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The X-ray pulse height analysis in the energy range of 3-60 keV was
performed for JT-60 ohmically heated and initial neutral beam heated
plasma, using a liquid—niﬁrogen cooled high purity germanium detector,
The time evolution of the electron temperature was derived from the
measured spectra with the time resolution of 100 ms. The electron
temperature was obtained up to 3.0 keV in the typical divertor ohmically
heated discharges with plasma current 2 MA. The dominant metal impurity
is titanium. The typical impurity density and the effective ionic

charge Z were estimated from these measurements, and the titanium

eff

density of 10‘"3 % and Ze of 1.2 were could be obtained for the typical

ff
ohmically heated divertor discharges. And the titanium densities of
neutral beam heating discharges are about factor 2 larger than ones of

ohmically heating.

Keywords: Soft X-ray, JT-60, Pulse Height Analysis, High Purity

Germanium Detector, Electron Temperature, Tokamak Plasma




JAERI-M 87-011

JT 60 A=77 7 A<HBRRICET ZWXEAT

B AR ¥ A AR R RFER 75 <~ P
EREE - ABEM TN

(1987441 H26A%ZE

JT 6002 —VERKRPHRFHEF ASINBMERICE T, BRAEEBRN L ssEs v
=0 AR ERO TR XEOESMTIEESEB Lic. 100 ms OFRESFRE TR XB A~ b
NWEAREST S &ICA Y, BRRECHMA{LPAE SN/, BonNLBTRER Y7 X -EBR2MA
DI AN =5 F o —MBRREICE T 3 0ke VIEE T TEL/. 372, BoONALKXEBA<T L
S0, EREBAMBIF I v THotee Va7 7R 70H i BHMANE T 4 VEE T EEET
HEOL 0T ZREETHY, COROEMERMEEN 1.2 SHEES . S5, T ASmME
BoFy VERERY 2 —VIAKOEE 25T TH -1,

MEBAFEAT T 311-02 RIREMEBHLHHT KFIRL 801 ~1

{2)




JAERI-M 87011

Contents
1. THLPOAUET L O seererrararsrmrrariataernsaerarasanrreromstrtsinasisiaiasssrneracyarasisimnaires i
IT. EXDErimental SEL—UP  crrereereeriersrrssiissnes it st e 9
III. Analysis of SOft X—ray SPeChLPUM vt 5
IV. REGUL ES  seveerereanrtminmmrerataatnssererttsatttantattosssassineraratnsisirt et st o
A, Electron LempPerablUPE  oreirir s g 9
B. Impurity CONCENErAT IO rrrrerrrrresnrrm ittt et aausae e - 10
V. Discussion and concluSion e 192
Acknowledgement .......................................................................................... 12

RET @I OIICE  vevvserssreanmtaranrsnstomsnessssrasssssertsentareratsssnessssasssisivesssstsunntrasssenrassstrnsas 13

[ JfEeessemeesesees oo 1
TI TEERUEE -eveeven vemsesmsms s 2
T BUXZER AT B 5 A (DG rrreseerrseses sttt e 5
TV B eeren e e st oot g

A TR - eee e n e e g

B il R - eeveerremmeaee e sres e 10
N EIL b BB en et e e L 12
T L e 19
BB SRR e s 13




JAERI—M 87-011

I. INTRODUCTION

One of the main objectives of JT-60 tokamak is to study the
impurity behavior in a near-reactor size machine, of which plasma
minor radius is 0.95 m and major radius is 3.0 m. In order to
estimate the electron temperature and to investigate the basic
performance of impurities in JT-60, the X-ray pulse hetght analyzer
(pa)

liquid-nitreogen is used tc measure the soft X-ray spectra in the 3-60

was constructed. The high purity germanium detector cooled by

keV energy range with time resolution of 100 ms. The X-ray spectrum
consists of an exponentially decreasing continuum spectrum, due to
bremsstrahlung and recombination radiation, and line radiaticn of high
Z impurities. Electron temperature can be derived from the
inclination of the continuum spectrum, and the concentrations of low—
and high-Z impurities can be derived from the absclute measurements of
the egontinuum and line radiation.

