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ABSTRACT

Two cases of continuum X-radiation, (1) from the volume of a plasma, and

(2) from a target placed in a plasma, are considered. The ratio by which the

X-ray intensity is reduced on passing through an absorbing foil is a quantity
which is readily measured. The organisation of a computer calculation to
Since the X-ray intensity was in practice

the corrections due to the

obtain this ratio is discussed.
measured by a scintillator and photomultiplier,
variation of scintillator efficiency with X-ray energy, which must be incor-

porated in the calculation, are discussed.
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NOTATION

a = number of different chemical elements in the material of X-ray window

A _ - constant in equation (10)

(b-a) - number of different chemical elements in the material of the absorber

B -~ constant in equation (10)

c - wvelocity of light (cm sec™?t)

e — electronic charge (e.s.u.)

er - error produced in numerical integration

Ep - as defined by equation (1)

Ep - as defined by equation (2)

Eq - as defined by equation (3)

Ep - as defined by equation (4)

E, - as defined by equation (12)

E, - as defined by equation (13)

E, - as defined by equation (14)

F,(x,) - as defined by Henke, White and Lundberg(g)

Falx.) - as defined by Henke, White and Lundber‘g(g)

G, (configuration) - as defined by equation (5)

G,(T, n, P’ qn) - as defined by equation (5)

G, (T, v) - as defined by equation (5)

h - Planck's constant

i - suffix label denoting a particular chemical element

ip - plasma electron current (e.s.u.)

I(v) - absolute spectral intensity for X-rays of frequency v incident upon
the window

I(g) - relative spectral intensity for X-rays of energy ¢ incident upon the
window

J(U, v) - Xe-ray spectral intensity for a frequency v per steradian per electron

incident upon the target with velocity U

k ‘ - Boltzmann's constant

m - mass of electron

my - mass per square centimetre cross-section of X-ray path of the absorbing
element in the scintillator

mj - mass per square centimetre cross-section in the path of the X-ray beam either
of window material or of absorber material for the chemical element labelled
i(gn)

3% .

M{u, v, w) = (T'J‘;Lf) exp { = _2I£T (2 4 9% % wz)} (Maxwell's velocity distribution)

n - plasma particle density (cm™2)

Pn - atomic constants of the plasma atoms

P - K-photon escape probability for a scintillator

dp - constants associated with X-ray target material

Q(T) - total X-ray energy radiated per square centimetre of solid surface per second

per steradian (ergs).

Qm(T) - measured value of Q(T) on transmission through X-ray window
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attenuation ratio for X-rays of frequency v in passing through the window

attenuation ratio for X-rays of frequency v in passing through the absorber

*max
integral / Yy dx to be numerically evaluated

}min
plasma electron temperature (°K)
components of electron velocity in Cartesian coordinates
as defined by equation (1A)
velocity of an electron incident upon the X-ray target

component of the electron velocity normal to the sheath after penetration of
the sheath (cm sec™)

component of the electron velocity transverse to the normal to the plasma
sheath (cm sec™)

plasma sheath potential (e.s.u.)
probability that a K-electron is involved in a photo-absorption event
angular spherical coordinate in electron velocity space

measured average pulse height for mono-energetic X-rays of frequency v
incident upon a scintillator

measured photopeak pulse height for mono-energetic X-rays of frequency v
incident upon a scintillator

plasma electron temperature in electron volts

mass absorption coefficient for an element labelled i at an X-ray frequency

absolute scintillator efficiency at a frequency Vv
relative scintillator efficiency for X-rays of energy ¢

X-ray frequency (sec™?')

X-ray frequency at which scintillator is calibrated

X-ray frequency for K-radiation (for iodine)

conversion efficiency for a beam ol mono-energetic electrons of velocity U
to X-rays. The energy radiated into one steradian in a specific direction
being considered

X-ray energy in electron volts

maximum X-ray energy considered in evaluating X-ray intensity

minimum X-ray energy considered in evaluating X-ray intensity

xhray energy for the K-absorption edge of an element labelled i

X-ray energy for the L-absorption edge of an element labelled i

K-fluorescent yield (for iodine)

v



1. INTRODUCTION

Consider a beam of X-rays which leaves a plasma through a window, and then passes
through an absorbing foil to be detected by a scintillator and photomultiplier. The

X-rays may originate either from the volume of the plasma or from a target placed in the

plasma.

