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Alternative principle and method in x-ray diagnostics for plasma electron temperatures
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An alternative principle and method in x-ray diagnostics is proposed for measurements of plasma electron
temperaturesTe . The method is different from widely utilized standard methods of x-ray pulse-height analysis
and x-ray absorption. This proposal is based on three-dimensionally diffusing charges produced by x rays in a
field-free substrate of a semiconductor detector, although these charges have been ignored for the x-ray
measurements. This proposed theory corrects the standard conventional theory on a semiconductor response
employed over the past quarter of the century forTe analyses. Overestimations ofTe and misinterpretations of
broaderTe profiles may result when the conventional theory is utilized. These lead to misunderstandings of
pedestal structures in high confinement modes, electron-energy transport, as well as the misestimation of
bootstrap currents and hence the misinterpretations of plasma physics itself. The proposed theory is extended
to construct an alternative method forTe measurements; this method is based on detection of the diffusion-
charge distributions using a semiconductor depletion layer as a temporally changeable x-ray ‘‘absorber’’
during one plasma shot, in place of the conventional use of the depletion layer as an x-ray-sensitive region.
X-ray signals in the conventional methods have a complicated dependence on plasma densities andTe , while
the proposed method is conveniently characterized by no effects of plasma densities on the signal analyses as
well as no need of complicated systems for x-ray diagnostics. This method would be useful not only for
providing a practical alternative but also for clarifying the physics essentials in the proposed theory through
such practical examples.@S1063-651X~97!03711-2#

PACS number~s!: 52.70.La
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I. INTRODUCTION

Recently, we proposed a generalized theory on the x
energy response of a widely utilized semiconductor dete
@1–3#. The theory solved a serious problem of a recent fi
ing of the invalidity of the conventional standard theory@4#
on the response of such an x-ray detector. The conventi
theory has been utilized widely over the past quarter of
century @4# in various research fields including plasm
electron investigations. After the successful application
semiconductor detectors to plasma x-ray diagnostics@5#,
various uses of semiconductor detectors have been ca
out in most plasma confinement devices as standard x
detectors. In addition, the following recent direction
plasma x-ray diagnostics enhances the importance of the
rect use of the x-ray-response theory; that is, underbia
operations for semiconductor x-ray detectors are widely e
ployed in various plasma-confinement devices including
DIII-D @6#, the JET@7,8# and the ASDEX Upgrade tokamak
@9# in order to avoid detector breakdown due to the incide
of intense fusion-produced neutrons and x rays. In such
derbiased operations, it is found that the problem of the
of the conventional theory is significantly enhanced; that
serious overestimations of plasma-electron temperatureTe
and misinterpretations of the temperature profiles~see Sec.
IV ! result from the use of the conventional theory. Su
misunderstandings of incorrect broader electron-tempera
profiles ~or gradTe!, in turn, result in misleadings of funda
mental plasma behavior as well as essential plasma-phy
understandings, for instance, the analyses of pedestal reg
for high-confinement modes~H modes! and electron-energy
transport~the electron diffusivityxe being proportional to
gradTe!, as well as the estimation of the amount and locat
561063-651X/97/56~5!/5884~10!/$10.00
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of bootstrap currents~being proportional to gradTe! for the
possibility of steady-state tokamak operations.

In the present article, in order to overcome such seri
and inevitable problems coming from both the semicond
tor physics itself and the above-described semiconductor
erational requirements for fusion x-ray diagnostics, we p
pose an alternative theory of x-ray diagnostics for t
determinations of x-ray energies orTe . This proposed theory
is different from the widely utilized theory in standard met
ods employed over the past quarter of the century, such
the methods of x-ray absorption@10–14# and x-ray pulse-
height analysis~PHA! @11–15#. These methods employ di
rect measurements of x-ray-produced signal charges in
semiconductor depletion layer, and the conventional the
is still misused even at this time.

Thus the present article is prepared to construct and
tend our proposed theory, as well as to address and sys
atically summarize~i! the proposed theory along with it
theoretical formula~Sec. II!, ~ii ! the experimental verifica-
tion of the proposed theory~Sec. III!, and ~iii ! the resultant
effects of the present theory on plasma-physics interpr
tions ~Sec. IV!, along with ~iv! an alternativeTe measure-
ment method so as to explain the theory through such
tended examples~Sec. V! for the actual understanding o
plasma physics.

II. PROPOSED THEORY ON THE X-RAY ENERGY
RESPONSE OF A SEMICONDUCTOR DETECTOR

We have recently proposed a theory on the output sign
of semiconductor x-ray detectors@2# and used an approxi
mated theoretical formula without experimental data co
parison@1,3#. In this section, the exact theoretical treatme
5884 © 1997 The American Physical Society
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56 5885ALTERNATIVE PRINCIPLE AND METHOD IN X-RAY . . .
and the extension of the above theory to the signal anal
of commonly used multichannel detectors are discussed s
to clarify the proposed theory and provide the theoreti
bases for comparison with the experimental data~Sec. III!.

The theory predicts the enhancement of the output sig
due to x-ray-produced charges~i.e., holes or electrons! in a
field-free substrate region behind the depletion layer o
detector since the signals predicted by the conventio
theory @4# originate from the depletion layer alone. The e
sential point of our theory is the inclusion of such thre
dimensional diffusion effects of x-ray-produced charges
the total signals. The importance of these x-ray-respo
studies is highlighted by the comparison of the signific
difference inTe deduced from the conventional theory@4#
and from our formula. The problem becomes more com
cated when we employ a multichannel semiconduc
detector array fabricated on one silicon wafer for the purp
of x-ray tomographic reconstructions@6–9,11–13#. In this
case, the three-dimensionally diffusing charges from
field-free substrate of an x-ray injected channel to the ne
boring channels behave as ‘‘channel cross talk.’’

