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ABSTRACT

Extensive studies have been carried out on the structures of

x-ray spectra from highly stripped ions of first transition ele-

ments and their behaviour in a high-temperature plasma using a

high-resolution crystal spectrometer.

Calculations are made on the design and the use of a curved

crystal spectrometer for plasma diagnostics. A Johann type

crystal spectrometer for measuring the x-ray lines has been con-

structed on the basis of the calculations. Characteristics of

curved crystals of LiF, Ge and quarts used for measurement of

XoL , characteristic lines from the first transition, elements are

investigated. The resolving power and reflectivity of these

crystals are tabulated. The spectral resolution and sensitivity

of the curved crystal spectrometer (crystal: LiF(200), bending

radius: 100cm) are measured with a position-sensitive detector of

photodiode array calibrated using a proportional counter.

A vacuum spark has been constructed for producing a high-

temperature plasma which emits the x-ray lines from the highly

stripped ions. The results of the experimental studies for the

x-ray spectroscopic measurements carried out using the spec-

trometer, are 99 fOllOWS.

Spatially resolved Fe Kd spectra were first measured in a

single shot and a visible image-converter camera and x-ray pin-

hole camera were used in order to examine the structure of the

plasma produced by the vacuum spark. They show the evident proof

that the vacuum spark1 plasma has two different structures. One



is a thermalized point plasma (̂ luum) of high temperature and

high density. The other is an extended plasma W a n ) associated

with non-thermal electrons, which consists of iron ions in lower

charge states-

The x-ray lines from the extended plasma have been observed.

Ktf lines from iron ions in some charge state are shifted to the

long-wavelength side of K«( lines from singly ionized iron ions.

The transition energies of the TiVI-XIII K£ lines are determined

and some weak satellite lines are first found.

All the x-ray lines associated with K-shell from the point

plasma have been observed for iron element. The transition
2

wavelengths of He-like resonance series lines up to Is6p-ls were

determined for the first time. A highly resolved K«( spectrum of

FeXXlv and PeXXV has been observed and plasma parameters were

determined: n=tio21cm~3, T^,2.2keVr ionization temperature

Ta>o.8keV and T.<4keV. The structures of He-like Kof and Li-like
Z !"•

K* satellites are described in detail.

K«( lines of Ti through Zn have been observed from the point

plasma. The transition wavelengths of the He-like resonance

lines are first determined under careful experimental procedures.

The results are compared with theoretical predictions and are in

good agreement-with ones given by Safronova. The predictions,

however, include uncertainties in relativistic and QED correc-

tions. More accurate theoretical values are needed for com-

parison with these experimental data.
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CHAPTER I

INTRODUCTION

.1. Motivation of the Present Work

Magnetically confined plasmas developed for the purpose of

thermonuclear fusion are accompanied with impurity ions emitted

from the first wall of the vacuum vessel. The radiation loss

from the impurity ions is an important problem from a viewpoint

of the energy balance. The behaviour of these impurity ions

must be analyzed qualitatively and quantitatively. ' With an

increase in electron temperature T recently achieved in large

tokamaks the impurity ions in a few electron systems have

become dominant species in the central column of the plasma.

Figure 1 shows fractional abundances fn as a function of T for
it €

the ions of three elements. From the figure it is known that

H-like and He-like ions become dominant for such metallic ele-

ments in the range of the electron temperature more than 2keV.

In such high-temperature plasmas, the spectral lines emitted from

the metallic impurity ions mainly fall in the x-ray region.

Therefore* measurements of x-ray lines from these ions using a

crystal spectrometer present useful information for diagnostics

of high-temperature plasma. He-like and Li-like ions are very

prominent in x-ray spectral lines for diagnostics of high-

temperature plasmas such as tokamak, solar flare, laser plasma

and vacuum spark. These ions, in addition, are also important in

- 1 -



I

M

I

• / -

- Ti

-

• \ /

i i i i

•-\ar
*

\ /

A;
•.*. *~

•. -

\ -

V

1 10 1
Bectron tennperctture Te(keV)

Pig. 1 Fractional abundances fg as a function of electron teinperature T in

ioniaation equilibrium calculations for three elements given by Breton et al5)



the field of atomic physics.

Ion temperature T,, one of the most important parameters of

high-temperature plasmas, has been measured by fast neutral par-

tide energy analyzers (FNPEA). ' However, when the tokamak

plasma has a large radius r and a high electron density

(n~io cm ) , the mean free path of the fast neutral particles

(hydrogen atom) in the plasma becomes considerably smaller than

the plasma radius, as shown in Fig.2.10'11* Furthermore, in next-

generation tokamaks such as JT-60 (Japan Atomic Energy Research

Institute Tokamak), TFTR (Tokamak Fusion Test Reactor) and JET

(Joint European Torus) the density of the hydrogen atom in the

central column of the plasma is expected to be less than

107cnf3,12'13) although it is of the order of 108cm"3 in the

present tokamaks, i.e., PLT (Princeton Large Torus), TFR (Tokamak

Fontenay-aux-Roses) and JIPP T-II (Japan Institute of Plasma

Physics Torus). It means the decrease of the fast neutral

outward flux for measuring the ion temperature T. at the central

column of the plasma. For above two reasons we can not obtain

the true information foi. T. in the future tokamak using the

FNPEA. A new diagnostic technique for the ion temperature

measurement is needed. Measurement of the Doppler broadening of

x-ray lines radiated from the impurity ions is a useful method

for determination of the ion temperature, ' although the method
18)for measuring T^ has been done using the vacuum ultraviolet

and visible light (magnetic forbidden line)19) emitted from the

edge of the high-temperature plasma.

A Johann type crystal spectrometer has been constructed for

above-mentioned purpose, since the spectrometer has high sen-
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sitivity and high resolution, compared with a flat crystal spec-

trometer. The method for design of the spectrometer is described

in chapter II. In order to cover a wide spectral range with tem-

poral resolution in a single shot a time-resolvable position-

sensitive detector is mounted on the spectrometer instead of a

film or a photomultiplier. The characteristics of the crystal

and the spectrometer are described in chapter III and IV, respec-

tively.

2. n«2 Levels in He-Like and Li-Like Ions

Figure 3 shows scheme of the n«2 levels in He-like and Li-

like ions. When the Re-like and Li-like lines ace well separated

with a high-resolution crystal spectrometer, these strong spec-

tral lines are of special interest. The He-like resonance line w

is generally used as an x-ray line for Ti measurement from

Doppler broadening.17'20' Relative intensities among the

resonance line w, the magnetic quadrupole transition x, the in-

tercombination line y and the forbidden line z are functions of
211

n , ' because population of upper levels of these transitions

strongly depends on both of radiative decay rate A and col-

lisional transfer due to electron impact between these levels.

Gabriel22* calculated the ratios of Li-like dielectronic

satellite and Li-like satellite due to inner-shell excitation to

the He-like resonance line as functions of T and ionization tem-

perature T , respectively. The ionixation temperature presents

the information on the plasma state such as ionizing and recom-

bining plasmas. The key letters of the Li-like satellites given

- 5 -
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Table I A list of the Ka lines fro» Be-like and

Id-like ions given by Gabriel.22)

Array Multiplet Line Key letter

I«2p2-l«22p

Is2s2-l«22p

Is2s2p-ls 2s

Is2p-ls

Is2s-ls

S-V

2D-2P°

2s-V
2s-V

(3P)2P°-2S

V-V

ys

3/2-3/2

3/2-1/2

1/2-3/2

1/2-1/2

5/2-3/2

3/2-3/2

3/2-1/2

1/2-3/2

1/2-1/2

5/2-3/2

3/2-1/2

3/2-3/2

1/2-3/2

1/2-1/2

1/2-3/2

1/2-1/2

3/2-1/2

1/2-1/2

3/2-1/2

1/2-1/2

3/2-1/2

1/2-1/2

1-0

2-0

1-0

1-0

a

b

c

d

e

f

9

h

i

j

k

1

at

n

o

P

q

r

s

t

u

V

w

X

y

s
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by Gabriel are shown in Table I.

In the field of atomic physics, on the other hand, measure-

ments of transition energies of atoms in one- and two-electron

systems UBing an accelerator have been energetically performed

for the purpose of theoretical verification of relativistic and

QED (quantum electrodynamics) corrections. ' The shift of the

transition energy due to QED correction is well known as Lamb

shift. The QED correction to the He-like 2p-ls transition

becomes dominant in high Z atoms such as the first transition

elements. It is, however, considerably difficult to produce

these He-like ions using the accelerator. When the He-like ions

can be produced in high-temperature plasmas, we can investigate

the atomic'structure of the first transition elements in the two-

electron system.

3. Vacuum Spark

Since the 1890 s the research has been done on the discharge

between two metallic electrodes with a narrow gap in a high
271

vacuum. ' Several authors observed instantaneous x-ray bursts

from the discharge.28'29) in 1935 Alfven and Sanner30) reported

that highly ionized atoms are produced by lowering the inductance

in the discharge circuit. In 1939 satellite lines were first

reported by Edlen and Tyren31' for carbon element as a spectral
2

line emitted on the longer wavelength side of the normal Is2p-ls

transition due to the presence of an additional outer electron.

More recently (1971), He-like ions of heavy metals such as
321

titanium and iron were obtained by Lie and Elton and x-ray

- 8 -



spectra from these ions were recorded.

