
1 # * 
Wj PPPL-1660 « - f 
\iW UC20-F -> 

7? 

? 
- 3 3 f e o £7 

mm 
PPPL-1660 

PPPL—1660 

DE82 013994 

SOFT X-RAY MEASUREMENTS FROM THE PDX TOKAMAK 

By 

E.H. Silver, M. Bitter, K. Brau, D. Eames, A. Greenberger, 
K.W. Hill, D.H. Meade, W. Roney, N.R. Sauthoff and S. von Goeler 

MAY 1982 

PLASMA 
PHYSICS 

LABORATORY 

PRINCETON UNIVERSITY 
PRINCETON, NEW JERSEY 

PfOVAEVD (OR THK U . S . D D M O B R OF BKHST. 
WHWR OOHMCT DB-AC02-76-CBO-3073. ,„ I I U I I U I T r . 

mmm^^mmu%mmm 



NOTICE 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Department of Energy, nor any of their employees, nor any of their 
contractors, subcontractors, or their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use would not infringe 
privately owned rights. 

Printed in the United States of America. 

Available from: 

National Technical Information Service 
U. s. Department of Commerce 

5285 Port Royal Road 
Springfield, Virginia 22151 

Price: Printed Copy $ _ * _ _ ; Microfische 53. SO 

HTIS 
*PAGES Selling Price 

1-25 55.00 For documents over 600 
26-50 '.'i.SO pages, add $1.50 for each 
51-75 $8.00 additional 25 page increment. 
76-100 $9.50 
101-125 $11.00 
1:5-150 $12.50 
151-175 $14.00 
176-200 $15.50 
201-225 $17.00 
226-250 $13.50 
251-275 $20.00 
276-300 $21.50 
301-325 $23.00 
326-350 $24.50 
351-375 $26.00 
376-400 $27.50 
401-425 $29.00 
426-450 $30.50 
451-475 $32.00 
476-500 $33.50 
500-525 $35.00 
526-550 $36.50 
551-575 $38.00 
576-600 $39.50 



PPPL--1660 

DE82 013994 

SOFT X-RAY MEASCTfflMENTS PROM THE PDX TOKAMAK 

E. H. S i l v e r , M. B i t t e r , K. Brau, D. Eaiseu, 7.. Greenberger, 

K. W. H i l l , D. M. Meade, W. Roney, N. R. Sauthoff, S. von Goeler 

Plasma Physics Laboratory, Princeton Univers i ty 

Princeton, New Jersey 08544 USA 

ABSTRACT 

Temporally and spatially-resolved profiles of the PDX soft X-ray spectra 

have been maasured during single tokaraak pulses of circular and divertor 

plasmas with a recently developed pulse height analyzer. This detection 

system incorporates an array of five vertically displaced sets of lithium-

drifted silicon detectors, each consisting of three independent channels 

optimised for rapid data collection in adjacent energy regions. Simultaneous 

measurement of X-ray emission integrated along five chords of the plasma cross 

section can thereby be achieved. Abel inversion of these data yields 

temporally-resolved radial profiles of the local electron temperature from the 

slope of the continuum, concentrations of h.igh-Z impurities from the 

characteristic line intensities, and a measure of "eff from the continuum 

intensity. The techniques of X-ray pulse height analysis, with illustrations 

featuring the results from the initial PDX circular plasma experiments are 

discussed in detail. In addition, comparisons between circular and divertor 

plasmas on PDX, derived from the X-ray measurements, are also presented. 
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1. INTRODUCTION 

It is well known that radiative cooling by low- and high-Z impurities 

accounts for a significant fraction of the power loss from tokamak plasmas. 

Several investigators have shown that high-Z impurity radiation can seriously 

impair tokamak performance [1(2,31, and they have provided motivation for the 

impurity control experiments already begun at several laboratories. As plasma 

electron temperatures rise with the continued development of large tokamaks, a 

greater fraction of the total radiation is shifted toward higher energies. 

The study of soft X rays emitted between 1—20 keV has therefore increased in 

importance, furnishing electron temperature data and a wealth of impurity 

information. In particular, absolute intensity measurements of the soft X-ray 

continuum and characteristic emission lines lead to knowledge of the low- and 

high-Z impurity concentrations, respectively, and the slope of the continuum 

yields the plasma electron temperature. 

The determination of radial profiles of these plasma parameters from the 

X-ra^ data involves spectral measurements along several plasma chords. Prior 

to the operation of PDX this required many tokamak pulses since the most 

advanced X-ray detection systems wern capable of viewing only along a single 

plasma chord during one shot [4-9]. The irreproducibility of tokamak 

discharges subjected the resulting radial profiles to large uncertainties. In 

this article we report on the first time-resolved spatial profiles of the soft 

X-ray spectra acquired during single pulses of the PDX tokamak. These data 

were obtained with a recently developed X-ray pulse height analyzer, the 

design and operation of which is described in detail in Section 2 and 

associated appendices. The theory of X-ray production, applicable to this 

experiment, is reviewed in Section 3, and the impurity analysis, together with 

results that typified the initial circular plasma experiments conducted in 

April 1979 on PDX, is discussed at length in Section 4. January 1980 marked 
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the commencement of impurity control studies with the Pololdal Dlvertor on 

PDX. Comparisons between circular and divertor plasmas, derived from the 

X-ray measurements. are presented in Section 5. 
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2. INSTHOTENT 

The pulse height analyzer designed for the PDX tokamak, shown 

schematically in Fig. 1, incorporates an array of five vertically displaced 

sets of lithium-drifted silicon detectors, each consisting of three 

independent channels- The five detector sets, which are connected to the 

vacuum vessel by five 3 m long stainless steel tubes that pivot vertically 

near the entrance to the vacuum vessel, provide the capability to 

simultaneously measure the X-ray emission integrated along five chords of the 

plasma crass section; assuming sone symmetry for the emission, radial profiles 

can then be calculated using Abel inversion techniques. This multi-detector 

scheme eliminates the detrimental effects of shot to shot fluctuation^ in 

plasma conditions associated with earlier detection configurations which were 

dependent upon the movement of a single detector to view different regions of 

the plasma• 

Each detector get consists of three Si(Li) crystals mounted side by side 

behind 0.0005 inch beryllium windows which are integral parts of a aiugle 

vacuum enclosure. Each crystal has an active area of 10mm and is most 

sensitive between 1.5 keV and 27 keV. These low and high energy cutoffs 

represent points where X-ray detection efficiency is 67%. Detector efficiency 

drops sigrlificantly at low energies because of X-ray absorption by the window 

material. At photon energies greater than 27 keV, the probability that X rays 

are absorPed within the finite depth (3.73 mm) of the crystal is reduced and 

impairs the energy response. 