The experimental set-up of the PHA system is described in detail
in Sec. II. The analysis procedure of soft X-ray spectrum is reviewed
in Sec. III. 1In the last section the experimental results for
measurements of electron temperature and the impurity concentrations

are presented.
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II. EXPERIMENTAL SET-UP

The spatial arrangement of the pulse~height analyzer on the JT-60
is shown in Fig. 1. The pulse-~height analyzer is installed on the
baslc structure at P-18 port section and views the center of the
plasma through the vertical port. The detailed view of the pulse-
height analyzer system is shown in Fig. 2. It is connected to the
vacuum vessel of the JT-60 by about 4 m long inconel tube and the
pumping ' system using a turbo molecular pump.

The high purity germanium detector arranged at the bottom of this
system i1s cooled by liquid nitrogen using the J-shaped cold finger.
The high purity germanium crystal i1s mounted behind 0.025 mm thick
beryllium window which keeps it vacuum which is isolated freom the
vacuum environment of JT-60, The orystal has an active area of about
80 mm® and most sensitive between 2 and 100 kev, The efficiency of
the detector is 80% for 5.9 keV photon, which is caliblated by *5Fe X-
ray source. As the photon of which energy is greater than 100 keV
penetrates the c¢rystal which is 10 mm thick, the efficiency is
reduced. An energy resolution of the detector, using a 1-ps amplifier
time constant, is 390 eV FWHM for 5.9 keV photéns.

The detector views the plasma through the collimator and the
thin-feil filter placed in front of the detector. The collimator is
made cf the Smm-thick lead disk covered by 5mm aluminium side by side,
on which eight different diameter apertures are arranged coaxially.
The X-ray intensity incident on the detector is remotely controlled by
this rotating collimator disk. The apertures preovide a large dynamic
range of 10° in count rate to adjust the various conditions of JT-60
plasma. The Jeneva gias system is emplecyed for the transmission
between the collimator disk and the moter in order to set the center
of the aperture to the detector axis precisely. A set of filters,
which consists of 4 beryllium feoils and 4 aluminium foils displaced on
the aluminium disk, can be remotely set to adjust the cut off energy
of the incident photons. The driving mechanism of the filter disk is
same as one of the cellimator disk, Too many photons incident on the
detector increase the probability of pulse pile up., Fig. 3 shows
normal and pile up spectra of soft X-ray measured on the JT-60. The

pulse pile up becomes remarkable at more than 40 KHz count rate for




JAERI—-M B7-011

this detection system. Therefore, the count rate has to be kept 10-40
KHz by choosing the suitable aperture and foil.

Ceramic breaks in front of the gate valvé isolate the supporting
structure cf the pulse height analyzer from the.differential pumping
system and the vacuum vessel electrically. Furthermore, the detector
is isolated from the supporting structure by a poli-ether—ether—keton
break which is able to use instead of a conflat type gasket and tc be
baked up to 180 OC. The 30mm-thick iron cylinder surrounds the
detector and the pre-amplifier, which are prevented against the
influence of the leakage magnetic field from the JT-60 and the
electro-magnetic noise. Lead plates on the iron cylinder shield hard
¥-rays which are generated by runaway electrons collided with the
limiters.

The blcck diagram of the electronics is shown in Fig. 4. Charges
generated by a X-ray photon in the detector are integrated by thé
charge sensitive pre—amplifier. The time constant of the pre-
amplifier is made as short as possible in order to get higher count
rate. The gain of the linear amplifier is adjusted so high for the
initial experiments of the JT-60 that the energy range of measurement
is from 3 to 60 keV. Though the amplifier has the pile up rejection
circuit, it was not used in this experiment. Because the gain is set
high in this experiment, the pile-up rejector is triggered by the
thermal noise and then generates the event pulses of pulse pile up
continuously. Shorter shaping time constant makes count rate higher,
however, degrades an energy resolution. So the time constant of the
amplifier is set 1-u sec,

