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An alternative principle and method in x-ray diagnostics is proposed for measurements of plasma electron
temperature3 .. 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 centuryTgmanalyses. Overestimations ©f and misinterpretations of
broaderT, 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 f6g 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 densltjesadrile
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 examplepS1063-651X97)03711-3

PACS numbegs): 52.70.La

. INTRODUCTION of bootstrap currentébeing proportional to grad,) for the
possibility of steady-state tokamak operations.

Recently, we proposed a generalized theory on the x-ray In the present article, in order to overcome such serious
energy response of a widely utilized semiconductor detectoand inevitable problems coming from both the semiconduc-
[1-3]. The theory solved a serious problem of a recent findtor physics itself and the above-described semiconductor op-
ing of the invalidity of the conventional standard the@d}  erational requirements for fusion x-ray diagnostics, we pro-
on the response of such an x-ray detector. The conventionglose an alternative theory of x-ray diagnostics for the
theory has been utilized widely over the past quarter of theleterminations of x-ray energies ©t. This proposed theory
century [4] in various research fields including plasma- is different from the widely utilized theory in standard meth-
electron investigations. After the successful application ofods employed over the past quarter of the century, such as
semiconductor detectors to plasma x-ray diagnostils the methods of x-ray absorptiqi0-14 and x-ray pulse-
various uses of semiconductor detectors have been carridekight analysiYPHA) [11-15. These methods employ di-
out in most plasma confinement devices as standard x-rayct measurements of x-ray-produced signal charges in the
detectors. In addition, the following recent direction of semiconductor depletion layer, and the conventional theory
plasma x-ray diagnostics enhances the importance of the cois still misused even at this time.
rect use of the x-ray-response theory; that is, underbiased Thus the present article is prepared to construct and ex-
operations for semiconductor x-ray detectors are widely emtend our proposed theory, as well as to address and system-
ployed in various plasma-confinement devices including thetically summarize(i) the proposed theory along with its
DIII-D [6], the JET[7,8] and the ASDEX Upgrade tokamaks theoretical formula(Sec. 1)), (ii) the experimental verifica-

[9] in order to avoid detector breakdown due to the incidenceion of the proposed theor§Sec. 1ll), and(iii) the resultant

of intense fusion-produced neutrons and x rays. In such ureffects of the present theory on plasma-physics interpreta-
derbiased operations, it is found that the problem of the ustions (Sec. V), along with (iv) an alternativeT, measure-

of the conventional theory is significantly enhanced; that isment method so as to explain the theory through such ex-
serious overestimations of plasma-electron temperafliges tended example$Sec. V) for the actual understanding of
and misinterpretations of the temperature profilese Sec. plasma physics.

IV) result from the use of the conventional theory. Such
misunderstandings of incorrect broader electron-temperature
profiles (or gradT,), in turn, result in misleadings of funda-
mental plasma behavior as well as essential plasma-physics
understandings, for instance, the analyses of pedestal regions We have recently proposed a theory on the output signals
for high-confinement mode@d mode$ and electron-energy of semiconductor x-ray detectof&] and used an approxi-
transport(the electron diffusivityy, being proportional to mated theoretical formula without experimental data com-
gradT,), as well as the estimation of the amount and locatiorparison[1,3]. In this section, the exact theoretical treatment

Il. PROPOSED THEORY ON THE X-RAY ENERGY
RESPONSE OF A SEMICONDUCTOR DETECTOR
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and the extension of the above theory to the signal analyses X ray

of commonly used multichannel detectors are discussed so as :‘—7_560"0@

to clarify the proposed theory and provide the theoretical i *Dead Layer

bases for comparison with the experimental d&ec. IlI). d(f::fl +Depletion
The theory predicts the enhancement of the output signals s y |dy Us | Layer

due to x-ray-produced chargése., holes or electronsn a ddep = L

field-free substrate region behind the depletion layer of a = FField-free

detector since the signals predicted by the conventional source Z|%r Substrate

theory[4] originate from the depletion layer alone. The es- deup| Location™Yp

sential point of our theory is the inclusion of such three- >Electrode

dimensional diffusion effects of x-ray-produced charges on

the total signals. The importance of these x-ray-response

studies is highlighted by the comparison of the significant  FG. 1. Schematic view of a single-channel semiconductor x-ray
difference inT, deduced from the conventional thedd] detector.

and from our formula. The problem becomes more compli-

cated when we employ a multichannel semmonductor—andq_:1_7_1_4MS_ If the characteristic time of the temporal

detector array fabric_ated on one s!licon water for the PUPOSGariation in x-ray radiation from plasmas is sufficiently
of x-ray tomographic reconstructio$-9,11-13 In this longer thanr and intense x-ray signals are observed in a

case, the three-dimensionally diffusing charges from th%urrent (pileup mode, then a quasisteady state for the
field-free substrate of an x-ray injected channel to the neigh(’:harge-diffusion procéss is treated, as seen in(Eg.The
source chargs is created by incident x rays at a depthdf

boring channels behave as “channel cross talk.”
The charge diffusion effect leads us to propose an alteri"rom the front surface of the field-free substrate. The distance
from the source locatioR in Fig. 1 to the bottom surface of

native idea of x-ray diagnostic methods fdg measure-
ments. Suppose distribution profiles of such x-ray-produce. e depletion layer is denoted agsee Fig. 1 A flow den-
sity of the chargel(r) from P alongr is defined as

charge diffusion in a multichannel detector are observed
then the charge distributions give information abdytbe-
cause of the dependence of the distribution profile on x-ray