Let:
v be the X-ray frequency,

I(v) be the spectral distribution of intensity of

the X-rays incident upon the window,

n(v) be the scintillator efficiency at frequency v.

This efficiency is the fraction of the incident X-ray energy which is converted into
light energy. The light energy is measured by the photomultiplier, allowance being made
for the fraction of the light produced in the scintillator which reaches the photo-cathode
of the Photomultipiier. It should be noticed that this is not the true efficiency of the
scintillator, which is the ratio of the light energy produced by the scintillator to the

X-ray energy absorbed in the scintillator.

Let:
Ri(”) be the ratio by which the intensity of X-rays of frequency

v are attenuated on passing through the window,

Rz(v) be the ratio by which the intensity of X-rays of frequency
v are attenuated on passing through a further absorber.

Then, ignoring line radiation, the intensity of the X-ray beam incident upon the window

is -
EA.:/I(\J) dv , eww 1)

(o]

and the intensity as measured by a scintillator is
=]

Ep = /.n(v) I(v) dv . eee (2)

o}

On passing through the window the X-ray intensity is

e =/k;(u) n(v) 1(v) av , e 182

0]

and on further passing through the absorber the intensity is

ED=/ R 0o » Buleds vl B @ . er (4)
o]



The window used is transparent to X-rays but not to radiation of lower frequency. That
is, there is no contribution to the integral in equation (3) below v = Voipe Which can
be taken as the lower limit in this integral. Further the function I(v) is always of a

form such that ‘I(v) -0 as v - «w, and there is no contribution to the integral in

equation (3) above v = Wit which can be used as the upper limit to this integral.

Let:
n be the plasma particle density (cm™2),
T be the plasma electron temperature (OK),
P be atomic constants of the constituent of the plasma,
q. be constants associated with the material of the target
in the plasma.
The function I(v) can be written

I(v) = G,(configuration) 'GZ(T’n’pn’qn)' G,(T,v) io's {5)

for the two cases which are to be discussed in the next section. From a brief examination
of the problem, it does not seem possible to show that I(v) can always be written in
this form. Since the integrations in equations (3) and (4) involve G,( ) but not G,( )
and GE( ), the ratio ED/EC is a function of T only. Thus, when a measured value of
ED/EC is compared with a set of calculated values for different electron temperatures,

an estimate of the electron temperature is obtained. The discussion of experimental
results is postponed to a later section. It should be possible to deduce the plasma den-
sity n from absolute measurements of Es when the functions G,( ) and G,( ) have been

calculated. However it is usually very difficult to obtain a reliable figure.

2. THE SPECTRAL DISTRIBUTION OF X-RAY TNTENSITY

(a) Radiation from the volume of the plasma

For the case of a pure hydrogen plasma at a sufficiently high temperature to give
X-ray emission the only possible radiation is due to free-free transitions of atomic hydro-
gen. The function G,(T,v) then approximates to the form exp(-hv/kT). However in
practice the radiation due to impurities is often much larger than this free-free radia-
tion. The impurity radiation in general includes free-free, free-bound and line radiation.
For free-bound radiation, caused by recombination of a free electron into an excited state
of an ion or atom, G4(T,v) = O for v £ vy and o exp(-hv/kT) for v > Vgs Where hvg is

the energy difference between the final bound state and the ionization energy level.



The function GQ(T,n,pn) refers to the radiation per unit volume of plasma per stera—
1.
dian. For free-free radiation GE(T,n,pn) is of the form n?*/T? function (pn)_ For
recombination radiation for an impurity ion of density n, cm™®, when the ionization

potential from the level in question is Xny» GE(T,n,pn) is of the form

nn, ( Xn )
exp|{ = )T (p) .
'I‘?E kT n
Accurate formulae for G_( ) and G_( ) are given by Finkelnburg and Peters(1), and

(2)

details of an experimental determination of T are given by Jahoda et al .

(b) Radiation from a target in the plasma

The bombardment of a solid target by electrons gives rise to both line radiation and
continuum radiation. The line radiation is characteristic of the material of the solid.
The highest frequency line radiation is the characteristic K-radiation of the solid. 1In
our experiments only solids of low atomic number were used. For these solids the ffequenqy

of the K-radiation was comparatively low and was completely absorbed in the window.

