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Temperature dependence of alignment production in He I by beam-foil excitation 
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We have measured the dependence upon target-foil temperature of the linear polarization fraction (MI I) 
of the 2s 1S-3p 1P, 5016-A transition in He1 for ion energies between-60 and 180 keV. The thin carbon 
exciter foils were heated externally by Nichrome resistance elements. The measurements of Hight et al. are 
duplicated; the energy and current dependencies of MI I are the same; assuming correspondence between 
beam qeating and external heating. We also observe that y, the number -of secondary electrons produced per 
incident ion, decreases with increasing foil temperature. These two effects, in conjunction, offer a plausible 
explanation for the variation of polarization with beam-current density. The temperature of the foil is shown 
to depend on beam current to the one-fourth power, indicating that radiation is the primary energy-loss 
mechanism. 

I. INTRODUCTION 

In recent studies of the interaction of fast ions 
with thin carbon foils, Hight e_t al. 1 have measured 
the electronic alignment produced in excited neu­
tral helium. They found that the alignment of the 
3P 1P state oscillates as a function of beam velocity 
and also varies with beam current density. The 
variation of alignment with beam current density 
AA0/ AJ also oscillates as a function of beam vel­
ocity. In this paper we analyze the possible ef­
fects on the electronic alignment of the foil tem­
perature and, in turn, of the secondary electrons 
produced by the ion moving through the solid. We 
present measurements which explain some of the 
basic features of the observed alignment variations 
and discuss other factors contributing to the pro­
duction of electronic alignment. 

It has been shown2• 3 previously that the number 
of back-scattered secondary electrons produced 
when fast ions bombard solid targets is dependent 
on target temperature, and Sternglass4 has ex­
plained these results qualitativ~ly. Hence we may 
expect that secondary electron production may also 
vary with the foil temperature in fast ion colli­
sions. Therefore, we have performed two experi­
ments attempting to relate the secondary electron 
flux to the production of alignment in the fast ion 
beam. We have measured the alignment of the 
Sp 1P, Hel state at beam energies between 60 and 
180 keV as a function of the foil temperature. Sec­
ond, we have shown that the secondary electron 
flux varies as a function of the foil temperature 
for the same ion beam energies. The results show 
that the alignment variations observed by Hight 
et al. 1 are due to changes in the foil temperature. 
The alignment appears to depend on the secondary 
electron flux, but this is not definitely proven by 
the experiments. 
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In Sec. II, we describe the experimental arrange­
ment for our measurements of the temperature de­
pendence of the opticalpolarization and secondary 
electron flux. Results of these experiments are 
presented in Sec. III. In Sec. IV we discuss possi­
ble explanations for our observations and the im­
plications which these observations have in terms 
of existing theories of the interaction of fast ions 
with thin solid foils. 

During the course of this work, we have devel­
oped a new method for measuring the temperature 
of thin carbon exciter foils. A detailed descrip­
tion of this method is presented in an Appendix. 

II. EXPERIMENT 

Experimental work was carried out with the Uni­
versity of Chicago's 250-keV linear accelerator. 
The experimental arrangement is shown in Fig. 1. 
The He• beam from the accelerator passed through 
a 6.4-mm diameter tantalum collimator and then 
through the carbon foil located downbeam. Beam 
dispersion was such that its diameter increased 
by roughly 1 mm by the time it reached the foil, 
so that the beam aperture was completely 'filled. 

The temperature of the carbon exciter foils was 
measured using an Ircon 300L bolometer, having 
a spectral range of 2.0-2.6 µ (see Appendix). The 
bolometer was sighted through a quartz window on 
the side of the chamber, the line of sight being 
39.5° from the foil normal. The carbon foils were 
supported and externally heated by an assembly 
consisting of two machined glass ceramic plates 
sandwiching a length of 26 gauge nichrome wire, 
bent around 3 beam apertures. The thickness of 
the heater assembly required that one side of the 
holes be beveled outward (see Fig. 1) in order to 
maintain an unobstructed line of sight for the bolo­
meter. The wire was attached to two binding posts 

952 © 1979 The American Physical Society 



19 TEMPERATURE DEPENDENCE OF ALIGNMENT PRODUCTION ... 953 

TO MONOCHROMATOR 
AND PM TUBE 

l PYREX 
.----~.,..--WINDOW 

VACUUM CHAMBER 

FOIL 
HOLDER/ 
HEATER 

Ta 
COLLIMATOR 

' A He+ BEAM .,.......__.,.._ ~~ 

FIG. 1. Experimental 
arrangement for polariza­
tion measurements from 
top of vacuum chamber. 