The charge diffusion effect leads us to propose an al
native idea of x-ray diagnostic methods forTe measure-
ments. Suppose distribution profiles of such x-ray-produ
charge diffusion in a multichannel detector are observ
then the charge distributions give information aboutTe be-
cause of the dependence of the distribution profile on x-
energies or, in turn, the temperatures of the x-ray-emitt
electrons. These distribution signals are characterized by
independence of plasma densities~see Sec. V!. Such a prop-
erty shows a significant difference from the x-ray-signal d
pendence of bremsstrahlung on both ion and electron de
ties ni andne , respectively. The direct observations of su
x-ray emission using the depletion layer of a semiconduc
detector have been employed for the x-ray PHA and the
ray-absorption method. Moreover, it is noteworthy that
proposed method can provide information on the spatial
temporal evolution ofTe during one plasma shot only b
taking advantage of the combination of the physical char
teristics of such diffusion profiles in a substrate of a mu
channel semiconductor-detector array@16# with our proposed
alternative use of a depletion layer as an x-ray ‘‘absorber’
place of its conventional use as an x-ray-sensitive layer~see
Sec. V!.

In this section, the fundamental theory is summarized
the purpose of providing a comparison between the the
and the experiments in Sec. III, as well as characterizing
present method so as to compare it with the previously
tablished standard methods@10#. We first formulate the
theory of the three-dimensional thermal diffusion of x-ra
produced charges in a semiconductor field-free substrate
gion. The three-dimensional diffusion equation for a cha
flux f created in a substrate by x rays is described as

1

r 2

d

dr
r 2

df~r !

dr
2

1

L2 f~r !52
s~d!

D
, ~1!

where the minority-carrier diffusion lengthL is written as
L25Dt and D and t are the diffusion coefficient and th
lifetime of the charge, respectively. Heret ranges a few mi-
croseconds; for instance,D534– 39 cm2/s for L575mm
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andt51.7– 1.4ms. If the characteristic time of the tempor
variation in x-ray radiation from plasmas is sufficient
longer thant and intense x-ray signals are observed in
current ~pileup! mode, then a quasisteady state for t
charge-diffusion process is treated, as seen in Eq.~1!. The
source charges is created by incident x rays at a depth ofd
from the front surface of the field-free substrate. The dista
from the source locationP in Fig. 1 to the bottom surface o
the depletion layer is denoted asr ~see Fig. 1!. A flow den-
sity of the chargeJ(r ) from P along r is defined as

J~r !52D
df

dr
5

s

4pr 2 S r

L
11DexpS 2

r

L D , ~2!

where

s~d!5I 0S E

« Dmr exp~2mrd!. ~3!

Here I 0 is the x-ray intensity with an energyE at the front
surface of the substrate~see Fig. 1! and e stands for the
energy required to create an electron-hole pair. The value
m and r denote the silicon mass-absorption coefficient a
the mass density, respectively.

The total amount of the three-dimensionally diffusing m
nority carriers from the production pointP ~Fig. 1! to the
depletion-layer surface contributes to a signal and is
scribed as the integral of divJ for the substrate volume; thi
integral is rewritten as the surface integral*J dS surround-
ing the substrate. We then integrate overz from 0 to the
thickness of the substratedsub to scan the source pointP in
the substrate along the x-ray path in thez direction~Fig. 1!.
Furthermore, the effect of the external bias circuit is d
scribed by a factor 2 multiplication of the ‘‘pure’’ diffusion
effect. Thus the amount of the overall diffusion chargesFnew
is described as

Fnew5I 0

E

«
mr

L

mrL11 H 12expF2S mr1
1

L DdsubG J .

~4!

The total collection of chargesF total created in both a
depletion layer and a field-free substrate for a single-chan
detector is then described as

FIG. 1. Schematic view of a single-channel semiconductor x-
detector.
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5886 56J. KOHAGURA et al.
F total5I plasexp~2mdeadrdeadddead!exp~2melecrelecdelec!S E

« D
3F12exp~2mdeprdepddep!1

mrL

mrL11

3H 12expF2S mr1
1

L DdsubG J exp~2mdeprdepddep!G .
~5!

HereI plas is the x-ray intensity from plasmas. The subscrip
dead, elec, and dep denote the dead layer, the electrode
the depletion layer, respectively.

The theoretical analysis of the three-dimensional char
diffusion effect is investigated for a multichann
semiconductor-detector signal using our thermal diffus
model. The charge-diffusion output profile for a multicha
nel semiconductor-detector array is calculated~Fig. 2!.

Illustrated in Fig. 2~a! is a schematic view of a multichan
nel semiconductor x-ray-detector array along with an illu
tration of charges diffusing from a point located in the fie
free substrate, where the incident x rays are absorbed. X
are injected atx5y50.