In general the continuum radiation may originate from a solid target in the plasma,
from the walls of the discharge tube or from a thin window set in the wall of the discharge

tube. As is shown in Appendix I (equation (A.7), the function G,(T,v) now takes the form

oy + 2 | ex A
KT P KT / °

and GQ{T,n,qn) now refers to the energy radiated per square centimetre of target surface
- per second per steradian. From equations (A.7) and (A.10) in Appendix I and using the
equation, iy = ip, it can be shown that G,( ) is of the form nTaé F(q,). Due to this
different form to the function GE( ), radiation from the walls becomes more important than

volume radiation for plasmas of low density and high temperature.

The formula for GQ(T,n,qn) * G4(T,v) for radiation from a solid as deduced in

Appendix I is almost identical to that used by Aleksin et al(s)

in an experiment to
determine the electron temperature of a turbulently heated plasma. The deduction of this

formula is based upon established work in two fields,
(1) plasma sheaths formed at a boundary of a plasma,

and

(2) the continuum X-ray spectrum produced when mono-energetic

electrons bombard a thick target.



5. THE VARIATION OF SCINTILLATOR EFFICIENCY WITH X-RAY ENERGY

The conversion of X-ray energy into light energy which takes place in a scintillator
occurs in two steps. The first is the conversion of all or part ol the energy in an
X-ray photon into the kinetic energy of one or more electrons, and the éecond is the con-
version of the kinetic energy of these electrons into light energy radiated from the
scintillator. In the experimental work carried out so far sodium iodide scintillators
and plastic scintillators made from the material NE 102A have been used. Previous experi-
mental work(4)'(5) suggests that for these two materials the true elliciency of the second
process does not vary much with the electron kinetic energy. However, it is known that
the true efficiency of the first process does vary with the energy of the incident X-ray

photon,

The lirst correction to be made is to allow for the fraction of the incident X-ray

intensity which is not absorbed in passing through the scintillator.

Let:

pi(v) be the mass absorption coefficient for the chemical element, labelled i,

principally responsible for X-ray absorption in the scintillator,

m be the mass per square centimetre cross-section of this chemical element

in the path of the X-rays,

n(vo) be the scintillator efficiency at some suitably low frequency v, at which
the scintillator has been calibrated, and at which the incident beam of

X-rays is completely absorbed.
N.B. from the remarks in the previous paragraph, provided all the X-ray energy in the

incident beam is converted into electron kinetic energy

n(v) = nlvg) .+

(
%(_%7: 1 —exp [ g () } ... (6)

provided my pi(uo) $ 1. In the case of the plastic scintillator only the X-ray absorp-

Then

tion due to carbon was considered, and in the sodium iodide scintillator only the X-ray
absorption due to iodine, as the X-ray absorption is due almost entirely to these elements.
Ideally the scintillators should always be made sufficiently thick for this correction to

be small, but this is not always possible.

For sodium iodide for X-ray energies below 200 keV the predominant absorption process

(7).

is photo-absorption, in which all the energy of the incident X-ray photon is absorbed

This energy goes into removing an electron from one of the inner shells of the iodine atom



and into kinetic energy acquired by this electron. When the incident X-rays have an energy

of less than 332 keV it is not possible to remove an electron from the K-shell of the

iodine atom, but at greater energies an electron is removed from the K-shell in 84% of

the photo-absorption events.

is removed from one of the other shells (L,M,N, ...

In the other 16% of the photo-absorption events an electron

). The probability that the vacancy

left in the iodine K-shell gives rise to the emission of an iodine K-photon is known as

the fluorescent yield, which for K-photons from iodine is high (87+5%).

Further, since

the mass absorption coefficient for the fluorescent radiation is comparatively low, the

probability that the K-photon escapes from the scintillator can be high .

Write

escapes from the scintillator the energy deposited in the scintillator is

wise the energy deposited in the scintillator is hv.

Vi for the frequency of the K-radiation of iodine.

When the K-photon produced
hv - hyy, other-
When the light output from the

scintillator was measured by a photomultiplier, pulses of two different heights were

observed, one corresponding to an energy hv

the other to an energy hv - huk.

occurred was measured with a pulse height analyser.

of pulse height against the pulse height obtained from measurement.

being deposited in the scintillator, and
The frequency with which pulses of a given height

Fig.1 shows a plot of the frequency

The probability that

the absorption of an incident X-ray photon gives rise to a fluorescent K-photon which

escapes from the scintillator is known as the escape probability P.