The vacuum spark with high temperature (T~2keV) and high
21 ~3density (n~>io cm ) has been an only x-ray source which could

produce He-like ions of first transition elements (21£Z£29) until

researches of tokamakr exploded wire and solar flare *

began in the 1970 • {in near future productions of such high-

temper ature plasmas are expected in other megnetically confined

devices and laser irradiation). Recently a highly resolved Ko(

spectrum of He-like and Li-like ions was first observed by Bitter

et al. for iron element in PLT tokamak of laboratory plasma

with high temperature <T^-2keV) and low density (n~10 1 3ca~ 3).

In high-density plasmas, however/ such a highly resolved spectrum

for first transition elements has not been obtained yet. As a

matter of cource, the structure and behaviour of these ions have

not been studied, although those of aluminum and silicon ions

have been analysed in high-density laser-irradiation plasmas.

We have constructed a vacuum spark for the purposes as men-

tioned above, i.e.r to investigate the structures of H-like and

He-like ions including their satellites and their behaviour in-

cluding the excitation and de-excitation mechanism in high-

temperature plasmas and to determine the plasma parameters (T.,

Te' Tx and neJ fto" t n e K* BP* c t r u* and transition energies of

the He-like resonance line.

The Johann type crystal spectrometer is applied to the x-ray

spectroscopic measurements of the vacuum spark plasma. In this

case a great advantage is offered that the use of the spec-

trometer can eliminate the effect of shot-to-shot spatial fluc-

- 9 -



tuation in plasma production on the spectral broadening. The

results of the experiment are described in sections of V through

XX. They give the useful information also for the x-ray spec-

troscopic diagnostics of tokamak plasma.

4. Outline of the Thesis

This thesis consists of ten chapters. Calculations for

design and use of the spectrometer, characteristics and in-

strumentation of the crystals and spectrometer used in the

present experiments, and experimental apparatus of the vacuum

spark constructed are presented in chapters II-V. Experimental

results and calculational analyses are described in chapters VI-

IX. The outline of each chapter is as follows.

In chapter II37*, a method of ray tracing is presented for

the spectrometer with the concave-curved crystal to be used for

x-ray spectroscopic diagnostics of high-temperature plasmas.

Calculations have been carried out for an LiF(200) crystal with a

Rowland circle of radius 50cm and a Gaussian rocking curve. With

a linear x-ray source, the most suitable parameters of the spec-

trometer were accurately determined by use of the ray tracing,

and the characteristics were investigated in detail. The ray

tracing was also applied to a point source of x-rays, and the

best conditions for geometric relations between the point source

and the spectrometer were found. The spectral distortion is also

described here analytically. The calculated line profile in-

cluding the natural broadening of'the x-ray source is compared

- 10 -



with the experimental result for FeK«t Good agreement is ob-

tained.

In chapter III38', the characteristics of four crystals

( UF(200), Ge(220), LiF(220) and quartz(2023) ) for a Johann

type crystal spectrometer with photodiode array have been in-

vestigated from observations of FeKtf̂  2 characteristic x-rays.

The results are tabulated with their resolution power and rela-

tive sensitivities. They were applied also to the x-ray spec-

troscopic measurements of a high-temperature plasma. The fine

structure of the iron oxygen-like Ko( lines has been resolved by

the quartz(2023) crystal.

In chapter IV39', characteristics of the Johann type crystal

spectrometer with the photodiode array (PDA) are described. The

crystal used is LiF(200) with a bending radius of 100cm. The

sensitivity of the PDA is measured for x-rays of 4 to 17keV. The

collection efficiency \ of charges is determined as a function of

x-ray energy E(keV): 1|«-0.026E+0.68. An asymmetrical spectral

profile is observed when the monochromatic x-ray beam is incident

on the PDA with an angle larger than 40°. The sensitivity of the

spectrometer is also calibrated against a conventional x-ray

tube. The PDA is applied to the observation of x-ray lines from

a high-temperature plasma in the vacuum spark. The resultant Fe

Ko( spec;rum shows a spread over several channels due to the

blooming, as compared with that recorded on Kodak no-screen x-ray

film.

In chapter V, the experimental apparatus of the vacuum spark

including a TAG laser for triggering is described. Charac-

teristics of the discharge are also briefly described.

- 11 -



In chapter Vl 4 0 ), spatially resolved Fe K«{ spectra in the

wavelength range of 1.7-2.OA (Fell-XXVI) and 1.91-1.95A (Fell-

XIX) are first observed in a single shot with low-resolution

Johansson and high-resolution Johann type crystal spectrometers,

respectively. The spectra show the evident proof that the vacuum

spark plasma has two different structures. One is a thermalized

point plasma (£10fim) of high temperature (T~2keV) and high den-

sity (n~io cm ) . The spectrum contains x-ray lines from

FeX;:iII-XXVI. The other is an extended plasma (~3mm) associated

with non-thermal electrons, where the region of intense emission

of Ko< lines from Felll-XX shifts toward the cathode with the in-

crease of the ionic charge.

In chapter VII 4 1 ), spatially resolved Ko( lines of FeXII-

XVlll and K0 lines including their satellite lines of TiVI-XIII

from the vacuum spark were first measured using the Johann type

crystal spectrometer with high resolution. The Fe Kef lines are

shifted to the long-wavelength side of the Fell Ko( lines for some

spatial locations, confirming calculated wavelengths. The tran-

sition energies of the TiVI-XIII K0 lines were determined and

some weak satellite lines were first found.

In chapter VIII 4 2 ), all the x-ray lines associated with

K-shell from the vacuum spark iron plasma have been observed.

Transition wavelengths of the He-like resonance series lines up

to Is6p-ls2 have been determined for the first time. The struc-

tures of Krf He-like and K(5 Li-like satellites are described in

detail. A highly resolved Ko( spectrum of FeXXIV and PeXXV has

been observed and plasma parameters are determined from the in-

tensity ratios of intercombination line y, dielectronic satellite

- 12 -



j and satellite q due to inner-shell excitation to resonance line

w and the line broadening of w, i.e.r n m o cm" , T ~2.2keV,

the ionization temperature Tz~o.8keV and Ti<,4keV. These

parameters show that the plasma is mainly under the transient

ionizing condition. Comparison between the observed and cal-

culated intensity ratios among the He-like resonance series lines

in collisional-radiative model gives an evident proof for the

ionizing plasma.

In chapter IX , KU lines of titanium through zinc have

been observed from the high-temperature plasma in the vacuum

spark. The transition wavelengths of the He-like resonance lines

are first determined under careful experimental procedures. The

result is compared with theoretical predictions and is in good

agreement with that given by Safronova. The theoretical values/

however, include uncertainties in relativistic and QED (quantum

electrodynamics) corrections of the He-like resonance line. More

accurate theoretical values are needed for comparison with these

experimental data.

Finally the conclusion of this thesis is described in

chapter X.

- 13 -



CHAPTER II

RAY TRACING OF A CONCAVE-CURVED CRYSTAL SPECTROMETER

AND

ITS DETAILED CHARACTERISTICS FOR X-RAY SPECTROSCOPIC DIAGNOSTICS

1. Introduction

Various spectrometers have been proposed for x-ray measure-

ments as well as plasma diagnostics.44' It seems that those of

the Johansson45' and Johann ' types are suitable for diagnostics

of the plasmas described above as a spectrometer with high

resolution and high sensitivity. In order to cover a wide spec-

tral range with temporal resolution in a single shot using the

spectrometer, a time-resolvable position-sensitive detector

should be used instead of a film or a photomultiplier.

Recently, x-ray lines from plasmas at high electron den-

sities {£,10 cm ) produced with laser, plasma focus, vacuum

spark, etc. have been observed. Plane crystal spectrometers have

usually been used in such cases. Since the intensity of the

x-ray lines emitted from these plasmas is frequently not intense,

many shots are needed to record the lines on a film. Shot-to-

shot fluctuation in the position of plasma spots lowers the

resolution of the spectrometer. For such plasmas, the use of

Johansson and Johann type spectrometers is especially helpful,

because these types of spectrometers hardly cause broadening of

recorded x-ray lines due to fluctuation of the point source of

- 14 -



x-raysr and their sensitivities are higher than that of the plane

crystal type.

Although the Johansson type spectrometer is superior in

principle to the Johann type, the Johann type is generally used

since it is difficult to construct a curved crystal of the

Johansson type with a large radius. ' In order for a Johann

type spectrometer without an incident slit to be used to record a

fairly wide spectral range at the same time/ it is necessary to

know various characteristics of the spectrometer well.

Some of the characteristics of the Johann type spectrometer

have been investigated experimentally by Norrish,49* Feser50) and

Schnopper et al.51' It is, however* difficult to analyse the

characteristics theoretically because of restrictions on rigorous

calculation. Consequently, ray tracing with a computer presents

the best method of designing a spectrometer for x-ray spec-

troscopic diagnostics of high-temperature plasmas, and it is also

useful for calculating the resolving power and sensitivity of the

spectrometer.

In this section, we present a method of ray tracing for the

Johann type spectrometer to be used with a linear and a point

source of x-rays* As an example, calculations have been carried

out on x-ray spectroscopic measurements of Ro( lines due to inner-

shell transitions of iron ions (1.75 — 1.94A). The Rowland

radius R/2 of the spectrometer is 50cm and the crystal to be used

is LiFUOO).

