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ABSTRACT

The results of calculations of the total integrated bremsstrahlung
radiation passing through absorbing foils of beryllium, aluminum, and
nickel [as well as aluminum and nickel in combination with carbon
(polyethylene)] are presented for various temperatures and a range
of useful thicknesses. Such information is necessary in obtaining values
for the electron temperature in a plasma from measurements of the
soft x-ray continuum emission. The spectral distribution of the trans-
mitted radiation is also presented for use in determining the spectral
region observed, thereby avoiding regions of undesirable radiation.
An indication of an observable flux level in a typical experiment is
given, along with equations suitable for scaling to other plasma con-
ditions, as a further aid in selecting foils for a particular application.

PROBLEM STATUS

This is a final report on one phase of the problem of electron tem-
perature determination in a plasma.

AUTHORIZATION

NRL Problem H02-24
Project RR 002-10-45-5054

Manuscript submitted January 18, 1967.



CALCULATIONS USEFUL IN THE DETERMINATION OF ELECTRON
TEMPERATURE FROM X-RAY CONTINUUM

RADIATION EMITTED FROM HIGH TEMPERATURE PLASMAS

INTRODUCTION

Plasmas at temperatures greater than kT = 100 eV (T = 1.2 x 106 oK) are characterized
by a strong x-ray continuum spectrum (as well as characteristic line radiation from optical
transitions in impurity ions). The bremsstrahlung continuum intensity per wavelength inter-
val is given by (1,2)

nin Z 2et _

IX= C ;:k- / exp(-,ElkrT),1

where E represents the x-ray photon energy, X is the corresponding wavelength, T is the
electron temperature, ni and n, are the ion and electron densities respectively, 4, is the
effective plasma length, z is the nuclear charge (1 for hydrogen and deuterium), 77 is the
mean Gaunt factor for free-free transitions, and C is a constant given by

C = 327r 2e6  
_ = 6.36 x 10

- 4 7 [cgs units], (2)

3 Xfc 3( 2irm) 3/2

where c is the velocity of light and k is the Boltzmann constant.

Thus, the high-energy cutoff for x-radiation in the 1 keV range at temperatures above
that given by kT = 100 eV is quite sharp as indicated by the exponential and is strongly
dependent upon temperature. This dependence of the high-energy cutoff on temperature
has been used as the basis of a technique for temperature measurement; i.e., a deter-
mination of the high-energy continuum wavelength distribution affords a rather sensitive
measurement of the plasma electron temperature (2-6).

Since x-ray spectrometers are generally of very low efficiency, measurements of the
continuum radiation are often obtained with broadband filters constructed from thin metal-
lic foils. Thus, a comparison of the intensities transmitted through foils of various mate-
rials and various thicknesses is often satisfactory for determining the wavelength distri-
bution of the continuum intensity and, thereby, the electron temperature.

This report presents results of the calculations of the wavelength distribution of the
specific bremsstrahlung continuum radiation per unit wavelength interval in the soft x-ray
spectral region transmitted through various metallic filters, as well as calculations of the
ratio of the integrated intensity through the foils to the total (integrated) incident continuum
radiation. Results are presented for foils of beryllium, aluminum, and nickel, as well as
combinations of carbon (polyethylene) with both nickel and aluminum. Some typical ratios
(useful in obtaining temperature values) of the integrated transmitted intensities for vari-
ous foil thicknesses as a function of temperature are presented and discussed. Data on
the x-ray flux emitted from the NRL 2-MJ theta-pinch device is also presented. This can
be scaled to other plasma conditions as a guide in selecting appropriate foils.
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DESCRIPTION OF CALCULATIONS

The specific intensity (i,) at any particular wavelength, transmitted through absorbing
foils of thickness Dwith an absorption coefficient K1 , is given by the product of Eq. (1) and
the total foil transmission, exp[--K (E)Dj]; or,

K = C n2in _ Z 2e- exp [E/kT-f K (E)D (3)

where the subscript i refers to the various foil materials. The high-energy (low-wavelength)
cutoff is still given by the exponential energy function. However, the long-wavelength cutoff
is now determined by the characteristics of the absorbing foil.

Values of Eq. (3) have been calculated, using the NRL NAREC computer, for a range of
foil thicknesses, various foil materials, and several temperatures. (A graph for converting
foil thickness expressed in mg/cm2 into inches is given for convenience in Fig. 1, where
the specific gravities were obtained from Ref. 8, and a value of unity was used for carbon.)

These values were automatically plotted versus wavelength, and the results are given
in Figs. 2 through 21. Such graphs are most useful in determining the wavelength region
observed, thereby assuring the avoidance of regions of characteristic line radiation. For
example, resonance radiation from OVII and OVIII (16 to 22 A) can seriously compete in
intensity with the underlying and nearby continuum intensity, even in systems where oxygen
exists in minute amounts. This contribution from line radiation can be made negligible by
using thick foils (where the x-ray flux is sufficient) or by combining, for example, alumi-
num or nickel with carbon in the convenient form of polyethylene (CH 2) as shown in Figs.
10 through 13 and 18 through 21.