A detector views the plasma through a series of lead collimators placed at 

several locations inside the 3 m tube (see Fig. 2.). These are conical in 

shape (smaller: diameter hole closest to detector) to reduce the intensity of 

fluorescence. The X-ray intensity recorded by the detector is remotely 
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controlled by an Interchangeable set of apertures placed at the entrance to 

the tube. These apertures provide a dynamic range in count rate of 1:400, 

furnishing the versatility needed to accommodate variations in plasma 

conditions encountered in tokamak discharges. Each collimating tube includes 

an X-ray source consisting of a biased filament and targets of Al, Tl, and Cu 

for energy calibration of the complete detector-electronics chain. Ceramic 

breaks electrically isolate the detectors from the tokamak and supporting 

structures and, together with iron rings that surround the detectors, minimize 

magnetic pickup in the form of eddy currents. Furthermore, lead shields 

prevent the penetration of hard X-ray radiation originating at the plasma 

limiter; hard X-ray-induced Compton-electrons would otherwise lower the X-ray 

signal to background ratio in certain discharges containing a significant 

population of high energy electrons called "runaways." 

The finite duration of the tokantak pulse demands that the data collection 

rate of the detection system be maximized in order to minimize statistical 

uncertainties. High count rates, however. Increase the probability that two 

photons will arrive "simultaneously," producing false double pulses. This 

"pulse pileup" distorts the x-ray spectrum, particularly at high energies 

where the true photon intensity is already appreciably low due to the sharp 

exponential fall-off of the Spectrum with increasing energy (Fig. 3). An 

arbitrary photon spectrum, S(E), is deformed by including pileup to a 

distorted spectrum, S M<E), which can be written as 

E-R . min 
SM<E>dE = S(E)dE - 2S(E)RT T dE + T dE f S(E')S(E-E')dE' (2,1) 

min 
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where E is the photon energy, x the pulse pair resolution of the amplifier 

pileup rejector, E m i n the low energy limit of detector sensitivity, 

and l\j = J E S(E)dE. This e:-pression for S^E) assumes that the maximum 
nio 

amplitude of two pulses add when they are separated in time by an 
interval, T , an approximation that slightly overestimates the effects of 

pileup. The reader is referred to Appendix A for more details including a 

derivation of Eq. (1.1). 

Pulse pileup induced spectral distortion is reduced with our triple-

crystal detector arrangement. A set of properly chosen beryllium and aluminum 

filters are remotely positioned in front of the three detector channels, 

creating three adjacent energy bands {see Fig. 3). The detector channel 

behind the thinnest foil measures the low energy spectrum. The second and 

third channels both measure the high energy region where pileup occurs in the 

first channel. Each set of 3 foils is designed to allow for roughly 400 eV 

variations in plasma temperature that may occur during a pulse. To obtain the 

same count rate and statistical accuracy in the three channels, a lead 

aperture of appropriate size is positioned between each filter-crystal pair; 

the smallest diameter hole is associated with the thinnest foil and the hole 

with the largest area is placed behind the thickest foil. Appendix B 

describes the technique of foil and aperture selection. 

A tradeoff must be made between a detector's energy resolution and data 

collection rate capabilities for all photon counting techniques. The PDX 

pulse height analyzer normally measures X rays at count rates of 20-35 kHz, 

using a 1 usee amplifier shaping time constant while maintaining an energy 

resolution FWHM of 230 eV for 6 keV photons. 

The arrangement of electronics is shown in Fig. 4. The function of the 

analog components illustrated in Fig. 4 is well-known [10], but the data 
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storage electronics merit a brief discussion. Temporal evolutionary studies 

of a plasma discharge that typically lasts for 1 sec require the acquisition 

of a spectrum at least every 60 msec. This collection time interval if! 

generally sufficient to obtain statistical accuracy while providing a timtj 

history of the pulse. To accommodate this quantity of information, the pulse 

height system incorporates a modular network of 15, 4K memories; 16 groups can 

be stored in each memory by operating the ADC with a conversion gain of 256. 

When a tokamak pulse begins, a machine-generated trigger initiates 4 

programmable real-time clock which sequences the data acquisition hardware, 

During the prescribed collection time interval preset remotely by th^ 

computer, the digitized data from the 15 detector channels is transferred froni 

the individual ADCS to the first 256 word segment of the 4K memories via th«» 

multiplexor/router. At the end of the time interval, the real-time clock 

issues a trigger and resets. For subsequent clock cycles, th% 

multiplexor/router directs the data into successive 256 word memory partitions 

until the memory for each detector channel is filled (the starting address fo? 

each partition is [256 x (No. of time group -1)1 I. Additionally, scalers 

record the total input count rate (which is larger than or equal to the output 

count rate because of pile-up rejection) from an amplifier with a very short 

time constant (~ 0.4 usee) for the 16 integration time groups. The measured, 

spectral intensity can then be scaled to account for the dead time of the 

system. 

Following a tokamak pulse, the data collected by the three channels are 

synthesized by correcting each raw spectra for the particular filter 

attenuation, channel efficiency, dead time, and geometry. Synthesis of the 

data is fully outlined in Appendix C. Figure 5 depicts the synthesis of the 

three raw data channels into one spectrum. 



3. THEORY 

The X-ray intensity spectrum emitted by a hot plasma is characterized by a 

set of continua that fall off exponentially with increasing photon energy. 

Frequently, emission lines peculiar to impurity ions in the gas are visible 

ahove this continuum [11,121. 

Bremsstrahlung and radiative recombination are the two dominant emission 

processes contributing to the continuous X-radiation. The former involves the 

scattering of a free electron by the Coulomb field of an ion causing the 

electron to make a transition from one free state to another while emitting a 

photon. Photon production by the latter radiation mechanism results from the 

capture of a free electron into a bound state of an ion. 