~ 
NICHROME 
HEATER 
LEADS 

QUARfi'° 
WINDOW 

", LINE OF SIGHT OF 
"-~YROMETER 

at either end of the plates, which held the assem­
bly together and acted as feed-ins for the heater 
current. With a maximum current of~ 6A, the 
heater was able to produce foil temperatures in 
excess of 950 °K. The ceramic plates were coated 
with carbon black in order to reduce the back­
ground light in the chamber due to glowing of the 
nichrome when it was hot. 

The chamber pressure during these experiments 
was nominally 5X10"6 Torr. When the nichrome 
filament was hot, however, the pressure rose 
quickly and then fell slowly to a constant level as 
the foil holder outgassed. At the highest heater 
current, the pressure was about 9 x10-s Torr. 

Using the optical detection system described by 
Berry et al. 5 we measured the linear polarization 
fraction Stokes parameter (JVJ./1) for the 2s 1S 
- 3P 1P, 5016-A. transition in Hel. Beam energies 
were varied between 60 and 180 keV, with the car­
bon exciter foils being perpendicular to the ion 
beam in all cases. For this geometry and atomic 
transition, M/1 is related to the Fano-Macek6 a­
lignment parameter Ai01 by the· equation 

M/1=- 3Ag"1/(2-Ao1), (1). 

where 

Ao1 = (3L~ - L 2)/(L2), (2) 

L~ being the component of angular momentum along 
the beam axis. 

For M/1 measurements, light yield was normal-

" 
ized to beam current collected in the Faraday cup. 
Because the cup was not shielded from stray sec­
ondary electrons, we determined the actual ion 
flux by measuring current with an empty foil hold­
er in the beam. That we are not measuring actual 
beam current during the run is unimportant as far 
normalization is concerned. There is a small cor­
rection due to the fact that secondary electron cur­
rent is not strictly proportional to ion beam cur­
rent (see Sec. ID). In practice., this correction is 
negligible .. Ideally, the experiment should be per­
formed in the limit as beam current vanishes. Ad­
equate statistics, however, demanded that beam 
currents of at least 0.5 µA be used. At the begin­
ning of each run, the temperature of the foil was 
measured with external heating only, and also with 
the beam passing through the foil. , The current 
was adjusted so that the difference between these 
two temperatures was always less that 15 °C. Dur­
ing the M/1 versus temperature runs, care was 
taken to avoid beam "hot spots" or small areas of 
high current density, which would have produced 
artifically high values of M/1 (due to the current 
effect of Hight et al.). These were visible as pin­
pricks of enhanced luminescence on the quartz 
beam stop at the end of the Faraday cup, and were 
eliminated by adjusting acceleration, extraction, 
and focussing voltages. 

The secondary electron experiment was per­
formed with foils mounted on Al holders attached 
to ,a wheel that rotated them into the beam. An 
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electric field plate, 2 cm x 3 cm (extending 3 cm 
downbeam), connected to a high voltage power sup­
ply was placed 1 cm above the grounded foil hold­
ers. Secondary electron production was monitored 
by reading the current between the foil holder and 
plate when the potential difference was 4000 V. 

III. RESULTS 

In order to demonstrate an equivalence between 
temperature and beam current effects, it was first 
necessary to obtain the relationship between cur­
rent density J through the foil and the foil tempera­
ture T. The temperature versus current relation­
ship at a beam energy of 127 keV is shown in Fig. 
2. Calculations of the relative effectiveness of 
heat dispersion by conduction, convection, and 
radiation show that for 10 µg/cm 2 foils and a cham­
ber temperature of 293 °K, for foil temperatures 
above 530°K, 90% or more of the foil's heat loss 
is due to radiation. As a result, we expect foil 
temperature to go as J 114 • This is what is ob­
served; if we fit the data of Fig. 2 with the func­
tional form a +bT4 we obtain the curve shown, with 
a zero-current intercept of 308 ± 100 °K, in good 
agreement with the data. The error bars are con­
servative. Discrepancies from the exact T 4 curve 
may be due to other energy loss mechanisms such 
as secondary electron emission, sputtering, or an 
underestimation of the importance of conduction 
and convection. 

