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ABSTRACT

The properties of Harp materials fabricated from graphite
and iron oxide have been studied in the wavelength region 1,1
cm to 1.6 cm. A method of analysis and its application to
numerous samples are described in detail. A satisfactory formu-
lation of K-band Harp has been found, and its absorption charac-
teristics studied including its temperature dependence. It
is shown that the iron oxide compositions have a small magnetic
permeability (1.1) at X-band which disappears at K-band.
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K-BAND HARP

I. INTRODUCTION

1-1- Absorbent materials (Harp) have been used to advantage in the S and X-bands.
As K-bands equipment became availeble, it was evident that Harp could also be applied
at this shorter wavelength. Consequently, the development of K-band Harp was initiated
at the Javal Research [aboratory under Problem N-41R-S.

1.2. The formulation studies leading to a suitable composition for K-band Harp are
described in NRL Report P-2979,* while the details of the fabricating process are con-
tained in NRL Report P-2987,** both of which reports were issued by the Chemistry Division.
The present report deals with the electromagnetic properties of this material, including
variations with temperature. A summary of results for experimental lots of material
fabricated at various points in the K-band by the above mentioned process is also in-
cluded.

1.3. The methods of testing K-band Harp are identical with those used at X- and
S-band. A brief summary of theoretical results applicable to test procedure is included
herein. This work which was done at the Radiation Laboratory, MIT, under the direction
of O. Halpern, has not been previously reported.

II. THEORETICAL RESULTS APPLICABLE TO TEST PROCEDURE

92.1. Propagation in a dielectric medium can be characterized by two constants, the
refractive index, n, and the absorption index, k. The first constant determines the

wavelength in the medium, i.e.

A
D= (1)
n
where \! is the wavelength in the medium and )\ is the vacuum wavelength. The second
constant determines the attenuation of a plane wave in the medium, i.e.
A
k= (2)
2mx

where x_ is the distance in which the amplitude of the wave diminishes by the factor
-1 .
e * = 0.368.

2.2. Two other constants, the real and imaginery parts of the dielectric constant,

Ep and €;, are also useful in describing the propagation. The first is connected with

* H. A. Tanner, NRL Report 2979, K-Band Harp Material Formula Deve lopment, October

1946- (Secret).
#%x H. A. Tanner and E. L. Jones, NRL Report 2987, Manufacture of Harp Film by the Spray-

ing Method, October J1g946. (Secret}.
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I and n by the relation

€r = 02 . K2 (3)
while the second is related to k% and n by

€; =2 kn 4
For all cases of interest in this report, |2 in Eq. (3) can be neglected wi thout intro-
ducing appreciable errors. If the loss in the medium arises from a bulk electrical con-

ductivity, o, then ¢; is given by

where 1 is the frequency of the electromagnetic wave. In Harp materials the d-c con-
ductivity is substantially zero. The loss arises from dissipation in the dielectric
binder and eddy currents in the conducting particles with which the binder is pigmented.

2.3. An sbscibing unit may be constructed by backing a dielectric layer with a
metallic reflector. Two conditions must be realized for the complete absorption of an
electromagnetic wave incident normally on the dielectric surface. The first is the
familiar fact that the thickness, d, of the dielectric must be a quarter wavelength

NOA
AiFTET S (5)
4 4n

The second is the condition that the loss have the wvalue

2
Sy (8)

7
When Eq. (6) is satisfied, the absorber is said to be matched. Absorption will also
take place if the layer is an odd multiple of & quarter wavelength end will then be
complete if F has the value of Eq. (§) divided by the number of quarter wavelengths in
the layer. These relations are valid for k2<<n? j.e,, when k is negligible in Eq. (3)

g 47 IFf AD is the wavelength satisfying Eq. (§) (the resonant absorption wave-
length) and the incident radiation is of wavelength ho + AMA, the power reflection co-
efficient, R, for normal incidence is given by

i+ (E (1)
2
nfA A
1y —
(o]

Eq. (7) is plotted as Curve 4 in Figure j.

72.5. The bandwidth of an absorber is defined as the wavelength region in which
the absorber reflects less than a specified fraction of the incident energy. Unless

% The Cawussian system of wnits will be wsed throughont this report.
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Figure 1. Calculated curves of

three different type absorbers all at normal incidence.

otherwise stated, this fraction is arbitrarily taken as 5 percent. The statement that
the bandwidth of a Harp layer for 1_925 cm is | mm means that at least 95 percent of the
incident energy is absorbed for any wavelength between 3,20 cm and 1,30 cm. From Eq.
(7), the bandwidth of a matched dielectric absorber is

bandwid th :-;9 x 0.58 (%83

2.5. Wnenever Egq. (6) is not satisfied, tae minimum reflection coefficient, X ,

at the resonant wavelengths, is not zero. A certain value of Rm then corresponds to
two possible values of k, one larger than that given by Egq. (6), the otiner smaller.
A sample of thne first kind is called a high loss absorber and the relation between F
and Rm is