2, Assumptions for the Method of Ray Tracing

- 15 -



The characteristics of a Johann type spectrometer vary with

the shape of the x-ray source, the type of crystal, and the

geometric arrangement. For standardization and simplification of

these conditions, the following is assumed:

1) Incident x-rays are reflected specularly by the crystal as

shown in Fig.4. The reflectance for a cay incident at a glancing

angle S is denoted by CW(0-|°B(A))» where C is a constant, and

6L(\) is the Bragg angle, which satisfies Bragg s law

2dsin0B(A) . n A . (2.1)

Here,A is the wavelength of the incident ray, d the spacing of

the crystal lattice, n the order of diffraction, and H(£), whose

curve is called the rocking curve, is given by '

W(£) > j2Gexp(-2*G2£2) , (2.2)

where G is a constant which represents the characteristics of the

crystal connected with the FWHM £ of the rocking curve by

2 /log 2
G - / 2__ . (2.3)

6H / 2*

The curve is shown in Fig.5.

Sirre LiF(200) is a mosaic crystal, its rocking curve can be

approximated by eq.(2.2). When the profile of its rocking curve

is different from a Gaussian distribution, such as a perfect

crystal, another curve may be needed.

The profile of the rocking curve may be a function of the

wavelength of the incident x-ray. However, this is ignored in

- 16 -
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Fig. 4 Principle of Bragg s law.
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w(e-0B)

FWHM

Fig. 5 Rocking curve of LiF(200) assumed as a Gaussian

function; e , 6 and e are FWHM of the rocking curve,

the Bragg angle corresponding to the wavelength of the

incident x-rays and 9-8, respectively.
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the present calculations, because for LiF(200), the profile does

not change so much.

Generally, the .FWHM of the rocking curve of LiP{200) depends

on the method of production. The value used is

3.5x10 rad(0.02deg), as Measured on the plane crystal before

bending54'; the value of G is about 1.9xlO3.

2) Distortion of the lattice spacing due to bending of the

crystal is not taken into account. The crystal has a constant

spacing of d. With the Johansson type, the crystal surface is

ground so that its radius of curvature is equal to the radius of

the Rowxand circle. The mosaic structure produced by grinding

increases the FWHM of the rocking curve. It is assumed/ however,

that the FWHM after grinding is the same as that- before.

3) The natural broadening of incident x-rays is ignored in the

present calculation, except that the line profile calculated for

comparison with the experimental profile includes the natural

broadening (see section 5.2).

4) crystals of the Johann and Johansson types are bent cylin-

drically. Therefore, the essential characteristics of the spec-

trometers can be described by tracing the rays incident in the

plane perpendicular to the axis of the cylinder. The linear

source is assumed to be uniform in intensity and the point source

to be an ideal point without area.

3. Method of Ray Tracing

Figure 6 shows the optical arrangement in the incident

plane* namely the x-y plane; the z-axis is taken perpendicularly
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Crystal

Fig. 6 Illustration of the geometric relation between

the spectrometer and an x-ray source S.
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to the x-y plane. A bent crystal is placed with its center at

point D on the Rowland circle, and a linear or a point source S

is placed in the x-y plane.

Let J(VJL) be the profile of a spectral line with its cen-

tral wavelength at XQ and H<Q) be the radiance of the spectral

line at point Q in the source; J(\) is normalized so that

j J(A)dA - 1. The spectral radiant flux at A of the rays eaitted

from a small area dfdx at Q and in a saall solid angle d^dY* in-

volving the direction QP is given by

(2.4)

where f is the length along the linear source, J the angle

between QP and the normal to the source at Q and, V toe angle of

elevation of the ray fro* the x-y plane.

The radiant flux F^fe received by a detector located at B is

given by

Pdet

where the integration with respect to f , r, $ , V' i« performed in

such a region of the variables that the reflected rays pass

through the area dbdh of the detector; db is the length in the

x-y plane as shown in Fig.6 and dh that in the x-direction. If

B(Q) is constant and the ray is monochromatic, i.e., J(A) is

given by a delta function 5(A), r ^ becomes

Fdet " CHJ
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For a linear or a point source, integration with respect to

dz is a simple multiplication of dzr and the relation

^ - d h (2.7)

holds for reflection on a cylindrical surface, where l Q p B is the

length QPB. Therefore, for a detector of small dh, eq.(2.6)

reduces to

Pdet " CHdzdh jf-'~W(0-fllB(Ao)>cos5
 d ? d ! ' <2*8>

Jn *QPB
where the integration is performed in such a region A off and J

that the paths of the reflected ray pass through db. To evaluate

the profile of the detected signal, we need to consider only the

quantity

-
J

(2.9)

In. xflPB
where # BU O) is rewritten as $B for brevity.

Figures 7 and 8 show detailed diagrams necessary for

numerical calculation. The linear source is placed with its cen-

tral point hQ on the Rowland circle and perpendicular to A Q0. It

is divided into 2N +1 sections of width Aa, and the angle

is divided into H angles each of unit angle Am. Here P. is the

left-hand end point of the crystal, PR the right-hand point and

A N the N-th point on the linear source. The detector is also

divided into 2K*+1 channels of width Ab. From eg.(2.9) with the

approximation cos^3»l, the F-value F for the K-th channel of the
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POiht
source
Q(X.Y)

Rowland circle

Fig. 7 Schewitlc diagraa of the optical systeai of a

spectrometer.
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Rowland
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Bt
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Fig. 8 Details of the paths near

(a) the crystal (b) the x-ray source and (c) the detector.
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detector is given by

S F(B-) - I I
* M,N

*._.
*"

(2-10)

with

where 1 ^ is the length AgHBg, and 9(1^,8^ is the glancing angle

of the ray emitted from A^ in the direction of A J ^ J the I U H M -

tion is performed over M and I such that the ray indicated by

them passes through the K-tb channel of the detector. The cal-

culation was carried out on the. quantity *('K) defined by

eq.tt.10).

With a point source placed at a point Q on A O D » eq.(2.10) is

expressed by

N
(2.12)

with

(2.13)

where 1^ is the length QPBg and the summation is performed over M

such that the M-th ray passes through the K-th channel of the

detector.

The symbols used are shown *m follows with the x and y

coordinates in parentheses.
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C(0,R/2) s center of the Rowland circle.

R(OrR) : center of curvature of the bent crystal.
" $

D{0,0) i central point of the crystal at which the crystal

is tangent to the Rowland circle.

) : point on the crystal surface.

Q(X,Y) : point source located on the path A D.

Ao(xo,Yo) : point at which the Rowland circle intersects the

straight line Aoof which makes an angle 6>o with the x-axis

at point D. '
B
O(X O **0) t mirror image of AQ with respect to the y-axis.

the detector is set along the two straight lines and one

curve through Bo(jcQ •• -xQ ) •
B
c(*c#yc)r Bt(xt,yt) *nd Bp(xp,yp)J points at which the

x-ray reflected from point: P intersects a curved detector

mounted along the Rowland circle, a detector mounted tangen-

tial to point B Q on the Rowland circle and a detector

mounted perpendicular to the straight line' DB.r respec-

tively.

A{x,y) : point on the linear source located perpendicular to

the path D*o, that is, on RAQ.
A
B(XB,YB) t point at which the linear source intersects the

straight line DAg, which makes an angle $B (Bragg angle)

wity the x-axis at point D.

Brt(J^B'Y<SBJ • BtB(XtB'YtB> md BpBiXpB'W ! «>««»»*••
at which the x-ray reflected from point D at a Bragg angle

& B intersects each detector mounted as shown above.

PR(UO»VO) t point at right-hand end of crystal.

- 26 -



PL(-UO,VO} t point at left-band end of crystal.

The coordinates of P corresponding to the M-th path, which

•takes an angle Htm with APRf are given by

-c.c2+ /e\c\ - (1 + c?) (c
2 - R2)

u - £-£ i-£ ± f , (2.i4)

v - R-JR 2-U 2 (2.15)

with

p , (2.16)

C2 * V^CjX-R r (2.17)

where 0R is the angle between the straight line APR . and the

x-axis, which is given, by

BB - tan"
1 -LI—2. , (2.18)
V *

and Aa is the unit angular step for ray tracing.

The upper limit H* of the susaation M shown in eq.(2.10) i*

defined by

h' BR
M - —i S- (2.19)

with

A - tan l 2 f (2.20)

-v *
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where 0 is the angle between the straight line AP and the

x-axis.

The glancing angle 6 of the ray A? is given by

6 - a + 0 (2.21)

with

o( • tan"1(U//R2-U2 )r (2.22)

y - v
(2.23)

u - x

The coordinates of points BQ, Bt and Bp are given by

-d. + /d? - 4d,s«c2+
x,, - ±- i-, 2 , (2.24)

y c - xctanf-utan^+v , (2.25)

R - v + utan+
x_ - — r- , (2.26)

P tan* - (YQ - R)/Xo

o (2.27)

+u , (2.28)

xo
 + <2

^l 2 /4 - X^2 tan* - X^

for flL <.

• » »o /
VXO + (-UXO + Xo t i
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for

AP + PB_ «. _C,t,p

-/(x-u)2+(y-v)2

where

dj . (2v-2ut«nf-R)t«nf , (2.32)

(2.33)

• - 2o + p . (2.34)

Here, <̂  is the angle between the x-axia and the reflected x-ray.

The distances B ^ ^ , B^.8^ and BpB^ are expressed as a

fraction of the unit step Ab as

Kc " i

» + - R (sin x £- - sin A —)/Ab , (2.35)
2 R R

Kt • i

(2'36)

"P " i
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( 2 * 3 7 )

l f *C,t,p ± XcB,tB,pB ' K C,t ,P -

and i f x < x_B « .»_«» *„ «. n < 0

C t P CB,tB,pB C t p

Equation (2.10) is expressed by

*<V • I £ W(KCt,p>H If Cft'P (2.38)

Next, the coordinates X K , Y K of the central points BR of each

channel of the detector mist be represented in wavelength scale.