energies or, in turn, the temperatures of the x-ray-emitting Jr)=-D d_¢: S L+1)exp( _ L) @)
electrons. These distribution signals are characterized by the dr  4mr?|L L

independence of plasma densitiese Sec. Y. Such a prop-

erty shows a significant difference from the x-ray-signal deswhere

pendence of bremsstrahlung on both ion and electron densi-

tiesn; andn,, respectively. The direct observations of such E

x-ray emission using the depletion layer of a semiconductor s(d)=lo(—) mp expl—upd). 3

detector have been employed for the x-ray PHA and the x- &

ray-absorption method. Moreover, it is noteworthy that the ] ) ) ]

proposed method can provide information on the spatial anfierelo is the x-ray intensity with an enerdy at the front

temporal evolution ofT, during one plasma shot only by surface of the substratesee Fig. 1 and € stands for the

taking advantage of the combination of the physical characEn€rgy required to create an electron-hole pair. The values of

teristics of such diffusion profiles in a substrate of a multi-# @nd p denote the silicon mass-absorption coefficient and

channel semiconductor-detector arfag] with our proposed  the mass density, respectively. , o _

alternative use of a depletion layer as an x-ray “absorber” in  The total amount of the three-dimensionally diffusing mi-

place of its conventional use as an x-ray-sensitive léggee  nority carriers from the production poiit (Fig. 1) to the

Sec. V. depletlon-layer. surface co'ntnbutes to a signal and |s'de-
In this section, the fundamental theory is summarized focibed as the integral of divfor the substrate volume; this

and the experiments in Sec. Ill, as well as characterizing th&"g the substrate. We then integrate ozefrom 0 to the

present method so as to compare it with the previously edhickness of the substrat,, to scan the source poifit in

tablished standard method40]. We first formulate the the substrate along the x-ray path in theirection (Fig. 1).

theory of the three-dimensional thermal diffusion of X_ray_ Furthermore, the effect of the external bias circuit is de-

produced charges in a semiconductor field-free substrate récribed by a factor 2 multiplication of the “pure” diffusion

gion. The three-dimensional diffusion equation for a chargeeffect. Thus the amount of the overall diffusion charggs,

flux ¢ created in a substrate by x rays is described as IS described as
1d ,de(n) 1 s(d) . - S i
r_Zar dar _fzfﬁ(r)__ D’ (1) new— Og'up,u,pL-i—l —exg | mup L/ sub| |-

4
where the minority-carrier diffusion length is written as
L?=D7 andD and r are the diffusion coefficient and the  The total collection of chargeF, created in both a
lifetime of the charge, respectively. Herganges a few mi- depletion layer and a field-free substrate for a single-channel
croseconds; for instancéd) =34—39 cnd/s for L=75um  detector is then described as
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a Detect sion lengthL from the depletion layer reach the bottom sur-
( )x Het X ray/cﬁaencngs face of the depletion layefi.e., the upper surface of the
y X Depetion field-free substrate
/ / *-La)',)er In Fig. 1, charges diffusing fror® to an aread S with a
0 y radius ofy and a width ofdy are defined ad Qg;(y). Here
N\ |Z# dQgif(y) is described as
r | Field-f
d Tb - P Sﬁbstr?tg s [r r\ z
Sul S — — — —_ ] =
\ dQuir(y) =2myJ(r)dy=y 5> (L+1 exp( L) ;ay.
(6)
(b), ¥ X-ray beam
N For the total charge flux, since the source charges distrib-
X-ray ute along the x-ray path in the direction, i.e.,s(z), the
106 Energy summation of the total diffusion charges is required using the
E E (key ) integration oveis(z) from 0 to the thickness of the substrate
= o 2 dg,p- Then the signal profile from the field-free substrate is
1 = 3 rewritten for a unit area along the direction; this normal-
T z g ized valueqgi(y) is described as
\(I)
104E a g Ny
M lef(y)———M f 2 L+1)
103 S
0 50 100 150 200 r
y (Uum) ><exp(—E—,up r’—y?|dr. 7

FIG. 2. (8 Schematic view of a multichannel semiconductor A multichannel detector array with each channel size of
x-ray-detector array(b) Theoretical results of the charge-diffusion Xqe aNndyyet[Fig. 2@)] is widely employed for x-ray tomog-
distributions J¢, using Eq.(8) from a multichannel detector for raphy diagnostics. In the casexf.e>L, we integrate ovex
unit-intensity x rays. X rays are injected>at y=0 with the energy  from x4./2 t0 —X4/2 to take account of the charge-diffusion
E from 1 to 10 keV. Here the typical values df,,=300um and  distribution in thex direction; herexe is the total width of
L=100um are utilized. Each channel size is denotedk@sand  the detector. Consequently, for the configuration of Fig),2
Ydet- an output-signal profile from the multichannel-detector array

for unit-intensity x rays is written as

E
Fiota=1 plasexp( — Mdeaddeadldead EXP — Leledeledeled ( g)

Xdel2 | 2
pmpl Jsx(y):f 437 e f o ATE [+l
X=—Xgef2 r=VyZ+x2
X| 1—exp(— idepPdefaep) T aplF1 def W
r
xex;{ - E—,up\/rz—(szrxz) dr dx. ©)]

1
mp+ E) dsup ] exp(— /-Lderpde;fjdep)} .