The bremsstrahlung radiation rate can be expressed as 

dE e i n. ff. e 
v i i (3.1) 

x g„(T ,E ) expt-E /T ! IkeV/tkeV-cm3-seci; £r e V v e 

where dP f f ^. ( T
e< E

u> is the power radiated into the photon energy interval 

dE by an impurity ion, i/ in a charge state, j, and n is the electron 

density. n^ is the total density of the i impurity element while the 

density ratio n.j/n, is the relative abundance of the j ionic charge state 

of the impurity, i. Z-- , the effective positive charge of the ionic species, 

(ij), is chosen for simplicity to equal the nuclear charge, Z.„^ with the 

understanding that the lower energy ..remsstrahlung intensity will be high by 

no more than 30%. A rigorous analysis may be found in the literature 

f 13,14] . T and E are the electron ten$>erature and photon energy, 
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respectively, in keV, and g,,(I ,E ) LB the terape-.ature averaged Gaunt factor 

which is near unity in most cases • This expression tniBt be summed over all 

the ionic species (ij) present in the plasma to yield the total brerasstrahlung 

power* 

The power due to radiative recombination can be approximated by 

• " f b . i j ' W , -15 , "ij 2 -1/2D ,m „ , r V i — - * = 3 K 10 n n.f —*• Z. T R, T ,E ) expf- — | } dEv e i n ij e i j e v T
e 

keV/(kev-em -sec) ? 

hi « .^>-45 e b «VV»> (A^~] -pf-H1-"-! 

2 2 
+ "5, v L\ J 11 5 ^ (T ,E .n-ta) exp ( 3 1 fl(E-I. , ) 

a " C n 4 < 1 > tn^,) 2 f b 6 V (nrt) 2T 1' 3' n 

e 

(3.2) 

where Z.. is the charge of the ion (ij) before recombination and I„ and I.. 
-1-J n 1J, n 

are the ionization potentials of hydrogen and the valence shell n of the 

recombined ion'g ground state, respectively. The first terra for fl represents 

recombination to the level n with T, designating the number of available 

electron vacancies in shell n [<]. The summation over a expresses the 

contribution t<> recombination from the quantum states (n-ta)2 = IJJ n + a ' Since 

the energy of the photon Is the sum of the kinetic and binding energies of the 

recombining electrons, the spectrum displays reco><&ination steps or edges at 

the energies equal to lj_jfn+tt with a = 0-1,2.. etc., and is indicated by the 
step function 3 (E-Ij , ). lj,n 
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Line radiation is the third important radiation mechanism occurring in a 

hot plasma. At photon energies greater than 1.5 keV, K, L, and M ahell 

emission f-om high % impurities is predominant. Calculation of the excitation 

cross sections for specific ionic charge states are quite complex. For the 

purposes of thi3 experiment, computations by Cowan [15] have been utilized. 

These include the processes of electron impact excitation, dielectronic 

recombination, cascading following radiative recombination to levels other 

than an ion's ground state, and inner shell ionization. The contribution from 

the latter two is small, however. For the high Z impurities present in the 

PDX tokamak, only the KB transitions axe important to this experiment. The 

power radiated in Kt transitions by an impurity ion, i in a cna^ge state, j 

can be expressed as 

i cm -sec 

where <ov(T^)>, . is the total excitation cross section averaged over a 

Maxwellian velocity ciistribution. 

The relative abundance factors, n, j/n^, depend stvongly upon the electron 

temperature, ion species ionization and recombination rates, particle 

transport, and particle cor.finement time. Calculations for astrophysical 

applications are generally based on the characteristics of a coronal plasma 

where particle transport and time dependent particle densities are judged to 

be unimportant. In this coronal equilibrium model, ionization balances 

recombination; i.e., 

V j ' i j ' V = n i j - i s i j - i f V (3.4) 
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where « and 5 are the recombination and ionization rates, respectively. The 

premise that a discharge in a large tokamak is in coronal equilibrium is a 

somewhat simplified view but it appears to be a satisfactory approximation of 

plasma conditions Eor electron densities of 5 x 10 1 3cm~ 3 and higher [2,16, 

17]. The coronal model loses validity at lower densities, however, as the 

recombination times of highly stripped ions specifically those in helium-

like states—become greater than the particle confinement times [17]; plasma 

transport dominates in such situations. Further perturbations to equilibrium 

conditions occur during injection of neutral hydrogen or deuterium beams which 

increase the likelihood that charge exchange recombination will shift L."::~ ion 

chai-je distribution toward the less ionized species [18]. 

In most cases, the modification in charge state distribution due to charge 

exchange or plasma transport at low densities amounts to a shift by only one 

or two charge states. The resulting difference in excitation cross sections 

between neighboring io^ic species within the temperature range of 0.4 keV and 

2 kev is less than or equal to the uncertainties associated with the 

individual cross sections themselves [19]. 

Inasmuch as our radiation rate calculations are uncertain at this level, 

we assume that characteristics of a coronal plasma best describe the tokamak 

discharges, and we await the development of detailed non-equilibrium plasma 

models and more precise excitation cross sections. 

i. IMPURITY ANALYSIS 

Soft X-ray spectra measured with a pulse height analyzer provide a means 

to determine the electron temperature as a function of tokamak minor radius. 

Together with the electron density measured by microwave interferometry or 

laser scattering diagnostics. X-ray spectra also furnish sufficient 

information to obtain radial profiles of Impurity concentrations and, hence. 
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Zeff* Furthermore, every profile can be temporally resolved. In the 

following sections we discuss the data analysis performed on X-ray pvlse 

height spectra measured during the initial circular plasma experiments of PDX 

conducted 1979 April and present the results of these calculations for typical 

discharge conditions. 

4.1 Temperature 

The PDX pulse height analyzer concurrently measures line Integrated 

spectra from five plasma chords. Figure £ typifies the spectra commonly 

obtained. ;During initial experimentation of the PDX, only four of the five 

sets of SiiLi) detectors were operational, and their vertical positions were 

fixed.] The perpendicular distance from the plasma center to each chord is 

indicated in the lower left corner (i.e., 0, 12, 20, 30 cm>. 

To determine the localized electron temperature, the intensity of jach 

line averaged spectrum, neglecting the impurity peaks, -S fit to an 

exponential function with a 3rd order pol-'nomial as argument. The 

coefficients of this polynomial are determined by the fit. The intensities 

calculated from these fits are Abel inverted at 10 different photon energies, 

generating spectra at local radial positions. The slopes of the continua 

yield the electron temperature profile while the intercepts at zero energy are 

used to deduce the continuum enhancementr A detailed treatment is found in 

Appendix D. 

