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ABSTRACT 

In this paper we report on the observation of 
characteristic "steps" in the continuum spnetrum 
of nigh temperature tokamak plasmas associated with 
recombination radiation from impurity ions. During 
special argon-seeded discharges on the Princeton 
Large Torus (PLT) tokamak the x-ray spectrum exhi
bited large enhancements over the bremsstrahlung 
continuum beginning with energies of 4.1 keV. This 
corresponds to the radiative capture of free elec
trons by hydrogen-like argon into the ground state 
of helium-like argon. The size of these edges 
increased to unexpectedly large values with minor 
radius (decreasing electron temperature), consistent 
with a departure of the hydrogen-like species from 
the predictions of corona equilibrium. Hence, the 
coronal equilibrium equations must be modified to 
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account for the radial transport of argon. A simple 
particle diffusion model is proposed, with the Ar XVIII 
radial profiles evaluated from the size of the recom
bination edges. For the case of moderate density 
(<n >~ 3*10 1 3 cm - 3) and temperature [T (0) -1.5 keV) e r e 
discharges the outward radial transport velocity is 
found to be approximately 10 tn/sec. 



INTRODUCTION 

Continuum radiation from hot plasmas in the soft x-ray 
regime arises primarily from two atomic processes: bremsstrah-
lung and radiative recombination. For pure hydrogen plasmas 
with temperatures in the keV range, bremsstrahlung is the dom-
nant process. When impurities (oxygen, iron) are present in 
sufficient concentrations, then recombination radiation may 
contribute the bulk of the continuum radiation. Measurements 
of the x-ray continuurr, of Tokamak plasmas showed in fact that 
the radiation intensity is too high to be accounted for solely 
or. the basis of bremsstrahlung, and the enhancement of the 
x-ray continuum over bremsstrahlung was consequently attri
buted to recombination radiation from impurity ions. This 
type of radiation is manifested in the spectrum as a series 
of continuum regions separated by steps, the continuum regions 
obeying the same exponential dependence on electron temperature 
as the bremsstrahlung, and the steps corresponding to the recom
bination of electrons into different energy levels of the 
impurity ions. Experimental confirmation of this theory rests 
largely on the observation of these recombination "edges." Yet 
because of the type and concentration of impurity ions normally 
present ir. Tokamak discharges and the restricted energy range 
of the detection system,such edges eluded observation and the 
presence of recombination radiation could only be inferred from 
the enhancement over the bremsstrahlung continuum. 

This paper reports on the actual observation of a recom
bination edge during special argon-seeded discharges on the 
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PLT tokamak. The edge, which occurred at a photon energy of 

4,1 keV (the ionization potential of helium-like argon) corres
ponds to the recombination of electrons with hydrogen-like 
argon ions into the ground level of the helium-like charge 
state. One would assume this edge to be most promi
nent ih the central high temperature region of the plasma where 
the hydrogen-like species has its highest relative abundance? 
under the assumption of coronal equilibrium. The experiment, 
on the contrary, showed giant recombination edges in spectra 
from tJie outer, colder regions of the discharge where the arfiount 
of hydfogen-like argon ought to be negligible. The size of 
these £t&ps was unusually large, amounting in some cases to 
enhancements of the continuum by a factor of a thousand. Iri 
order to explain this large enhancement one must assume that 
hydrog«?n-like argon is not in a state of coronal equilibriuni 
throughout the plasma but is being transported outward froni 
the center of the discharge. Indeed, a state of coronal equili
brium, exists QD.lv so long ajs the timaa cliara.ctexizLafl, atomic 
processes are much shorter than those associated with partible 
transport, while in the present case radiative recombination 
of hydrogen-like argon is a slow enough process that significant 
departures from coronal equilibrium are possible, assuming 
even moderate transport velocities. 