1- exp{ -
Here we define the distanceasr?=x?+y?+ 72,
) The curves in Fig. @) show the calculated diffusion sig-
nals Jg,(y) using our three-dimensional diffusion theory.
Herel y55is the x-ray intensity from plasmas. The subscriptsFigure 2b), in turn, provides an essential idea to identify the
dead, elec, and dep denote the dead layer, the electrode, aindident x-ray energy using such charge diffusion distribu-
the depletion layer, respectively. tions. Therefore, it is important to note that the distributions,
The theoretical analysis of the three-dimensional chargedepending on the incident x-ray energy or x-ray-emitting
diffusion effect is investigated for a multichannel electron temperatures, are independent of plasma densities
semiconductor-detector signal using our thermal diffusionsince the densities enhance only the intensities of x-ray emis-
model. The charge-diffusion output profile for a multichan-sion and the resulting amount of charge diffusion and they
nel semiconductor-detector array is calculatE). 2). do not change the charge-distribution shapes in F{g).2
lllustrated in Fig. 2a) is a schematic view of a multichan- This characteristic feature of the independence of the charge
nel semiconductor x-ray-detector array along with an illus-distributions on plasma densities is different from the depen-
tration of charges diffusing from a point located in the field-dence of commonly utilized bremsstrahlung agn; for
free substrate, where the incident x rays are absorbed. X raysual plasma x-ray diagnostics. Such a density dependence
are injected ak=y=0. of bremsstrahlung makes x-ray diagnostics complicated to
The incident x rays are assumed to be absorbed at thdistinguishT, from the effects of plasma densities so as to
point P. Chargess produced by x-ray absorption & dif- determin€el,; consequently, the proposed theory would pro-
fuse in every direction according to the three-dimensionakide the possibilities for plasma x-ray diagnostics to analyze
diffusion equation. Charges created in the range of a diffuT, directly. A practical application method fdr, analyses
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using this principle is proposed in Sec. V as the third method In addition, the summation of this diffusing-signal profile
following the two well-established methods of the x-ray- over the finite x-ray beam width in the direction produces
absorption method and the x-ray PHA. The proposed theorthe total diffusion signald=4(y) for each detector channel
would be clarified through such examples. labeled at the location of:

[Ysoud Xdef2 |0 E l( +] J)2+X2+d2 1(r r
F zf f — = YT lso b | —+1 |exg — —— upVri—[(y+ 24+ x?] | drdxdysoy-
ay) Voo l¥eoud X=*Xde{2477 SMP S e v AN L MP\/ [(y |ysoJ) ] Ysou

9

Here the width of the incident x-ray beaw,, producing keV are monitored by ionization chambers using nitrogen or
source charges, is written 38,,=Ysour— Ysouz: Ysous @nd  argon gas. This output signén |, monitor signal is con-
Ysouz @re the locations of both edges of the rectangular x-rayerted into a frequency signal by a voltage-to-frequency con-
beam. Equatiori9) provides a more convenient formula for verter and then the signal is counted by a scaleh &t of
experiments using a finite-size x-ray beam. accumulation and processed by the microcomputer.
A rectangularly collimated x-ray beam (240nm
X 3.5 mm) at 9.5 keV is incident onto a specially fabricated
ll. EXPERIMENTAL VERIFICATION microstrip silicon detector having 520 channels on a
OF THE THREE-DIMENSIONAL DIFFUSION EFFECT 5.2 mmx5.2 mnmx 300 um thick silicon wafer(i.e., a 10um
width per channg] this detector was originally designed for
the CERN Omega telescope project and modified for our
For the purpose of the verification of our theory of the physics experimentsee below; Fig. @)].
three-dimensional diffusion of x-ray-produced charges, syn- A precise computer-controlled position scanner for the

chrotron radiation from a storage ring is employed as amicrostrip detector is prepared for its precise setting with
monochromatic x-ray source. The experiments are carried

A. Experimental apparatus

out as follows. A 2.5-GeV positron storage ring having a (a)
i in Hi Active Area of
mean diameter of 60 m at the_Ph(_)ton Factory_ in ngh Energy e Dotena® Detector Channels  10um
Accelerator Research OrganizatiREK) provides intense Array WARERNE_ W —
synchrotron radiatiof15,17]. The energy is monochroma-
tized and automatically changed using a computer-controlled 5.2
double-crystal[Si(111)] monochromator with an energy mm
resolution of a few eMFig. 3). In order to suppress higher- 117
order reflection of x rays, the crystals are deviated slightly
S - . . Channel 7 ,
from the parallel location. The purity of the energy is moni- Outputs Xys"“Bz /ysoul 0 1oyzczso§o
: ; -ra um
tored using a NdTl) detector. X rays ranging from 5 to 20 o b haV (240 wm x 35 rmm)
(b)
(@) sit11) si 1| ® partially
Double /] Slit Detector . depleted
[ = 1|0 fully
Crystg |/ — 0 5 depleted
2 /| o e
Vacut lcc;rr;uzagon Movable ~
- Vacuum amber
(BL=15C)  Chamber Stage
Computer-Controlled
Movable Stage

Olo—torolorptomtan]
0 20 40 60 80 100

y (um)
Detector Position

X rays

FIG. 4. (a) Schematic drawings of a modified CERN strip de-
tector. The expanded active area of the detector and the incident
x-ray-beam location are depicted along with the definition ofythe