This quantity is

equal to the fraction of the total counts under the lower energy peak in Fig.1.
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Plot of frequency of pulse height against
pulse height for a sodium iodide
scintillator.
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Plot of frequency of pulse height against
pulse height for a plastic scintillator
(NE102 A) and 35 kV x-rays.
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Fig.3 (CLM-R81)

Plot of frequency of pulse height against

pulse height for a plastic scintillator
(NE 102 A) and 60 kV y-rays.
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The escape probability P has been calculated by Axel(s) for the case of a beam of
X-rays incident n' mally on the plane surface of a scintillator which is thick enough to
absorb any radiation travelling into the scintillator.

Let: wg be the K-fluorescent yield (for iodine 0-875),

f  be the probability that a K-electron is involved
in a photoabsorption event (for iodine 0+84),

s (vge)
= 1 5ie (i refers to iodine) .
Then the theoretical escape probability is given by(s)
=3 J
r + 1
Py 1 - r log, ( = ) eee (7)

It was experimentally convenient to use a thin sodium iodide crystal on the end of a
light-guide. This crystal was too thin for equation (7) to apply. Measurements were made
of the escape probability at X-ray energies of 35 keV and 60 keV, An empirical formula
was then devised which satisfied these measured values. For a particular scintillator
with my = 0+075 gn cm™® this formula was P = 0+3130 - 7+57. 107°§ pi(v)}2 . From the
definition of the escape probability P, it follows that the true scintillator efficiency
is given by —{(Probability of K-photon capture X Incident photon energy) + (Probability of
K-photon escape X Energy retained)}/Incident photon energy, and hence

aly) (1 - P)hv + P(hy - hy)
n(uo) = hy

[1 - exp {—md By (V) 1] eee (8)

The equation (8) must be used when the energy of the incident X-rays is greater than
33-2 keV; for energies less than this, formula (6) must be used, since the escape proba-
bility P is then zero.

For the plastic scintillator NE102A X-ray absorption is due to both photo-electric
absorption and Compton scattering. Photo-electric absorption varies approximately as 1/v2,
'but Compton scattering varies slowly with frequency(7). Thus at higher X-ray frequencies
the effect of Compton scattering is dominant. For a plastic scintillator, where the X-ray
absorption is due to carbon, theé two effeéts are comparable for an X-ray energy of 20 keV,
whereas for sodium iodide the two effects are comparable for an X-ray energy of 200 keV.
For the measurements considered it was necessary to take account of the effects of Compton

scattering in plastic scintillators, but not for sodium iodide scintillators.

Fig.2 is a plot of the frequency of pulses against pulse height obtained from pulse
height analyser measurements. The scintillator used was NE102A 381 cm dia x2+54 cm long
and the X-rays incident upon the scintillator were fluorescent X-rays from ceric oxide
(35 keV). The high energy peak corresponds to events where all the energy of the incident
X-ray photon is absorbed and is known as the photopeak. The lower energy peak corresponds
to Compton scattering where only a part of the energy of the incident photon is absorbed.
Fig.3 shows a similar plot under similar conditions, but with Y-rays (60 keV) from ameri-

cium 241 incident upon the scintillator. The effect of Compton scattering is now dominant



and the position of the much attenuated photo-peak is indicated by the arrow. The pulse
heights corresponding to the photo-peaks shown in Figs.2 and 3 are proportional to the
energy of the incident X-ray photons as they should be. However the effective scintilla-
tion erficiency is proportional to the average pulse height obtained from the graphs in

Figs.2 and 3.

Let:

Z(v) be the average pulse height,

gp(v) be the pulse height of the photo-peak.

The scintillator efficiency is now given by’

n(vg) ~ 5,0 [1-exp | -my galﬁggnﬂ )

It was assumed that the variation of E(v)/zb(v) could be expressed by an empirical

formuia

= ... (10)

z (v) ~

Eiﬁ—— =1 - exp [ -
]

>
1
> |
e

Fig.4 shows the result of adjusting the values of A and B in equation (10) so that the
measured values of éf:}/zh(v) corresponding to Figs.2 and 3, shown as crosses, fit the
curve., Fig.4 shows that the scintillator efficiency does not fall until well above the
X-ray energy at which the effects of photo-absorption and Compton scattering are compar-

(8)

able (20 keV). A similar result has been obtained by Berger and Doggett for sodium
iodide scintillators. This is due to the fact that at higher X-ray energies most of the
pulses under the photopeak correspond to events in which the Compton scattering of an

incident X-ray photon is followed by photo-absorption.