M/I was measured as a function of foil tempera­
ture at energies ranging from 60 to 180 keV. The 
beam current was kept at about 1 µA. The first 
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point at all energies was taken without external 
heating, thus providing us with a base tempera­
ture of~ 620°K. Current through the Nichrome 
heater was then increased in steps until maximum 
temperatures in the vicinity of 950 °K were reach­
ed. Dark count varied from 6-8 s without heating 
to 10-12 s with maximum heater current. Signal 
count rates, including dark count, were nominally 
60-90 s. Each M/I point is the average of 4 or 5 
sets of 8 pairs of readings, each pair giving an 
M/1 value. Each set represents about 16 000 
counts. The standard deviation of the sets was 
always close to 1 % in M/I. Since each M/1 deter­
mination was based on roughly the same number 
of raw counts, this 1 % figure was adopted as the 
error estimate for all data points. A typical 
slope, at 122 keV is shown in Fig. 3. The time 
required to take data points was about½ h. This 
effectively eliminated any possible short-term 
time-dependent effects. 

Fitting a straight line to these points gives a 
slope ST== t:..(M/I)/ t:..T, which we have determined 
as a function of energy. These results are shown 
in Fig. 4. The error bars of the points were as­
signed by the fitting routine at each energy. A 
comparison of these results with those of Hight 
et al. is possible by assuming, for simplicity, a 
linear relationship between beam current and foil 
temperature instead of the actual T 4 dependence. 
This is a good approximation in the temperature 
range of our experiments (T > 600 °K) and is cer­
tainly valid considering the size of the error bars 
in Fig. 2.' Tis now proportional to -(dE/dx)114I, 
where -(dE/dx) is the' stopping power for He• on 

FIG. 2. Foil tempera­
ture (° K) vs beam current 
(µA); 6.4-mm diameter 
beam aperture. Measure­
ments were taken with 
foils ranging from 9 to 11 
µg/cm2 with a 127-keV He+ 
beam. Solid line is least­
squares fit for I =a +b'.('4 , 

INp=beam current with no 
foil in place. 
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FIG. 3. Linear polariza­
tion (M/I) of thE;i 2s 1s 
-ap 1P 5016 A transition in 
He I vs'foil temperature. 
Ion energy=l22 keV. 
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C (Ref. 7) and is monotonically increasing with 
energy for our energy range. By fitting a straight 
line to the top six data points of Fig. 2 and divid­
ing Hight's SJ values by its slope times {[dE/dx(E)/ 
[dE/dx(E=127 keV]}114 we get the equivalent value 
of Sr at energy E. For comparison, we have drawn 
a smooth line throu~h Hight' s data and transposed 
it to the equivalent Sr curve to obtain the.line in 
Fig. 4. Our ability to duplicate with Sr the energy 
dependence of SJ is strong evidence that the cur­
rent dependence is in fact a temperature depen­
dence. 

M/1 versus beam energy for the cases of no 

heating and maximum heating are shown in Fig. 5. 
The equivalent current data is also shown. Error 
bars on these points are again about 1 % in M/1. 
The good agreement between the high-current re­
sults of Hight et al. and our temperature data taken 
at -920°K is perhaps the best demonstration of the 
equivalence between current and temperature ef­
fects. 

In the secondary-electron experiment, we mea­
sured y, the ratio of the ion beam current to the 
electron current measured at the field plate. The 
foil temperature w:µ; changed by varying the beam 
current. The magnitude of y varied from 8 to 13, 
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FIG. 4. Sr(A(M/1)/ M) · 
vs beam energy (5016 A). 
The line corresponds to 
the equivalent beam current 
data of Hight et al. (Ref. 1; 
See text). 
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FIG. 5. Linear polarization fraction (5016 A) vs beam 
energy. The upper points were taken for foil tempera­
tures of 920 ± 20 • K. The upper line represents the data 
of Hight et al. taken with beam currents which produce 
foil temperatures of 900-950 °K (~29 µA/cm2). The 
lower points were taken with no heating. The line 
through them is drawn for comparison with the high 
temperature (current) data. 