The large recombination steps then, beyond giving an 
experimental confirmation of radiative recombination, ought to 
yield information about the radial transport velocity (or 
particle confinement time) of impurities in Tokamaks. Since 

http://QD.lv
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there are at present only few and often very debatable methods 
available to measure this transport, this aspect of our investi
gation has been extremely valuable. The observation of giant 
recombination edges thus has applications both in the fields 
of atomic physics and in controlled thermonuclear fusion 
research. 

The remainder of this paper is divided into three parts. 
In the first section we describe the experimental setup used to 
detect soft x-ray radiation on PLT and present spectra taken 
during the special argon-seeded discharges. In the second part 
we review relevant radiative processes in the soft x-ray regime 
and discuss the predictions of the corona equilibrium model for 
the recombination edges. Finally, in the third section, we 
calculate the transport velocity and compare it to current esti
mates of ion particle confinement times. 

A. Pulse height analysis system 

The soft x-ray radiation (1-15 keV) on PLT is measured by 
the Pulse Height Analysis (ptfA) system (Fig. 1). The primary 
function of this system is to provide information about the 
electron temperature profile and impurity content of the plasma. 
At its heart are four liquid nitrogen-cooled lithium-drifted 
silicon detectors. An incoming photon creates electron-hole 
pairs in the crystal in a number proportional to the photon 
energy; the resultant pulses are sorted according to their 
energies and counted by the pulse height analyzer to yield an 
energy spectrum. Since the photon flux varies by several orders 
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of magnitude over the emission spectrum, separate detectors are 
employed in the low and high energy regions. This allows one 
to optimize statistics and at the same time to avoid the problem 
of spurious "double pulses," Individual detector count rates 
are limited by a set of movable apertures and foils placed in 
front of the detectors. 

During a PLT discharge data are taken in fourteen separate 
time groups for each of the detectors and are then processed by 
a PDP-10 computer. After correction for foil attenuation, count 
rate, geometry and detector efficiency, the spectra are over
lapped into one spectrum. The analysis program then fits a third 
order polynomial to the continuum and computes the area under the 
impurity peaks. This process is repeated for several minor radii, 
and the resulting data are Abel inverted to obtain electron tem
perature and impurity profiles. 

In Fig, 2 we present typical line integrated spectra obtained 
with the PHA during the argon-seeded discharges. There are two 
sets of data involving measurements taken on November 6, 1976 
and September 20, 1978. One can see quite clearly various Ka 
and KB lines of argon and iron superimposed on the recombination 
continuum. Note also the giant recombination edges at E = 4.1 keV 
at outer radii, which for the 1976 spectra correspond to enhance
ments of 1000. Although argon levels (and thus the height of 
the 4.1 keV recombination edge) were not so high in the latter 
discharges, we have used this more complete set of data to cal
culate the radial transport velocity of argon. 
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2. Radiative Processes in the Soft X-ray Regime 

A fairly complete description of the x-ray emission from 
hydrogen ions and impurities in the plasma may be found else
where in the literature. Here we summarize conclusions of 
that discussion. 

We first consider bremsstrahlung. For a Maxwellian plasma 
the power dW emitted per photon energy interval dk by bremsstrah-
lung is given by 

.2 . -1/2 
n-£ n:Z< ... . 

g f f{T e,k)exp(-k/T e)sec" 1 

where n and n are the electron and ion densities, respectively, 
T the electron temperature, Z. the positive ion charge, k the 
photon fenergy, and g,_ the temperature-averaged Gaunt factor, 
normally taken equal to unity. The electron temperature is then 
found as the inverst of the slope in a semilogarithmic plot of 
the intensity dw/dk vs. photon energy. Stiictly speaking, this 
procedure is valid only when applied to the Abel inverted spec
tra. One may nonetheless obtain a good approximation to the 
electron temperature directly from the raw spectra if one consi
ders only the high energy region of the continuum where so-called 
"profile effects"1 are less important. 

Next we consider x-ray radiation that results when free 
electrons recombine into unoccupied energy levels of impurity 
ions. Again, for a Maxwellian plasma with ion density n. of 
charge 2^ - 1, ground state ionization potential x-# and prin
cipal quantum number n, the x-ray intensity is given by 
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w = 3 x 1 
recomb. 