4, THE ORGANISATION OF THE COMPUTER CALCULATION

It is convenient to write ¢ for the X-ray energy in electron volts and 6 for the

electron temperature also in electron volts.

There are now the relations

10%e
Vg )

10%e
kB ke

i TAT)
hv ¢
kKT — 6
10%e

dv = o5 de )




This calculation is not concerned with the absolute value of X-ray intensity, and
since only integration over X-ray frequency is concerned the functions G,( ) and Gy( )

will be ignored. The function I(¢p) was normalised so that

00

E :/ I(p) do = 1 sss (12)

0
(0]

Then for radiation from the volume of the plasma

o -foo (8 )

and for radiation from a solid target

I(cp)=3l6<§+2>exp<—-§>.

When the scintillator efficiency is written as a function of the variable ¢ write

ﬂ](:—())) = n(¢)
where n(vo) is the scintillator ef‘ficiency at a low X-ray frequency V4, SO that as
9 >0, n(¢) > 1. Ry(y) and Ry(¢) are identically equal to R, (hg=+v) and
Rz(-%%g- v) respectively, In place of the limits O and « in equation (3) limits
¢y 2nd Pnax  AT€ taken. Below ®in’ R, (¢) becomes very small, and above @ ax? I(g)
becames very small. Equation (3) now takes the form

P max
B i= j R, (9) n(p) I(¢) do wis o {131
Fmin

‘and similarly equation (4) becomes
¢

max
E, =f R,(¢) « R () * nle) * I(¢) dg e (14)
Pmin
Now
E/E, = Ey/E;
The way in which the quantity R,(¢) n(9) I(¢) varied with ¢ made it difficult to use a

standard numerical integration technique, The numerical integration was easier after the

transformation, Y = 1oge(-é2), had been made. Equation (12) then becomes

o
. max

E :] R, {6 exp(y)] n {6 exp(y)] I{6 exp(y)} e exp(y) ay —

P P
max min
where § = log, ( 5 ), Voin = lOge( 5 ) -



The material of the window contains a number 'a' of different chemical elements whose mass

absorption coefficients for X-rays are pj., and the mass per square centimetre cross-

section in the path of the X-rays is m; for the element labelled 'i'. The function

R,(¢) is given by .
1=a

R,(9) = exp ‘:— Z {mop (o) Z:J soa [16)
i=1

The absorber consists of a number of chemical elements (b -a) and R,(¢) is given by

exp[— fzmi ui(m]

Rz( (P) =
i=a+1
i=a i=b
o Ry(9) < Ry(g) = exp [} Im p; (o) E:]-GXD [} 2{: {m, pi(¢)}_1
i=1 i=a+1
i=b

exp |:- {m pi(qy)l:l .o (17)

[
]
=

Over considerable ranges of ¢ the functions pi(¢) approximate to the form const/¢a.
However, at certain values of ¢, P and PLi characteristic of a given chemical element,
the value of pi(w) increases very sharply with increasing ¢. In this calculation these
sh;rp increases have been approximated by mathematical discontinuities, different formulae
being used for ¢ > Bei and ¢ < @ - For ¢ > 3000 eV ui(¢) was calculated mostly from
the émpirical formulae of Victoreen(T), and for ¢ < 3000 eV pi(¢) was calculated mostly

.from the empirical formulae of Henke, White and Lundberg(g). Both of these sets of
formulae are based upon previously determined experimental values. The value of ¢ at
the discontinuity ¢ = ¢, was small and the corresponding value of pi(m} large. For
¢ < Py pi(¢) was taken as constant at the value of ¢ slightly greater than 9 In
nearlj all cases of practical interest this does not much affect the calculation as
R1(¢) and R, (¢) *R,(¢p) as given by equations (15) and (16) are then very small. For
iodine when Ppi <P < Py an empirical formula for the mass absorption coefficient

pi(@) was devised to fit previously measured values of this quantity. This formula was

¢ P

97+68 [ 3622  9-232.10° j
_F2 + P} ’
o

(9)

where the function F_( ) was as defined by Henke, White and Lundberg'™’.