T F+YR

1 -YE,

2
bk = —
T
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A sample of the second kind is called a low loss absorber and the relation between Kk

and R_ is
m

- VR
k :i 1 V"” (8b)
T

In Figure 1, the complete sbsorption curves are plotted for R, = 0-02 (2 percent).
Curve B is for a low loss absorber, Curve C for a high loss absorber. It will be noted
that the shape of these curves differs considerably from Curve A. The theoretical re-
sults for the shape of the absorption curves are presented in Figure 2. The ordinates
on this graph are values of R, , the upper half referring to high loss absorbers, the
lower to low loss absorbers. The abscissa is 20/ (20N = the spread in wavelength
between two points with the same reflection coefficient). Curves are given for the
separation at the 29 59 7.5% 10% 15%, =&nd 259 reflection points.

2.7. The above relations are valid for a non-magnetic Harp layer which can be
characterized by €, and €.. When magnetic pigments are used, two new constants, the
real part of the permeability, Mps and the imaginary part of the permeability p;, are
essential to the description of propagation. It is then necessary to replace Egs. (3)

and (4) by
e, Lol (3m)
coptble it =i kn (42

Again it has been assumed that k2<<n, The first equation shows that the wavelengtn in
the medium depends upon both the permeability and the dielectric constant (real parts).
Tne second equation can be rewritten as

k 1 € = rpe
_:.._(._L + ——1) (‘.Im)
no2\e

Thus k is essentially determined by the sum of the phase angles of the dielectric con-
stant and permeability. It tums out in all various experimental arrangements for reson-
ant absorbers so far analyzed that this sum €;/¢ + i/ i the quantity which determines
the behaviour of the absorber. Thus for practical purposes these phase angles cannot be

separated.

2.8. For magnetic Harp the conditions for complete absorption are

L

=l —os 5m

4 44 (org

k:f_r.. (6m)
¥il

It wilk be noted that the layer must still be a quarter wave thick but that the absorp-
tion index must be increased by the factor I The latter fact is an important aid in
constructing magnetic absorbers in as much as the phase angle of the permeability is
usually large at high frequencies.
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2.9. The shape of the absorption curve is altered in a very simple way when the
medium is magnetic. In the case of complete absorption, Eq. (7) remains valid if o is
replaced by

_ nAX
o=
Ko

Thus if the absorption curve is plotted with

(7m)
AR

as abscissa it is everywhere y  times

as wide as the theoretical curve for dielectric Harp. This result is also applicable
to the discussion of the high snd low loss absorbers discussed in paragreph 2, 6. Hence
to determine Hp for a given sample the ratio of the width of the sbsorption curve at
any point to the theoretical width for a2 dielectric absorber which has the same value
of R as tne actual sample, should be found. This ratio should have 2 constent value
equal to p. It will be noted thet the quantities €., u, and €;/€, + u;/u, cen therefore
be found from the absorption curve of a given semple. As mentioned in paragraph 3 7 it
is not possible to separate the dielectric and magnetic loss.

2.10. Whether a given sample is a high or low loss absorber can be judged from the
shape of the absorption curve. However, a simpler and more accurate method is avasilable
if the reflection is studied with incident radistion which is not normal to the surface
of the sample. Let E%(Q) denote the minimum value of the reflection coefficient for an
absorption curve at the incident engle § (measured from the normal to the sempley. Rm(ej
will, in general, depend on the polarization of the incident radiation. However, for a
matched sample, it is independent of polarization.

2.11. The behsviour of a matched sample at various angles of incidence is shown
in Figures 3 and 4. In Figure 3 the theoretical absorption curves are plotted for
g = 30° and 60° and for two polarizations, the electric vector perpendicular to the
plane of incidence (perpendicular polsrizatibn) and the electric vector in the plsne of
incidence (parallel polarization). In Figure 4 the theoretical values of Rm(ﬁ) are
plotted against . The experimental points on these graphs are values for a matched
K-band sample.

2.12. The behaviour of a low loss sample is shown in Figures 5 and 6. In Figure §
the absorption curves at § = 30° and 50° and for both polarizations have been plotted.
In Figure 6 R (8) has been plotted es a function of g for both polarizations.\ For paral-
lel polarization Rh(&) increases with increasing & reaching the value unity st 8 = g¢°.
For perpendicular polarization Rm(Q) at first decreases, reaching zero at an =angle 6%
given by

cos @ = L }4%{0) (9
1 +-pRm(0)

A value R (0) = 18 percent has been used in Figure § and 5§ corresponding to the K-band
sample for which experimental points are shown in these figures.