The wavelength A R for channel BK can be expressed by

\ - 2dsin(tan"1yK/xK) . (2.40)

For the linear source, the straight line A R is scanned at a

unit interval of Aa. The coordinates of the M-th point A» of the

linear source are given by

(2.41)

+ R , (2.42)

here ^ 2. *g for H 2. 0 and xR < XB for N < 0 .

d^
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The standard values of the parameters used in this calcula-

tion were set at 4a»lxlO~*cm, Ab»lxlO~3cm and A»«lxlO~2deg to

save computation time, although they can be changed for a dif-

ferent /arrangement or different sices of the spectrometer and the

x-ray source.

4. Results of Calculation

4.1 Linear source

4.1.1 Choice of parameters and the resolving power of the

crystal spectrometer

The important factors related to the resolving power of the

spectrometer are mainly the radius of the Rowland circle R/2f the

characteristic constant G, the size 20 of the crystal* and the

central glancing angle 9 , The results of ray tracing with three

values as parameters are shown in the following. The detector is

placed with its surface perpendicular to the reflected x-rays,

while the linear source is placed on the straight line RA , as

shown in Fig.7. The spectral profile has been found not to

depend on the distance from the crystal to the x-ray source. The

standard values of the parameters are R/2 « 50cm, G • 2x10 r 20

- 3.8cm,.9 « S> « 28°' 2d - 4.027A and A - 2dsin28° - 1.89056A,
OB O

where A B is defined as the wavelength which satisfies Bragg • law

for a given GQ.

Firstr spectra with the radius of curvature R as a parameter

are shown in Fig.9. The other parameters are fixed. The spec-

tral width increases with increasing R, and this is ascribed to
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-5 -A -3 -2 -1 0 1 2
Distance (cm)

A 5X10
r2

Fig. 9 Spectra for a linear source with the radius of

curvature R as a parameter. Bach spectra is normalized

to unity at the peak. The abscissa shows the distance

along the surface of the detector frosi the peak position

predicted by eq.(2.40). The wavelength dispersion depends

on R (20 - 3.8cm, 6 « 28deg, A - 1.89056A, 6 - 2xlO3 and
O O o

the detector is placed with its surface perpendicular to

the reflected x-ray. These values of the parameters are

oomaon to the subsequent figures, except where stated

otherwise).
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increasing dispersion. When R <^60car the spectra are not sym-

metrical and have a shoulder on the shorter wavelength side. The

reason for this is that the crystal is too large compared with

the Rowland radius. We discuss this point in section 5 in

detail.

Secondlyr Fig.10 shows spectra with R as a parameter for

02x10 (This value of G is approximately equal to that of a

Ge(220) crystal). The resolving power is obviously better than

that in Fig.9. For R £ 100cm* howeverr a shoulder again appears

on the shorter wavelength side.

The resolving power as a function of R is shown in Fig.11

for two values of 6 corresponding to Figs.9 and 10. As the value

of G increases (the FtfHM of the rocking curve decreases), the

resolving power is rapidly improved. With increasing or

decreasing R, the resolving power approaches a constant value.

For large R, the resolving power is determined only by the FWHM

of the rocking curve, which depends uniquely on the crystal used.

With decreasing R, the spectra are distorted, and the resolving

power is determined mainly by the shoulder on the shorter

wavelength side. In practice* since the FWHM of the rocking

curve increases with decrease in R because of the distortion of

the lattice spacing, the resolving power drops further. " If the

crystal is made smaller with decrease in R, the resolving power

can be kept constant, as shown by the dashed line in Fig.11.

Therefore, the size of the crystal should be determined mainly by

the radius and the characteristics of the rocking curve of the

crystal.
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- 5 - 4 - 3 - 2 - 1 0 1 2 3
Distance (cm)

5x10

Fig. 10 Spectra for a linear source with R as a par—tar.

Each spectnai i s noxBialized at the peak (G * 2x10 ) .
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10
Crystal radius (cm)

Fig. 11 Resolving power of the spectrometer as a function

of R (based on Figs.9 and 10}.

Solid lines: size of the crystal is fixed at 2VQ- 3.8cm.

Dashed lines: size of the crystal is decreased in

proportion to decrease in R.
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-5 -4 - 3 - 2 - 1 0 1 2 3 4 5x102

Distance (cm)

Fig. 12 Spectra for a linear source with the sire of the

crystal 2UQ as a parameter. Each spectra* is normalized

at the peak. The abscissa is matured in wavelength also.
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Third, rig.12 snow* the results of ray tracing with the size

of the crystal as a paraaeter. In the region 2DQ ,> 6cm, the

spectrim is not. symmetrical and also has a shoulder on the

shorter wavelength side. The peak intensities of the spectra in

Fig.12 are plotted in Fig.13 as a function of the size of the

crystal. In the region 2U >, 4cm, the peak intensity clearly

becomes constant. This shows that a suitable sice for the

crystal in this spectrometer is about 2U • 4cm.
o

Fourth, spectra with the glancing angle $ as a paraaeter

are shown in Fig.14. In this case, the wavelength of the inci-

dent x-ray is changed corresponding to each glancing angle. Nhen

the glancing angle $ is less than 10°, the distortion of the
o

spectral lines becomes dominant. With increasing glancing angle

A # the spectra apparently spread* because of increasing disper-

sion. However, the resolving power increases. It is shown in

Fig.lS that the resolving power can be changed by the glancing

angle. Actually, the characteristics of the rocking curve in al-

most all crystals vary with the glancing angle, but for LiF(200),

the FNHM of the rocking curve does not change. Therefore, it

seems that the behaviour of the curves in Fig.15 does not essen-

tially change.52'56)

4.1.2 Features of x-ray lines recorded over the wide spectral

range

The profiles of spectral lines observed with a position-

sensitive detector (or a film) set with its surface perpendicular

to the reflected x-ray and at the central glancing angle 0 of

28° are shown in Fig.16. This figure shows profiles with the
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0 2 4 6 8 K)
Crystal size 21^ (cm)

Fig. 13 Relative peak intensity as a function of 2tJ

(based on Fig. 12).
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-3 - 2 - 1 0 1 2 3
Distance (cm)

Fig. 14 Spectra for a linear source with the central

glancing angle 9 as a parameter; 6 Q is the Bragg angle

for the wavelength X. Each spectra* is nonulized at

the peak and is traced with the saae scale for the

distance along the detector.
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ao

10
0 20 40 60 80
Glancing angle

Fig. 15 Relative peak intensity of the spectral line and

resolving power of the spectrometer as a function of 0

(based on Fig. 14).
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Wavelength (X)
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Fig. 16 Spactral profile for tha linaax aourca with X as a paraaatar. X-raya ara obaarvad

with a poaition-aanaitiva dataotor plaead with its surfaoa parpandicular to tha

raflaetad x>raya. Ona division of tha aoala is 1.5xlO~3A.



wavelength of the incident rays as a parameter. The profiles do

not depend on the distance from the crystal to the linear source*

but on the deviation of the detector from the Rowland circle.

The exact focussing point in this detection system is B only.

When the peak point of the spectral line along the detector is

separated further from point BQ on the Rowland circle, the spec-

tra become greatly distorted. The relative peak intensity and

the resolving power calculated from each spectral line in Pig.16

are shown in Fig.17. When two neighbouring lines A,, A, of equal

Intensity are measured in this situation, there is a possibility

that the apparent relative peak intensities of these lines may

differ considerably, if A 2 is appreciably different from A2*

Therefore, special attention must be paid to measuring the rela-

tive intensities of spectral lines with a position-sensitive-

detection system.

Next, we must consider at what distance from the linear

source the spectrometer should be mounted. The relative peak in-

tensity is shown in Fig.18 as a function of the distance from the

crystal to the linear source. The closer the linear source is to

the crystal* the greater the intensity of the spectral line.

With this spectrometer, the change in intensity is, however, not

so great.

4.2 Point source

4.2.1 Choice of the position at which the point source should be

set
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Vtotveiength (£ )

Fig. 17 Relative peak intensity of the spectral line and

resolving power as a function of X (based on Fig.16).

- 43 -



20 40 60 80
Distance L(cm)

100

Fig. 18 Relative peak intensity of the spectral lii» as a function of the distance I.

from the crystal to the linear source.



The glancing angle 6 of the ray from the point source Q

varies largely depending on its direction. Therefore, the

wavelength region which can be observed simultaneously is limited

by the size of the crystal. In this case, only part of the

crystal is used to record the spectral line.

The region of the detectable wavelength A_ is deternined by

the size of the crystal and the distance L from the crystal to

the point source. It is shown in Fig.19 as a function of the

distance L. It increases as the point source moves away from

point AQ ; Ap is given approximately by

where

2dsin(0R) 2d>in(0L)

2dsin(0R)ss2d«in(6>L)

and 2dsin(0L) < A^ < 2dsin(6R)

for

for

for (2.43)

9R " <*R

- tan"1

(2'45)

(2*46)

(2.47)

The relative peak intensity of the spectral line detected

with the Johann and Johansson type spectrometers is shown in

Fig.20 as a function of L. The closer the point source ap-

proaches point Ao, the greater the peak intensity, i.e., the
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XX)

Fig. 19 Detectable wavelength region a« a function of the distance L tram the crystal

to the point source.
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20 40 60
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80

Fig. 20 Relative pHk intensity of the spectral line

as a function of L.
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rang* of A D and the peak intensity of the spectral line are in

contractive relation.

The most suitable position of the point source is determined

fro* Pigs.19 and 20 according to what detectable region and peak

Intensity are required.