= O =



The computer integration was performed by a subroutine QAO2A, now in the Culham com-

puter library. This subroutine evaluates an integral

Fmax
= j' y dx ... (18)

min
using Simpson's rule. Consider five successive ordinates Yn-2* Yn-1? ¥n2 Yne1? Yna2

corresponding to five successive abscissae x X X x X where
2 & B n-2° "n-1’ “n’ "n+1’ n+2’

=X - 2Ax, X ® k= Ax, x

=x_ + Ax = X + 2Mx. 0 ro-
X2 = ¥, e ,y X - The error e. P

n+1 n n+2

duced by using Simpson's rule to evaluate this part of the integral is given by

2z " Thag
°r = 180 {yn—Z =W F WL T Wyt Vne }

The subroutine measures this error and continuously adjusts the step length Ax so that

the error is kept within a prescribed limit.

Due to this method of evaluating the integral, it is not possible to use the sub-
routine over a range of ¢ in which one of the discontinuities in pi(m) occurs. In

evaluating the integrals E, and E, it was necessary to split the range of integration

as follows: (¢

nin ©° %1 - Ao), (¢b1 + Ag to P2 ~ Lp) .. (¢QN + Ag to qhax)’ where the

values wQ1’ ¢Q2 — @QN are the discontinuities appropriate to a particular calculation.
The selection of the approbriate values of Pii and the successive calling of the sub-
routine QAO2A for the integration over these intervals was done in the MAIN programme.

Computer function subprogrammes and subroutines were used to calculate the quantities

required as follows:-

Computer function subprogramme Expression as formulated in this report
or_subroutine '

AMU(MA, PHI) w,; (@)
F1(ARG) F,(x,) Henke, White and
F2(ARG) Fol(x,) } Lundberg(g)
F3(ARG) 0‘071:831\]0 (Victoreen(n)
R1(IW, WM, PHI) -my ;i (9)
1=a
R2(NA, PM, PHI, INDIC) - Z m; , (¢)
i=1
INTEG1 (PHI, Y) R, {6exp () {nfbexp (¥) {T{6exp (y)16exp (¥)

INTEG2(PHI, Y) R, f6exp ()R f 6exp(¥) InfBexp(¥) I {0exp(y)ioexp(y) .

- 11 =



A prelude was used, and the common variables were, in the notation of this report,
a, b, i, m, md i (for the scintillator material) and 6. The common variables were
only used in the MAIN programme and in the subroutines INTEG1(PHI, Y) and INTEG2(PHI, Y).
The subroutine QAO2A was adjusted to give an accuracy of about 1 part in 10*. The
accuracy of p;(¢9), given by the empirical formulae mentioned (references (7) and (9))

is however, only claimed to be 1 part in 100, and this clearly sets a limit on the accuracy

of the evaluation of E, and E,.

5. DISCUSSION OF SOME EXPERIMENTAL RESULTS

X-ray absorption measurements have been used to estimate the electron temperature of
a turbulently heated plasma in the 'Twist' experiment. The higher plasma densities gave
rise to electron temperatures of the order of 2000 eV. The mezasurements were then made
with a graphite target in the plasma and a thin (0-0005 in.) beryllium window. Lower
plasma densities gave rise to a higher electron temperature of about 20000 eV. In this
case X-rays originating from the torus wall were measured after passing through the torus

wall and also through a surrounding copper sheath.

100 r

Electron Lemperature (IV)

Absarptien ratio E2 ,'EI
(=]
=
T

00l ! ! |
o001 o0l 010 10

Thickness of copper (in)

Fig.5 (CLM-R81)
Plot of calculated values of E,/E, against thickness of absorber, and corresponding
measured values (shown as error bars).