a result which agrees qualitatively with Meck­
bach's8 observations, although our method was by 
no means a quantitative way to achieve results for 
the secondary yield. Our experiment was unable 
to differentiate between angle of emission, elec­
tron energy, or the side of the foil from which the 
secondaries emerged. However, our relative 
electron yields should be more accurate, and of 
the order of ± 10%. In Fig. 6 we show the variation 
of electron flux with foil temperature at a beam 
energy of 1 75 keV. A marked decrease results 
from increasing the temperature. A least-squares 
fit to the data gives Sy= (ay/ aT), which is plotted 
versus beam energy in Fig. 7. Similar decreases 
in secondary emission (seen as an increase in 
Faraday cup current) were observed when the foil 
was heated externally during the course of the po­
larization measurements. The electron current 
due to thermionic emission here is negligible. The 
thermionic current from the foil at 900°K is< 10·15 

µA. 
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FIG. 6. y [ = (secondary-electron current/beam cur­
rent)] vs foil temperature at 175 keV. Sy is the slope 
of the fitted line. 

IV. DISCUSSION 

The present work was undertaken to explain some 
of the puzzling feahlres which were observed by 
Hight et al. in their investigation of beam-foil col­
lision induced alignment of atomic states, specif­
ically the 3P 1P state of He/. A brief review of 
their work follows. The linear polarization frac­
tion M/I of the 2s 1S-3P transition (5015 A.) as a 
function of beam energy is shown in Fig. B(a). The 
data below 0.4 MeV is that of Hight et al.; the high­
er energy data was taken by the present authors at 
Argonne National Laboratory using the Dynamitron 
accelerator. The experimental arrangement and 
the data reduction procedures were identical to 
those used by Hight et al. The crosses represent 
points taken with a beam current density of 30 µA/ 
cm2, corresponding to foil temperatures ranging 
from 900 to 1000°K, depending on beam energy. 
The dots represent M/I values extrapolated to zero 
beam current (see Ref. 1, Fig. 1). The two inter­
esting features here are •the semi-oscillatory be­
havior of M/I with energy, and the previously men­
tioned current dependence. Figure 8(b) shows s., 
as a function of beam energy. Oscillatory behavior 
occur.s here also, with two definite maxima. It is 
interesting to note that the first two maxima of s., 
occur at the same energies as the first maximum 
and minimum of M/I. 

This workattempts to partially explain the cur­
rent dependence of M/I • . Our experiments show 
that this effect is due to the temperature change 
of the foil caused by beam heating. The equival­
ence between external heating and beam heating 
is demonstrated graphically in Figs. 4 and 5. We 
are, within experimental error, able to quantita­
tively reproduce both the dependence of M/I on 
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current (temperature), and S/s dependence on 
energy. We now propose a model to explain the 
mechanism whereby temperature change affects 
the electronic states of ions emerging from the 
foil. 

One readily observable change which occurs 
when the foil is heated is that y, the number of 
secondary electrons produced per incident ion, 
decreases. Previously, this had been observed 
only for thick solid targets.2• 3 The theory for tem­
perature reduction of y has been developed by 
Sternglass.4 Secondary electrons are produced in 
a solid in one of two ways. "Primary" secondaries 
are produced in glancing collisions between the ion 
and an electron of a target atom. If, however, a 
head-on collision occurs between the incident ion 
and this electron, a o ray, or "knock-on" electron 
is produced, which can have velocities 3 or 4 times 
that of the ion. This fast electron in turn produces 
slower secondary electrons through glancing colli­
sions. The number of secondaries produced which 
actually makes it to the foil surface is governed 
by their mean free path in the solid for undergoing 
inelastic collisions. If an electron loses too much 
energy through collisions it will not be able to sur­
mount the surface potential barrier and escape. 
Heating the foil increases the density of the "pho­
non gas" through which the electrons must diffuse, 
i.e., their mean free path is. shortened. As a re­
sult, y decreases at higher temperatures. If this 
model holds in our situation, we expect that y will 
vary with temperature as does the electrical con.;. 
ductivity of a solid. Following Sternglass, we ex­
pect 

160 180 

(3) 

where f3 is analogous to the temperature coefficient 
of resistivity. Using the data from Fig. 6 we ob­
tain a f3 of 1.3 x 10-3 0c-1• Temperature coeff,icients 
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FIG. 8. (a) M/I (5016 A) vs beam energy. Dashed line 
ls for beam current of 30 µA/ cm2• Solid line ls for 
M/I extrapolated too µA/cm2• (b) s.,= (t::.M/1/J) vs 
beam energy. Data of Hight et al. and previously un­
published work by Berry and Gay. 
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for most metals are between 5 x 10·4 and 5 x 10·3 

0 c·t. Hence our results are consistent with a pho­
non gas model. 

