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ABSTRAGT

'X-Rays emitted by a hot plasma are used for determina-

tion of electron temperature. This diagnostics is useful when

i

eléctron temperature is above 100 eV and electron - ion
densities are high enough (;3'1012- lo13 em™3) to produce

\ aetectable X-Ray flux. Some relevant aspects of the radia-
tion from a hoﬁ plasma are briefly discussed. The X-Ray
transmission raﬁio technique is discussed in detail. Calcula—
tions.fof selecting suitable componenté for such a diagnostic
system are presented’in this note. 'Ratios of the transmitted
X~Ray flux through different setS‘of'beryllium and aluminium
foils, as a function of electron temperature are.calculated.
Some aspects of the method of determining electron temperature

from the pulse height analysis of the emitted X-Ray spectrum

are discussed briefly.



_ Introduction L -tﬁ\fxy._h,-':.f»lric -

X—Ray dlagnostlcs 1s ‘now a well established technlque

for determlnatlon of electron temperature (kT ) inhot plasmas,
Qhere kT, 5108 &V, Many papers and' reports on this- dlagnostlcs
,have appeared S0 far%‘a) The PUFPQSe of"ﬁhis’repert'iS'to
fllp:esent some ealculatlons eesentlal‘for an ‘experimentalist -
{,to .design the diagnostic system. Thesercalculations will be-
Va“helpful in selectlng the sultable detector components in ‘a
m'partlcular experlment. These calculatlons assume the knowledge
u'of the expected values of electron temperature and den31ty 1n

. the heated plasma. These values can be calculated knOW1ng the

energy 1nput in the plasma, for heatlng, and the energy

palance con31deratlons. Ba51c prlnC1ples 1nvolved in thls

‘dlagnostlcs are well dlscussed 1n the reports mentloned earller,

‘and. we, thereﬁore, av01d repetltlon. ‘

. ywyne radiation emitted pyja‘plaEma‘eXtenas'nver'tneu“”
lentire‘eleetromagnetlc~spectrum; .There are three radiation
_processes in an unmagnetlzed plasma, viz. (i) free free or
bremsstrahlung (11)free~boundor recombination and (111) bound—
bound or llne radlatlon. CIE. the atoms ‘composing the plasma

are ofqat;mle'number Z tne free free radlatlon Wlll domlnate
:for kT ;> 3 V 22 where. VH is the lOHlZatlon potentlal of “
Vhydrogen ( 13 6 V) i The: recomblnatlon process w1ll be

r‘ o

effectlve at lower temperatures It 1s to be noted that the
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.ﬁensity of f-f; f-b and b-b radiations are:oronortional

.,ZZ, Z% and'Z6 reSpectively;, In‘mostﬂof”ﬁhe plesmaiheating
'perimentslhydroéeﬁ'(z‘s l) plasma is- used Imnurities_of
.gh % values (malnly of‘oxygen) .give- rise to llne radlatlon.
-esence. of f~b’and B=b radlatlons compllcates the dlagnoStlcs.
nee;the‘llne radletlons from lmpurltles-are at higher wave-
ngthS,fif‘can be eliminatedrby using suitable absorber foils.

. this report we will consider only the-free;free radiation

'0CesSs.

BremsstrahlUnq

This type of“radlatlon arises from the 1nteractlon of
.ectrons with the p081t1ve 1ons 1n the plasma.‘ In. this T
‘ocess a free electron makes a- tran51tlon to another free
ate of lower energy,_W1th the: emlsslon of a photon.. Tne
-ectrum is contlnuous, Assuming- the plasma electrons to
1low Msxwellian distribution, the intensity" of free—free'

1)