Absorption coefficients for aluminum, beryllium, and carbon, used in the numerical
calculations, were taken from a compilation due to Gilmore (7). Nickel absorption coef-

ficients were obtained from Allen (8) for wavelengths shorter than the L edge at 12.3 A.
For longer wavelengths, values were obtained from those measured for copper (9) by
multiplying by 0.91,* a procedure expected to be accurate to 5%.

A numerical integration of Eq. (3) over a photon energy (E = he/A) range of 0.1 keV
to 10 keV, with a mesh equivalent to an energy interval of 50 eV near absorption edges,
was carried out initially on the NRL NAREC computer and, more recently, on the NRL-
CDC-3870 computer. The normalized total transmission, given by the integral of Eq. (3)
divided by the integral of the incident pure bremsstrahlung radiation (Dj = 0), is plotted
versus foil thickness for various temperatures in Figs. 22 through 27 for the same foil
materials described in the previous figures. From these graphs, plots of the integrated
foil transmission versus temperature may be obtained for any desired foil thickness.
More important, ratios of transmission for two different foils may be obtained such as
are shown typically in Figs. 28 and 29. A study of these latter figures is useful for deter-

mining the temperature range of greatest sensitivity in selecting a particular foil combin-
ation, as discussed below.

DISCUSSION

The results of the calculations just described, which are presented in the following
graphs, are useful in the initial conception and design of an experiment to measure the

electron temperature in a plasma and are useful in the final analysis of the relative x-ray

continuum intensities measured through thin metallic absorbing foils. Typically, materials

*The authors are grateful to N.J. Peacock of Culham Laboratory for suggesting this approach.
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are first selected and thicknesses tentatively assigned consistent with a suspected contri-
bution from line radiation both in the x-ray region of interest as well as in other spectral
regions in which the foils may have significant transmission. For example, several types
of foil considered here such as aluminum, beryllium, and carbon have a transmission
window in the region of 150 to 170 A. The presence of oxygen impurity ions in the plasma
will often produce copious amounts of OV and OVI radiation in this spectral region, perhaps
from cooler layers in the field of view, which will also pass through the filters to some
degree.

Comparison of signals with those obtained through foils such as nickel which is
opaque in the 150 A region will often indicate any difficulties due to these effects (6).
The possibility of penetration of charged particles through the foils makes additionally
desirable the use of as great a foil thickness as possible for the available x-ray flux.

The proper choice of foil thickness therefore depends on the available radiation flux
from the source and the available detector sensitivity, factors which ultimately place an
upper limit on the useful foil thickness. Indicated in Figs. 22 through 27 by arrows (as
well as in Figs. 28 and 29 by the dashed portions of the curves) is a somewhat arbitrary
lower level of sensitivity of 4 x 10' as determined from a particular experiment, i.e.,
for a four-channel detection system (6) used in conjunction with the NRL large Pharos
theta-pinch device (10).

Inthis system, the x-rays were viewed through a combination of metallic foil, scin-
tillator, mirror, and photomultiplier having a conical field of view describing a solid
angle of 0.09 steradians and an aperture diameter at the foil of 1.6 mm. This system
gave a lower limit to the useful total bremsstrahlung transmission of approximately
4 x 10' with an EMI type 6255B photomultiplier operated at -1600 V and with an NE-
102 plastic scintillator. This transmission limit depends upon plasma conditions which
were as follows: kTe = 900 eV, ni = ne = 101 7cm - 3, and t = 100 cm. The nickel foil used
in determining these limits was of thickness 6.8 mg/cm 2. From this information and
Eq. (3), the minimum intensity may be scaled to other devices in order to obtain a rough
estimate of the thickest foil likely to transmit measurable radiation for any particular
experiment. (See discussion below concerning the Gaunt factors.)

Thus, having determined the most desirable material and maximum foil thickness
usable, the information in Figs. 22 through 27 may be used to plot the ratio of integrated
intensity transmitted for two different foils as a function of temperature; typical examples
are shown in Figs. 28 and 29 for beryllium and aluminum. From curves such as these,
the thicknesses used may be again adjusted to obtain maximum sensitivity of the temper-
ature determination for the region of interest.

It should be pointed out that the transmission curves for specific intensity versus
wavelength (Figs. 2 through 21) may be combined to yield the transmission through
stacked foils, using the zero-thickness pure bremsstrahlung (Dj = 0) curves for normal-
ization. However, the integrated intensity data shown in Figs. 22 through 27 is not so
easily combined and generally must be computed for each specific combination. (See
Ref. 2, chapter 13, for an analytical method of integration when absorption edges do not
occur in the region of interest.)