Measured and calculated quantities for this latter case are shown in Fig.5. Here
calculated values of Eg/E1 are plotted against the thickness of absorber for different
assumed electron temperatures. Experimentally determined values for the conditions cal-
culated are inserted as error bars. It is clear from this figure that the experimental

values are consistent with an electron temperature of about 20000 eV. Fig.G shows
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Fig.6 (CLM-R81)
Plot of spectral intensities of continuum radia-
tion: I(¢) in the plasma, I{(¢)n(é) R,(¢b) on
passing through window I(¢) n{é)R,() Ry()
on further passing through absorber.
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APPENDIX I

X-RAY EMISSION FROM A SOLID BODY IN A PLASMA

Let there be a solid body in the plane x = O of a Cartesian coordinate system, and a
plasma sheath such that only electrons with a velocity component in the x-direction

greater than u, can penetrate the sheath, where ug is given by the expression

1 - A
%mul=eV oo (ALT)

- VS _being the sheath potential.

Assuming the density in velocity space is given by

Y2
= _m__ _m o2 2 2 .
n M(u, v, w) du dv dw = n < ST ) exp { 2kT(u + v® + w®) J du dv dw

Then the number of electrons penetrating the plasma sheath per cm?® per sec

i

= B
e
=n ]. M(u,v,w) udu dv dw wos  (Re2)
Ug
and integrating
% mu®
kT S
=n < e > exp < =T .ee (AL3)
It has been shown experimentally by Dyson(lo) that the X-ray spectral intensity pro-

duced per electron with velocity U incident upon the target, is of the form

_ my? my®
E(U, U) = Ai ( h —V> dv ’ Vv < -z—h—
nU? eee (A.4)
=0 5 v > >
Write o
F(U) =] E(U, v) dv
0

Substituting from equation (A.4)
A 2 \?
_ 4 ( muZ
=73 ( 2h )

The X-ray conversion efficiency g

_EW) _, muZ
Lmu2 * an®
; 4h3g
+ Ay = 2
mU
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The X-ray conversion efficiency &, as measured in an X-ray tube, is usually given for a

certain electron energy ¢, eV. Then

% mU® = eq,/300

(A.5)
e T 2h? E:300

& | e('P:L

The quantity & and hence A, " refers to the energy emitted per second per steradian in
a given direction. Then the spectral intensity of X-rays again referring to energy emit—

ted per steradian per second in a given direction is given by

2 2 & ."3/ -
' m(ur+ut) . mu
I(v)=2mA;n ff T -v i \saq/ exP\- 2kT % eXp) - 2kT(ur+ u?) u u, dur dur

ur.+ut——
Write
Uu =u_cos-*e
r q
u, = uq sin - g
‘ a(ur" ut) - u
£ alu , g) ~
(q, ) q

Transforming the integration variable

5 Ly
2
—g 3 L] i L] .
I(v)=2mA, (2‘JTKT> exp( 2kT> / f‘/_("l u)exp( 2k’:‘> xllq cos.e® sin.e ' de duq
... (AL6)
pis
=
7l T g ™ )y
= 27A n<2 ‘J[kT> exp(— Eﬁ) ./ T >exp< KT >uqduq x [ cose sine de
2hv
u = f(==) e=0
q n _
Integrating equation (A.6) becomes
3, 2
I(v) = Aun kL 2 T ex -% -hl+2 ex oy
= \m h P\ T %T /) \ kT P\ T kr
Substituting from equations (A.3) and (A.5)
I(v) =i 2hEKTS00 (hu + 2 ) exp (— 2 > eee (A7)
*p v(2n)e2q, ) kT

Write

=]

Q(T) =/I(v) dv

0

=g =



Then from equation (11) and (12)

o) = 1, 20T 300 kT
(2r)e ¢,

and since for this case E, =1

Los 2r——2T2 = (A.8)
5 ﬁk———(%)'e%i sne A

Write qn(T) for the measured value of Q(T) on transmission through the X-ray window,

Q(T)

allowing for the variation of the scintillator efficiency with X-ray frequency. Then from
equations (11) and (13)
2m2 E:I.
2 e L ooe (AL9)

(T) = i
W T S - etr M)

For the case of an insulated target in a plasma the net current from the target is zero,
and the ion current to the target is equal to the electron current. Allen, Boyd and

(11)

Reynolds give the formula for the ion current iI as

i =neA ( 5I->z (A.10)
ip = 5\ 1 e (Al

where M 1is the ion mass and A, is a constant whose value is uncertain, but
1 <A, < 1-227

Equating ij = iP and substituting the value of iy given by equation (A.10) into

equation (A.9)
(1) Y on” (A.11)
T) = *n (kT E - oo (A1
“n V(2x) * e®o; mlv,) 5
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