At the time of 1-minute before shot, shot—start and shot—end, 8-
pit corded timing signals are sent to the timing reciever (TGR) via
fiber optics from Zenkei which is the computer system for JT-60
facility control. When the TGR gets the timing signal of shot-start,
it distributs the start trigger to the timing generater (TMG). Then
the TMG generates the sampling cloecks for the ADC and the scaler, of
which the frequencies are determined individually by the program coded
in the auxiliary crate controller {ACM). The ccnversion gain of the
ADC is able to be adjusted among 256, 512 and 1024 by the program of
ACM. The degitized data by the ADC is transferred to four 32 KW

histogram memories via the data router. Then, for example, a histgram




JAERI-M 87-011

of 1024 channels can be stored at each time interval of 100m sec
throughout 12.8 sec. The séaler records the total count rate of the
pulses above a discrimination level which is same as that of the ADC,
Furthermore, the dead ftime of the PHA system is estimated from the
difference between the count rate of the scaler and that of the ADC.
Data acquisiticn system has a hierarchical structure consisting
of the ACMs and the inter shot processer (ISP) which iIs a general
purpcse large ccmputer. The ACM with a 18086 processer controls the
PHA system via 5M Byte/s optical CAMAC serial highway. Following a
plasma shot, the ACM sends the measurement parameters, for example, a
diameter of the ccllimator, material and thickness of the foil,
sampling time, etc, via a similar serial highway. The data from the
ADC and the scaler are collected by the ISP via 2 level serial
highways directly. Then the processing in ISP ccrrects the filter
attenuation, the detector efficiency and solid angle for the raw data
and, further more during a inter-shot, makes the calculaticn of the
elecftron temperature and the impurity analysis. When the ACM is
isolated from the ISP, the ACM can independently calculate and display

the time evolution of electron temperature.
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III. ANALYSIS OF SOFT X-RAY SPECTRUM

The spectral distribution of tne soft X-ray emission in tokamak
discharges can yield the valuatle information on the elesctron
temperature, impurity concentrations and the presence of runaway
electrons. The electron temperature is obtained from the slope of
soft x-ray spectrum in a semilogarismic plot, but the interpretation
is complicated by radial profile effect, because the measured spectra
are the line integral signals. The absolute intensity of the
continuum radiation compared to only hydrogen bremsstrahlung is
represented by the enhancement factor z, which characterizes the
impurity concentraticns in a plasma, as well as the effective ionic

charge 2 Typical soft X-ray spectrum consists of a continuum

spectrumeiith a few impurity K- and L-lines. If the runaway electrens
are produced substantially in the discharges, the high energy runaway
tails become prevalent in the continuum spectrum. The metallic
impurity concentrations can be estimated from ths K- or L-lines
spectra, and the residual 1ight impurity concentrations from the
enhancement factor z.

The X-ray emission from a plasma consists of a continuum of free-
free bremsstrahlung and free—bound recombination radiation, and of a
bound-bound line radiation. The energy spectrum of bremsstrahlung
racdiation for a Maxwellian plasma 152)

def,ij(Te'Ev) My 5 ~1/2 - oxp (- 23) ()

_ —15 2
aE 30T RNy w Zer 15%e 8PP i .

[keV/keV-cm®+sec]

where i, j represent an i-impurity ion species and j-charge state.
Ev’ ne, Te represent the photon energy, electron density and electron

temperature, respectively. is the effective ionic charge for

Z . .
ff,ij
free-free bremsstrahlung, which is nearly equal to the nuclear
3) p

© Bepoig
averaged over a Maxwellian electron velocity distripbution, and is a

charge is the averaged free-free gaunt factor which is

function depending on the electron temperature and photon energy. ni
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is the total density of the i-impurity species, and n,./n, is the

‘ ij i
relative density ratio of the j~ionic charge state of the impurity.
The formula of free—-bound radiative recombination,Z) which is

obtained from the Kramers formula for the hydrogenic ions, is

dP (T ,E ) : n, . E

fb,ij e’ v 15 i . -1/2 _
= =3x10 nn; = Zij T, Bij Exp( T ) (23
v i e
£ - L1 i
Bij('Te’E\J) e gfb,ij rf‘e'-" exp( :l:‘;“— ) 8 (E\) - Iij)
YA Z% . .1