0 " sec"* " i 1 1 ( ^ ) 

1 0

2 6 c n T 3 W 

-1 /2 

g f b ( T e , k ) e x p < - k / T e ) 

e x i x i + v ^ 2 X H 
exp 

* 2 

1 

v=l (n+v) 3 T

e j 

wh lere x H is the ionization potential of hydrogen, g,, the tem
perature averaged Gaunt factor for free-bound transitions, also 
taken equal to unity, and £is a statistical factor. This equa
tion may also be written in terms of the bremastrahlung intensity 

d k i U k / 
'recomb. v /] 

(Y - 1) 
brems. 

where (y - 1) is given by the term in brackets multiplied by 
2 (Z./Z . ) . Expressed in this fashion, recombination radia-l nuclear 

tion is seen to produce an effective "enhancement" over bremsstrah-
lung: i.e., the x-ray contin-um is shifted upward by an amount 
proportional to (y - 1) without a change in slope. An x-ray 
spectrum in the presence of impurities will therefore exhibit 
a series of steps or edges, each corresponding to the recombina
tion of electrons into a different energy level. 

In the case of Ar XVI11 the enhancement: factor (y - D for 
the 4.1 keV recombination edge grows extremely large for tem
peratures less than BOO eV (Fig. 4). Normally one world not 
expect to see this edge ct such low temperatures because the 
concentration of Ar XVIII is negligible if one assumes a state 
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of corona equilibrium {see below). Nevertheless, it is clear 
from Fig. 4 that only small departures of hydrogen-like argon 
from corona equilibrium are required to produce the observed 
giant recombination edges. We shall return to a more quanti
tative discussion of this effect in the next section. 

Resonant line emission from impurity ions constitutes a 
third important source of radiation in the x-ray regime. There 
are two complementary processes that lead to line radiation. 
The first of these, collisional excitation, involves the exci
tation of an electron to a higher level by a free electron; 
a photon is emitted when the de-excited electron returns to its 
ground state. The second type, dielectronic recombination, is 
a three step process in which a free electron recombines to a 
high level of the ion, simultaneously exciting a bound 
electron to a higher level, and both emitting photons as they 
make the transition to the ground state. The radiation emitted 
in these processes is called Ka if it involves a ls-2p transi
tion. Theoretical collisional excitation and dielectronic 

recombination cross sections for argon have been calculated by 
2 Merts, Cowan, and Magee of LASL for electron temperatures in 

the range 200 to 2000 eV. The intensity of a Ka line is 
proportional to the quantity n n. <ov>, ^ ,, where<ov> 

J e imp total total 
represents the total dielectronic and collisional excitation 
cross section for the transition and involves some type of 
average over the charge state distribution. (Usually, corona 
equilibrium is assumed.) Abel inversion of the line-integrated 
Ka emissivities then provides a simple method of determining 
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the local impurity concentration. 
To determine the distribution of charge states in coronal 

equilibrium/ we balance the processes of ionization and recom
bination 

n. <<JV> . 
i i n. , a . 

i-l I 

where <ev>- i s the collisional ionization rate for ionization to 
the i charge state, and o^ = a^^ + a d i e l . is the total recombina
tion rate of the i charge state. The distribution of charge 
states also enters into the computation of the effective enhance
ment factor Y e f fr defined as 

rn. Y. 
Teff I n. . i l 

The results of this calculation for argon are shown in Fig. 4, 
superimposed on the curves representing y for individual charge 
states. It is clear from the graphs of Y_ f f calculated both 
before an£ after the 4.1 keV recombination edge, which diverge 
only at T ~ BOO eV, that corona equilibrium cannot explain the 
observed giant recombination edges. 