The incident x rays are assumed to be absorbed at
point P. Chargess produced by x-ray absorption atP dif-
fuse in every direction according to the three-dimensio
diffusion equation. Charges created in the range of a di

FIG. 2. ~a! Schematic view of a multichannel semiconduct
x-ray-detector array.~b! Theoretical results of the charge-diffusio
distributions Jsx using Eq. ~8! from a multichannel detector fo
unit-intensity x rays. X rays are injected atx5y50 with the energy
E from 1 to 10 keV. Here the typical values ofdsub5300mm and
L5100mm are utilized. Each channel size is denoted asxdet and
ydet.
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sion lengthL from the depletion layer reach the bottom su
face of the depletion layer~i.e., the upper surface of th
field-free substrate!.

In Fig. 1, charges diffusing fromP to an areadS with a
radius ofy and a width ofdy are defined asdQdif(y). Here
dQdif(y) is described as

dQdif~y!52pyJ~r !dy5y
s

2r 2 S r

L
11DexpS 2

r

L D z

r
dy.

~6!

For the total charge flux, since the source charges dist
ute along the x-ray path in thez direction, i.e.,s(z), the
summation of the total diffusion charges is required using
integration overs(z) from 0 to the thickness of the substra
dsub. Then the signal profile from the field-free substrate
rewritten for a unit area along they direction; this normal-
ized valueqdif(y) is described as

qdif~y!5
I 0

4p

E

«
mrE

r 5y

Ay21dsub
2 1

r 2 S r

L
11D

3expS 2
r

L
2mrAr 22y2Ddr. ~7!

A multichannel detector array with each channel size
xdet andydet @Fig. 2~a!# is widely employed for x-ray tomog-
raphy diagnostics. In the case ofxdet@L, we integrate overx
from xdet/2 to 2xdet/2 to take account of the charge-diffusio
distribution in thex direction; herexdet is the total width of
the detector. Consequently, for the configuration of Fig. 2~a!,
an output-signal profile from the multichannel-detector ar
for unit-intensity x rays is written as

Jsx~y!5E
x52xdet/2

xdet/2 I 0

4p

E

«
mrE

r 5Ay21x2

Ay21x21dsub
2 1

r 2 S r

L
11D

3expS 2
r

L
2mrAr 22~y21x2! Ddr dx. ~8!

Here we define the distancer as r 25x21y21z2.
The curves in Fig. 2~b! show the calculated diffusion sig

nals Jsx(y) using our three-dimensional diffusion theor
Figure 2~b!, in turn, provides an essential idea to identify t
incident x-ray energy using such charge diffusion distrib
tions. Therefore, it is important to note that the distribution
depending on the incident x-ray energy or x-ray-emitti
electron temperatures, are independent of plasma dens
since the densities enhance only the intensities of x-ray em
sion and the resulting amount of charge diffusion and th
do not change the charge-distribution shapes in Fig. 2~b!.
This characteristic feature of the independence of the cha
distributions on plasma densities is different from the dep
dence of commonly utilized bremsstrahlung onneni for
usual plasma x-ray diagnostics. Such a density depend
of bremsstrahlung makes x-ray diagnostics complicated
distinguishTe from the effects of plasma densities so as
determineTe ; consequently, the proposed theory would pr
vide the possibilities for plasma x-ray diagnostics to analy
Te directly. A practical application method forTe analyses
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using this principle is proposed in Sec. V as the third meth
following the two well-established methods of the x-ra
absorption method and the x-ray PHA. The proposed the
would be clarified through such examples.
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In addition, the summation of this diffusing-signal profi
over the finite x-ray beam width in they direction produces
the total diffusion signalsFd(y) for each detector channe
labeled at the location ofy:
Fd~y!5E
ysou5uysou1u

uysou2u E
x52xdet/2

xdet/2 I 0

4p

E

«
mrE

r 5A~y1uysouu!
21x2

A~y1uysouu!
21x21dsub

2 1

r 2 S r

L
11DexpS 2

r

L
2mrAr 22@~y1uysouu!21x2] Ddrdxdysou.

~9!
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Here the width of the incident x-ray beamysou, producing
source charges, is written asysou5ysou12ysou2; ysou1 and
ysou2 are the locations of both edges of the rectangular x-
beam. Equation~9! provides a more convenient formula fo
experiments using a finite-size x-ray beam.

III. EXPERIMENTAL VERIFICATION
OF THE THREE-DIMENSIONAL DIFFUSION EFFECT

A. Experimental apparatus

For the purpose of the verification of our theory of t
three-dimensional diffusion of x-ray-produced charges, s
chrotron radiation from a storage ring is employed as
monochromatic x-ray source. The experiments are car
out as follows. A 2.5-GeV positron storage ring having
mean diameter of 60 m at the Photon Factory in High Ene
Accelerator Research Organization~KEK! provides intense
synchrotron radiation@15,17#. The energy is monochroma
tized and automatically changed using a computer-contro
double-crystal @Si~111!# monochromator with an energ
resolution of a few eV~Fig. 3!. In order to suppress higher
order reflection of x rays, the crystals are deviated sligh
from the parallel location. The purity of the energy is mon
tored using a NaI~Tl! detector. X rays ranging from 5 to 2

FIG. 3. ~a! Schematic drawings of the experimental set
~BL15C! using synchrotron radiation at the Photon Factory in H
Energy Accelerator Research Organization~KEK!. ~b! Computer-
controlled position-adjustable system having the position resolu
and reproducibilities withinx5y50.5mm, u50.005°, andf
50.002°.
y

-
a
d

y

d

y

keV are monitored by ionization chambers using nitrogen
argon gas. This output signal~an I 0 monitor signal! is con-
verted into a frequency signal by a voltage-to-frequency c
verter and then the signal is counted by a scaler with 2 s of
accumulation and processed by the microcomputer.