The radial temperature profile for these data is shown in Pig. 7a. The 

profile is somewhat broad, with a peak temperature of =1.5 keV at the plasma 

center, decreasing to 750 ev at a radius of 20 m>. The error bars represent 

the extremes of the 67% confidence contours derived from the nonlinear L̂ -ast 

squares fits to the slopes and zero energy intercepts of the Abel inverted 

continua. The 67% confidence contour for r = 0, showing the relationship 
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between the two correlated parameters, temperature, T e, and continuum 

enhancement, C, is presented in Fig. 7b. 

4.2 High-Z impurities 

High-Z impurities, 14 < Z < 50, emit characteristic Ri radiation within 

the sensitive energy range of the pulse height analysis system. The Si(Li) 

detector cannot, however, resolve the emission lines attributable to the 

different charge states of a particular element. Rather, the strength of an 

x-ray line visible above the continuum (see Fig. 6} is proportional to the 

collective intensities of the element's ionic species, a charge state 

distribution which is dependent upon electron temperature, plasma transport, 

and other recombination mechanisms as described earlier. Ignoring the latter 

two, Eq. (3.3) then becomes 

PT (T ) = n n.<crv>m _ • E„ keV/(cm3-sec) (4.1) i> e e i T ,Ka Kx e 

where <av>Te'Ri equals the sum of the individual charge state cross sections 

<av(Te,)>j. [14], weighted by the fractional abundance, n^j/n^, obtained from 

coronal equilibrium raodel3 [20,21,22]; the temperature is furnished from the 

continuum X-ray data. The cross sections for chlorine and titanium, high z 

impurities peculiar to the PDX plasma, are shown in Fig. 8. These have been 

interpolated from values of <cv>_ ^ calculated for iron and argon by Cowan 

[15]. It should be noted again that these data possess large uncertainties 

arising from variations in the charge state cross sections and coronal 

equilibrium calculations ? results accurate to within a factor of 2 are not 

unreasonable. Once the elemental line intensities have been measured along 

several plasma chords, a radial profile of the X-ray power emitted by an 

impurity per unit volume of plasma can be computed by Abel inversion 
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methods. Substitution of these intensity values into Eq. (3.5) yields the 

desired high Z impurity concentrations. 

Figures 9a, and 9h exhibit the time resolved radial profiles of the ClKi 

power derived from the spectra shown in Fig. ^. The presence of the chlorine 

in the plasma arises from cleansing the stainless steel vacuum components with 

HCl [23] ; PDX employs titanium limiters, the source of the impurity which 

presumably generates copious TiKoc X rays. The chlorine emission extends to at. 

least 30-35 vm while the Intensity of Ti X rays disappears between 20-30 cm. 

According to coronal equilibrium calculations, CI -CI and Ti -Ti are 

the dominant charge states present throughout the plasma. Using a parabolic 

electron density profile determined from a line averaged microwave 

interferometry measurement [24}, typical CI densities range between 0.01% -

0.03% (-3.75 x 10 9 cm" 3) while Ti abundances are withi-i 0.08% - 0.3% (~3.75 x 

1C -3 10 cm ) (see Figs. 9c,d). These values agree with spectroscopic 

measurements in the ultraviolet to within 25% [25) . It should be no id that 

the apparent off-axis peaking of the Ti density (Fig. 9c) is . robably not 

significant; the radial Ti density profile is essentially flat to within the 

uncertainties of the experiment 

4.3 Low Z impurities 

The X-ray continuum emitted by an impurity-filled plasma is nnre intense 

than that produced by a plasma of hydrogen. Measurement of this enhancement, 

Z, together with a knowledge of the high Z abundances, provides sufficient 

information for computing the impurity content of low Z contaminants such as 

oxygen and carbon( these do not radiate emission lines within the sensitive 

bandwidth of the detector. 

Comparing Eq. (3.2) with Eq.(3.1) indicates that the power radiated 

through radiative recombination by an individual charge state, j of an 

element, i can be expressed as 
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dP„ , . d P „ . , 

-§f --§f *« -' > < 4 - 2 > 
where [y - 1) equals fl — | . 

ZiN 

The contribution to the total continuum from this single ion la then 

dE Tij dE 

Summing this expression over all elements and their respective charge etates 

known to be present in the plasma yields the complete expression for the 

continuous X-ray radiation from a hot plasma 

^ (T , E , = 3 x 10- 1 5 n 2 I*-**™!! v ^ 1 T- 1' 2 

dE e v e . n . i j n e v e . n . i e j 
(4.4) 

-E 
x exp [ — l ^ 

e keV-kim -sec 

y.y which represents the enhancement of the recombination radiation over 

bremsstrahlung is plotted in Fig. 10 for titanium, chlorine, carbon, and 

oxygen. The sum over all charge states, j in Eq. (4.4) above, is obtained by 

again invoking a coronal equilibrium model which weights the y. . by the 

fractional abundances, ni^/ni- T ^ effective y = Z y. , n. ./n, that results 

for each ion is depicted by the dotted lines in Fig. 10. 

Consequently, the ratio Z of a spectral intensity that includes impurity 

contributions to one that is a product of hydrogen solely is 
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dP (T ,E ) 

TOT1 e ' v 2 dE n.Z 
C " CT„(T% ,2-1) " ? *i -J f n / p + E V ^ l A , (4.5) 

f r e v i e i 
d E v 

where the subscript p represents the background plasma hydrogen, in a l l 

l ikelihood. Writing the electron density, n , as 

n e = n p Z p + I " i Z i t 4 - 6 ) 

where r = E fn ,/n. > Z . and substituting for n into Eq. (4.5) yields l . ij i i] P 

"i - — ni 2 C = Z - Z Z • Z. + £ Y. — Z7„ . (4.7) 
P P i "e i i X "e 1 N 

Experimentally, C is easily determined from the relation 

V 2 
I(E=0,T ) T'' 

C = —rz—j- w n e r e (4.8) 3 x 10" n e 

I[E=0,T > ia the zero energy intercept of the Abel inverted continuvn. 

The low Z plasma constituents in PDX are primarily carbon and oxygen; a 30 

A carbon layer is usually present on all metal surfaces, and a residual oxygen 

contunt always seems to exist even after many hours of vacuum pumping [23] . 