3. Calculation of the Radial Transport Velocity 

The presence of giant recombination steps in the low tem
perature jregion of the discharge, a result which is in disagree
ment with the assumptions of corona equilibrium, indicates that 
an outward radial transport of argon must occur. The extent to 
which the equilibrium concentrations of the various charge 
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states of argon are affected by this transport may be determined 
is a qualitative manner from the collisional ionization and 
total recombination rates plotted in Figs. 5a and b. 

Fig. Sb is the especially revealing graph. One sefcs that 
the recombination rates of highly-stripped argon (Ar XVII -
Ar XIX) are significantly lower than these corresponding to 
species with partially filled L-shells. (This is simply a 
result of the reduced probability of dielectronic recombina
tion for the energetically unfavorable K shell transit]jns.) 
Therefore, it is the- highly-stripped species of argon with 
their relatively small recombination rates that may persist 
for times long enough to exhibit transport-induced departures 
from coronal equilibrium. 

To calculate a transport rate for the hydrogen-like species 
or argon we employ a more general form of the corona equili
brium equations that is equivalent to a particle continuity 
equation including source terms: 

| n i 7 + i *r D j£l7 = at r 9r 9r 

n e ! n 1 6 < O V > 1 6 ~ n l 7 < O V > 1 7 + nlB al8 " nl7 a17 ] ' 

Here n^ is the number density of the ifc charge state of argon, 
a. and<dv>. the total recombination and ionization rates, respec
tively, of the i charge state, and D the diffusion coefficient. 
In general, a rigorous calculation of the diffusion process in
vokes a coupled set of equations that includes ajl charge states 
of the impurity ion. For our purposes, however, this added 
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complexity i s unnecessary. 

A few terms may be discarded immediately from the diffusion 
equation. Experimentally, we find that the argon concentration 
reaches steady state after t = 200 ms, which allows us to take 
9n^ 7/3t = 0 at t > 200. Two of the source terms may also be 

neglected. £-or electron temperatures less than 800 eV the 
collisional ionization rate of Ar XVIII is much less than its 
radiative recombination rate. The term involving radiative 
recombination into the fully-stripped species of argon may also 
be ignored a§ this species is present only in negligible amounts 
throughout the plasma. 

The remaining two source terms, n,,<ov>,_ and n._a._, are 
lb l b L f l / 

calculated u^ing some results from section two of this paper. 
An upper boun.d for the term n,,<ov>n, may be estimated if the 

ID lb 
total argon impurity concentration is known (remember that the 
helium-like Species of argon is not necessarily in corona equili
brium because of radial transport). There are two complementary 
procedures fo r obtaining n /n , one involving line radiation, 
the other, recombination radiation. 

The first method, which makes use of the local Ka line 
intensities for argon, has already been described in section 
two. The validity of .this technique is limited by three factors: 
1) uncertainties in the theoretically determined excitation and 
dielectronic recombination cross sections (estimated to be 
smaller than a factor of two), 2) departures from corona equili
brium leading to errors arising from the averaging of < c r v >

t o t a i 
over charge states: this introduces at most a factor of two 
uncertainty, and 3) the very strong temperature dependence of 
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<ov> , at low temperatures.. In this case a temperature total r 

uncertainty in T of ten percent may lead to a factor of three 
error in the calculated argon concentration. 

Because of the sensitivity to electron temperature varia
tions it is more advantageous to obtain the argon concentration 
from the enhancement of the continuum spectrum over bremsstrah-
lung. According to the theory of recombination radiation the 
y-intercept of the Abel inverted energy spectrum is proportional 

1/2 
tc the quantity, | n

kYi, z
 f f i c' l" r

e" ' w h e r e t f l e index k refers to 
the different impurity species. If one extrapolates the central 
concentrations of titanium and the stainless steel elements as 
determined from Kc< lines to the region where the recombination 
edges occur and also makes use of spectroscopic estimates of 
the oxygen level, one finds that the contribution to the x-ray 
spectrum resulting from the radiative recombination of electrons 
with these elements is less than ten percent of the observed 
enhancement over bremsstrahlung. It is therefore reasonable 
to assume that the enhancement is produced almost entirely by 
the argon impurity. (The error introduced by neglecting recom-
binative enhancement from the other elements is in fact less 
than the uncertainty in the determination of the y-intercept.) 
The n profile obtained by this method is shown in Figure 6a. 