A rectangularly collimated x-ray beam (240mm
33.5 mm) at 9.5 keV is incident onto a specially fabricat
microstrip silicon detector having 520 channels on
5.2 mm35.2 mm3300mm thick silicon wafer~i.e., a 10mm
width per channel!; this detector was originally designed fo
the CERN Omega telescope project and modified for
physics experiments@see below; Fig. 4~a!#.

A precise computer-controlled position scanner for t
microstrip detector is prepared for its precise setting w

n

FIG. 4. ~a! Schematic drawings of a modified CERN strip d
tector. The expanded active area of the detector and the inci
x-ray-beam location are depicted along with the definition of they
coordinates.~b! Experimental data in the cases of a fully deplet
and a partially depleted operation shown by the open and the fi
circles, respectively; the dashed, solid, and dotted curves are c
lated using our theoretical formula of Eq.~9! for L550, 100, and
150 mm, respectively, along withdsub5300mm and uysouu
5240mm.
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respect to the incident x-ray-beam direction@Fig. 3~b!#. Re-
producible position control in thex, y, andu directions on
the detector surface, within an accuracy of 0.5mm, 0.5mm,
and 0.005°, respectively, is achieved along with goniome
control within 0.002°.

B. Experimental results

In Fig. 4~b!, the open and filled circles show the da
obtained in a fully depleted or a partially depleted operati
respectively. Therefore, there exists a field-free substrate
gion for the filled-circle data alone. The origin of the a
scissa is defined at the location of the incident-beam ed
that is, an additional scan ofy50.5mm or u50.005° makes
a signal output for the adjoining channel to the channel
cated at the beam edge in a fully depleted operation@Fig.
4~a!#.

The curves in Fig. 4~b! stand for the calculated diffusio
signalsI dif for detector channels aligned in they direction
using our three-dimensional diffusion theory@see Eq.~9!#.
Here we utilize three values of the three-dimensional cha
diffusion lengthL of 50 ~dashed curve!, 100 ~solid curve!,
and 150mm ~dotted curve! for fitting the spatially diffusing
charge profile produced at the 9.5-keV monoenergy phot

The diffusion signal is clearly observed when the appl
bias is reduced and the field-free substrate region is form
The charges created by the incident photons diffuse th
dimensionally in the field-free substrate region, while t
charges produced in the depletion layer drift along the e
tric field one dimensionally without the penetration into t
adjoining channels.

It is important to note that the shape of the charg
diffusion distribution from the substrate to the bottom s
face of the depletion layer is maintained because of the o
dimensional quick drift through the depletion layer to t
electrode. Therefore, the output diffusion signals from
electrode directly indicate the diffusion distribution at t
bottom surface of the depletion layer, as calculated in Sec
It is again noted that the charges produced in the deple
layer do not contribute to these diffusion signals in t
neighboring channels separating from the x-ray incid
channel. This important mechanism will play an essen
role in our proposed method in Sec. V.

In addition to these data onL using the distribution shape
the values ofddep are measured using a computer-control
capacitance detector as a function of an applied voltag~a
C-V characterizer!; this standard method for identifyingddep
provides us with useful information on one of the two fr
parameters~i.e., L andddep! in our theoretical predictions o
the photon energy responses of semiconductor detectors

The data on the photon energy response are compare
the predicted response in Eq.~5! using the observed value
of L andddep along with the other detector parameters in E
~5!. The validity of the theory is verified by the energy r
sponse data using the same method as in Refs.@2, 17#.

Thus we have constructed and verified the theory.
now proceed to develop the theory into a proposal of
alternative method forTe measurements~see Sec. V! so as to
clarify the physics principle through such examples of ap
cation.
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IV. EFFECTS OF THE PROPOSED THEORY
ON THE ANALYSES OF PLASMA X-RAY DATA

AND THEIR INTERPRETATIONS

Recently, underbiased operations of multichannel sem
conductor detectors have been employed widely in vario
plasma devices including the JET@8#, the DIII-D @6#, and the
ASDEX Upgrade@9# tokamaks in order to avoid detecto
breakdown caused by intense x-ray or neutron influxes.
such a partially depleted detector operation, the abov
described diffusion effect becomes essentially of importan
for x-ray data analyses since the energy response of suc
detector changes according to whether or not the diffusi
effect is taken into account.

As discussed in Sec. II for a single-channel semicondu
tor detector, the charge diffusion contributes to the enhan
ment of the detector signal@see Eq.~5!#. If the conventional
theory@4# is employed in place of our proposed theory, the
the exclusion of the diffusion effect leads to the underes
mation of the energy response~i.e., the quantum efficiency!
of a semiconductor detector and thereby the overcompen
tion of the detector response forTe analyses as described in
the following.