—c 4 g no _ij H -
(n+ta) gfb,ij (n+u)2Tn exp | (n+a)iTe ) 8 (Ev Iij,n+a)

&1 8

a=1

where Zij is the charge of ij—ion before recombination and IH and Iij
are the ionization potentials of hydrogen and the recombined electron
in a ground state, respectively. The first term in Bij represents the
recombination to the valence shell-n with empty spaces § and the
second term is the contribution to the quantum states (n+a). AsS the
photon energy is the sum of the kinetic and binding energies of the
recombining electron, the spectrum has the recombination steps at the
energies equal to I
Iij,n+a)' éfb is the ?veraged free-bound gaunt factor zand assumed to
be unity in most cases

. , and is indicated by the step function 9(E -
1j,0n+tQ v

From Egs.(1) and (2}, total X-ray spectrum is given using the

enhancement factor g.

ProvTerBy) o Perygy | Proag
dE T 3 dE dE
W W v
= -1/2 Ev
_ -15 . 2 -
= 3x10 4 gff,H n? T, exp ( T ) (3)

Here we define the factor Yij as well as in ref.(3), and the relation
between Yij and ¢ is given as

dp .. dpP .
_tot,ij _ ., _ff,i] (8)

dE\J ij dEv
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iy
- ey (5)

Y. = ¢ Y,. i (6)

n

SR N 2 (7

i Breli ON,i

The charge state fractions of an i-ion are unknown, which 1s dominated
by the balance between ionization and recombination and in
censiderably affected by the radial direction particle transport. But
for the light impurities, it can be assumed that all ions are stripped
pertectly.

The dominant processes of the bound-bound line radiation are
thought to be electron collisional excitation and dielectronic
reeombination6). For metallic impurities, K- or L-line photons are
emitted in the energy range where the PHA detectors are sensitive,
which characterize the impurity elements and their concentrations,

The photcon emissivity of i-icon Si[photons/cm3-sec] is represented by
i
S. =n_n, I == <gv>,. (82
n 1

where <0v>i. is the total excitation rate averaged over a Maxwellian

6),7)

velocity distribution The line integrated value is

212

) J ne(r’)2 <0v>i di (92

T

where £(n../n,}<gv>,.. = <gv>, and (n.,/n_} is the averaged impurity
J 1 1 ij i i e
density for the X-ray emitting high temperature region. This value is

related to the detected photon count rate C [count/sec] as

AQ

Sd 7 SL (10)

C = sf Ed

pr Eg Sd’ AR/ 4T represent the filter transparency, detector

efficiency, detector sensitive area and solid angle, respectively.

where ¢
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The neutrality of plasma is represented by

n =n_ + % Z.n, (11
e . 1 1
1#p

Wwhere np is proton density. Therefcre the effective ionic charge Zeff

is given by

z = (12)
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Iv. RESULTS

Fig. 5 shows the typical spectrum of the soft X-ray emitted from
the main plasma in JT-60 divertor discharge. In the specirum, Ka and
KB lines of titanium and Ka of nickel are identified. The former Is
the coating material of the first wall and the latter is the base
metal of inconel 625, of which the JT-6C first wall is made. No
significant lines of molibdenum, which is the base material of the
limiter, were observed in the normal discharges. In the following
sections, we briefly describe the electron temperature and the

impurity concentration from the soft X-ray PHA measurements.

A, ELECTRON TEMPERATURE

Fig. 6 shows the time evolution of the plasma current, electron
density and electron temperature from PHA for the divertor discharge
cof Ip=1.5MA, BT=H.5T. The electron density is increasing gradually
and reaches its peak at about 7.0 sec, when inversely the electron
temperature shows minimum value, This tendency is more remarkable in
Fig. T. This data is obtained from the plasma current flat top
phases. As the electron density increases, the effective icnic charge
decreases, So the ohmic input power decreases and therefore the
electron temperature decreases.