FIG. 3. (@) Schematic drawings of the experimental setup coordinates(b) Experimental data in the cases of a fully depleted
(BL15C) using synchrotron radiation at the Photon Factory in Highand a partially depleted operation shown by the open and the filled
Energy Accelerator Research Organizati®tEK). (b) Computer-  circles, respectively; the dashed, solid, and dotted curves are calcu-
controlled position-adjustable system having the position resolutiotated using our theoretical formula of E) for L=50, 100, and
and reproducibilities withinx=y=0.5um, #=0.005°, and ¢ 150 um, respectively, along withdg,;=300um and |y
=0.002°. =240pum.
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respect to the incident x-ray-beam directidfig. 3b)]. Re- 10

producible position control in the, y, and @ directions on > Ha) ! 23 ":3¢

the detector surface, within an accuracy of @/, 0.5 um, < / 0 i,5

and 0.005°, respectively, is achieved along with goniometric § ¢ E S 18

control within 0.002°. O I S1t 15

& ok ERC
_ 01 i =20 Ty
B. Experimental results 0.1 Te, nelv (keV)w
In Fig. 4(b), the open and filled circles show the data 3 T T = .

obtained in a fully depleted or a partially depleted operation & & (b) .- B

respectively. Therefore, there exists a field-free substrate re 52 3 Va 1 &,

gion for the filled-circle data alone. The origin of the ab- o ¢ / = ;

scissa is defined at the location of the incident-beam edge = ] / g1

that is, an additional scan g&=0.5um or #=0.005° makes QO . , io_ i

a signal output for the adjoining channel to the channel lo- 0 2 Ao 81020 2 Ay 8

cated at the beam edge in a fully depleted operaftiig.
4a)].

The curves in Fig. é) stand for the calculated diffusion FIG. 5. (a) Difference between the actual plasma electron tem-

. . . . . peraturesT, ney Obtained by our theory using E@5) (or from
signals| g for detector channels aligned in tiyedirection synchrotron-radiation experimeitand the commonly estimated

using our three-dimensional diffusion thedigee Eq.(9)]. temperatured , .,n, from the conventional theorf4]. The cases of

Here we utilize three values of the three-dimensional charggdep: 10, 10, and 1um along with L=100xm, dgesi 0.1 xm,

diffusion lengthL of 50 (dashed curve 100 (solid curve,  d.,=300um are represented by the solid, dashed, and dotted

and 150um (dotted curve for fitting the spatially diffusing  curves, respectively; for the case of the dashed curve, a 1800-A-

charge profile produced at the 9.5-keV monoenergy photonghick Al window is also attachedb) Example of the density profile
The diffusion signal is clearly observed when the appliedn anH mode.(c) Predicted detector signalgy (solid curve from

bias is reduced and the field-free substrate region is forme@Ur theory[see Eq(5)] compared to the actual x-ray profilg, rea

The charges created by the incident photons diffuse threfashed curve(see Ref[19)) estimated from the data on the den-

dimensionally in the field-free substrate region, while theS|ty in (b). (d) Charge-diffusion distributions at several radii calcu-

. . . lated using Eq(8); the summation of the overlap of these charge-
cha;g?j prodg_ced |n. thelijepllert]lon Iahyer drift alqng Fhe elr:acaiffusion distributions forms a broader profiléhe solid curve in
tr|9 1eld one dimensionally without the penetration into t €©]as compared to the actual profitee dashed curve ift)]. Here
adjoining channels.

TS the values ofdg ;=300 m andL =100um are utilized.
It is important to note that the shape of the charge-

diffusion distribution from the substrate to the bottom sur- IV. EFFECTS OF THE PROPOSED THEORY
face of the depletion layer is maintained because of the one-  ON THE ANALYSES OF PLASMA X-RAY DATA
dimensional quick drift through the depletion layer to the AND THEIR INTERPRETATIONS

electrode. Therefore, the output diffusion signals from the Recently, underbiased operations of multichannel semi-
electrode directly indicate the diffusion distribution at the cgnductor detectors have been employed widely in various
bottom surface of the depletion layer, as calculated in Sec. llblasma devices including the JE8S], the DIII-D [6], and the
It is again noted that the charges produced in the depletioASDEX Upgrade[9] tokamaks in order to avoid detector
layer do not contribute to these diffusion signals in thepreakdown caused by intense x-ray or neutron influxes. In
neighboring channels separating from the x-ray incidentuch a partially depleted detector operation, the above-
channel. This important mechanism will play an essentiadescribed diffusion effect becomes essentially of importance
role in our proposed method in Sec. V. for x-ray data analyses since the energy response of such a
In addition to these data dnusing the distribution shape, detector changes according to whether or not the diffusion
the values ofdye, are measured using a computer-controlledeffect is taken into account.
capacitance detector as a function of an applied voltage As discussed in Sec. Il for a single-channel semiconduc-
C-V characterizer this standard method for identifyirdye,  tor detector, the charge diffusion contributes to the enhance-
provides us with useful information on one of the two free ment of the detector signféee Eq(5)]. If the conventional
parametersi.e., L anddgep in our theoretical predictions of theory[4] is employed in place of our proposed theory, then
the photon energy responses of semiconductor detectors. the exclusion of the diffusion effect leads to the underesti-
The data on the photon energy response are compared toation of the energy respongee., the quantum efficiengy
the predicted response in E) using the observed values of a semiconductor detector and thereby the overcompensa-
of L anddgepalong with the other detector parameters in Eq.tion of the detector response fég analyses as described in
(5). The validity of the theory is verified by the energy re- the following.
sponse data using the same method as in R2fsl7]. In Fig. 5@a), actual plasma electron temperatuigs,ey
Thus we have constructed and verified the theory. Weusing Eq.(5) from our theory on the detector resporse
now proceed to develop the theory into a proposal of arfrom synchrotron-radiation dgtare compared to those using
alternative method fof, measurementsee Sec. Ysoasto the commonly utilized conventional theofy, .. Here x-
clarify the physics principle through such examples of appli-ray energy spectra are calculated using emission from rela-
cation. tivistic Maxwellian electrong11—14. For the values of the
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X-ray cross section, the relativistic Born approximation cor-

rected by the Elwert factor is utilizedl8—20. The solid, (a)-'g
dashed, and dotted curves in Figapstand for the cases of ?ﬂ
dgep=10, 10, and 1 um, respectively, along withL ;; plasma radius 7 (rel.unit)