In Fig. 5~a!, actual plasma electron temperaturesTe,new
using Eq.~5! from our theory on the detector response~or
from synchrotron-radiation data! are compared to those using
the commonly utilized conventional theoryTe,conv. Here x-
ray energy spectra are calculated using emission from re
tivistic Maxwellian electrons@11–14#. For the values of the

FIG. 5. ~a! Difference between the actual plasma electron tem
peraturesTe,new obtained by our theory using Eq.~5! ~or from
synchrotron-radiation experiments! and the commonly estimated
temperaturesTe,conv from the conventional theory@4#. The cases of
ddep510, 10, and 1mm along with L5100mm, ddead50.1mm,
dsub5300mm are represented by the solid, dashed, and dott
curves, respectively; for the case of the dashed curve, a 1800
thick Al window is also attached.~b! Example of the density profile
in an H mode.~c! Predicted detector signalsJsx ~solid curve! from
our theory@see Eq.~5!# compared to the actual x-ray profileI sx,real

~dashed curve! ~see Ref.@19#! estimated from the data on the den
sity in ~b!. ~d! Charge-diffusion distributions at several radii calcu
lated using Eq.~8!; the summation of the overlap of these charge
diffusion distributions forms a broader profile@the solid curve in
~c!# as compared to the actual profile@the dashed curve in~c!#. Here
the values ofdsub5300mm andL5100mm are utilized.
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56 5889ALTERNATIVE PRINCIPLE AND METHOD IN X-RAY . . .
x-ray cross section, the relativistic Born approximation c
rected by the Elwert factor is utilized@18–20#. The solid,
dashed, and dotted curves in Fig. 5~a! stand for the cases o
ddep510, 10, and 1 mm, respectively, along withL
5100mm; in addition, a 1800-Å-thick aluminum window i
attached for the case of the dashed curve. These value
cited from the parameters of commercially available det
tors. It should be noted that serious errors even forTe
,1 keV occur when widely utilized underbiased operatio
are employed. A greater overestimation is predicted to oc
with the application of the conventional theory to analyze
rays from higher-temperature plasmas since higher-ener
rays penetrating through a depletion layer and deeply in
field-free substrate region enhance the diffusion effect in
substrate region for the total signal. This is the reason h
Te devices including JET@8#, DIII-D @6,21#, and ASDEX
Upgrade@21,22# have recently employed our theory.

Furthermore, one should cautiously interpret the plas
x-ray tomography data using multichannel semiconduc
detectors. Figure 5~b! shows one of the typical profiles o
plasma densityn, characterized by a steep gradient in a p
ripheral plasma region as typically observed in a H mode or
a very H mode. The abscissa indicates the plasma m
radiusr . The profile of the actual x-ray emissivity~propor-
tional ton2Te

1/2! is estimated as the dashed curve in Fig. 5~c!,
whereTe is approximated to be a flat profile for highlightin
the effect ofn.

On the other hand, the curves in Fig. 5~d! show the
charge-diffusion profiles at several radial positions cal
lated from the real x-ray profileI sx,real @the dashed curve in
Fig. 5~c!# using our diffusion theory under the partially d
pleted operational conditions. The three-dimensional cha
diffusion effect modifies the detector output signals due
the charges diffusing into the neighboring detector chann
as seen in Fig. 5~d!. A spurious x-ray profile caused by thes
diffusing charges is calculated from the summation of
charges diffusing from each x-ray-injection location ofr , as
depicted in Fig. 5~d!. A resultant broader profile shown a
the solid curve in Fig. 5~c! highlights a misinterpretation o
the real narrower x-ray profile plotted as the dashed curv
Fig. 5~c!. In Figs. 5~c! and 5~d!, we employ a photon energ
of 1.8 keV as a representative value ofTe of the order of
keV.

The appearance of plasma peaking profiles in vari
types of high-confinement modes enhances the importanc
the present studies for plasma x-ray diagnostics, since
diffusion significantly deforms the real gradients of t
plasma parameters, and affects the estimation of elect
energy transport, bootstrap currents, and so on. In JET, c
ful experimental studies of such channel cross talk effects
in fact reported@8#. A 10% channel cross talk~expected to be
dependent on the incident x-ray energy! is observed in the
x-ray-detector signals.

V. PROPOSED METHOD FOR PLASMA ELECTRON-
TEMPERATURE DIAGNOSTICS

ON THE BASIS OF THE ABOVE-VERIFIED PRINCIPLE

A. Proposed principle of x-ray data analyses forTe

measurements using the three-dimensional diffusion effects

In Sec. IV, the serious effects of charge diffusion on s
nal analyses were investigated. Such effects seem to disc
-
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age the conventional x-ray tomography diagnostics us
widely utilized multichannel semiconductor detectors b
cause of complicated problems including channel cross ta

However, in order to overcome such serious situations
this section, we propose an alternative x-ray diagno
method forTe measurements on the basis of our theory~Sec.
II ! on semiconductor-detector responses. This proposal u
the three-dimensional diffusion replaces the serious effec
the diffusion @Figs. 5~a! and 5~c!# by a useful theory. The
theory is based on the dependence of the charge-diffu
distribution onE @Fig. 2~b!#. In addition, the present exampl
of the use of the above-verified theory~Sec. IV! may help
clarify the method.

First we prepare a multichannel semiconductor-detec
array as illustrated in Figs. 2 and 6; each channel width o
few tens of micrometers is sufficiently shorter than the d
fusion lengthL. Such a multichannel detector is comme
cially available in standard stock. The detector is cove
with a collimator having several apertures in order to obse
x rays from several plasma radii@Fig. 6~a!#. Each aperture
locates in line at intervals ofd under the conditiond@L
@Fig. 6~b!# so as not to overlap each charge-diffusion dis
bution produced by transmitted x rays through each apert
The charge-diffusion distributions are then obtained as ill
trated in Fig. 6~c!.