2.13. The behaviour of & high loss sample is shown in Figures 7 and 8. 1In Figure 7
the absorption curves at & = 30° and 606° and for both polarizations have been plotted.
In Figure 8 RRKG) has been plotted as 2 function of £ for both polarizations. For per-
pendicular polarization Rm(ﬁ) increases for increasing & reaching the value unity at
6 = 90°. For parallel polarization R (6) decreases with increasing £, reaching zero
at an angle & given by Eg. (9)- A value RHKO) = 3 percent has been used in Figures 7
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and § corresponding to the K-band sample for which experimental points are shown in these
figures. Tne contrary benaviour of high and low loss seamples for perpendicular and
parallel polarization is the basis for a simple and accurate method of judging the loss.

ITI. K-BAND COMPOSITION

3.1, The formulation problem for a K-band absorber is primarily one of attaining a
sufficiently high loss in a material of low refractive index. At {.2 cm an absorbing
layer with n = 4 is (.75 mm (30 mils thick which is not too thick for almost all practi-
cal applications. It is apparent from Eq. 7a that an absorber should be made as thick
as is consistent with space and weight requirements in order to realize the maximum pos-
sible bandwidth.

3.2. The solution of the formulation problem, undertaken in the Chemistry Division
(cf. ref. 1), was aided by previous studies made at MIT and at the duPent Co. 1In partic-
ular it was known that with a given conducting pigment and a given binder the refractive
index and the loss both increase as the pigment concentration is increased. However,
€. increases more rapidly thsnv@r so that the condition forcomplete absorption, Eq. 6,
is satisfied for just one concentration. Lower concentrations yield low loss absorbers
while higher concentrations give high loss absorbers. Hence, the problem is one of find-
ing a combination of binders and pigment sucnh that Eq. 6 is satisfied with the smallest
possible value of n.

3.3 As graphite was known to give high values of €;, the initial compositions con-
sisted of graphite in a GR-S rubber and clay binder. Matched absorbers required about
40 percent graphite concentration and n was about 5. The corresponding thickness was
20 mils (0.020") and bandwidth was 1, 2 mm at Ag = 1.25 cm. This is a satisfactory ab-
sorber. Zowever, a composition with this high graphite concentration proved difficult
to control in processing. In particular there were large changes in the loss of such
a sample upon curing which added greatly to the difficulty of manufacture. As =n ex-
ample, the experimental points shown in Figs. 5 and ¢ for a low loss sample are data
from a graphite sample of this composition. Before curing this sample nearly satis-
fied the condition for complete absorption.

3.4, A study of graphite mixtures with various oxides was then made. It appeared
that a combination of graphitex and Mapico Red#= (F9203) in a GR-S binder in the pro-
portions by weight of 33/22/45 gave good results. Matched absorbers with this composi-
tion had a refractive index of 5 5, the corresponding thickness being 23 mils (0.023")
and bandwidth 1,3 mm at )\o = 1.25 cm. The experimental points shown in Figures 7 and §
for arhigh loss sample are data from a sample made in the Mapico Red series with con-
centration 25/45/30 of graphite/Mapico Red/(R-S by weight,

3.5. Material was manufactured for several points in the K-band with compositions
as shown in the following table. The averaged results for several 9' x 2! samples fabri-
cated to resonate at the wavelength shown are given in this table.

* (Craphite Acheson No. 38 - National Carbon Company.
+* Mapico Red No. 515, medinm - Columbian Carbon Company.

b '_-._'..h a‘ .¢.~'--
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Rezonate Number COLPOSITION
Wavelength of Incident Incident
Ay Samoles Mapico Heoprene/SRF Angles Angles
in O's | Averaged Graphi te Red GR-5 4/3 n Far Rm i 1% For R f_‘ 5%
1.15 10 a3 22-1/2 44-1/2 0 5.8 0° to 32° ()
23° to 52° (1) 0° to 60° (L)
1.25 10 0 20 0 60 5.2 0% o 38° b 0° to 52° (i)
0° to 30° (1) 0% to 48° (1)
1.35 n a3 22-1/2 44.1/2 0 5.7
4°"to 50° (1) 14? to 67° (1)
1.45 2 20 0 ) ) 5.2 0% to 40° [N % ta 552 ¢y
0% o 277 (1) 0% to 46° (1)
1.5% 10 0 23-1/2 23 23 6.1 0% to 47° (i) a® to 48° iy
0% to 8% (1) 0% to 40° (1Y

The experimental points shown in Figures 3 and 4 are data for a sample having one of
these compositions. The bandwidths are accurately determined by Eq. § as evidenced by
the excellent agreement with the theoretical absorption curves in Figure 3.