.diation per Angstrom is given by

g Wa tt o
N N 7 g(k’l‘ ) A exp [)\’k’l‘j cm3.§§ c ,(l)-

this equation Ne'and N, are ‘the electron and ion densities

= 1.9 x 1078

mn3) reSpectively, 7 is the atomic number of atoms coonsingi
e plasma,-grisvrhe Gaunt factor, kT is the electron tem-
rature in eV, %‘18 the wavelength -in 8 of the emltted X-Ray
diation, h is Plank's constant and ct is thc veloc1ty of

ght. In our calculatlons we will assSume g =-l;'31gn1f1cance

which has been dlscussed by blton4). In the exponentlal
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term, hc/a is the energy E, , of the phdtdn.correapOndihgbﬁbML

wavelength)(. ( E, = 12 ﬁ\K Vv.) When Ikxls plotted as function’

of M., for a given &alue of'kTeL IA is.maXimum at'a~Wavelength

| ‘ o} : _ o e
_given by.;\max = 6igﬂ A . Variation of Ij with)vfor different” .
o : e -
~values of kTe,_for’an arbitrary value of Ne = N, = lol4gcm*3

i
dwere calculated using Eq. (1) and are plotted in.Fig1131~Thesefd
‘curves_shqw.that the'short wave length (Eigh eaergy) cut-off
.depends en'kT". In the wavelength reglon}\>QAmax. thevspectrum -
. is not affected by the change in kT . The, strong dependence :
.of the hlgh energy cut-off of the spectrum on kT ; is used
as the basis for meaSuring kT, in hot plasma. Spectral |
measurements for this purpose should be made in the reglon
)Nﬁ}max}'where the spectrum strongly depends oa kTGB).. ThlS
diagnostics can be used only when Amax is in X-Ray feglon and
eléctron density is high ‘enough (:>1013cm-3) ﬁoeproduCe ”
detectable flux of XrRay photons. Integration of Eq.(l)? over
1 to loo & gives the power emitted by the«ﬁnit'volume_of plasma',

in the soft X-Ray region, Wthh 1s equal to.
- X BAR o -.e K23
1.9 x 10728 Ne N, z* (kT ) S/\ ”IF[_ m%_jd)* 23'- -

This X~Ray emission from the plasma is 1sotrop1c i.e. unlform
over the solld ang le’ of 4 T(
As the electron temperature increases, fraction of the’

power emitted in the lower wavelength ‘region increases.



D;agnostics
”dFor.determlnatlon of tleetron temperature from the

v measurementu, two dlfferent methods are avallable._ In

flrst method the 1ntensxt1es of X—Rays transmltted through

erent metallc‘abSOrber foils’® of known thlckness are

:uredl) Thin' f01ls of berylllum and alumlnlum are generally

e By know1ng the,ratlo.of the transmltted_lntens;tles3,

»ugh two f01ls of‘diﬁterent thickness,&electron temperaturet

be determlned Thefexperimental arrangement forﬂphis

1n1que is shown 1n Fig.2. .In the second’method .the,X—Rayj;

on spectrum is recorded by a multlchannel pulse helght

yser9 10),7 Electron temperature is then determlned from

slope of the dlfferentlal photon spectrum._ FurthEr detalls

hese methods ‘are discussed in sections 9 and 1O respectlvelyw

In most of the plasma heatlng etperlments the plasma is
> ine the hlgh energy state, when the meaSurable X~Ray emission
3s place, for about few microsegonds or less.p Fast-detectors
to be used for measuring X-Rays from: such plasmas. The
1t111ator - fhotomultlpller combination is mostly used for.
surlng X~Ray flux, 1n both the above mentloned methods.
the next three sectlons, calCulatlons requlred”for solectlng

table absorber £01ls, sc1ntlllator thlckness and photomultl—

er.tubevareﬂg;ven,

Selectlon of abSorber f01ls

When a polychromatlc beam of X—Rays (contalnlng photons
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of a wide energy range) passes‘throu§h~an absorber, the low
energy phetan'are absorbed in it-and theﬁbéamﬁintensity.is
: attenuaﬁeda For selecting:snitable.abEther thiCkneSs, the

photon- energies which wiii'be eut;off (intehsity attenuated
to one tenth of orlglnal) by varlous foil- thlcknesses should"
be,known. These cut—off energlts for known. thlcknesses of

different materials can be'calculatedyasqfollows.