On the other hand, the diffusing charges distribute to
detector channels adjoining each x-ray incident channel

FIG. 6. Schematic view of the proposed x-ray analysis meth
for Te observations using our proposed physical mechanisms
semiconductor x-ray detector. X rays from plasmas with aTe pro-
file in ~a! are incident onto a multichannel semiconductor-detec
array with several collimator apertures in~b! so as to obtain charge
diffusion signal distributionsJsx in ~c!. These distributions are fitted
by our theoretically predicted curves~see Fig. 8!. Here the apertures
are located under the condition ofd@L for no overlapping of the
diffusion distributions. Note that the depletion layer~having no
three-dimensional charge diffusion into the neighboring chann!
plays the role of an x-ray ‘‘absorber’’ for the diffusion charge
which are produced in the field-free substrate and then flow into
neighboring channels. The value ofddep ~i.e., the thickness of the
absorber of x rays; x rays penetrated into the substrate play the
of the source of the charge diffusion into the neighboring chann!
is externally controllable by means of variation inVbias because of
ddep}Vbias

1/2 .
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cording to the dependence on the incident x-ray energy@Fig.
2~b!#; that is, both the charge-production depth and
amount of charges produced in the field-free substrate
pend on x-ray energies. Thus the resultant slope of
charge-diffusion distribution gives information on the inc
dent x-ray energy. This slope itself is independent of
plasma density since the density modifies only the incid
x-ray intensities. If the temporal evolution of the plasma de
sities is slower than the time for the charge diffusion~of the
order of microseconds!, then such a density variation pro
vides no effects on the slope of the charge-diffusion dis
bution @see Fig. 2~b!#.

On the other hand, the dependence of the charge-diffu
distribution onTe is investigated as follows. In Fig. 7, th
solid curve stands for the total charge-diffusion distributi
resulting from the summation of the distributions produc
by incident x rays with various energies atx5y50. Here x
rays are emitted from Maxwellian plasmas withTe51 keV.
For simplicity, no absorption effects in the dead layer and
depletion layer are assumed~for more details, see below! and
dsub5300mm53L is employed for a sufficient amount o
x-ray absorption in this energy range.

Similarly, the total diffusion distributions with variousTe
are depicted in Fig. 8. The solid, dashed, dotted, and
dashed curves correspond toTe51, 2, 3, and 5 keV, respec
tively. For comparison, in Fig. 8~a!, the values of the distrib-
uted chargesJsx are calculated for a constant plasma dens
while the values ofJsx in Fig. 8~b! are normalized by the
charges aty50 to highlight the difference in the distributio
slopes labeled with variousTe . Here the typical values o
L5100mm, dsub5300mm, and ddep55 mm in a partially
depleted operation are utilized.

It is again noted that these distributions are formed wit
a diffusion time of the order of microseconds; thus plasm
in a quasisteady state during that diffusion time are suffic
for the use of this proposed method forTe analyses. Such a

FIG. 7. Charge-diffusion distributions produced by several m
noenergetic x rays~see various marks in the figure! emitted from
1-keV Maxwellian plasmas, calculated from Eq.~8! with L
5100mm and dsub5300mm. Here x rays are injected into th
detector aty50. The summation of each signal distribution is plo
ted by the solid curve.
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time scale may be acceptable for most macroscopic pla
behavior in various types of plasma confinement devic
These calculated results of charge-diffusion distributions a
function ofTe provide a set of ‘‘distribution analysis’’ base
for fitting the charge-diffusion distributions@Fig. 6~c!# so as
to obtainTe easily.

The characteristic features of our proposal to observeTe
indicate striking differences compared with the conventio
methods using direct observations of x-ray bremsstrahl
for Te analyses. As described above, our proposed met
for Te measurements has no dependence onn; this charac-
teristic property solves a complicated problem of the conv
tional x-ray analysis method, which has a functional dep
dence on bothn andTe .

B. Alternative method on the basis of the proposed theory
in Te measurements using a single plasma shot

The proposed theory in Sec. V A is exemplified in th
subsection forTe measurements using a single plasma s
only. This would also provide a further detailed picture
the proposed physics principle.

For comparison with the standard methods of plasma
ray diagnostics, we briefly characterize the following tw
standard methods. For the x-ray-absorption method us
various x-ray-absorption filters@10#, the depletion layer is
utilized as the x-ray-sensitive detection region@4# using shot-
to-shot variation in an x-ray-absorber thickness or an
sorber material. The dependence of the x-ray-detector sig
on the absorber is employed according to well-establis
calculation curves@10–13# as a function of an x-ray-absorbe
thickness~thereby being widely referred to as the x-ra
absorption method!. The absorption method in a pileup cu
rent mode and the x-ray PHA method in an x-ray-produc
pulse-counting mode without pileup signals are two typi
x-ray analysis methods.

-

FIG. 8. ~a! Charge-diffusion distributions produced by x ray
from normalized plasma densities, depicted forTe51, 2, 3, and 5
keV plasmas as the solid, dashed, dotted, and dot-dashed cu
respectively.~b! For comparison, the diffusion distributions in~a!
are normalized by the signal outputs aty50. These calculated dis
tributions as a function ofTe provide a set of the ‘‘distribution-
analysis’’ bases so as to obtainTe using the proposed alternativ
x-ray analysis principle. Here the parametersL5100mm, dsub

5300mm, andddep55 mm are employed.
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The former has the following merits. X-ray collimatio
does not require an observation limit to x-ray intensities
cause of its intrinsic property as a pileup mode; this ma
x-ray tomography diagnostics possible without changing
apertures under the conditions of a significant variation
x-ray intensities at various plasma radii as well as at sev
types of discharges with a wide dynamic range from low
high Te . Even under these conditions, with considerable
tensity variations, it is not necessary for a current mode
change an x-ray system located in a vacuum chambe
problem forTe measurements, however, exists in its sig
dependence on complicated plasma parameters includinTe
andn as described above.