Recombination continuum radiation into oxygen states of high ionization will naturally
contribute to the continuum intensity below the relevant series limits. However, the expo-
nential function given in Eqs. (1) and (3) will continue to hold for recombination radiation,
as well as for free-free bremsstrahlung continuum radiation. The free-bound (as well as
the free-free) Gaunt factors are not known for the oxygen ions. However, since the Gaunt
factors always appear in ratios between foils for the temperature measurement, errors
in the deduced temperature due to the noninclusion of a wavelength-dependent Gaunt factor
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in the integration will be less than 10 percent, particularly if the radiation passbands are
chosen close together and in regions of slowly varying Gaunt factors (2).
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Fig. 2 - Relative bremsstrahlung emission at a temperature
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Fig. 3 - Relative bremsstrahlung emission at a temperature
(T) transmitted through beryllium absorbing foils of thick-
ness (D) versus wavelength
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Fig. 4 - Relative bremsstrahlung emission at a temperature
(T) transmitted through beryllium absorbing foils of thick-
ness (D) versus wavelength
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Fig. 5 - Relative bremsstrahlung emission at a temperature
(T) transmitted through beryllium absorbing foils of thick-
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Fig. 24 - Ratio of the integrated bremsstrahlung emission
transmitted through aluminum absorbing foils to the total
incident flux versus foil thickness (in mg/cm2 ) for various
temperatures. From this data, ordinate values for different
thicknesses may be plottedversus temperature and used for
plasma electron temperature determination; e.g., see Figs.
28 and 29.
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Fig. 25 - Ratio of the integrated bremsstrahlung emission
transmitted through aluminum and polyethylene absorbing
foils to the total incident flux versus aluminum foil thickness
(in mg/cm2 ) for various temperatures. From this data,
ordinate values for different thicknesses may be plotted
versus temperature and used for plasma electron tempera-
ture determination; e.g., see Figs. 28 and 29.
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Fig. 27 - Ratio of the integrated bremsstrahlung emission
transmitted through nickel and polyethylene absorbing foils
to the total incident flux versus nickel foil thickness (in mg/
cm 2 ) for various temperatures. From this data, ordinate
values for different thicknesses may be plotted versus tem-
perature and used for plasma electron temperature deter-
mination; e.g., see Figs. 28 and 29.
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Fig. 28 - Ratio of bremsstrahlung radiation transmitted
through beryllium foils of thicknesses Di and D 2 versus tem-
perature, useful in determining plasma electron temperature.
This is a typical example of what may be obtained from the
results in Figs. 22 through 27.
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perature, useful in determining plasma electron temperature.
This is a typical example of what may be obtained from the
results in Figs. 22 through 27.





Security Classification

DOCUMENT CONTROL DATA - R & D
(Security classification of title, body of abstract and indexing annotation must be entered when the overall report is classified)

1 . ORI GIN ATI NG AC TI VITY (Corporate author) 20. REPO RT SECU RI TY C LASSIFI CA TION

Naval Research Laboratory Unclassified
Washington, D.C. 20390 2b. GROUP

CALCULATIONS USEFUL IN THE DETERMINATION OF ELECTRON TEMPERA-
TURE FROM X-RAY CONTINUUM RADIATION EMITTED FROM HIGH TEMPER-
ATURE PLASMAS
4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

A final report on one phase of the problem.
5. AU THOR(S) (First name, middle initial, last name)

Raymond C. Elton and Arlo D. Anderson

6- REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS

March 31, 1967 38 10
8a. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMBER(S)

NRL Problem H02-24 NRL Report 6541
b. PROJECT NO.

ONR RR 002-10-45-5054
C. 9b. OTHER REPORT NO(S) (Any other numbers that may be assigned

this report)

d.

10. DISTRIBUTION STATEMENT

Distribution of this document is unlimited.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Department of the Navy (Office of Naval
Research), Washington, D.C. 20360

The results of calculations of the total integrated bremsstrahlung radiation
passing through absorbing foils of beryllium, aluminum, and nickel [as well as
aluminum and nickel in combination with carbon (polyethylene)] are presented for
various temperatures and a range of useful thicknesses. Such information is
necessary in obtaining values for the electron temperature in a plasma from
measurements of the soft x-ray continuum emission. The spectral distribution
of the transmitted radiation is also presented for use in determining the spectral
region observed, thereby avoiding regions of undesirable radiation. An indication
of an observable flux level in a typical experiment is given, along with equations
suitable for scaling to other plasma conditions, as a further aid in selecting foils
for a particular application.

D D FO051473 (PAGE 1)

S/N 0101-807-6801 Security Classification



Security Classification

14. LINK A LINK B LINK C

ROLK WT ROLE WT ROLE WT

Plasmas
X-Ray Bremsstrahlung
Recombination continuum radiation
X-Ray Transmission curves
Electron temperature
Thin metallic foils

DD NOR ..1473 (BACK)
(PAGE 2) Security Classification