Let I is the intensity of a monochromatlc X-Ray
.pbeam, pa551ng through an absorber of thlckness t (cm)
:fInten51ty of thejtransmitted beam 1s given byll)

I'= I JExp" (= Ky .t) | o e (3)
In the above equation, ¢ is the den81ty of absorber material
(gm/cm ) and Kx is the mass absorptlon coefficient (cm /gm)
which depends on absorber material and wavelengtn of X-Rays
‘ﬁFor a given absorber of thlckness T (em), the requlred value
ef:Kx to attenuate a béam of‘energy‘Ec totone ténth ef its
ofiginal intensity is given by .

In 10 = 9.7 , | |

or - K,

5 .ﬂ

“Variation of Ky vwith wavelength is known forrnost of the -
'feIementsliUFér'a given substance, the Wavelength ;Xc,
~corresponding . to the value. of KA hvgiVen by Eq1(4};ean be
determined. ThusA thevenergy E of ‘the beam correspondlng

to- thls wavelength,,whlch Wlll be cut-off by the f01l of
fthlckness T  (cm). can~bevdeterm1ned. ForiapprQX1mate calcula;t

~tions of EC; the empirical relations between Ky and‘)\can



sed.. Ehis empirical:relation:iS““V“

c ()\ fﬁ

LG and n are constants dependlng on the atomlc number'

he: absorber materlal and can be calculated ea51ly., Thus,

Cowet AT

gans be wrltten as

/>\C - 1n lO g

R 1 2 4
E. = KeV
c T A

beryllium,-@a;wl.B‘gm/cm3 ; C % 0.3731, n = 2.901 for

107 & ( Kmabsorption edge) ;. for'aluminium €= 2.7 oﬁ/cm3;
13, 9292, n =_2 8460 for X < 7.9 &. Using these values,
off energles were calculated for. alumlnlum and berylllum

A

h- are glven 1n Table l Values of the cut off energles

also be calculated by using’ Eq (4) and the experlmentally

1ned values of KA Calculated values of E for alumlnlum
berylllum uslng the values of K; given in ref. (ll) were
d to be almost equal to those calculated using the

rical relation mentioned above..

Transmitted intensity and Scintillator ..
T R VR - = e

o

| lhe’intensity“I%Q'atnanymwaveleﬁgthywif transmltted
xugh an absorblng -£011 ~of: thlckness D mg/cmzvﬁf‘ P 1000)
mass. absorptlon COEfflCant Kyl is” calculated from Eq (l)
(3) to be;l"ey‘gﬁ 1vum§;¢ T fslwa

28

:fl.9fx'io- N N Z (kT )

-



The total flux transmltted through a glven f011 ‘can be calculated

by 1ntegrat1ng Eg. (5) over a wavelength.regloﬁ;f The trensmltted
—Rays fall on-the Sclntlllator.~rPlastlc.sclntiIlators NE102
and NE140 (manufactured by Nuclear: Bnterprises Ltd): are the
étyplCal.SClntlllatorq used. . These sclntlllators‘have ‘sufficdient
response for photon energy as low-as. l keV. The NaI crystals
can not. be used below 3 keV1 ), For-eff1c1ent working “of the
sc1ntlllator, i.e. to get maximum-tight. output in-visible range,
'photons.with_all energies .in the transmitted signal. .should be
xcompletely abSOrbed in it. Knowing the expected upper limit of
—Ray photon energy, the required tthkneSS of scintillator
can be calculated. As an example, calculat;onsffor determlning
the requlred thickness. of, NE 102 for 90% absorption of 10 KeV

photons are.given here. . This scintillator contalns 4.78 x 1O22

carbon atOms/cm3 and 5.28 x 1022-hydrogen atoms/cm3:as specified
‘in’its manufacturers catalogue. Using Avagedro‘QUmber.qnd'hl‘
eton}c weights of carbon and_nydrogen, it’ié”;éég‘£ﬁa£hﬁE.1oz
:contains 0.953 gm of carbon/'cm.3 andﬁ67088 gmlof hyarogen/@na.
AUSlng the formula for the mass absorptlon coeff1c1ent of a -’