On the other hand, the latter method is useful in obtain
x-ray energy spectra directly, although there are sev
problems including the necessity of summing up ma
plasma shot data or a long duration for x-ray pulse samp
in order to attain a sufficient number of x-ray pulse sign
for a spectrum formation. Another requirement is the adju
ment of x-ray collimation so as to avoid the pileup of x-r
pulse signals. This problem is serious for a shot, in whichTe
or n changes significantly, or for an experimental series w
a variation of plasma parameters. Furthermore, in actual
servations, the x-ray PHA method is not available when
mographically reconstructed analyses are required sinc
huge amount of data and complicated reconstructions
necessary to obtain actual x-ray spectra at various pla
radii.

In order to alternate these two standard x-ray diagno
methods, a third method for x-ray analyses is proposed
this article using a different theory from those in the abo
two standard methods. The essential point of the propos
based on the use of a depletion layer covering over a fi
free substrate as a temporally variable x-ray absorber wi
one plasma shot. For the observations of three-dimensi
charge-diffusion distributions, output-signal charges p
duced directly in the depletion layer of the incident x-r
channel give no contribution to the neighboring-channel o
put since a strong electric field in the depletion layer swe
the produced charges one dimensionally directly into its o
channel electrode. Such a ‘‘direct’’ signal from a depleti
layer is widely utilized for the above two standard metho
as an output signal. However, for our proposed method, s
a depletion layer is utilized as an externally controllable
ray absorber for the production of the charge-diffusion s
nals in the substrate located below the depletion layer
particular, it is noted that such an absorber thickness is
portional to the square root of an externally applied b
voltageVbias. Thus a large value ofVbias results in a ‘‘thick
x-ray absorber’’ in front of the diffusion signal productio
region since incident x rays are absorbed in the thick de
tion layer and then the charges produced there do not
tribute to three-dimensionally diffusing charges into t
neighboring channels. Therefore, the temporal variation
Vbias, controlled externally during one plasma shot, cor
sponds to the temporal change in the x-ray-absorber th
ness during a shot. No changes in real absorber material
required for changing the x-ray energy range to carry out
‘‘absorption method.’’

This proposed principle is extended to be exemplified
the use of commercially available multichannel detectors
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Figs. 9~a! and 9~b!, the charge-diffusion distributions are ca
culated using various depletion-layer absorber thicknesse
ddep50, 5, and 20mm and the results are normalized by th
signal outputs aty50 for Te51 and 5 keV, respectively
Here x rays are injected into the detector withdsub
5300mm at 210mm,y,0 in the form of a pencil beam
As seen in Figs. 9~a! and 9~b!, not only the difference in the
distributions betweenTe51 and 5 keV for the same value o
ddep, but also their dependence onddep even for the same
value ofTe is clearly shown.

Furthermore, one of the easier and convenient realizat
of the proposed third alternative principle is as follows. F
ure 10~a! shows the dependence of the total charge-diffus
outputs integrated over all neighboring channels on
variation in ddep ~or, equivalently, in the detector applie
bias!. For each curve labeled with a constant value ofTe , the
output signalJsx is normalized by that atddep50. The same
conditions of x-ray incidence are employed as in Fig. 9. F
ure 10 is prepared for the convenience of researchers
utilize only two-channel detectors~i.e., for x-ray injection
into one channel, the output signals being observed fr
another neighboring channel under the condition of a ch
nel width wider than a few timesL for collecting all diffus-
ing charges! or who require a better signal-to-noise rat
even in the case with lowerTe .

From this viewpoint, the integration over all diffusio
charges plotted aty.0 in Fig. 9 for a set of the selecte
values ofTe andddep ~or Vbias! provides one correspondin
point on a curve in Fig. 10~a! ~i.e., the point having the
above-selected value ofddep on the curve labeled with the
selected value ofTe!. Suppose that the case ofTe51 keV,
for instance, an integrated value over allJsx plotted as open
squares in Fig. 9~a!, results in a value ofJsx at ddep55 mm
on the curve labeled withTe51 keV in Fig. 10~a!. Similarly,
the curves in Fig. 10 are easily calculated using the ba
data in Fig. 9 for any value ofTe . As we see in Fig. 10~a!, a
scan ofddep ~by means of variation in the externally applie
detector bias! draws a clearly distinguishable curve for
value ofTe ; thus such a characteristic feature demonstra
the practical applicability of the proposed third alternati

FIG. 9. Charge-diffusion distributions forTe of ~a! 1 and~b! 5
keV. These are calculated using the depletion-layer thicknesse
ddep50, 5, and 20mm and are plotted by the filled circles, ope
squares, and filled squares, respectively. HereL5100mm and
dsub5300mm are utilized.
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x-ray diagnostic method forTe measurements as an examp
of the use of the above-described theory.