4.2.2 Relative peak intensities among the spectral lines and the

scaling of wavelengths

The relative peak intensities of spectral lines vs A tot a

fixed value of $Q are calculated for three different settings of

the position-sensitive detector. They are shown in Fig.21. The

point source is placed at L • 10cm and L • 20cm. The curves

differ greatly fro* those in the case of the linear source shown

in Fig.17. The profiles and the FHHM of the spectral lines

hardly change with wavelengthr whereas the profiles for the

linear source change considerably as shown in Fig.16. This scans

that an x-ray radiated fro* the point source is reflected through

a mail area of the crystal and, furthermore, it varies for each

wavelength.

. The fact that the x-ray is reflected through a small area

only, plays an important role in scaling of the wavelengths.

With a Johann type spectrometer* the wavelength is usually scaled

by eq.(?*40). The position of the spectral line determined by

eq.(2.40) fox a given wavelength is defined as the regular

position in this paper. The x-rays from Q in directions other

than QD dp not fall into the regular position. This is because

these x-rays are reflected at a certain point apart from O.

Therefore, the peak of such a spectral line deviates from the
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Fig. 21 Relative peak intensity of the spectral lines

v» the wavelength.
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Perpendicular
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Wavelength (A)

Ilg. 22 Deviation of the peak of the spectral lines from

the regular position. The signs + and - on the ordinate

stand for the shorter and longer wavelength sides,

respectively.
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regular position. The deviation from the regular position is

shown in Fig.22. It is different quantitatively and qualita-

tively for three settings of the detector, and is sensitive to

the distance 55.

4.2.3 Effect due to shot-to-shot fluctuation in the position of

the plasM spot

When a point plasma has shot-to-shot fluctuation in its

positionr we must take into account how much error the positional

fluctuation of the point source import to the wavelength for

spectroscopic measurement with a Johann type crystal spec-

trometer. The deviation of the point source from the position

where it should be placed shifts the spectral line from the true

wavelength. The effect due to fluctuation of a point source

placed at L - 20cm is shown in Fig.23. Here, AS means the fluc-

tuation of the point source in the direction normal to the

straight line AQD. The position of the spectral line for

|As|,<2mm does not deviate from the regular position for As » 0.

For |As|>2ma, however, the deviation is appreciable. Conse-

quently, a spectral line shifted from the regular position may be

misinterpreted as being another spectral line with a different

wavelength. Generally, we need many shots to record spectral

lines on a film with a point source. This means that the

resolving power of the spectrometer is lowered and the fluctua-

tion of the point source effectively reduces the reliable

wavelength regionr which means the useful spectral range in in-

tensity, while the, detectable region apparently increases.
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u>9056

Wavelength (A)

1892

Fig. 23 Deviation of the spectral lines from the regular

position as a function of the fluctuation AS in the position

of the point source. The + and - signs of AS stand for

an increase and decrease in the y coordinate of the point

source, respectively! AS - 0 Means the regular position

corresponding to X (« 2dsin28* - 1.89056A). The intensities

of each spectrum are normalized at the peak positions.
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As an example, in the case of a point source placed at L «
e

20cm, the detectable wavelength region is 1.81 - 1.99A and the

resolving power is about 1600 without fluctuation. However, with

fluctuations of j<ds|<lm*, the reliable wavelength region is 1.82
o

- 1.97A and the resolving power is 1000 - 1600. Moreover, with
fluctuations of |4s|<2am, the reliable wavelength region is 1.84

o
- 1.95A and the resolving power is 800 - 1580. If the spectral

o
range is liaited to 1.87 - 1.91A, the resolving power becomes

1580 - 1600 and 1500 - 1580 for {As|<l»a and |Asl<2mm, respec-

tively. When the point source is kept outside the Rowland circle

or placed close to the crystal, the above phenomenon can be im-

proved, because fluctuations of a point source placed at such

positions causes only a small change in the path of the x-rays*

5. Discussion

5.1 Origin of the spectral distortion in the linear source

Figure 9 shows that a shoulder appears on the shorter

wavelength side of the spectrum for R « 40cm, whereas the spec-

trum is symmetrical for R • 100cm. The reason for this is as

follows. The glancing angle of the rays from Q can be calculated

from eq.(2.21)/ which is shown in Fig.24. The difference between

the glancing angle of 0 R at the right-hand end of the crystal and

that of # L «t the left-band end depends on L:

0 R < 0j, for Ii<AoD ,

) . (2.48)
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^ o 1
X coordinate on a crystal u(cm)

Fig. 24 Glancing angles of the rays fro* point Q vs the

position of incidence on the crystal with L as a parameter.

The abscissa is the x coordinate of the point of incidence.

The dashed lines Mean the FWHM of the rocking curve of the

crystal (for R « lOOca) .
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Tht glancing angle has a Minima* value at a certain point near D

when Q is very close to the Rowland circle, for example L • 46.2

or 47.8CB as shown in Fig.24. This means that the weight

distribution along the crystal has two peaks. However, the dif-

ference between the minimum glancing angle and the glancing angle

of 28° at the center of the crystal is within the FHHM of the

rocking curve. The weight distribution of the diffracted x-rays

along the crystal does not have so large dip between the two

peaks.

Similar results for R • 40cm are shown in Fig.25. Regions

I, II and III indicate the local parts of the calculated curves

which lie within tht FNBH of the cocking curve surrounded by the

two dashed lines, i.e., region I for L*19.4ca is -1.6£u&-1.15cm»

region III for L*18.2cm is 1.0<a<1.5cm, and the other parts

belong to region II. The ainiaua values of the glancing angles

are beyond the FWHM of the rocking curve for L • 18.2 or 19.4cm,

Then, the weight distribution of the diffracted x-rays along the

crystal has a large dip between the two peaks. Only the spectral

profiles diffracted from region II are symmetrical and are

recorded in the regular position B Q . The rays reflected in re-

gions I and III are recorded on the wavelength side shorter than

the regular position, although both rays have symmetrical spec-

tral features. Consequently, the spectral line has a shoulder on

the shorter wavelength side as the sum of the above two spectral

lines. The appearance of the shoulder suggests that such a

choice of parameters of the spectrometer is unsuitable.

Therefore, the point source can not be placed near the outside of

the Rowland circle (see Appendix).
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X coordinate on a crystal u(cm)

Fig. 25 The SMK as Fig. 24 except that R - 40ca.
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5.2 Comparison with experiment

In order to verify the validity of ray tracingf we compare

the calculated spectrum with the experimental spectrum shown in

Fig.26. The x-ray lines used are FeKj(. emitted from an x-ray
if*

tube. The x-ray source is about lmm in diameter. The detector

used is a photodiode array mounted tangential to the Rowland

circle.39'

The measured spectral line width (FHHM) of FeKtt̂  is 5.3eV

and. the calculated one is 4.lev. In order to perform an exact

comparison, the natural width of the x-ray must be taken into ac-

count in this calculation. The natural width of FeKs^ is about

2.65eV,57) and the spectral profile can be described as Lorent-

sian. Thus, the convolution is expressed by a. Voight function/

shown by the solid line in Fig.26. The measured width of the

spectral line is 5.5eV. This value is in good agreement with the

experimental value. Although the FWHM of the rocking curve of

LiF(200) used in this calculation is that of a plane crystal

before bending, bending to R • 100cm does not change the FNHM of

the rocking curve so much.

6. Conclusion

For the purpose of designing a concave-curved crystal spec-

trometer and understanding its characteristics, a detailed ray

tracing has been performed with a linear and a point source. The

most suitable relations between the spectrometer and the point

source can be found immediately using the present calculation.

One of the results of calculation is compared with that of ex-
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perintent* and a remarkably good agreement is obtained.

A concave-curved crystal spectrometer is mainly charac-

terized by its resolving power, sensitivity and dispersion.

These are determined mainly by the radius of the Rowland circle,

the size of the crystal, the characteristics of the rocking

curve, the glancing angle, the dimensions and position of the

x-ray source, and the sensitivity and spatial resolution of the

detector used. Of course it is best to mount the detector along

the Rowland circle. However, this can usually only be done when

a film is used. When a position-sensitive detector with a

linear-detection system is placed tangential to the Rowland

circle or perpendicular to the reflected x-rays, the parameters

should be determined so that the linearity of scaling in

wavelengths and the uniformity of the sensitivity are not lost.

We should also take into account the effect on the spectral lines

due to shot-to-shot fluctuation in the position of the plasma

spot.

- 59 -



Appendix: The Cause of the Spectral Distortion

A point source can not be placed near the outside of the

Rowland circle because of the spectral distortion. The cause is

described analytically in the following.

With the coordinates of the detector B sU s,Y a) and the x-ray

source Q(X,Y) fixed, Let us consider how Many light paths exist

which can satisfy Bragg s condition and link the two points.

When an x-ray line eaitted f roa point Q satisfies Bragg s

law at point P(u,v) on the crystal surface as shown in Pig.A.I,

the angle 6^ between the straight line QP and the x-axis is given

by

with

tan^ - u/yR2-u2 , (A.2)

tanfy - (TB-v)/(XB-u) , (A.3)

where fy and % are the angles between the tangent at point P

and the x-axis and between the straight line PB and the x-axis,

respectively. The y coordinate of point Q is given by

v - R - / R 2 - U 2 . (A.4)

The relation between points P and 0 is expressed by

• <Y-v)/(u-X) . (A.5)
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Fig. A.I Focussing systsas of • Johann type crystal

spectrometer.