Since there is insufficient X-ray information to determine uniquely their 

individual concentrations/ the oxygen density can be calculated in terras of a 

presumed carbon density. The carbon to oxygen density ratio can therefore be 

defined as R = n c/n 0. Finally, the oxygen concentration can be written as 
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"• V° + ^o zo - ̂ p zc + *c zc 
and 

z s "A-. !° r«* * * + JS • * 0 !i Z* . (4.10) eff , n n C O n i*C,0 n i i e e e e 

The continuum enhancements for the spectra shown earlier range from ~ t) at 

inner radii to ~ 35-40 at the outer edges of the plasma. The inferred average 

oxyaen and carbon concentration for an R value of 1 is = 1.5%, implying a z
e £ f 

= 2.5 as chown by thi. radial profiles in rigs. 9e,9f. 

More importantly, varying R over a wide range enables the X-ray 

measurements to predict the "limits" of the oxygen and carbon concentrations 

and, hence, Z „ . As an example, Fig. 11 depicts the ratio, R, effectively 

ranging between 0 and », the extreme cases corresponding ta a low Z content 

due only to oxygen or only to carbon. The contributions to the total Z _.« at 

the plasma ranter, shown in the top curve, from oxygen, carbon, titanium, and 

chlorine are also depicted. The measured titanium and chlorine concentrations 

combined -with the measured enhancement value thus imply that z « must fall 

between 2.5 and 3.2, a relatively narrow range by tokamak standards. 

5. DIVERTOR-CIRCULAR PLASMA COMPARISON 

To investigate methods of impurity control in high temperature plasmas and 

to test the effectiveness of poloidal divertors in particular, POX has been 

equipped with a magnetic liraiter. Two identical sets of four distinct 

poloidal field coils encircle the interior of tiie torus. These coils in 
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conjunction with titanium evaporators and titanium neutralizer plates comprise 

the magnetic limiter system. Energizing different pairs of coils shapes the 

plasma into one of three standard configurations, a D-shaped plasma, a square 

cross-section, or an inverse-D, as shown in Fig. 12. 

The outer edge of the plasma, termed the "scrape off" region flows toward 

and around the activated coils and is neutralized at the neutralizer plates. 

This scrape off plasma is intended to sweep plasma particles toward the 

neutralizer plates? neutral impurity atoms {7 > 2) sputtered or evaporate^ 

from the vacuum vessel are expected to ionize in the scrape off layer and 

prevented from penetrating into the main plasma while central plasma ions 

diffusing outward are channeled away before striking the vacuum vessel wall. 

A more detal1ed discussion of the poloidal divertor may be c3und elsewhere 

[26J. 

Divertor plasmas were produced routinely in June 1980 and their impurity 

content compared with circular plasmas created under similar discharge 

conditions, i.e., identical major radius, plasma current, toroidal field, and 

similar electron density and temperature profiles. The titanium limiter was 

positioned at 42 cm for circular plasmas while the average separatrix radius 

of the lnverted-D discharge was 38 cm. Moat of the circular discharges were 

characterized by either sawtooth or m=1 KHD mode behavior and the two 

discharge types exhibited quite different radiation profiles. This behavior 

of the circular plasma together with erratic bursts of titanium influx in 

divertor discharges have complicated our systematic comparisons. However, 

substantial evidence, provided by X-ray and ultraviolet measurements [25] , 

permit one to conclude that divertor plasmas are cleaner than the purest 

circular discharge. In addition, the divertor appears to be most efficient in 

reducing the high-2 impurity content while modestly reducing the low-Z 

concentration- The X-ray data is presented below. 
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Figura 13 depicts the eTectron temperature radial profiles for the three 

plasma cases measurnd at 500 ms into the discharges. The solid circle, open 

circle, and the x teprasent ti-e diva^tor, m-1 circular, and sawtooth circular 

cases, respectively, ?rid the solid curve fits each set of points equally 

weLl. Fig. 14 presents a comparison of the temporal profile of electron 

.emperature at the plasma core. The similarities in the spatial and temporal 

behavior of electron temperature are clear and imply that the divertor-

clrcu '..jr comparisons do not depend upon exact knowledge of impurity ion 

excitation cross-sections. 

Radial profiles of electron density were not available for these 

experiments. The temporal behavior of the density was identical for the three 

plasma types [24]. Small variations in profile shape, i.e., flatness or 

peaking, cannot account for the dramatic shifts in radiated power detected by 

the x-ray PHA. As a consequence of this density and temperature behavior, the 

relative intensities of the Ri and continuum emiaaion are direct indicators of 

shifts in impurity content from one discharge to another. 

Fig- 15 comparea the 2.8 ltev CI Ya X-ray emission from the plasma core of 

circular and divertor plasmas During the steady state portion of the pulse 

(at 500 ms of a " sec pulse) the X-ray intensity in the m=1 case is 

approximately ten times higher than in the circular sawtooth plasma, which in 

turn is roughly 10 times greater than the divertor discharge. Similarly, the 

titanium Xbt radiation centered at 4.7 kev ia 75 times higher in the plasma 

with m=1 activity than in a circular sawtooth plasma while the emission from a 

divertor discharge is another factor of 5 below that (see Fig, 16). Within 

the variations of electron temperature and density these findings provide 

strong evidence that high-Z impurity levels are lowest in the divertor 

discharges. 
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Further proof of this trend is furnished by comparing profiles of the X-

ray continuum intensity weighted by /T (r), i.e., n'C as given in Eq. (4.9). 

Fig. 17 clearly shows that the divertor plasma impurity level is at least a 

factor of 5 lower than the cleanest circular plasma. The profiles also 

indicate that the impurity content is peaked toward the plasma center in the 

m=1 discharge but relatively flat for the circular and divertor sawtooth 

plasmas. The low-Z impurity behavior can only be inferred from these 

continuum curves by first subtracting the high-Z contribution as discussed 

earlier in section 4. Table 5.1 lists these core plasma concentrations. The 

dominant impurities in the divertor plasma are oxygen and carbon since 

titanium and chlorine have been reduced by factors of six and ten, 

respectively, compared to the best circular discharge. Oxygen and carbon show 

a three-fold reduction. The m=1 circular discharge indicates an increase in 

all impurities, but the influx of titanium and chlorine is predominant. 