=100um; in addition, a 1800-A-thick aluminum window is
attached for the case of the dashed curve. These values ¢
cited from the parameters of commercially available detec:
tors. It should be noted that serious errors even Tqr

X-ray‘ Beams
,;:-Collimator (d»L)

—d—

i

7 ¢ 7 o [V
<1 keV occur when widely utilized underbiased operations % Gl "!?iddep ‘Vb“’s
are employed. A greater overestimation is predicted to occu SR\, ](?:Pletl%n Layer
with the application of the conventional theory to analyze x LIRS SRE i A?):(r)lrbe;rr’?)y
rays from higher-temperature plasmas since higher-energy T TField-free Substrate

—_
O
~——

1
.

Jsx (relunit)

rays penetrating through a depletion layer and deeply into :
field-free substrate region enhance the diffusion effect in the
substrate region for the total signal. This is the reason high
T, devices including JETS8], DIII-D [6,21], and ASDEX
Upgrade[21,27 have recently employed our theory.

Furthermore, one shoulq Cautlou_sly Interpret the plasma FIG. 6. Schematic view of the proposed x-ray analysis method
x-ray tomography data using multichannel semiconductog,, 1_ ohservations using our proposed physical mechanisms in a
detectors. Figure (§) shows one of the typical profiles of semiconductor x-ray detector. X rays from plasmas with,@ro-
plasma densityr, characterized by a steep gradient in a pe-ile in (a) are incident onto a multichannel semiconductor-detector
ripheral plasma region as typically observedai H mode or  array with several collimator apertures(in) so as to obtain charge-

a very H mode. The abscissa indicates the plasma minafiffusion signal distributions,, in (c). These distributions are fitted
radiusr. The profile of the actual x-ray emissivifpropor- by our theoretically predicted curvésee Fig. 8 Here the apertures
tional ton®T2?) is estimated as the dashed curve in Fig)5 are located under the condition d&-L for no overlapping of the
whereT, is approximated to be a flat profile for highlighting diffusion distributions. Note that the depletion layéraving no
the effect ofn. three-dimensional charge diffusion into the neighboring chahnels

On the other hand, the curves in Fig(db show the Plays the role of an x-ray “absorber” for the diffusion charges,
charge-diffusion profiles at several radial positions calcu-Wh_iCh are produced in the field-free sub_strate and_then flow into the
lated from the real x-ray profilés, e, [the dashed curve in neighboring channels. The value djep_ (i.e., the thickness of the
Fig. 5(c)] using our diffusion theory under the partially de- absorber of x rays; x rays per_1etra_lted_|nto the sgbstrat_e play the role
pleted operational conditions. The three-dimensional chargeo-f the source of the charge diffusion into t.he. ne|ghbor|ng chapnels
diffusion effect modifies the detector output signals due to> eXtGQE‘Z""”V controllable by means of variation Vs because of
the charges diffusing into the neighboring detector channelgdevabias'
as seen in Fig. (). A spurious x-ray profile caused by these _ ) ) )
diffusing charges is calculated from the summation of the29€ the conventional x-ray tomography diagnostics using
charges diffusing from each x-ray-injection locationrofas widely utilized .mult|channel sgmlcor_lductor detectors be-
depicted in Fig. &). A resultant broader profile shown as cause of comphcated problems including channellcrogs taIk_s.
the solid curve in Fig. &) highlights a misinterpretation of _However, in order to overcome such serious situations, in
the real narrower x-ray profile plotted as the dashed curve ifiS Section, we propose an alternative x-ray diagnostic
Fig. 5(c). In Figs. 5¢) and d), we employ a photon energy method fOI:Te measurements on the basis of our the@wc. .
of 1.8 keV as a representative value Tf of the order of II) on semiconductor-detector responses. This proposal using
keV. the three-dimensional diffusion replaces the serious effect of

The appearance of plasma peaking profiles in variough® diffusion[Figs. §a) and 3c)] by a useful theory. The
types of high-confinement modes enhances the importance 81€0ry is based on the dependence of the charge-diffusion
the present studies for plasma x-ray diagnostics, since th@stribution onE [Fig. 2(b)]. In addition, the present example
diffusion significantly deforms the real gradients of the Of the use of the above-verified theof@ec. IV) may help
plasma parameters, and affects the estimation of electrofglarify the method. _ _
energy transport, bootstrap currents, and so on. In JET, care- First we prepare a multichannel semiconductor-detector
ful experimental studies of such channel cross talk effects arg@y as illustrated in Figs. 2 and 6; each channel width of a
in fact reported8]. A 10% channel cross tallexpected to be few tens of micrometers is sgfﬁuently shorter t_han the dif-
dependent on the incident x-ray energy observed in the fusion lengthL. Such a multichannel detector is commer-

.
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detector channels

x-ray-detector signals. cially available in standard stock. The detector is covered
with a collimator having several apertures in order to observe
V. PROPOSED METHOD FOR PLASMA ELECTRON- x rays from several plasma radirig. 6(a)]. Each aperture
TEMPERATURE DIAGNOSTICS locates in line at intervals ofi under the conditiord>L
ON THE BASIS OF THE ABOVE-VERIFIED PRINCIPLE [Fig. 6b)] so as not to overlap each charge-diffusion distri-

d princiole of q | ‘ bution produced by transmitted x rays through each aperture.