11)

compuund ,.and u51ng the values of absorptlon coeff1c1ents
of carbon and hydrogen at 1O KeV (O 12 R ) glven by Vlctoreen}z)
it-is found that the mass absorptlon COefflclent of NE 102

for lO Kev photons is 1.93 cm /gm. Agaln u81ng Eq (4) the
required thickness of NE 102 1s fonnd to be 1,04 cm,t It 18

adV151ble to use ‘the 5c1ntlllator tthkneSb sllghtly more than

" the calculated, Proceedlng in thlS way, the requlred thlckness



enY'SCintillator_of known'composition'cenﬂbe ealcuiatéd.u

‘ Photomultlpller Tube.

Seltctlon of the photomultlpller tube (PMT) 15 to be
ne. con51der1ng the spectral dlstrlbutlon of the 301ntlllator

ght out put. For example; the llght output of NElOZ sc1nt1—

ator is dlstrlbuted over the range of 4000 to 5000 R w1th

maximum emission at 4230 R The PMT should be w1th the

Lotocathode of maximum -response very nedr to 4230 X
Lotomultlpller tubes with S-11. spectral response with a

Lleum.sen51t1v1ty at 4400 R are generally-usea with NE 102.

PMT of the requlred spectral response and dlameter permitted
* the experlmental geometry should be selected. The
'1nt111ator and PMT should be in perfect optical contact,

AN

y that maximum number of photons from the scintillator fall

1 the photocathode of the PMT. T : P

) Number of Photons

The number of photons emitted. by the plasma and thosé

anSmltted through an absorber fOll of known thlﬂkness should
Lso .be known,. Partlcularly, for using the method of |
Jltlchannel analysis mentloned in sec. 4 the number of

1otons emitted between small energy . 1ntervals should be

jown in order to select”a“eultable analyeer.

Expression for the number of photons emltted by the
lasma, can be derlved from Eq (l) Energy emltted between

avelengths ?\anqu+dk ‘due to free—free radlatlon is. glven by



28,

T = w000 S [ e
. 'ﬂ_OR‘ C , et
L ‘ S ' I :éVi;ua“.
j&dg = 1.9 x 10 28x6 24x1018N N Z (kT ) A exp ~—E 3,(6)
' : , kT Secécm
We havé,the‘r@lation
B, . 12400 eV’ N
AT OTAT ST IR .
or 4By = -12400 XZ2dA . ' ceee (7).

Number of photons emitted witbip energy E, and E, + dEx  is

© now given by

an _ I dx (eV),
B (eV)

-10

‘ 2 ;% P =E_ o
or dN = 1.9 x 6.24 x 107 géNiZ:(kTe? ? 1/E A“exp( kTe> dx .

'381ng relation (7); we get
Photons . Y o aogpe (8>
sec cm3 Vv -

an =9, 56xlol4N N, 22 (kT )2 1 exp( ) dE.

USlng above expression, the number of photons emitted by the,
plasma ;nqglven energy interval can be calculated. To get

the number of photons from unit plasma volume emitted in unit.

solid angle,. Eg.(8) is to be divided by 4 7T . Number of -photons

passing throﬁgh an absorber of thickness D (mg/bmz) and between

energy B and E + dE can be written from equns. (8) and (3) as

l4

AN = 9.56 x 107 "N N, z (kT )‘/-4 exp(

“kT
Iﬁ above expression, KE is.the mass abSOrptlon Coefflclent
as a function. Of PhOtOn energy; _

9} Transmlsslonpaatlo:TQChnlque”f*.

el

As mentioned in sec. (4), farther défails’of;tbem

,,KED)-dE,...: . {9)'
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smlsslon ratlo technlque are dlscuSSed here, khowlng }