6. Stt-KAKY 

The PDX X-ray pulse height analysis system has demonstrated its.slf to be 

an extremely versatile diagnostic tool. Its capability '•o obtain time-

resolved radial profiles from a single tokamak pulse permits one to contrast 

the measurements of electron temperature an'', impurity content from divertor 

and circular plasmas. Systematic comparisons of X-ray emission from 

discharges with and without a divertor have shown that a poloidal divertor 

reduces the overall plasma impurity content. In particular the concentration 

of high Z material is reduced by approximately an order of magnitude. 
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TABLE 5.1 

SOFT X-RAY ANALYSIS 

Contributions to Z f f in Core of PDX Plasmas 

Di ve r tor (Sawtooth) Circular (Sawtooth) Circular [m = 1) 

n e(10 1 3cm 3) 3.4 4.0 4.0 

V ne Beff z e Zeff n z / n e Zeff 
Chlorine - .001* ~ .002 .01% .02 .07% .15 

Titanium .001* .004 .006% .02 . 1% .4 

Oxygen 0.1% .06 .3% .19 2% 1.28 

Carbon .06% .02 .2% .07 1.3% .47 

Hydrogen .99 .96 .73 

z„ 1.08 1.3 3.0 
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Appendix A 

PULSE PILJSUP 

The effects of pulse pileup can be modelled computations1ly; one 

straightforward approach is presented here. Given that a continuous spectrum 

of photons is emitted at an average rate, a, integrated over all energies, we 

write the combined prr lability that a photon (alao termed "event") is not 

produced within a time interval, t. but does occur in a small time Interval, 

dt, as 

dP = a B " a t dt . (A.1) 

Equation (A.I) may also I* interpreted as the probability that the time 

interval siae between successive events falls within the range (t,t+dt). If N 

is - large tiumbex °f successive intervals, the expression 

t -at -at 
n - nf a e " a t dt = N fe -e 1 (A.2) 

specifies the nunber of time intervals, n, that satisfy the requirements 
t 1 < t D . < t 2 w n e r e the t D , i = 1,2,...n, are the individual durations of the n 

intervals [37]. If we let t 1 = 0 and set t 2 = T, the pulse pair resolution of 

the amplifier pile-up rejector, Eq. (A.2) becomes 

(A.3) 

Equation (A.3) states that the number of intervals between successive events 

with durations less than or equal to t is n; it iraplioB that pulse pileup will 

occur in the amplifier n times. For a large time t >> T , the average rate of 
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photon production, a, is just N/t, and the total pulse pileup rate, a , is 

simply a = a x, expanding the exponential in Eq. (A.3) to first order in ax; 

we concern ourselves only with the pileup of two pulses, and therefore neglect 

higher order terrng in the expansion. Referring to Figure ft.l, the total 

measured rate, a H, integrated over all energies and corrected for pileup is 

aM " a ~ a T " ( A , 4 > 

We are more interested, however, in the perturbation of the spectrum as a 

function of energy and presently use Eq. <A.4) as the framework for deriving 

Eq. (1.1). 

When the time interval between two photons of energies E. and E is less 

than the araplifier pulse pair resolution, a new amplifier pulse corresponding 

to the pseudo-photon energy, E, ̂  E. + E , is created.* The spectral 

distortion due to pulse pileup is therefore threefold; for each unreal photon 

added to the spectrum, two lower energy photons arr. lost. Since the total 

spectral rate, integrated over all energies must reduce to Eq. (A.4), we use 

the form of Eq. (A..4) to specify the three contributions to the measured rate, 

S H(E), within the energy range {E, E + dE). Assuming that the amplifier pulse 

heights of two photons add when they occur within the time interval, T, the 

pileup production rate, S (E), at energy/ E from all photons with energies, 

E'<E is 

In this approximation the amplifier pulse shape is assumed to be square 
and tends to overestimate the pileup distortion. Dyer et_ al. [28] have 
improved upon this model by assuming that a triangular pulse shape better 
approximates the true Gaussian-like shape of the amplifier pulse. 
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E-E 
S (E)dE = i d£ / " SUMSlE-EMdE' (A. 5) 

P -min 

where E . i B t n e minimum energy detected by the system. Not<- that the min 
2 >» 

in tegra l of S (E)dE over a i l e .argies i s a T where a - J E S (E' )dE' . 
min 

Addit ional ly , the l o s s of photons from the energy in terva l (E, e + dE) due 

t o pi leup (Jan be shown to be 

S (E) dE = -2tS(E)dE f"s(E'JdE' =- -2naS(E)dE . (A.6) 
" s 6 Emin 

The integral over all energies reflects the fact that a specific photon of 

energy, E, can pileup with another photon of any energy ,E', where E
m i n 

< E" +». The effective pulse pair resolution time is 2r since it does not 

matter whitjh photon arrives first and accounts for the factor of two in Eq. 

(A.6). The final expression for the measured spectrum corrected for the 

energy dependence of pulse pileup is therefore 

E-E. 
S..(E)dE = S(E)dE - 2T S(E)dE a + TdE f "U'nS{E' JSfE-E" )dE* . (A.7) 

min 
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APPENDIX B 

CHOOSING APERTURES AND ABSORPTION FILTERS 

In generali the detrimental spectral effects caused by pulae pileup can be 

reduced in three ways: 

1) The measured 3pectrum can be modelled computationally in a manner 

similar to that presented in Appendix A; attempts to mathematically correct 

measurements for the count-rate-dependent pileup contribution can be made 

[28]. 

2) Experimentally maintain low count rates, limiting pileup to a minimum 

level. 

3) Utilize filters to divide the spectrum into overlapping energy bands; 

each spectral segment is then measured by an individual detector. The width 

of each spectral segment extends to the energy beyond which the distortion due 

to pulse pileup is greater than some tolerable value; the distortion permitted 

clearly depends on the precision sought in the aieaaurements. This pileup 

energy cutoff varies with filter thickness/ count rate, and plasma 

temperature, and is established empirically by experiments and spectral 

simulations using Eq. (1.1). 

The third method offers a way to measure directly the entire spectrum at 

high data rates without invoking mathematical corrections, and it has served 

as the basic framework for the PDX PHA design. 

To simplify the following discussion, several parameters will be defined: 

a) E» .. = the energy at which filter transmission is 1*. 

b) E c = the energy at which filter transmission is 37%. 

c) E p # = the energy at which the effects of plleup distort the spectrum 

by # percent. 
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d) A = aperture area. 

e) R 3 total integrated count rate recorded by a detector, 

f) T = electron temperature. 

g) ut(E) = X-ray absorption coefficient of filter. 

h) X A = filter thickness. 

i) N(E) = dete<:tor efficiency. 

j) T T - 5 the high and low limits of the temperature range associated 

with a set of filters. 