A. Proposed principle of x-ray data analyses forTe The charge-diffusion distributions are then obtained as illus-
measurements using the three-dimensional diffusion effects trated in Fig. 6c)

In Sec. IV, the serious effects of charge diffusion on sig- On the other hand, the diffusing charges distribute to the

nal analyses were investigated. Such effects seem to discoutetector channels adjoining each x-ray incident channel ac-
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1070 50 1(00m350 200 FIG. 8. (a) Charge-diffusion distributions produced by x rays
y from normalized plasma densities, depicted TQe=1, 2, 3, and 5

keV plasmas as the solid, dashed, dotted, and dot-dashed curves,
respectively.(b) For comparison, the diffusion distributions {g)

are normalized by the signal outputsyat 0. These calculated dis-
tributions as a function off, provide a set of the “distribution-
analysis” bases so as to obtaliy using the proposed alternative
x-ray analysis principle. Here the parametérs-100um, dg,p
=300um, anddgye;=5 um are employed.

FIG. 7. Charge-diffusion distributions produced by several mo-
noenergetic x ray¢see various marks in the figgremitted from
1-keV Maxwellian plasmas, calculated from E@8) with L
=100um and dg,;,;=300um. Here x rays are injected into the
detector ay=0. The summation of each signal distribution is plot-
ted by the solid curve.

cording to the dependence on the incident x-ray enff@.  time scale may be acceptable for most macroscopic plasma
2(b)]; that is, both the charge-production depth and theepayior in various types of plasma confinement devices.
amount of charges pr_oduced in the field-free substrate de'I'hese calculated results of charge-diffusion distributions as a
pend on x-ray energies. Thus the resultant slope of th‘?unction of T provide a set of “distribution analysis” bases

charge-diffusion distribution gives information on the inci- - PP L :
dent x-ray energy. This slope itself is independent of th for fltthg the ch.arge-dlffusmn distributior{$-ig. 6(c)] so as
0 obtainT, easily.

plasma density since the density modifies only the inciden The characteristic features of our proposal to obs@iye

x-ray intensities. If the temporal evolution of the plasma den-_ .. o ) ! .
sities is slower than the time for the charge diffusiohthe indicate striking differences compared with the conventional

order of microsecondsthen such a density variation pro- methods using direct observations of x-ray bremsstrahlung

vides no effects on the slope of the charge-diffusion distri-::Or :Il__e analyses. Astdehscrlbeddabovz, our prt?]pos?]d method
bution [see Fig. 20)]. or T, measurements has no dependencepthis charac-

On the other hand, the dependence of the charge—diffusio}.‘?”St:C property Isolyes atﬁodmplligtﬁdhproblim Otf. thelcgnven-
distribution onT, is investigated as follows. In Fig. 7, the lonal x-ray analysis method, which has a functional depen-

solid curve stands for the total charge-diffusion distributiondence on botm andTe.
resulting from the summation of the distributions produced
by incident x rays with various energiesyaty=0. Here x
rays are emitted from Maxwellian plasmas witg=1 keV.

For simplicity, no absorption effects in the dead layer and the The proposed theory in Sec. V A is exemplified in this
depletion layer are assumédr more details, see belowand  subsection fofT, measurements using a single plasma shot
dsu;=300um=3L is employed for a sufficient amount of only. This would also provide a further detailed picture of
x-ray absorption in this energy range. the proposed physics principle.

Similarly, the total diffusion distributions with varioug, For comparison with the standard methods of plasma x-
are depicted in Fig. 8. The solid, dashed, dotted, and dotay diagnostics, we briefly characterize the following two
dashed curves correspondTg=1, 2, 3, and 5 keV, respec- standard methods. For the x-ray-absorption method using
tively. For comparison, in Fig.(®), the values of the distrib- various x-ray-absorption filters10], the depletion layer is
uted chargess, are calculated for a constant plasma density utilized as the x-ray-sensitive detection regjdhusing shot-
while the values ofl, in Fig. 8b) are normalized by the to-shot variation in an x-ray-absorber thickness or an ab-
charges ay=0 to highlight the difference in the distribution sorber material. The dependence of the x-ray-detector signals
slopes labeled with various,. Here the typical values of on the absorber is employed according to well-established
L=100um, dg,;=300um, anddg,=5um in a partially  calculation curve§l0—13 as a function of an x-ray-absorber
depleted operation are utilized. thickness(thereby being widely referred to as the x-ray-

It is again noted that these distributions are formed withinabsorption methgd The absorption method in a pileup cur-

a diffusion time of the order of microseconds; thus plasmasent mode and the x-ray PHA method in an x-ray-produced
in a quasisteady state during that diffusion time are sufficienpulse-counting mode without pileup signals are two typical
for the use of this proposed method fBf analyses. Such a x-ray analysis methods.