Having established an upper bound for n,fi 'which is simply 
the total argon fraction ru,r) we need to determine the Ar XVIII 
concentration, n- 7, in order to establish which of the two source 
terras, n

1 6
<crv> 1 6 and n^ce , is dominant in the region of 

interest. The quantity, n.j_, is obtained from the enhancement 
over bremsstrahlung at the 4.1 keV recombination edge. The x-ray 
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intensity at a photon energy, 4.1 keV, is approximately given 
by: 

( aw\ _ 3 v , f l n n i 2 i / x : . f > 2 x H zl | z i x H ( i 
^;E=4. IkeV ^ 3 " 1 0 1̂72 [r; + 1 ^ T ^ T eXPj^e-lT^:^ 
For T £ 1/5 xAr the terms in the summation are small compared 
to the first term, and the expression for n._ then red-aces to 
a simple equality. In practice the x-ray intensity at 4.1 keV 
for the r > 25 cm spectra is complicated by the presence of a 
titanium Ka line produced by x-ray fluorescence from a titanium 
shield mounted inside the PLT vacuum vessel and directly within 
the line of sight of the detector. The purpose of the shield 
was to enable discrimination between iron Ka radiation emitted 
in the plasma and that produced by wall fluorescence. We htve 
attempted to correct for this extra source of radiation by sub
tracting from the argon spectra typical Ti Ka fluorescence lines 
measured during normal PLT discharges with comparable n and T . 
The T. fluorescence spectra consist of large lines which protrude 
strongly over the continuum background, so that this correction 
has practically no effect on the continuum. The res- ts of the 
calculation of the n 1_ profile are presented in Figure 6b. 

We may now comp?..-e the contributions of the ionization and 
recombination source terms to the diffusion equation. Based on 
collisional ionization and radiative recombination rates supplied 
by R. D. Cowan, we find n,(.<ov>,£ <n. <av>,, < 6* 10~ (for •* lb lb A r lb -
T < 500 eV, r = 25 cm) and n__a._ - 3 x lo~ . Hence, the source 
term, n.,<uv>,,, may be ignored over the region of interest ' lb lb 
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where the recombination steps occur, and we need consider only 
the recombination term, n 1 ? a 1 7 . (It may be noted briefly that 
the recombination rate of Ar XVIII is determined predominantly 
by radiative rather than by dielectronic recombination for 
electron temperature well below the ls-2p excitation energy 
of 3.1 )ceV) . Thus the source term is given by a simple and 
well established expression. 

With the above approximations the diffusion equation 
reduces to the following simple formula 

1 3 # -\ 3n. -, 
? 3? ( r D ) 3 7 1 7 = - ne n17 a17 

The diffusion equation is seen to depend only on the electron 
density and hydrogen-like argon profiles and the radiative 
recombination rate of H-like argon. We thus avoid the complex
ity inherent in other particle transport models that must take 
into account the radial profiles and ionization and recombina
tion rates for all charge states of an ion present in the 
plasma. 

Taking both D and 3n 1 7/3r to be independent of r over the 
limited region where the recombination steps occur we have 

D = ».,•,„ / 2 n^(r)n^{r)a 1 7(r)rdr 
( r 2 

1 Sni7 A 2 V r ) n l 7 { r ) Q ] 

Assuming a parabolic electron density profile and linear elec
tron temperature profile we evaluate this expression numerically 
to obtain, for the hydrogen-like species of argon 



16 

D = (2.5 + 1.2) x 10 4om 2sec - 1 

This result may also be expressed in terms of a radial diffusion 
velocity, V_: 