Following the technique outlined by method 3 above, the X-ray continuum 

emission transmitted by specific filters is simulated by a computer code. The 

intensity radiated as a function of energy and line averaged over twice the 

minor radius of the plasma is approximated by an equation of the form 

T 
I(E)dE =* A (1 + 1.5 - | ) exp [-u. (8 IX . -E /T . IdE C ° " n t S .- (B . I ) „ _ i / 2 E i i e sec E T e 

the factor (1 + 1.5 T /E) is an estimate of the profile effects associated 

with a measurement obtained along the central plasma chord. 

By designr a group of three PHA filters must be chosen to transmit X-ray 

spectra from plasmas with electron temperatures that fluctuate by 

ately 400 ev. This can be achieved with a minimum of pileup by 

requiring that transmission by at least two of the three filters be sufficient 

to produce a contiguous spectrum. The energy window of the filters must 

therefore satisfy several criteria. At T _ of a specific temperature range, 

the low energy cutoff of the third (III) or high energy filter, E „., must be 

less than E „j E . is determined by computer simulations using Eq. (1.1) and 

an input spectrum, 3(E), defined by Eq, (B.I). Because of the steep 

exponential fall of the Maxwellian-type spectrum, detector II, which views the 
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plasma through a thicker foil than detector I, must be exposed to a larger 

volume of the source in order to maintain equal intensities in both 

detectors. Hence, fixed lead apertures with areas in the ratio of 1:40 are 

placed in front of detectors I and III, respectively. A filter of 

intermediate thickness ^ E
0 > n l < E

pu^ and aperture of intermediate size ia 

placed in front of detector II.* As a result, detector II will record higher 

count rates by factors of three or four than those obtained by detectors I and 

II, but at T e L = T e H - 400 ev, the photon rate3 for II and I will be similar; 

the contribution from detector III will be reduced below I and II by a factor 

of 4 or 5. 

Five overlapping temperature intervals have been established for the PDX 

PHA, and pulse pileup calculations have been performed to determine E for 

every filter and, hence, the degree of overlap in each 3-fliter group. Figure 

B.1 depicts the percent of spectral distortion that would stem from count 

rates of 10, 20, 40, 60, and 100 kHz as a function of the ratio, E/E c for the 

five groups of filters. The distortion defined by these curves is illustrated 

in Pig. B.2. The solid line is a typical 1 keV continuum spectrum as it would 

be measured through a 0.030 in. beryllium filter at a 40 kHz count rate, 

assuming pulse pileup to be absent; the curve depicted by dashes of 

alternating sizes includes pulse pileup contributions, and the arrows define 

the degree of distortion between the two spectra. Notice, however, that the 

loss of low energy photons to the creation of pseudo high energy X rays, which 

is simply proportional to the total count rate [see Eg. (1.1)], introduces an 

intensity drop that is a constant fraction lower than the true spectrum. 

Consequently, the low energy portion of the measured spectrum has the 

# 
The relative ratios between detectors I, II and III are 1:30:40, 

respectively. 
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identical shape as the true spectrun. Accounting for this negative departure 

in low energy intensity by extending the low energy spectrum upward in energy, 

assuming no pileup (curve with small dashes), effectively increases the degree 

of pulse pileup at higher photon energies. This is shown in Pig, B.2 by the 

arrows bridging the two different dashed lines. 

The curves corresponding to a 10 kHz rate shown in Fig. B.1 imply that the 

energy ranges for three filters can be made to overlap and to sample a 

combined range of 6-10 ke7, depending on tarnperatuve, while maintaining less 

than 2% pileup. In an attempt to remain conservative, but also to improve the 

counting statistics, we have accepted pileup dxstortion of 10%, thereb-

extending the allowable count rates to 40 kHz or 50 kHz. 

as an example, the energy overlap of filters chosen to bridge the 0.6 keV 

to 1 keV temperature range Is shown in Fig. B.3. It is assumed that at 1 keV 

detectors I and III both record spectra at 30 kHz. Their energy overlap 

begins at E = 3.5 keV and extends to the 10% pileup cutoff for detector I 

of E p f Q = 4.6 keV. The total extent of the spectrum reaches E * = 8.4 

keV. Detector II, which records approximately 100 kHz count rates, suffers 

from pileup anomalies that are greater than 10% and is neglected at this 

temperature. However, at a temperature of 0.* keV, detectors I and II furnish 

the major contributions to the spectrum at count rate of 5.5 and 9 kHz, 

respectively, while the signal recorded by detector III is a factor of 5 or 8 
II I lower: E « Epio ' s o t h a t w e have sufficient overlap between the cpectra 

of detectors I and II. 
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APPENDIX C 

SPECTRAL SYNTHESIS 

The final X-ray spectrum averaged across a plasma chord ia synthesized 

from the data obtained by the three independent detector channels. The scaler 

outputs establish which spectral regions should be included with regard to 

problems of pulse pileup as stated In Appendix E, In addition, the scviler 

readings together with the pulse pair resolution time, T, of the amplifier 

determii— the dead time correction used to scale the raw data; the term "raw 

data" is used to represent the contents of the 2S6 energy bins of each memory 

subsection, The ratio between the total accumulated data in the 256 ei\ergy 

channels to the scaler counts is less than unity because of the system dead 

time. This fraction, f, can be written as, 

R . sca'.er , „ 
" ~ M " _ M ^scaler" 1' ' <- 1> 

where R
S C a j _ r is the count rate recorded by the scalers, and F^ is the raw 

dat. -aunt rate. 

The spectrum incident on each detector is therefore 

R(E) = c(RM(E)/n(E!l fflfE/AE) exp f|i(E)xl kev/ (kev-cm2-sec) (C.2) 
plasma 

where RytE) has unltd of counts/sec, exp(u(E)x) corrects the rate for the 

filter attenuation (29,3<1!, &S is the energy width of one- a£ the 256 AOC 



31 

channels, TI(B) is the efficiency of the detector which depends on its window 

and crystal absorption at energy E, and fl corrects the count rate for the 

reduction due to the solid angle subtended by the plasma volume at the 

detector. Specifically, 

u = r ^ i ( c . 3 ) 

where A is the area of the remotely controlled entrance aperture, A_ is the 

effective area of the detector (meaning the size of the small rear lead 

aperture, as discussed previously in Appendix 8), and D is the distance 

between the front and rear apertures. Once the three measured spectra have 

been appropriately scaled, they are averaged according to their statistical 

weight to create one complete spectrum (see Fig. 5). 
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APPENDIX D 

ABEL INVERSION 

Radial i n t e n s i t y p r o f i l e s of X-ray continuum and l i n e r a d i a t i o n con ta in 

e l e c t r o n t empera tu re and impur i ty c o n c e n t r a t i o n i n f o r m a t i o n . Such r a d i a l 

emission d i s t r i b u t i o n s in sou rces with c i r c u l a r c r o s s s e c t i o n s can be computed 

u s i n g Ahel i-n.vers.ioa ta.Gtm.i.quaa t i l , 12.1,, 3^4. ynftir a.pp'Ltca.t.i.^w. t o t h e PCX. 