- 61 -



Thus, we have the following expression from eqs.(A.l),

(A.2), (A.3) , (A.4) and (A.5);

Au* + Bu3 + Cu2 + Du + E • 0 , (A.6)

A - 4[X2 + (R-Y)2][Xg
2 + 2

B - -4R2{X^[(R-Y)2 + X2] + X[<R-Yg)
2 +

C - 4R5(Yg + Y) - 6R
4(VgY - XgX)

-3R4[(Yg + Y )
2 + (Xg + X)

2]

+8R3[Y(Xa
2

-4R2(Xs
2 + Yg

2)(X2 + Y2) ,

D - 2R4{<Ya-Y)[xa(R-Y)-X(R-Y1)l + 2X.XCX, + X)}

XYS)[X(YS-2R)

For example* when R - 100CM, $Q > 28deg, 2UQ « 3.8ca, %m >

Rsin0ocos6^r Ya • Rsin 6Q (Bg is on the Rowland circle as shown

in Pig.A.I) and the x-cay source Q is on the straight line A D

inside the Rowland circle, there is only one x-ray path which can

link the two points Q and Bg (L<A^D-46.95C»). But when the point

source Q is outside the Rowland circle, there are two or three

solutions (46.95<L£47.01c*). The surplus solutions make the fea-

ture of the spectral line complex, as shown in Fig.A.2. When

L<43cm and I£.51cm, the spectrometer has good spectral profiles.

For 43<L<51cm, the spectral profiles, however, have a long wing

or a second peak on the short-wavelength side except for the ex-

- 62 -



a-
4555

t 169056 f
1.88966 IM56

4&S5 4735 4V

46.05 4655

4635

Wowttngth (A)

Fig. A.2 Spectral variation for a point source with the

position of the source as a parameter. The point source

is placed -on the straight line A D and the detector is placed

tangential to the Rowland circle at point B as shown in

Fig.A.I. L is the distance QD from the central point of

the crystal D to the point source Q. The ordinate is the

spectral intensity normalized to unity at the peak point.

The abscissa is the wavelength, and the scale for (a) to (i)

is the same. All the incident wavelengths, which are

indicated by the center lines in each spectrum, are

A • 2dsin9 * 1.890563V.o
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tremely sharp profile at L*46.95ca (»A D ) . The sudden drops on

the short wavelength side in Fig.A.2 {c) and (g) are due to the

linitation of the size of the crystal used in this calculation.

The distortion of the spectral profiles is caused by the surplus

solutions Mentioned above. Thereforer the ideal point source can

not be placed near the outside of the Rowland circle.
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CHAPTER III

CHARACTERISTICS OF CONCAVE CURVED CRYSTALS

FOR X-RAY SPECTROSCOPIC MEASUREMENTS

In toroidal devices for thermo-nuclear fusion research iron

ions are an important impurity from the viewpoint of the energy

balance and also for plasma diagnostics. The Ko( lines from the
o

iron ions lie at a wavelength shorter than 2A. in its spectral

range lithium fluoride» germanium and quartz are generally used

as a crystal for the spectrometer.

A Johann type crystal spectrometer with photodiode array

(PDA. Reticon RL-1024S) as a position-sensitive detector has been

constructed ' for diagnostics of the x-ray lines radiated from

the high-temperature plasma in the toroidal device. The concave

curved crystal for the spectrometer must be replaced according to

the wavelength of a spectral line to be measured and the purpose

of the experiment, because each crystal has an inherent lattice

spacing, a reflectivity and a resolution power. For example, the

measurement of time-behaviour of the ions in different charge

states requires a crystal with high reflectivity whereas the

measurement of Doppler temperature T^ requires one with high-

resolution power. Characteristics of the crystals needed in such

experiments should therefore be known.

Although the characteristics for a plane crystal have been
CO CO BQ\

reported by many authors, " " ' those for bending crystal have

been reported by only a few. Moreover, these reports do not
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involve a description of the spectral profile to be recorded

which is especially needed for plasma diagnostics, though the

structure of-the crystal is described in detail. Therefore, the

characteristics containing the profile and the FWHM of the

recorded spectral line were examined for these crystals and com-

pared.

For the experiment, crystals with the same bending radius

are prepared. X-ray source is a conventional x-ray tube set at

the point where the distance from the center of the crystal to

the source is 21.4cm. The results for FeK«(. 4 are shown in
1,2

Fig.27. The detector PDA is placed tangcntially to the Rowland

circle. The width and height of each channel of PDA are 25)1* and

2.5mm, respectively. Data are summariied in Table II* The rela-

tive sensitivity is directly calculated from the relative inten-

sity at the peak of FeK*^ in Fig.27. However, the sensitivity

depends on the distance from the crystal to the source, the in-

tensity distribution and the size of the source. The resolution

power can be calculated with the deconvolution by a ray

tracing37* from the FWHM of FeKc^ shown in Fig.27. In the cal-

culation a Gaussian is assumed as a rocking curve and a natural

broadening with the FWHM of 2.46eV is described as a I>orentzian.

In order to evaluate the difference in characteristics among

the crystals for x-ray spectroscopic measurements, the spec-

trometer was applied to the high-temperature plasma (T as 2keV,
21 —3n^ ac 10 cm ) produced by a vacuum spark. Iron Kd. lines are

used as a spectral line for comparison and results are shown in

Fig.28. The spectra which are recorded on Kodak no-screen x-ray

film are obtained in about 400 shots while for quarts(2023) in
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Fig. 27 FeKa, - spectra measured with four different concave curved crystals.E3

The ordinate is normalized at the peak of FeKa- in intensity and the abscissa is the

number of the channel of PDA. The wavelength of FeKa, , are 1.9360 and 1.9400A, respectively.



Table II Characteristics of concave curved crystals.

Crystal

LiP(200)

2d Bending
spacing radius

(A) (cm)

4.027 100

Dispersion
at FeKct.

i

3.52x10-3

FWHM
at

(eV)
•HBStsmi

4.70

Relative
sensitivity

15

Resolving
power

(E/AE)

2010

oo

I

6e(220)

LiP(220)

Quarts(2023)

4.000

2.848

2.749

100

100

100

3.50xl0"3

2.09xl0"3

1.95X10"3

4.67

6.20

3.37

21

9

1

2040

1320

3740
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w
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195

w
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28 DensitoMter tracings of ft Ka spectra for four different crystals. The ordinate

is the photographic density. The interval in wavelength is scaled in proportion to the

actual length between the spectral lines on the recorded fila.



about 1000 shots. The profiles of the He-like and the Li-like Kc(

lines radiated from hot plasma are broadened by the shot-to-shot

fluctuation in the position of plasma production. The oxygen-

like Ko( lines are suitable as a line for comparison, since they

are radiated from a cold plasma without fluctuation. Only the

oxygen-like line measured with the quartz(2023) crystal is

clearly separated because of the inherent structure of its well-

regulated lattice spacing*

He note that both LiF(200) and 6e(220) have approximately

the same high reflectivity and the same intermediate resolving

power, whereas LiF(220) has a low resolving power. Ge(220) is,

however, slightly superior to LiP(200) at diffraction angles of

less than 25 degrees because of the distortion of the lattice

spacing of LiF(200). The qartx(2023) has a good resolving power

although the reflectivity is poor, so that it is applicable to

the measurement of the highly resolved spectrum.

- 70 -



CHAPTER XV

CURVED CRYSTAL SPECTROMETER

WITH A POSITION-SENSITIVE SOLID-STATE DETECTOR

1. Introduction

A Johann type crystal spectrometer has b«tn constructed,

because it has high sensitivity as compared with a flat crystal

spectrometer and high resolution regardless of the sise of the

x-ray source. Generally a position-sensitive proportional counter

has been used conventionally as an x-ray detector to obtain the

spectral profile.48* It has high quantum efficiencies (almost
o

100% at 3A with Xr gas) and a large sensitive area (about

I0xi00~200mm2). The use of this detector, however, is limited to

the case of the normal incidence of x-rays. The maximum rate of

detectable x-rays is about 2x10 counts per second. In addition,

the proportional counter can not be applied to the observation of

the x-ray lines emitted from plasmas with short duration of the

order of microsecond as seen in the high-density plasma.

Therefore, we use a photodiode array (PDA) as a position-

sensitive detector.

Up to this time, the spectral response of the PDA was
O fill

measured in a wavelength region of 2000 to 11000A. ' The sen-

sitivity of the PDA for x-rays was obtained by JCoppel62* only for

the normal incidence. In this chapter detailed characteristics

of the PDA and the spectrometer are described, which contain the
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angular dependences of the sensitivity and the positional resolu-

tion. These characteristics are investigated using a conven-

tional x-ray tube.

2. Outlines of the Spectrometer and the photodiode array (PDA)

2.1 Spectrometer

The Johann type spectrometer used is shown in Fig.29. The

crystal is LiP(200) with 2d spacing of 4.027A and the bending

radius 2R of 100cm (R:radius of Rowland circle). The size of the

crystal is 20x40mm and FWHH of the rocking curve approximates to

0.02 degree. The resolving power AfeA Cor the first order

reflection is about 2000 at FeKc^teMkeV) .38) The spectrometer is

mounted on an x-ray source through a lOOUm thick Be window

(10X40HM ) and is filled with He gas at one atmospheric pressure

after evacuation to about 10 torr for suppressing the outgas

from the PDA and keeping a dry atmosphere (moisture short-

circuits the scanner from the shift register and destroys the

PDA). An absorption of the x-ray by He gas can be neglected in

the range of the wavelength under consideration (<,4A). There

are two limited cases as a way for setting the detector, i.e.,

with its surface perpendicular to the reflected x-ray and tangen-

tial to the Rowland circle, depending on the purpose of the ex-

periment.