"Primary" secondaries, while having roughly 
the same initial velocity as the ion (10-12 eV en­
ergy losses for secondary production are typical), 
lose energy through collision and will, in general, 
trail behind the ion as it leaves the surface. Sec-. 
ondaries produced by collision with o rays, how­
ever, tend to reach the surface before the ion. 
The number of electrons trailing and preceding the 
ion should be roughly equal, because equal amounts 
of energy go into each production mechanism, as 
shown by Bethe9 and Bohr.to The escape depth for 
secon9aries, i.e., the greatest depth at which a 
secondary can be produced and still escape the 
surface is, at most, 30-40 A.4 Since production 
is peaked in the forward direction, the large ma­
jority of secondaries, while not necessarily having 
velocities parallel to the ion beam, will emerge 
no more than 10-15 A from its track. 

These considerations lead to a simple explana­
tion of the temperature dependence of the align­
ment, or M/I. As the foil temperature increases, 
the number of secondary electrons produced by 
each ion decreases. These electrons surround 
the ion as it leaves the surface, at distances of 
~ 10 A, creating a random electric field in the 
rest frame of the ion, rapdily varying in time. 
This field will have peak strengths on the order 
of 5Xl07 v/cm, and will completely mix any elec­
tronic states already produced in the ion. This 
mixing will reduce tne degree of alignment (or 
anisotropy).in the electron cloud surrounding the 
ion, hence reducing the polarization observed. 
For higher temperatures and fewer electrons sur­
rounding the emerging ion, we expect higher de­
grees of anisotropy in the e~cited states. 

;For this model to make sense, there must be 
some other mechanism for producing the aiiiso­
tropic state. This mechanism could possibly be 
the static surface fields discussed by Eck11 .and 
Lombardi. t2 However, the oscillatory structure 
as a function of beam energy of both the alignment 
and its temperature-beam-current dependence 
Si or S,, point to a dynamic time-dependent sur­
face field, creating alignment by Stark mixing of 
different l sub levels within a given n state. t3, 14 

Such a time-dependent field develops from the po­
larization wake first postulated by Bohr.to In this 
model extended by Neufeld and Ritchiet5 and by 
Vager and Gemmen,t6 the moving ion passing 
through the solid induces a polarization wake which 
oscillates both in distance from the ion and in 
time, with the plasma frequency of the solid. The 
wake also decays in time, at a rate determined by 
the plasma damping constant. The induced wake 

produces strong electric fields (~108 V /cm) which ex­
tend about 10 A outside the foil surface as the ion 
leaves the foil. The field seen by the ion depends on its 
energy (velocity) and the plasma frequency of the 
solid. The length of time during which the field 
and the ion interact is determined by the time con­
stant for plasmon damping and the velocity of the 
particle. A possible test of this model is to probe 
the energy dependence of alignment as a function· 
of foil material, i.e., as a function of plasma fre­
quency and plasma damping constant. Some initial 
work in this respect has been donet 7 but not over 
a large enough energy range to provide a test. 

We should note that the influence of secondary 
electrons on the polarization has not ·been rigor­
ously proved. Such proof would be difficult to ob­
tain experimentally. Secondary-electron emission 
varies little for different target materials,4 and for 
a given material there is no way to change y with­
out changing temperature also. 

Our secondary electron model, while explaining 
why polarization increases with temperature, fails 
to explain the osctllatory behavior of S .,. One 
would naively expects., to vary in a similar man­
ner to s,., but this is not the case. 

The variation of S,. is easily explained by con­
sidering the stopping power for He• on C as ·a 
function of energy. 'Y, and hences,., are propor­
tional to stopping power. Since -(dE/dx) increases 
monotonically with beam energy below 750 keV, 
we expect a similar rise in -s,. for our energy 
range. If we fit a straight line to the data 
of Fig. 7 a~d compare the percentage change 
in s,. with the same change in stopping power 
between 70 and 180 keV, 7 we obtain 0.30± 0.15 
and 0.37, respectively; the -results agree to within 
the error of the fit. 