B. Alternative method on the basis of the proposed theory
in T, measurements using a single plasma shot
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The former has the following merits. X-ray collimation 100 e LT
does not require an observation limit to x-ray intensities be- - (@) % (b)
cause of its intrinsic property as a pileup mode; this makes % Ti=1keV o o, Te=5keV
x-ray tomography diagnostics possible without changing the ~‘é10 1 '510 1 P 1| daep
apertures under the conditions of a significant variation in ; L = '2';;.. (nm)
x-ray intensities at various plasma radii as well as at several = gg ", i fo o P
types of discharges with a wide dynamic range from low to 310_2_ o ] SO '-E:-"-.i ° 5
high T,. Even under these conditions, with considerable in- s "-._. “oeny [ = 20
tensity variations, it is not necessary for a current mode to R ‘e
change an x-ray system located in a vacuum chamber. A . L
problem forT, measurements, however, exists in its signal 103156200 1% 100 200
dependence on complicated plasma parameters inclging y (um) y (wm)

andn as described above.

On the other hand, the latter method is useful in obtaining FiG. 9. Charge-diffusion distributions fdf, of (a) 1 and(b) 5
x-ray energy spectra directly, although there are severalev. These are calculated using the depletion-layer thicknesses of
problems including the necessity of summing up manyd,,=0, 5, and 20um and are plotted by the filled circles, open
plasma shot data or a long duration for x-ray pulse samplingquares, and filled squares, respectively. Here100um and
in order to attain a sufficient number of x-ray pulse signalsdg,,=300um are utilized.
for a spectrum formation. Another requirement is the adjust-
ment of x-ray collimation so as to avoid the pileup of x-ray
pulse signals. This problem is serious for a shot, in whigh o o
or n changes significantly, or for an experimental series withFi9s. 9@ and 9b), the charge-diffusion distributions are cal-

a variation of plasma parameters. Furthermore, in actual obculated using various depletion-layer absorber thicknesses of
servations, the x-ray PHA method is not available when tofdep=0, 5, and 2Qum and the results are normalized by the
mographically reconstructed analyses are required since ¥gnal outputs ay=0 for Te=1 and 5 keV, respectively.
huge amount of data and complicated reconstructions ardere x rays are injected into the detector withy,
necessary to obtain actual x-ray spectra at various plasnia300um at —10um<y<0 in the form of a pencil beam.
radii. As seen in Figs. @ and 9b), not only the difference in the

In order to alternate these two standard x-ray diagnostiglistributions betweeif,=1 and 5 keV for the same value of
methods, a third method for x-ray analyses is proposed ifilsep, DUt also their dependence ale, even for the same
this article using a different theory from those in the abovevalue of T¢ is clearly shown.
two standard methods. The essential point of the proposal is Furthermore, one of the easier and convenient realizations
based on the use of a depletion layer covering over a fieldof the proposed third alternative principle is as follows. Fig-
free substrate as a temporally variable x-ray absorber withitire 1da) shows the dependence of the total charge-diffusion
one plasma shot. For the observations of three-dimension@utputs integrated over all neighboring channels on the
charge-diffusion distributions, output-signal charges pro~variation in dqe, (0r, equivalently, in the detector applied
duced directly in the depletion layer of the incident x-ray bias. For each curve labeled with a constant valu& of the
channel give no contribution to the neighboring-channel outoutput signallg, is normalized by that a.,=0. The same
put since a strong electric field in the depletion layer sweepsonditions of x-ray incidence are employed as in Fig. 9. Fig-
the produced charges one dimensionally directly into its owrdre 10 is prepared for the convenience of researchers who
channel electrode. Such a “direct” signal from a depletionutilize only two-channel detector§.e., for x-ray injection
layer is widely utilized for the above two standard methodsinto one channel, the output signals being observed from
as an output signal. However, for our proposed method, sucAnother neighboring channel under the condition of a chan-
a depletion layer is utilized as an externally controllable x-nel width wider than a few timek for collecting all diffus-
ray absorber for the production of the charge-diffusion siging charges or who require a better signal-to-noise ratio
nals in the substrate located below the depletion layer. Iven in the case with lower,.
particular, it is noted that such an absorber thickness is pro- From this viewpoint, the integration over all diffusion
portional to the square root of an externally applied biascharges plotted ay>0 in Fig. 9 for a set of the selected
voltageVpas. Thus a large value of s results in a “thick  values of T, and dgep (Or Viiad provides one corresponding
x-ray absorber” in front of the diffusion signal production point on a curve in Fig. 1@ (i.e., the point having the
region since incident x rays are absorbed in the thick depleabove-selected value afy., on the curve labeled with the
tion layer and then the charges produced there do not corselected value of.). Suppose that the case ©f=1 keV,
tribute to three-dimensionally diffusing charges into thefor instance, an integrated value over &} plotted as open
neighboring channels. Therefore, the temporal variation irsquares in Fig. @), results in a value o, at dge;=5 um
Vpias: controlled externally during one plasma shot, corre-on the curve labeled witfi,=1 keV in Fig. 1@a). Similarly,
sponds to the temporal change in the x-ray-absorber thickhe curves in Fig. 10 are easily calculated using the basic
ness during a shot. No changes in real absorber materials adata in Fig. 9 for any value of .. As we see in Fig. 1@), a
required for changing the x-ray energy range to carry out thiscan ofdge, (by means of variation in the externally applied
“absorption method.” detector bias draws a clearly distinguishable curve for a

This proposed principle is extended to be exemplified bywalue of T ; thus such a characteristic feature demonstrates
the use of commercially available multichannel detectors. Inthe practical applicability of the proposed third alternative
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asing for an easier realization of this idea. A step-shaped