V D = (10 + 5> m/sec 

This transport velocity was evaluated using the September 1978 
data, a set of moderate density (<n > - 3 x 10 cm ) and tem
perature (T (0) - 1.5 keV] discharges. In the region of interest 
the safety factor, q, is between 2 and 3. No significant MHD 
activity, such as sawtooth oscillations, that might enhance the 
transport was observed. The November 1976 data gave similar 
results. It is yet unknown how the diffusion coefficient scales 
with electron density and/or temperature, or how great an enhance
ment of the transport might result from non-diffusive processes. 
The particle confinement time as determined from the diffusion 
coefficient (T ~a /6D, where a is the minor radius) is -10-15 its, 
which is, within a factor of two, the same as the bulk electron 

energy confinement time for these discharges. Recent me^sure-
4 

ments of the particle confinement from neutral infection and 
from spectroscopic investigation lead to comparable values. 

Conclusion 

This paper has p esented evidence for the confirmation of 
the theory of recombination radiation; in paiticular, the 
observation of a recombination edge. The unusual size of this 
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edge has enabled us to determine a radially outward diffusion 
velocity for the hydrogen-like species of argon. It is clear 
that the technique of measuring transport from the recombination 
radiation of "long-lived" impurity ions ought to be equally 
useful for larger plasma confinement devices. 
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FIGURE CAPTIONS 

FIG. 1. Schematic of the experimental arrangement of the 
Pulse Height Analysis (PHA) system used to detect soft x-ray 
radiation on PLT. Four Si-Li detectors mounted on a movable 
arm to enable radial scans of the plasma yield line integrated 
spectra in four different energy regions. Count rates to the 
detectors are limited by a set of movable apertures and foils. 
The spectra are then processed by a PDP 10 computer, which 
corrects for foil attenuation, detector efficiency and aper
ture size, and overlaps the result into a single spectrum. 
The data may be Abel invented to provide radial profiles of 
the electron temperature and impurity concentrations. 

FIG. 2. Line integrated soft x-ray spectra obtained by 
the Pulse Height Analysis (PHA) system during special argon-
seeded discharges on PLT. (Letters a and b refer respectively 
to measurements from November 6, 1976 and September 20, 197B). 
In figure la the spectra were taken over a period of 360 msec 
to 420 r^er during the discharge; typical central electron tem-

13 -3 peratures and densities were 1.5 keV and 2.0 * 10 cm . Resonant 
Ka line emission of argon and iron is clearly visible in the 
plasma center. A large recombination edge at 4.1 keV (£ is 
equivalent to the quantity (y- 1 ) : see text) appears on the 
r = 22.5 cm spectrum, corresponding to an enhancement by a 
factor of one thousand over bremsstrahlung. In Figure lb are 
presented some typical spectra at large minor radii from the 
19 78 discharges. The counting period extended from 300 to 500 
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msec, photon intensity (arbitrary units) is indicated on the 
ordinate; electron temperature and density profiles are pre
sented in Figure 3. For each of the above spectra a titanium 
Ka fluorescence line has been subtracted from the observed inten
sity (see text). 

FIG. 3. Radial profiles of the electron density and tem
perature for the 1978 discharges. Densitv was determined by 
the microwave interferometer and the Thomson scattering diagno
stics. The electron temperature was determined by Abel inver
sion of the line integrated soft x-ray spectra. 

FIG. 4. Computer calculation of 7, defined as the enhance
ment over bremsstrahlung arising from radiative recombination 
with plasma ions, for various charge states of argon. Superim
posed an these curves is the quantity y f , (equal to In.y./En^ 
calculated under the assumption of corona equilibrium for the 
regions both before and after the 4.1 keV recombination edge. 

FI(3. 5. (a) Collisional ionization and, (b) net recombina
tion cross sections of argon as a function of charge state, for 
s&veral values of electron temperature. 

FIG- 6. Radial profiles of the (a) total argon concentration, 
and (b) concentration of the hydrogen-like species for the 1978 
discharges. 
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