The failure of our model to explain the behavior 
of S., with beam energy leads us to consider other 
possible mechanisms for the current-temperature 
effect. One possible explanation is that by heating 
the foil, we are .changing its structure, .which in 
turn affects the outgoing ion. Kakinoki et al.,ta 
Kupperman et al.,t9 and Devenji et al. 20 have all 
observed structural changes in carbon films which 
they heated above 800 °K. These changes were not 
reversible, however, indicating that a structural 
effect cannot explain our results, which are. 
Another explanation is that we are changing the 
surface characteristics of the foil by thermal des~ 
orption of contaminants. We have observed that 
M/I values do not change for ambient chamber 
pressures ranging from 5 x10·1 Torr to 10·5 with 
and without cold trapping, a result which tends 
to discount this possibility. However, experiments· 
at ultra-high vacuum with absolutely clean sur­
faces are needed· before it can .be rejected comple-
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tely. 
Two other observations we made shed some light 

on the secondary electron model. During the sec­
ondary-electron experiments, we measured sev­
eral values of M/1 at different beam currents and 
energies. These values were independent of ex­
ternal fields (upto-4000 V/cm). This implies that 
if the secondaries are in fact affecting polariza­
tion, they must be doing so close to the surface, 
before they can be swept away by an external 
field. We also measured the ratio of intensities 
of the 3P 3P-4d 3D Hel, 4471 A and then= 3-4 
Hell, 4686 A transitions for different beam cur­
rents at a beam energy of 120 keV to see if the 
charge state ratio of the emerging ions varies 
with temperature. There was no observable change 
within statistics between 600 and 960 °K, This re­
sult implies that the secondary electrons are not 
being picked up as the ion emerges. This conclu­
sion is supported by the absolute intensitiy mea­
surements of Gardiner,21 although his temperature 
measurements, as discussed in the Appendix, may 
be inaccurate. 

V. CONCLUSIONS 

We have, shown that the current dependence of 
the linear polarization fraction M/1 of the 5016 A, 
2s 1S-3P 1P transition in Hel is due to the tempera­
ture increase in the foil caused by beam heating. 
In addition, we find that as the foil temperature 
increases, the number of secondary electrons pro­
duced by each ion decreases. We suggest that the 
reduction in electrons surrounding the ion as it 
leaves the foil surface leads to the increased align­
ment (M/1) at higher temperature. The energy 
dependencies of M/I and its variation with tem­
perature-beam current are not explained by the 
monotonic change of s~ (dy/dT) with energy. We 
suggest that the energy variations are produced 
by a time dependent surface electric field produced 
at least partially by the decaying polarization wake 
in the solid. 
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APPENDIX 

Temperature measurement 

The temperature of the carbon exciter foil was 
measured using an infrared optical pyrometer; 
specifically an Ircon 300L bolometer, which has a 
spectral range of 2.0-2.6 µ. Other techniques 
have been used for measuring temperatures of 
thin foils. Yntema22 and Whitmell et al.23 have 
used a furnace surrounding their foils for heating 
and assume that the temperature of the foil is 
equal to that of the furnace. As we will show la­
ter, this is a poor assumption except at high tem­
peratures. Gardiner21 places a thermocouple in 
close proximity to the foil'artd wrongly assumes 
that the temperature he thus measures corres­
ponds to the foil temperature. He fails to observe 
the considerable foil temperature change due to 
ion beam heating because the low thermal conduc­
tivity of the thin foil allows a large temperature 
gradient between it and the foil holder. 

Temperature monitoring with an infrared optical 
pyrometer is advantageous because it provides 
instantaneous, local readings of foil temperature 
which, again considering the extremely small 
thermal conductivity of the foils, appears to be 
important. 

The disadvantage with an optical measurement 
of the temperature is that it requires a knowledge 
of the emissivity of the foil. The emissivity is a 
function of the foil thickness, of the observation 
angle and (except for a gray body) of the wave­
length. Our experimental geometry (see Fig. 1) 
limited our observation angle to 39.5 ± 2.0° from 
the foil normal. The emissivity of a body is given 
by 

(Al) 

where T and R are the transmissivity and reflec­
tivity of that body for a given angle of observation 
and wavelength. Alternatively, one can use the 
expression 

(A2) 

The starred quantities refer to the apparent 
transmissivity and reflectivity. In any simple 
optical experiment these are the directly measur­
ed quantities. Due to multiple reflections at the 
surfaces the apparent reflectivity is somewhat 
higher, and the apparent transmissivity somewhat 
lower than the true values. In order to determine 
the emissivities of our foils, we mounted test 
samples of varying thicknesses on Al holders with 
6,4-mm apertures. The apparent transmissivities 
of the foils as a function of thickness were then 
measured. We first sighted the pyrometer through 
a blank aperture on a smooth piece of metal held 



960 T. J. GAY AND H. G. BERRY 19 

* I-

>-
1-

> 
m 
:E 
VI 

~ 
It: 
I-

I-

ffi 
It: 

it 
Q. 