2.2 PDA

The PDA used in the present experiment is a Reticon self-

scanning photodiode array (RL1024S), which is shown in Fig.30.
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array /
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Fig. 29 Johann type crystal spectrometer mounted on the

conventional x-ray tube.
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Fig. 30 GeoMtry of a po»iUon-«en»itive »olid-«tate

detector of a self-scanning photodiode array (RL1024S).
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The sensor consists of 1024 eleaents (25^(mx2.5mm/eleaent) and is

covered with silicon dioxide ljj» thick for protection. The

thickness of the silicon dioxide and the depth of the n-type

silicon substrate are related to the sensitivity of the H » .

That is, the absorption of x-rays in the silicon dioxide leads to

a loss in sensitivity and the absorption in the silicon substrate

leads to an acquisition of the sensitivity.

The diodes consist of diffused p-type silicon in the n-type

silicon substrate and each eleaent is connected through a NOS

transistor switch to an output line. X-rays incident on the sen-

sor generate charges which are collected after diffusing In the

silicon substrate and stored on the p-type silicon during the in-

tegration period previously set for measurements. The ac-

cumulated charges are then sequentially switched by the HOS tran-

sistor with the signal from the shift register into the output

line. The charges generated by the x-ray incident on the n-type

silicon between two p-type silicons aay be divided among the ad-

jacent diodes. In our circuit the signal charges accumulated per
—12channel (or element) are saturated at 14x10 coulomb and the

charges are converted into the count number with the ratio of

3.42x10 -coulomb/count. The minimum integration period, which

corresponds to maximum temporal resolution, is about 10msec. The

maximum integration period is limited by the dark current due to

the thermal linkage.

3. Sensitivities of the PDA. and the Spectrometer
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3.1 Proportional counter

A proportional counter is used as a standard detector for

calibration of the PDA, The efficiency F of the proportional

counter for normal incident x-rays can be calculated by

P « W(l-G)

where K and G are the transnittances of the front window and the

gas* respectively; 1 the path length of x-rays and f/i (product

of density and mass absorption coefficient) the linear attenua-

tion coefficient. The subscripts w and g mean the window and the

gas, respectively. The accuracy in the calculated efficiency of

the proportional counter is determined by those of the aass ab-

sorption coefficients and the geometrical size. Although x-ray

scattering in the material and temperature dependence of the gas

must be taken into account as a further investigation, they can

be neglected in the present experiment since the influence is

less than a few percents.

The efficiency of the proportional counter is measured ex-

perimentally by Loomis and Keith r based on the eq.(4.1). They

carried out the experiment using two proportional counters

mounted in tandem in order to avoid the uncertainties occured in

the mass absorption coefficients and the geometrical size* The

results showed high accuracy less than 1% in experimental error. .

Therefore, the calculated efficiency given by the eg.(4.1) can be

estimated to be within the accuracy of 10% for a proportional

counter with well-defined geometry when the accurate mass absorp-
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tion coefficients are chosen under careful consideration. 5~67'

The proportional counter used in the present experiment con-

lw«25xio""
4cm, ?w»sists of Be window and Kr gas* lw«25xio""
4cm, ?w»l.84g/cm

3»

1 »2.00cro and 9 -3.74x10 g/cm. The efficiency is shown in
g 9

Fig.31. The mass absorption coefficients^! and W used in the

calculation are given in refs.65-67.

3.2 Sensitivity of the PDA

The experimental results are shown by solid lines in Fig.32

for each detector placed tangentially to the Rowland circle and

perpendicularly to the reflected x-ray. The incident angle 0 of

the x-rays on the PDA in the case of tangential depends on the

Bragg angle 6>fi or the wavelength Ag by the following equation for

a Johann type spectrometer;

9 - 90°- *B

* 90°-arcsin(AB/2d} . (4.2)

In the case of perpendicular 6 is fixed to 0° independently of

eg.(4.2). The reflected x-rays are monitored with the propor-

tional counter instead of the PDA.

The sensitivity S of the PDA is in principle expressed by

E " " d ^ d "psus1«
s « n._.q..

 d d d ( l - e • " • ) . (4.3)
e

Here, E/£ is the number of electron-hole pairs created by an in-

cident x-ray, where E the energy of the incident x-ray and £ the

energy required to produce one electron-hole pair (3.66eV) in
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silicon, q the electron charge and *[ the collection efficiency of

charges; l-*l corresponds to the loss of the charges by the recom-

bination occurred in the silicon substrate. Other symbols are

the same as in eg.(4.1). The subscripts d and s mean the silicon

dioxide and silicon substrate (fd«2.22g/cm
3» fg-2.34g/cm

3). The

path lengths 1^ and 1, of x-rays incident on the PDA at an inci-

dent angle 9 are given by

ld - l^/cos© (4.4)

and

1, - l,o/coi0 , (4.5)

where 1 ^ and l g Q are the thicknesses of the silicon dioxide and

silicon substrate as shown in Fig.30, respectively} 1^-lxlO cm

and-1 -3.98xlO~2c*. The calculated result for0«O° and T »1 isso

shown with a dashed curve I in Fig.32. The increase in sen-

sitivity in the range of 4 to 12keV is due to the increase of the

number of electron-hole pairs created by the incident x-ray, and

the decrease in the range from 12 to 18keV is due to the increase

of the fraction of x-rays passing through the silicon substrate.

On the other hand, a calculational model of one-dimensional

field-free continuity equation for the sensitivity is devised by

Chester et al.68) and Koppel69):

d2p p E v -v y

dy L* w e D

where p is the concentration of holes in the diffusion region,

which is a function of the depth-wise coordinate y, measured from
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Fig. 32 Sensitivities of PEA measured in the present

experiment. Dashed curves I and II are based on the

calculations of eqs;(4.3) (for n»l) and (4.6) for normal

incident x-rays, respectively. The characteristic lines

used for the calibration are TiKct(4.51keV) , VKa(4.95keV),

CrKa{5.41keV), FeKa(6.4keV), CoKa(6.92keV), NiKa(7.47keV),

CuKa(8.04keV), ZnKa(8.63keV) , HLB^O.eTkeV),

WLYjdl.eikeV), YKo(14.92keV) , ZrKa(15.74keV) ,

NbKa<16.58keV) and HoKa(17.46keV).
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the lower edge of the depletion layer; IQ the incident x-ray

flux; and LQ the minority carrier diffusion length

Uo*5.79xl0~
3cm).

The calculated result is shown with curve II in Fig,32 for
« a

the case of perpendicular . Koppel reported that his experimen-

tal curve of the PDA in sensitivity can be fitted with the cal-

culational curve given by the eq.{4.6), and he gave the cal-

culational fitting curve as a curve for the sensitivity of the

PDA. Curve II obtained from the eq.(4.6) is, however, in

disagreement with our experimental curve. This is due to the

fact that surface recombination gradients are ignored and it is

assumed that all of the charges generated in both the P region

and the depletion layer contribute to the signal.

Thereforer in order to obtain a simple formula for the sen-

sitivity we derive the collection efficiency *( in eq*(4.3) from

comparison between the curve I and the experimental curve

perpendicular . The result is shown in Fig.33. With increasing

the photon energy E the collection efficiency 11 is considerably

lowered, since the increase in the diffusion length due to larger

penetrating depth of the incident x-ray gives rise to the in-

crease in the recombination rate of charges. It seems that each

point is linked with the linear equation of

1\» -0.026E(keV)+0.68.70) Using the relation we can easily derive

the sensitivity of the PDA for normal incident x-rays.

The dependences of the sensitivity on the incident angle of

x-rays are studied experimentally at fixed photon energies as

shown in Fig.34. In the case of TiKo(1 2 with relatively low

energy the sensitivity decreases with increasing incident angle.
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Fig. 34 Variations in sensitivity of PDA as a function

of incident angl* 8 of x-rays.
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It is due to the increase of the absorption originated from the

increase of the path length in the silicon dioxide. In the case

of ZnK4lf2 and MoKc^ 2' however, the sensitivity increases. it

is due to the increase of absorption in the silicon substrate and

the decrease of reconbination rate originated from the decrease

of the penetrating depth. The absorption in the silicon dioxide

is not dominant because of the relatively high energy.

The response of the PDA is compared with photographic den-

sity of Kodak no-screen x-ray film (NS-5T) as a function of inci-

dent photon fluxr as shown in Fig.35. The PDA shows the dynamic

range of the order of 5x10 • whereas that of NS-5T is of the order

of 10.

3.3 Sensitivity of the Johann type spectrometer

The sensitivity of the Johann type crystal spectrometer

generally depends on the sixe of the x-ray source and the

distance from the crystal tc the source, in addition to charac-

teristics of the crystal. In the present experiment the sen-

sitivity is calibrated by the x-ray tube with emission sixe of

about 2MH in diameter. The distance from the crystal to the

source is' fixed to 21.4cm.

The efficiency of production of characteristic x-ray from

the target has been calculated.71' These calculations, however,

include several unknown factors. Then, the emissivity of the

characteristic x-ray is monitored with the proportional counter.

An example of the pulse-height distribution is shown in Pig.36.

The radiant intensity K of FeKcL , is given by
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Fig. 36 Pulse height distribution observed using the proportional counter with the

resolving power E/dE of 6.3. X-rays are emitted with 20keV electron bombardment

on the Fe target.



I(Ka) 1

K - » -—- , (4.7)
* I{Ko + KB) AO«F

where N is the total photon number of characteristic x-rays

detected per second; I(Ke<)/I(K(<+Kp), the fractional abundance of

Kot. . lines and^Q, the solid angle of the proportional counter.