10° \._.\' ' '(a) (b) biasing with multiple discrete values during one biasing
. S cycle is proposed to be supplied to the detefksg. 1Qb)].
g "'-?.'f_'_‘g,é-\- @ Each flat value oWy, corresponding to each value dfe,
= S2 e (dgeg Va9 should be maintained during the characteristic
S 101 {:\ ™~ time of the charge diffusion. Following the formation of a
& },f quasisteady distribution of such diffusion charges, a data
S sampling is then carried out. Similarly, the next step biasing
0 t provides another data point. After one biasing cycle, a data
- set for fitting the curves in Fig. 18) is then completed. An

estimated cycle of the multistep biasing is, for instance, of
the order of 10Qus for ten data points; therefore, this method
is applicable to plasmas having a quasisteady state with the

e duration of 100us for every data set of ten points. Such a

FIG. 10. (a) Dependence of the charge-diffusion outputs on the . - . .
depletion-layer thicknessébeing equivalent to the detector applied quaslsteady time scale required for the proposeq x.-ray d@g-
biase$ for T,=1, 2, 3, and 5 keV, shown by the solid, dashed, no§t|C methoq ofTe measurements may be satisfied with
dotted, and dot-dashed curves, respectively. In contrast to th\éa”c?uS physics . phenomena in various types of plasma-
widely utilized x-ray observation methods including the x-ray- confinement deVIceS._ o . . . .
absorption method and the x-ray PHA, a depletion layer is utilized 1h€ Proposed physics principle in this article would begin
in our proposed method as an x-ray absorber for the charge diffil@ Open possibilities for analyzing and interpreting plasma-
sion produced below the depletion lay@e., in the field-free sub- Physics frontier phenomena, which have not been addressed
strate. The integration over all charge diffusionyat-0 (see Fig. 9  Or clarified using the conventional x-ray diagnostics in a
is carried out for practical convenience using a two-channel detecsingle plasma shot.
tor; that is, x rays are incident onto one channel and then the diffu-
sion signals are taken from another neighboring channel. Here a
channel width(sufficiently wider than a few timels) is required for
all charge collectiongfor more details, see the tgxtb) Multiple-
step-shaped biasing during one plasma shot with constant-voltage

durations of the order of the charge-diffusion time, exemplified so . . . ) .
as to obtain the temporal evolution @f using one plasma shot An alternative physics principle and method for x-ray di

only; here, the dependence of the charge-diffusion outputs on thggnOStiCS is proposed in t.his arti.cle to Ot.)tain. plasma electron
depletion-layer thickness if@) is usefully employed. One cycle for tempe.ratures 'e_md behavior. Tf(SehC. 1) Isfdlfferentbfrom .
the multiple-step biasing requires, for instance, of the order of 106N® Widely utilized standard methods of x-ray-absorption
us for attaining ten data points to fit a curve(@. These examples Method with various x-ray filters and of x-ray pulse-height

would provide further understanding of our proposed theory. analysis. The theory for the proposed method is directly veri-
fied by data on distributions of three-dimensionally diffusing

chargedqSec. Ill) in synchrotron-radiation experiments. Such

x-ray diagnostic method fdf, measurements as an example a direct verification of the theory predicts the overestimation
of the use of the above-described theory. of electron temperatures, when the conventional th¢dty

It is also noted that the proposed method is useful whenytilized over this quarter of the century, is employdtg.
impurity line radiation exists. If we sweey,,s slowly and  5(g)].
carefully and ifdge, becomes thicker than the characteristic ~ Our theory also predicts the channel cross talk for a mul-
value d_, then we may obtain a significant charge in thetichannel semiconductor detector, which was experimentally
output signal. Here the value aff satisfies the relation of reported by careful works in the JET tokami. Such an
d =11 u(E ) p]. Whendye, becomes thicker than the criti- effect results in the misunderstanding of broader plasma pro-
cal characteristic thickness df , the line radiation having a files compared to actual on¢Big. 5(c)]. This leads to the
narrow spectrum peaked Bt=E, is absorbed exponentially misestimation of the gradients of plasma temperatures or
and reduced significantly as compared to bremsstrahlungressures, resulting in misinterpretation of pedestal structures
having a much broader spectrum even beyd@jd Such in H modes, electron-energy transport, as well as the mises-
freely adjustable filtering of impurity lines is difficult for the timation of bootstrap currents and hence the misinterpreta-
conventional absorption filter method since such a change itions of plasma physic&Sec. IV).
the filter material thickness during a plasma shot is not prac- An alternative method on the basis of the above x-ray
tical. Also, it is difficult to provide various filter material diagnostic principle is proposed for the purpose of aclyal
thicknesses corresponding to various impurity lines by theanalyses. This method employs the depletion layer of a semi-
use of a limited space for absorbers. The method for varyingonductor detector as an externally changeable x-ray ab-
and optimizing the absorber thicknedg,, by means of de- sorber during one plasma shot in place of its standard use as
tailed external bias control is one of the characteristic merit&n x-ray-sensitive region. A basic idea of the alteration using
of identifying and distinguishing the existence of line radia-a multichannel detector is illustrated in Fig. 6 and is exem-
tion using the present method on the basis of the proposadified in Figs. 7-9(Sec. V) so as to clarify the proposed
theory. theory. In addition, a convenient example is proposed using a

As one method of the practical applications of the abovaemporally varying multiple-step-shaped biasing in Fig.
x-ray diagnostic principle, we propose a special form of bi-10(b) for a simple two-channel detector; this would analyze

0 5 1I0 1I5 20
daep (LM) o< / Viias

VI. SUMMARY
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