39.5°; 2.0,. - 2.6,i 

<C 0.1~-----------~--~--
0 5 10 15 20 25 30 

AREAL DENSITY p (,ig /cm2) 
35 

FIG. 9. Apparent transmissivity of carbon foils for 
radiation between 2.0 and 2.6 µ vs foil areal density. 
Foil normals tilted 39.5 ± 1 • to incident radiation. Thick-
ness error bars not shown. 

at about 425 °c. The blank was replaced by a foil 
sample and the ratio of intensities was measured, 
giving the apparent transmissivity. The plane of 
the foil was held at 39.5 ± 1 ° relative to the line of 
sight of the pyrometer. The results of these mea­
surements are shown in Fig. 9. Several foils were 
used for each thickness in order to account for 
changes in emissivity due to wrinkling of the sur­
face. The observed apparent transmissivities for 
different foils of the same thickness group were 
consistent to an experimental precision for a given 
measurement of ± 10%, Foil thicknesses were 
those specified by the manufacturer with a quoted 
error of± 1 µg/cm2 or 10%, whichever was bigger. 

McMahon24 has shown that for partially trans-

parent reflecting bodies, the apparent transmissiv­
ity is given by 

(A3) 

where T and R are the true transmissivity and 
reflectivity of the object. Since for a thin film T 
can be assumed to vary as e-At, where Xis the 
body's absorption coefficient and tis its thickness, 
we can write 

T*=l-R/l+R at t=0,. (A4) 

Fitting a straight line to the data in Fig. 9 we 
find that its zero-thickness intercept gives a true 
reflectivity of 0. 03 ± 0. 03. The fact that the reflec­
tivity is so small justifies our assumption that we 
could fit a straight line to our data; the second 
term in the denominator of (A3) becomes negli­
gible so T* simply equals T times a constant. It 
should be noted that R is indepen\ient of thickness. 
Knowing R and T* versus thickness, we can cal­
culate T versus thickness using (A3). Then, from 
Eq. (Al), we obtain E as a function of thickness. 
These results are shown in Fig. 10. The foils used 
in our experiment all had areal densities of great­
er than 9.5 µg/cm"2 and less than 11 µg/cm" 2, For 
all temperature measurements we assumed the 
foils had an emissivity of 0.29 ± 0.10. While aeter­
mination of the emissivity for a specific thickness 
would in theory only require two measurements 
(R* and T*), in practice measurements of R* are 
difficult to make and often yield unreliable results, 
in some cases differing by as much as 100% for 
the same foil. 

It is reasonable to expect the emissivity to de­
pend on foil structure. During high-temperature 
runs (see discussion in Sec. III) the foil structure 
almost certainly changes to some extent, but no 
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FIG, 10, Emissivity of 
carbon foils vs areal densi­
ty (2.0-2.6 µ)~ Foil normals 
tilted 39.5 ± 1° to incident 
radiation, 
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corresponding changes in emissivity were observ­
ed. This was evidenced by the fact that tempera­
ture readings for a given heating condition were 
highly reproducible, being independent of past 
heating suffered by the foil. This could only hap­
pen if the structural changes are reversible, which 
is not the case, or if the emissivity does not depend 
on the foil structure. Foil thickening due to crack­
ing of hydrocarbons at the surface also causes 
changes in the emissivity, but temperature cor­
rections from this effect are negligible. 

During alignment measurements the pyrometer 
was sighted through a quartz window in the side of 
the chamber. Due to the small size of the window, 
and absorption in the quartz itself, radiation from 
the foil was diminished by a factor of 0.6 ±0.1. 
This factor, when multiplied by foil emissivity 
gave an "effective emissivity" of 0.17 ± 0,07. This 
number' was used in all temperature measure­
ments. 
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