X-ray PRA measurements a r e d i s c u s s e d below. The r eade r i s r e f e r r e d t o t h e 

l i t e r a t u r e for s e v e r a l methods t h a t have been developed to t r e a t n o n c i r c u l a r 

c r o s s s e c t i o n s [ 3 3 , 3 4 ] . 

C a l c u l a t i n g the l o c a l i z e d e l e c t r o n t empera tu re invo lves a f i t of t he 

i n t e n s i t y of each l i n e averaged spect rum, I (E) , n e g l e c t i n g impur i ty peaks> t o 

an exponen t i a l func t ion of energy, E: 

2 i. 
I (£) = P Q e x p ' P 1 E + P 2 E ) Kev/fcm - s e^ ) (D-D 

«h.ere y i s the. perpetidioiLax dtstawse. f.c<OT. tlwa pL&wa c e ^ t e t t o <SA<^ rf\acA, 

i . e . , y => 0, 6, 12, 20, 30 cm, e t c . (see P ig . D . I ) . 

The I <E)*s a re subsequen t ly f i t t o n exponen t i a l func t ion of t he 

p e r p e n d i c u l a r d i s t a n c e , y , for t en d i f f e r e n t e n e r g i e s , 1<E<20 Kev: 

I (y) = expfAQ + A1 ^f + A 2 E y 1 Kev/fcm - sec ) . (D,2) 

The I E ( y ) ' s a re Abel I n v e r t e d in order t o gene ra t e the source^ of 

e m i s s i o n , e ( r , E ) a t l o c a l i z e d r a d i a l p o s i t i o n s : 

*Cr,EJ = ^ £ [ [ * ( % _ r , ) V , I K » v A « 3 - . e c , CD.31 

http://i-n.vers.ioa
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where a is the minor radius of the plasma• 

The slopes of the resulting continua formed by the sets of e(r,E> at 

specific radii yield the electron temperature profile while the intercepts at 

zero energy are used to deduce the continuum, enhancement, C» 

The high Z impurity Intensity profiles are computed in a similar manner. 

The factor, IE(y)# in Eq. (D.3) is simply replaced by the line averaged 

intensity or the particular impurity measured at each chordal position, y. 

Abel inversion is then a straightforward operation. 
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FIGURE CAPTIONS 

Schematic of the muIti-detector PHR system designed for PDX. 

Detailed view of one pulse height analyzer tube assembly. 

Schematic illustrating how multi-detector PHA systems avoid problems 

with pulse plleupr the energy region where pileup occurs in detector 

I is measured with detector II. 

Block diagram of PDX PHA electronics. 

Raw data obtained by the three detectors are synthesized trtn one X-

ray spectrum. 

Typical spectra obtained from simultanous measurements along four 

plasma chords. The smooth curves represent polynomial fits to the 

continuum, neglecting the cltm, Tixa, and TiKfi impurity peaks. 

a) Electron temperature profile for the line integrated spectra 

shown in Fig. 6. The error bars represent the extremes of the 67% 

confidence contours; b) The 67% confidence contour For the radius 

R = 0 is depicted here. 

Tenqperature averaged excitation cross sections <<JV> for the Kr 

emission of ions in coronal equilibrium. The FeKa values are based 

upon calculations made by Cowan [11] from which the ClYa and TIRi 

values have been interpolated. 
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Typical time resolved spatial profiles of several measured 

quantities; a-b) CZKx and TiRi radiated power; c-d) CAKi and TiKfr 

impurity densities; c-f) oxygen impurity density and Z f t f f for 

n c/n 0=1. 

Recombination enhancement factor, y - is plotted vs electron 

temperature, T e, for carbon, oxygen, chlorine, and titanium ions. 

I'.iS contribution made by carbon, oxygen, titanium, and chlorlna to 

Z f f plotted as a function of the carbon-oxygen ratio n„/n0. 

PDX Plasma Configurations. 

Electron temperature profiles obtained at 500 ras into the pulse of a 

circular discharge with m=1 MHD activity (open circle), a circular 

plasma with sawtooth behavior <x), and a divertor discharge with 

sawtooth oscillation (closed circle). 

Temporal behavior of electron temperature at core of three different 

plasma types. 

Power radiated by chlorine Rr X-rays from core of PDX plasma. 

Circular and divertor discharges are compared. 

Power radiated by titanium Rt x-rays from core of POX plasma. 

Circular and divertor discharges are compared. 
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Radial profiles of X-ray continuum emission from divertor and 

circular plasmas. 

A time series of photons occurring at an average rate, a. 

The spectral distortion expected from count rates of 10, 20, 40 and 

100 kHz is plotted as a function of E/Ec for the absorption filters 

utlized in the PDX PHA. The individual graphs are designated by the 

filter type and thickness; the energies where transmission is 1% 

^E0.0l' a n d 3 7 * ' Ec' a i r e a l a o indicated. These plots are organized 

in grouts of six; each horizontal row demonstrates the energy overlap 

of the set of three filters? each set is categorized vertically by 

the high and low limits of their useful electron temperature range. 

An illustration of spectral distortion. The solid line depicts a 

typical X-ray continuum for an electron temperature of 1 keV as it 

would be measured through a 0.030 In. beryllium filter at a 40 kHz 

count rate, assuming pileup to be absent. The large dashed line 

includes pulse pileup contributions, and the arrows define the degree 

of distortion plotted in Fig. B.I. The low energy portion of the 

pileup spectrum has the same shape but less intensity than the true 

spectrum. The smaller dashed line is a continuation of the low 

energy spectra with pileup, ann the arrows bridging this curve with 

the solid curve indicates the extent to which the negative departure 

in intensity effectively increasep the degree of pileup at high 

energies• 
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B.3 Energy overlap of the foil transmission curves for datectors I, II, 

and III at temperatures of a) 1 Kev and b) 0.6 Kev. 

D.I Geometrical configuration for Abel inversion of a circular cross 

section. 
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