The pulse height analyzer measures the line integrated spectrum
along the viewing chord and it represents the central high temperature
region. The profile effect is approximately less than 10% in the
central electron temperature, In Fig. 8 the temperature obtained by
PHA analysis 1s compared with the central electron temperature
measured by Thomson scattering. In this figure, PHA temperature is a
little higher than Thomson scattering temperature. But the good

agreement 1is obtained in the statistical error range.
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B. IMPURITY CONCENTRATION

In JT-60 plasma, the dominant metal impurity species are
titanium, nickel and chromium., In Fig. 5 these impurity lines are
seen except chromium line, of which Ka—line is cverlapped on Ti—KB
line, During the strong neutral beam heating discharges, the Mo—Ka
line which is generated on the divertor plate has been observed and
these discharges were often terminated by the hard radiation energy
loss,

Fig. 9 shows the effective ionic charge Zeff as the function of
electron density. As the electron density increases, Zeff approaches
asymptotically the value of 1. The dependence of Zeff cn the plasma
current is not clear, but the values of limiter discharges are far
larger than ones of divertor discharges. No difference between the
ohmic and neutral beam heating discharges can be seen and this result
is supported by the visible bremsstrahlung spectroscopy. The value of
Zeff estimated by PHA 1s 1.2 at He =3.0x10'® em™?%, but the values
obtained by the other diagnostics, the visible bremsstrahlung
spectroscopy and the active beam scattering system, are about 7.5 at
the same electron density. This deviation is under examination. In
order to calculate Zeff’ titanium and nickel are included as the
dominant metal Impurities and oxygen is assumed to be only light
impurity because of the lack of enough spectroscopic information. The
electron density and temperature profile are given from the Uch
interferometers and b6¢h Thomson scattering measurements, respectively.

In Fig. 10, the titanium concentratiocns of the divertor and
limiter discharges which are estimated from TiHKa photons are shown as
the function of electron density. The symbcl of He shows the helium
discharges and all the others are hydrogen discharges., To calculate
the exciftation rate coefficient, the dominant three processes are
considered; the electron cecllisional excitationé)'T), the
dielectronic recombination and the radiative recombination into the K-
shell. The titanium concentrations of neutral hbeam heating discharges
are about factor 2 larger than ones of ohmically heating., The values
of helium discharges are far larger than ones of hydrogen dishcarges,
but the exponentially decreasing features with the increasing of

electron density can be seen in all discharges,
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Fig. 11 shows oxygen concentration as the function of electron
density. It decreases with the increasing of electron density as well
as titanium congentration, but its decline is smaller than one of
titanium. The oxygen concentrations of limiter discharges are about
factor 5 larger than ones of divertor discharges, but no clear
defference can be seen between ohmic and neutral beam heating
discharges for the divertor discharges. These values estimated by PHA
are about factor 2 smaller than ones obtained by the active beam

scattering system,
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V. DISCUSSION AND CONCLUSION

The ¥-ray pulse height analysis was performed using a liquid-
nitrogen cooled high purity germainum detector and by this measurenent
the electron temperature and impurity concentratidns could be
estimated. The electron temperature measured by PHA, which is not the
central electron temperature strictly but represents the central high
temperature region, corresponds to the temperature measured by Thomson
scattening system within the statistical errcor range. The titanium
concentration is decreasing exponentially with the increasing of
electron density and its typical value is 1.0x107%% at ﬁe=3.0x1013
em™3®, Abcut the effective ionic charge Zeff which is dominated by
light impurities in JT-6C plasma, there is the unnegligible difference
between the PHA measurement and others; the visible bremsstrahlung
spectroscopy and the active beam scattering system. This difference
may be due to the ambiguity of the atomic cross section considered in

the calculation process or due to the system calibration error.
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Fig. 8 Electron temperature measured by PHA versus Thomson
scattering.
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Fig. 10 Titanium concentration as a function of electron density
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Fig. 11 0Oxygen congentration as a function of electron density.

Oxygen are considered as the only light impurity.