IV. PERMEABILITY OF K-BAND SAMPLES

4.1, 1Iron oxides were introduced originally in the hope that magnetic loss might
still be present at K-band wavelengths and thereby k/n might be increased (cf. Eq. 4,1 m).
However, the agreement between the theoretical absorption curve and the experimental
points (Fig. 3) shows that the real part of the permeability does not differ from one by
more than 3 percent. Hence it is unlikely that the magnetism is an important factor in
the loss, which must therefore be dielectric in origin.

4.2. To examine the magnetic behaviour in more detail, a sample gp mils (.050")
thick was fabricated for test in the X-band. It could then also be tested as a three
quar ter-wave absorber in the K-band. The experimental results are shown in Figure 9.
It will be noted that in the E-band the results are in excellent agreement with the
theoretical sbsorption curve* for the measured value of Rm(so) while at X-band the width
of the absorption is definitely wider than the theoretical curve. This indicates that
Mp is very close to one in the K-band while in the X-band it has a value between 1 1
and 1.92. This conclusion is substantiated by the ratio of the resonant wavelengths
at X- and K-band. For according to Eq. 5 and the corresponding equation for a three
quarter-wave absorber, the ratio of refractive indices at X- and K-band is equal to
1/3 the ratio of resonant wavelengths. Experimentally the latter quantity is 1, 04.
1f the increase in n is entirely due to permeability at X-band, Eq. 3 m gives approxi-
mately 1.1.for the X-band permeability.

4.3. A fudther indication of magnetism at X-band which is not present at K-band
is given by comparing the loss of the sample in Figure 9. At X-band it is very close
to a match. If k had the same value at K-band, the loss would be three times too great
for a three quarter-wave absorber corresponding to = minimum reflection of 25 percent.

* In computing the theoretical curve for a three gquarter-wave absorber, the wavelength
spreads for a corresponding quarter-wave absorber must be divided by three. [Likewise
in determining k from Eq. 8a or Eq. gb the right hand member must be multiplied by 1 /3.

DECLASSIFIED



sl A SO

Jod OISR |t | =
12 NAVAL RESEARCH  LABORATORY TERERET
Curve A-- A/4 Absorber, Rm(30°)= O,
hﬂ = 3- 77 cml
e Curve B -- 3A/4 Absorber, Rm(30°)=10,
3 Aes .21 cm.
)
w
—
w
w
x
'= \ /|
w
u B
& . x
: \ /
2

w
2 X A X
W
20 = A

\ /

0 08 06 04 O.M—Z 04 06 08 10

NAA

-3
Figure 0. ggtmparison of an sbsorber at its )\/4 and 3\/4 points. Calculated
n,

curves of as 2 function of power reflected for 30° angle of incidence and

perpendicular polarization. The points are experimental date from sample
‘ #5490 -

The experimental value is j] percent corresponding to & loss only twice too great. The
added phase angle, Eq. 4, im, can reasonably be ascribed to an imaginary component of
the permeability at X-band which disappears at the shorter wavelength. It is to be
expected that at frequencies where My s approaching unity, a relatively large imaginary
component of the permeability will be present.

V. TEMPERATURE VARIATION

5.1. A limited study has been made of the temperature sensitivity of several K-
band compositions. The change in loss with temperature cen be immedistely deduced from
the minimum reflection coefficients, Likewise the shift in resonant frequency with
temperature is directly measurable. However, the determinations of refractive index
require accurate measurements of small changes with temperature in thickness of the
semple and were therefore not undertaken.

5.2. A sample of 40 percent graphite in a clay GR-S binder gave the results shown
in the following table,

5 -
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Sample No. 5111 A_ = 1.135 cm. n =6
Change in
Temperature °C ?\o in cm ngﬂo) k/k_
26. 5 0 0.5 1.0
50 -.025 3.0 0.7
TS -.050 6.0 0.6

The shift in resonant wavelength could result from either a lower refractive index or a
greater thickness at the elevated temperature ((\0 = 4ndy. The decrease in loss at higher
temperatures is due to the peculiar characteristic of graphite that its resistance de-

creases with increasing temperature.

5.3. A sample of the graphite /iron oxide/ GR-S composition was also studied.
Here a shift in wavelength was almost the same as shown in the table. The loss change
was similar to that shown in tne table except the changes were considerable smaller.
The effect of the diminishing resistance in the graphite was smaller because of the

lower graphite concentration.

5.4. A sample of the composition for iX410/AP Harp which consists of aluminum
flake in an SRF (carbon black) neoprene mixture was also examined. The shift in resonant
wavelengtnh was again toward shorter wavelengths but the loss now increased with tempera-
ture, from k/k = 1 to kb, = 1.9 A similar result had been found for this composition
at X-band wavelengths.

5.5. It is evident from these results that the temperature sensitivity of the loss
could be greatly reduced, if this should ever prove necessary, by proper mixture of

graphite with anotner conducting flake.
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