  about 10% since the m i r r o r  27 
is brought out of the hemisphere.  To eliminate the influence of multiple ref lect ions on the quantity TX 
to be measured,  the sample,  the radiation detector,  and the entrance orif ice of the hemisphere  a re  a r -  
ranged as shown in Fig. 2b. In such an a r rangement  the detector  signals will be proportional to the rad ia -  
tion energies in channels I and II (Fig. 2a and b): 

2 2 2 
NI ~ QoTXRhemi( 1 - R d e t  + RXRhemiRdet-R~RherniRdet + �9 �9 ); (3) 

2 2 2 
NII -= QoRmirror(  1 - R d e t  + RXRherniRdet-RXRhemiRde t + . . .  ). (4) 

When Rhemi and R m i r r o r a r e  equal, the rat io NI /NII  equals the value of T~ of the sample,  which is 
less  than the t rue value only because of the radiation losses.  

Therefore ,  the proposed double-beam method permits  determination of the qualitative spec t rum 
of diffuse t r ansmiss ion  and reflection. The absolute values of RX and T~ are  found by multiplying the ordi -  
nate of the spec t rum by the appropriate  coefficients k R and k T. The value of the cor rec t ion  coefficient k R 
is 1.16 and of k T is 1.10. It must  be noted that as the sample thickness increases ,  the quantity k T will also 
inc rease  in measurements  of TX (for T~ < 50%) since radiation losses  can appear because of an increase  
in the size of the radiation spot issuing f rom the sample. The spot dimensions can exceed the detector  di-  
mensions,  and part  of the radiat ion will not be incident on the detector.  In this case the quantity k T must  
be determined f rom a compar ison of the T~ obtained by this method and the method of a detector  with a large 
receiving a rea  [2, 5]. 

Special spec t rum sweep detents and slit  openings were fabricated for operation with the pr i sm F- I  
in the 0.40-0.75 p spec t rum range. In the 0.75-15 p spect rum range, l inear spect rum sweep detents in the 
wave numbers and wavelengths applicable to the IKS-14 instrument,  and specially fabricated detents for the 
slit opening were  used. 

Presented in Fig. 3 a re  ref lect ion and t ransmiss ion  spectra  of pinewood samples of different thickness, 
obtained by the descr ibed double-beam method of a m i r r o r  hemisphere  (solid lines), by the double-beam method of 
of an integrating sphere (points 1 ' and 4 ') by using an SF-10 s pectrophotometer ,  and by the s ingle-beam method [4, 
5] of a m i r r o r  hemis phere (points 1 ", 4", and 5). It is seen f rom the figure that the agreement  between the values of 
R ~ and TX obtained by these methods is quite sat isfactory.  The advantages of the proposed double-beam meth-  
od a re  the possibil i ty of obtaining a qualitative spect rum of the mater ia l ,  and the high resolut ion of the in- 
s t rument  which permitted more  co r r ec t  values of RX and T~, to be obtained in the region of the absorption 
bands of the mater ia l  and the a tmosphere ,  especial ly near the 30 ~ wavelength (Fig. 3). The working slit  
width is 0.02-0.06 ram. Under these conditions, the half  width of the spect rum interval A~/2  extracted by 
the slit equals 0.002-0.006 p for a monochromator  with F- I  pr ism, and 0.0007-0.002 p with a LiF prism. 
Such resul ts  have been obtained only in the spec t rum range where the maximum radiation intensity of the 
glow bar  is located during operat ion with vacuum bolometers  by the ordinary method. The slit width in 
known apparatus [3-5] is 0.2-1.5 mm in this spec t rum range, i.e., the resolut ion is one-tenth that in the 
apparatus described.  

The double-beam method described permits  shortening the duration of the experiment considerably 
as compared with the known adapter to the IKS-12 [5], f rom 6 h to 10-25 rain with high measurement  ac -  
curacy.  

The accuracy  of determining R A and TX depends on many fac tors ,  including the nature of the re f l ec -  
tion and t ransmiss ion.  Reproducibil i ty of the quantities Rh and T~ for the same sample is obtained with not 
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more  than a =~1% spread. The accuracy  of measur ing  R x and T x by the method described is higher than 
the accuracy  of measurements  by known s ingle-beam methods because of the 10- to 1000-fold increase  in 
the sensit ivity of the instrument,  the exposure of the sample to modulated, monochromat ic  radiation flux, 
the diminution in the magnitude of the cor rec t ion  inserted in the measurement  resul ts  f rom 1.8 [11], 1.5 
[5], and 1.25 [3] to 1.16, the use of optical compensation of the signal and the total elimination of the in- 
fluence of radiation absorption by water vapor and carbon dioxide gas of the a tmosphere  on the instrument  
readings.  

To measure  TX by the cus tomary  double-beam method, the sample is mounted in channel I and the 
etalon in channel II, and the spec t rum is recorded.  A verif icat ion showed that the t ransmiss ion  spectra  
obtained by the descr ibed and the cus tomary  double-beam methods, agree  completely for 0.035 mm thick 
polystyrene film. 

To measure  the integral  thermoradia t ion charac te r i s t i cs  R and T of mater ia ls ,  the radiation source 
used 1~ is mounted at a distance f rom the m i r r o r  2 equal to the distance between the glow bar  and the m i r r o r  
2. The m i r r o r  2 is rotated so that an image of the source 1 would be on the entrance slit 6. A flat m i r r o r  
34, which ref lects  the integral  radiation flux onto the exit silt 11, is mounted behind the monochromator  
entrance slit. In such an apparatus the integral  radiation flux f rom the radiation source used is directed to 
channels I and II a l ternately at the frequency 8.8 Hz. 

The integral  ref lectance and t ransmit tance  of various mater ia ls  were  measured  by using the ap-  
paratus described. 

Presented in Table I a re  values of R and T for cer ta in  mater ia ls  relat ive to radiation of an NIK-220- 
1000 lamp, obtained by the method described and calculated by averaging the quantities R x and T~ over the 
spec t rum of this lamp. 

As is seen, the measured  and calculated values of R and T of the same mater ia l s  differ slightly, 
which indicates the confidence of the resul ts  obtained by the method described.  

Therefore ,  by using the descr ibed double-beam infrared speetrophotometer ,  the spectra l  and integral  
thermoradia t ion  charac te r i s t i c s  of mate r ia l s  dissipating radiation can be measured  and an absorption 
analysis  of absorbing media can be car r ied  out. 

R, T 
N 

Q0 
k 

NOTATION 

a r e  the ref lectance and t ransmi t tance  of a layer  of finite thickness;  
is the radiat ion detector  signal; 
is the radiat ion flux density; 
is the coefficient taking account of radiation losses.  

Subscripts 

hemi, 
mirror ,  
det 
R, T 

denotes the spect ra l  radiation; 

denote the coatings of the hemisphere ,  flat m i r r o r ,  and detector receiving area ,  respect ively;  
denote the sample ref lectance and transmit tance.  

1, 

2. 

3. 
4. 
5. 
6. 
7. 

8. 
9. 
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