It is also noted that the proposed method is useful w
impurity line radiation exists. If we sweepVbias slowly and
carefully and ifddep becomes thicker than the characteris
value dL , then we may obtain a significant charge in t
output signal. Here the value ofdL satisfies the relation o
dL51/@m(EL)r#. Whenddep becomes thicker than the crit
cal characteristic thickness ofdL , the line radiation having a
narrow spectrum peaked atE5EL is absorbed exponentiall
and reduced significantly as compared to bremsstrah
having a much broader spectrum even beyondEL . Such
freely adjustable filtering of impurity lines is difficult for th
conventional absorption filter method since such a chang
the filter material thickness during a plasma shot is not pr
tical. Also, it is difficult to provide various filter materia
thicknesses corresponding to various impurity lines by
use of a limited space for absorbers. The method for vary
and optimizing the absorber thicknessddep by means of de-
tailed external bias control is one of the characteristic me
of identifying and distinguishing the existence of line rad
tion using the present method on the basis of the propo
theory.

As one method of the practical applications of the abo
x-ray diagnostic principle, we propose a special form of

FIG. 10. ~a! Dependence of the charge-diffusion outputs on
depletion-layer thicknesses~being equivalent to the detector applie
biases! for Te51, 2, 3, and 5 keV, shown by the solid, dashe
dotted, and dot-dashed curves, respectively. In contrast to
widely utilized x-ray observation methods including the x-ra
absorption method and the x-ray PHA, a depletion layer is utiliz
in our proposed method as an x-ray absorber for the charge d
sion produced below the depletion layer~i.e., in the field-free sub-
strate!. The integration over all charge diffusion aty.0 ~see Fig. 9!
is carried out for practical convenience using a two-channel de
tor; that is, x rays are incident onto one channel and then the d
sion signals are taken from another neighboring channel. He
channel width~sufficiently wider than a few timesL! is required for
all charge collections~for more details, see the text!. ~b! Multiple-
step-shaped biasing during one plasma shot with constant-vo
durations of the order of the charge-diffusion time, exemplified
as to obtain the temporal evolution ofTe using one plasma sho
only; here, the dependence of the charge-diffusion outputs on
depletion-layer thickness in~a! is usefully employed. One cycle fo
the multiple-step biasing requires, for instance, of the order of
ms for attaining ten data points to fit a curve in~a!. These examples
would provide further understanding of our proposed theory.
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asing for an easier realization of this idea. A step-sha
biasing with multiple discrete values during one biasi
cycle is proposed to be supplied to the detector@Fig. 10~b!#.
Each flat value ofVbias corresponding to each value ofddep

(ddep}Vbias
1/2 ) should be maintained during the characteris

time of the charge diffusion. Following the formation of
quasisteady distribution of such diffusion charges, a d
sampling is then carried out. Similarly, the next step bias
provides another data point. After one biasing cycle, a d
set for fitting the curves in Fig. 10~a! is then completed. An
estimated cycle of the multistep biasing is, for instance,
the order of 100ms for ten data points; therefore, this metho
is applicable to plasmas having a quasisteady state with
duration of 100ms for every data set of ten points. Such
quasisteady time scale required for the proposed x-ray d
nostic method ofTe measurements may be satisfied w
various physics phenomena in various types of plasm
confinement devices.

The proposed physics principle in this article would beg
to open possibilities for analyzing and interpreting plasm
physics frontier phenomena, which have not been addre
or clarified using the conventional x-ray diagnostics in
single plasma shot.

VI. SUMMARY

An alternative physics principle and method for x-ray d
agnostics is proposed in this article to obtain plasma elec
temperatures and behavior. This~Sec. II! is different from
the widely utilized standard methods of x-ray-absorpti
method with various x-ray filters and of x-ray pulse-heig
analysis. The theory for the proposed method is directly v
fied by data on distributions of three-dimensionally diffusi
charges~Sec. III! in synchrotron-radiation experiments. Suc
a direct verification of the theory predicts the overestimat
of electron temperatures, when the conventional theory@4#,
utilized over this quarter of the century, is employed@Fig.
5~a!#.

Our theory also predicts the channel cross talk for a m
tichannel semiconductor detector, which was experiment
reported by careful works in the JET tokamak@8#. Such an
effect results in the misunderstanding of broader plasma
files compared to actual ones@Fig. 5~c!#. This leads to the
misestimation of the gradients of plasma temperatures
pressures, resulting in misinterpretation of pedestal struct
in H modes, electron-energy transport, as well as the mi
timation of bootstrap currents and hence the misinterpr
tions of plasma physics~Sec. IV!.

An alternative method on the basis of the above x-
diagnostic principle is proposed for the purpose of actualTe
analyses. This method employs the depletion layer of a se
conductor detector as an externally changeable x-ray
sorber during one plasma shot in place of its standard us
an x-ray-sensitive region. A basic idea of the alteration us
a multichannel detector is illustrated in Fig. 6 and is exe
plified in Figs. 7–9~Sec. V! so as to clarify the propose
theory. In addition, a convenient example is proposed usin
temporally varying multiple-step-shaped biasing in F
10~b! for a simple two-channel detector; this would analy
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56 5893ALTERNATIVE PRINCIPLE AND METHOD IN X-RAY . . .
the temporal evolution ofTe with a cyclic period of the order
of 100 ms ~Sec. V B!.

The proposed theory in x-ray diagnostics described in
article therefore provides not only precise fundamentals
plasma-physics analyses using x rays~Secs. II and III! but
also practical alternative methods using a simple x-ray d
nostic system~Sec. V! as well as the actual understandin
of the observed x-ray signals for the interpretations
plasma physics~Sec. IV!.
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