3xpected values of kT and Ngs the expected X-Ray

srom can be platted u81ng Eq (l) and )Nnax can be

nnlned For selectlng the absorber thlckness the

rdence of only the high ehergy side of the=spectrum on -

should be remembered. Foil thickness with cut-off energy

ter'thanl;?'4 KeV, and with sufflclent 1nterm1d1ate gap
max

of . 1 KeV) should be SelectedQ‘ Consideration. for

cting the scintillator and photomultiplier are already

ussed in secs. 6 and 7. 'Signal of the photomultiplier

mellfled by sultable preamplifier, amplifiers and finally
>rded ‘on an 0501lloscope.‘

For actual de51gn of the XrRay detector, the plaana

1etry and relatlve poSlthn of detector are to be con81dered

SOlld angleé&‘subtended at the sc1ntlllator should be

*ulated ThlS solld angle glves the volume of the plasma

1 by the detector. Multlplylng Eq (5) by the plasma»

mne seen by the" detector, llfe time of heated plasma and

53/4TF we get the transmltted flux In plasma heatlng

eriments, when the plasma parameters are to be determlned

one shot, the-transmltted‘X—Ray flux through two or more

orbers ‘are to be measured in one- shotq In thls 51tuatlon,

photomultlpller tubes can. be placed 1n one dlagnostlc

t, and using two ports flux,transmltted through four

‘orbers can be measurtd in, one Shot.:. An_alternatlve -

[

rangement using llght guldes in one port,
13)

is. described by
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vRatlo of the 1ntegrated X—Rays transmltted through absorber,

to the total 1nc1dent X-Ray flux 1s to be calculated for.ﬂ;p

‘dlfferent absorbers for determlnlng kT This ratio,@an be-

wrltten from Eq (l) ‘and (5) as_
SAGXP[" = - K% D] d;\

J(/\ e}‘p[ k

'Tllmlts of these 1ntegratlonsdepend on the range of kT . _For

values of kT of the order of 500 eV thlS 1ntegratlon should
vbe done over 1 to 100 A. At Stlll hlgher temperatures of the
order of 1 KeV and above, the lower llmlt should be 0.1 R

This ratio should be calculated for different”values'of'kTﬂ
and the selccted values of absorber thlckness. This ratio

was. calculated for beryllium and alumlnlum f01ls of dlfferent'
th1CkneSS ~and its varlatlons with absorber_thlckness, for.

| different valnes of kT are snown'in ‘Fig.3. 'Hidh purityu'_
berylllum fOllS of thlckness ranglng between 0. ool"' nd .-

o) 02"‘ere avallable from Brush Wellman Inc. (17876 5t. Clalr
'Avenue Cleveland Oth 44110 USA), " and. these thlckneSSes;are
used in present CalCulatlonS These.standard thlcknesses
glven 1n 1nches have been converted 1nto mg/cm2 and- are;-f
glven in Table 1 (B) | Mass absorptlon c0cff1C1ents for '
berylllum werentaken from ref (14) Alumlnlum fozls of

. dlfferent thlckness ranglng from 2 7 to 864 mg/cm are .:
avallable from Blectronlc Corp. of Indla Ltd A‘and SOme of:

Athese standard thlckncsses are used 1n these calculatlons.
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N N SO I BERY o ,1, L
. kS H r : T : r, o {. .

A

off wavelengths and cut—off energles of alumlnlum f01lsg i
lable from ECIL were calculated as stated in sec 5. and:;
given .in Tahle$2 Mass absorptlon coefflclents for

inium were taken from ref. (15) . The 1ntegrals.were
rically calculated using the IBM. 360 Computer and the

0s were automatically plotted” ?Y_thﬁmplottef of the

uter system. From these calculations; ratio of the
smitted.flnx_through'two,selectedvabSQrbers for different
es OEﬁKTwaere calculated. TheSe results are shown in '

4. Thus uslng the experlmentally obtalned values of these

bs,-and the curves plotted in Flg 4, kT can be determlned.

4gltlchannel AnaIYSis.r

"fwiForgfindingfthe Sultebility:of'this»method; seledting
analyser and number of channels to be nsed;.the nnnberfof
%&§4¢mittedzbetween small energy intervals are to be
Jlatedxl:A@thinﬁfiIter in the form of metalic'foil’fs:}
to: av01d the ultrav1olet and long wavelength radlatlon.
LLlustrating these calculatlons we take an examplerof

)genuplaSma in which kT = 500 ev- and N =1 . The

n. energy from 0.12 KeV ()\~ 1OO R )to ‘10 KeV 1s lelded
aetweenuloo channels each channel of w1dth of O 0988 Kev;
2T of photons emltted 1n these energy channelsmVar unlt

l angle: were calculated us1ng Eq (9) ? The graph between
umber of photons and the energy 1nterval for the two'

S

bers. is shown in E‘:Lg,5f The llnear portlon of the_‘.
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The eSSentlal COHdlLlOn for using- thlS ttchnlque is that
sufflclent number of photons should be emltted 1n each
Wenergy channel Whlch ¢an be measured w1th1n the statlstlcal
error of measurements In Flg 5 .we see that number of
photons emitted in the useful‘energy range is very small
and thus, this technique should not be used in present case.

This method can be used at 'still higher temperatures.
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Table 1 - () Cut off Wayelengths and Energies for Aluminium Foils

i

Thickness . . Thickness - Thickngss - Ocﬁ%omm n - OCﬁ.mmm
Inches oo osdem mg/cm® - 4. Wavelength: - Energy
SRS : . " Angstroms © L KeVE

0.00L . 0.00254 6.858 3.8 . 4.06l
6.002 i  0.00508 13.716 “ 20397 . 5.8l
0.003 . .~ o.00762 . 20.574 - .  2.079 © 5.974
0,004 . 0.0l016 . 27.432 ) 1.879  6.609
G.o0s  o.1270 34,290  1.738 7.148
.. G.06 .  0.01524 41.148 L 1.630 7.620
% 0.007 T ~0.01778. 48.006 © . 1.548 .8.044
o.008 . '0.02032° . 54.864 0 1.473 | g.e3l
0,009 * . 0.02286"  el.22 1:413 | . 8.787
©.010 - ~  0.02540. 68.580 . 1l.362" 9.118
0,011  0.02794 975.438 . 1.317  9.429
c.012 0.03048.  82.296 | 1.278 9,721
05013 '0.03302 | 89,154 1,242 "~ 9.998
0,014 6.03556 - 96.012 o 1.210 10i262
0.015 . J.03810 © 102.870 : 1.181 10.514
0.016 0.04064 109 .728 ) 1.155 16.755
oypl17  0.04318 " 116.586 1.130 110.986

. “mm aaa 1 1Ae 11 200 .
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Table - 2  Aluminium Foils &vailable from ECIL

S.No.  Thickness in Thickness in om. Cut-off wavélength Cut-Off energy in
. .,am\oam o .. . in Augstrom KeV ,

1 2.7 . o.o0l ‘4.2428 2.9273

2 5.4 . 0.002 . 3.3259 3.7343

3 . 13.4 . .0.0049 0 2.4278 . 5.1157

4 27.0 - v o,0l0 . l.se97 6.5724

5 10.5 - e.015 7 1.e389° .. .- ~ 7.5782

6 84.5 0.0312 . l.2e71 98019

7 219 0.0811 . 0.9059 13.7101

8 243 © 0.090 T o.873¢ 14.2202
9 324 : 0.120  o.1894 . 15.7334

10 . _ 432 © 0.160  0.7136 ¢ 17.4047.

11 540 0-200 | 0.6598 .  18.8238

12 709 . 0.262 ' o.e001 . . - 20.6965

13 864 © 0.320 - 0.5504 - - 22.2023
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