The sensitivity of the spectrometer obtained is shown in

Fig.37. The ordinate is scaled as the sensitivity per

photon*sterad of emissions from the x-ray source. The sen-

sitivity of the PDA is not included. The dashed line is the
^7 Y

result of the computational calculation by ray tracing , whic,h

is fitted to the experimental points. The distance from the

x-ray source to the Rowland circle is a function of the Bragg

angle 9 . The sensitivity increases when the x-ray source ap-

proaches to the Rowland circle. For determining the whole sen-

sitivity of the measurement system the sensitivity shown in

Fig.37 should be multiplied by that in Fig.32.

4. Spectral Profile

4.1 Spectral profile of characteristic KoL . lines

Profiles of characteristic Ti, Zn and MoKoL . lines are

shown in Fig.38 with the detector placed tangentially. These

spectral lines are normalized at the peak value of Kof . Altough

Ko<lr2 lines of Ti and Zn elements can be resolved for the first

order reflection, the MoKrf12 lines can not be resolved.

However, it can be clearly resolved for the third order reflec-

tion. The whole sensitivity, in which the sensitivity of the PDA

is taken into account, is as follows;
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Fig. 37 Sensitivity of the spectrometer. It does not include

the sensitivity of PDA. The ordinate is normalized at the

emissivity per photon*sterad from the x-ray tube. The

distance from the crystal to the source is fixed to 21.4cm.

The characteristic lines used for calibration are the same

as Fig.32. The dashed curve is a computational result by

ray tracing and is fitted to the experimental values.
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ZnKO(, „ lst:2nd = 11.1:1

s

for the total intensity of Ko^ 2,

MoKoL _ 1st:2nd;3rd:4th = 512:284:8.7:1
1 ,Z

1st :2nd = 9.7:1

lst:2nd:3rd:4th = 88.7:49.2:4.4:1
j.

for the peak intensity of Ko(,.

The resolving power is estimated to be roughly 1500-2000 for

Ko^l 2 l i n e s o f T i t 0 2n< Especially, the resolving power for

ZnKof. _ lines at the second order reflection is expected to ex-

ceed 104.

4.2 Blooming of the PDA

The profile of FeKo^ 2 observed with the PDA placed perpen-

dicularly is compared with that measured by scanning the propor-

tional counter with the incident slit of 30Um in width, as shown

in Fig.39. The agreement between these spectral profiles is ex-

cellent. The spectral line from the PDA/ however, has wide wings

indicated by two arrows in Fig.39. This is due to the blooming

of the PDA.

For measuring the blooming a monoenergetic x-ray beam

(8.64keV) collimated by an aperture of lOOjum in width, which cor-

responds to four channels of the PDA, is incident on the PDA

placed perpendicularly. The result is shown in Fig.40. The

figure shows that the charges produced by the collimated beam

widely diffuse beyond 10 channels. The diffused feature of these

charges, however, is considered to be a function of the incident

angle of the collimated beam on the PDA. Figure 41 shows the
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: PDA
: Ptoportionat counter

1935 o U940
Wavelength (A)

1945

Fig. 39 Comparison between the profile of FeKot, observed

with a proportional counter and FDA. The profile fro* the

proportional counter, which is obtained by scanning it

with the incident slit of 30)i», is shown as a standard

profile of the line. The profile fro* the PDA has wide

wings denoted by two arrows. It is due to the blooming

of the PDA.
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10 20 30
Number of channel

Fig. 40 Blooding of PDA. An x-ray beam collimated by

lOOum-width aperture is incident on the PDA perpendicularly.
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Ul

10 20
Number of channet

Fig. 41 Variations of the blooming of PDA with a parameter of incident angle 6.

The profiles for the incident angles of 40 and 60 show asymmetrical features

due to the blocking.



features as a parameter of the incident angle. The apparent

width of the incident beam varies as 100um/cos$r although the

true width is fixed at lOOjm. The ordinate is given in a linear

scale and the profile is normalized at the peak position. The

profile in the case of 0*0° is the sane as that in Fig.40. In

the case of 9*40° and 60° these profiles have a shoulder at

larger channel number. The phenomenon nay be interpreted with

competitive relation between the penetrating depth of x-rays and

recombination rate of charges.

5. Application to Plasma Diagnostics

The PDA is applied to the x-ray spectroscopic measurement of
42)

high-temperature plasmas produced in a vacuum spark ' and the

spectrum is compared with that recorded on a Kodak no-screen

x-ray film (NS-5T). The results are shown in Fig.42. Ko( emis-

sions from highly stripped ions are too weak to be recorded in a

single discharge. Therefore# we use LiF(200) (Johansson type)

with a Rowland circle of 4 inches. The PDA and the photographic

film are placed tangentially. The spectral lines of FeXXZV and

FeXXV with the PDA are not resolved* whereas those with the

photographic film are resolved certainly. It is due to the

blooming of the PDA. However, for a considerably wide spectral

line lying over several channels of the PDA the blooming can be

neglected as shown in Figs.38 and 39 except for the wings of the

spectral line. The blooming becomes dominant for a narrow beam

and a sharp spectral line.
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Af : ''Nil',

1B0 o 1.90
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Kodak NS-5T

1.80 o 190
Wavelength (A)

Fig. 42 Pe Ka spectra observed fro« a high-ten^rature

plasaa produced in the vacuun spark. The spectra are

obtained in a single discharge.
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6. Conclusion

A curved crystal spectrometer with a position-sensitive

solid-state detector of a photodiode array (RL1024S) has been

constructed. The sensitivity of the PDA for x-rays is measured

using a proportional counter as a standard detector. The spec-

trometer is calibrated for a conventional x-ray tube* The

characteristic x-ray lines are obtained at the lst/ 2nd, 3rd and

4th order reflections of the crystal. Especially, ZnKcL . lines

at the 2nd order reflection is observed with resolving power ex-

ceeding 10*. The blooming of the PDA is studied for the profile

of FeKc<1 2. it affects only the wings of Bpectral profiles.

Furthermore, the PDA is applied to the x-ray spectroscopic

measurement of high-temperature plasmas. The resultant Fe Kd

spectrum shows a spread over several channels due to the

blooming, as compared with that recorded on a Kodak no-screen

x-ray film.

The most noticeable point for performance of the PDA is, in

addition to its high spatial resolution of 25jmm, the fact that

the spectral profile is observable even if an x-ray line is inci-

dent on it with inclination. Then, the spectrometer is used
n ir

generally in the case of tangential . The use of this geometry

presents the small-scale spectrometer with high resolution and

high sensitivity. The active recording system using the PDA is

useful for the x-ray measurements also in other related fields in

addition to the plasma diagnostics.
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CHAPTER V

VACUUM SPARK

The vacuum spark haB been constructed in order to study the

structures of highly stripped ions in firBt transition elements

including their satellites and their behaviours in the high-

temperature plasma. Schematic drawing of the vacuum spark is

shown in Fig.43.

The discharge is initiated by irradiation of an anode with a

lOOmJ, lOnsec pulse from a YAG laser. The plasma feature

produced by only laser irradiation without charge to a condenser

bank has been studied using an image-converter camera. The

resultant photographs are shown in Fig.44. From the figure it

can be seen that the plasma diffuses toward the cathode made of

copper-tungsten and the plasma front reaches the cathode after

about 300nsec of the laser irradiation.

When the condenser bank with total capacity of 28J1F is

charged, the initial plasma produced by the laser irradiation

closes the circuit from the condenser bank. Electrons concen-

trate on the top of the anode and make the anode material

evaporated. The main plasma formed with the anode element is

produced in the space between the anode and cathode (see Fig.47).

Figure 45 shows a dl/dt signal from a calibrated Rogowski loop.

From the figure, a maximum current of 220kA is reached in 3usec

at charged voltage of 16kV. The circuit inductance is about

lOOnH. The significant dips in the signal are approximately
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100mJ 10MW 1.06/jm
YAG laser (for trigger)

Focus tens

Glass window

Cu-W
Cathode

To pump

Anode'

100/jrn
Be window Spectrom-

eter

0 2 A 6 cm

•SUS Q C U a Insulator ES Brass

Fig. 43 Cross-sectional view of the vacuum spark with

cylindrical discharge chamber.
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0 2 A 6mm lOnsec

t2=22O tA=420

Fig. 44 Pulse formation of the YAG laser for a trigger of

the vacuum spark and franting photographs of a plasma

produced by only the laser irradiation. The photographs

are obtained using the image-converter camera taken wivii

visible light. The first photograph is exposed at 120nsec

after laser irradiation. The exposure time for one

photograph is 20nsec and the interval is lOOnsec.
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0 1 2 3 A 5
Laser on t (/jsec)

Fig. 45 Oseillograms showing the dl/dt signal from the

Rogowski loop.

5 10 15 (mm)

Fig. 46 Features of the Fe anode before and after 50

discharges.
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coincident with each x-ray pulse signal. They suggest pinches of

the plasna coluan related to production of high-teaperature plas-

mas.

In order to produce the high-teaperature and high-density
• •

plasma successfully* so called hot spot , the capacitor is

usually operated at 12 to 18kV. Figure 46 shows two photographs

of Fe anode taken before and after 50 discharges. The dip like a

crater or a cavity is seen at the top of the anode. It aeans

cylindrical plasaa production along the anode-cathode axis.

The anode is attached to the top of a copper electrode. The

distance between the anode and cathode is about 5aa. The chaaber

is evacuated to a pressure of about 10 torr and the spark is

initiated at this pressure.



CHAPTER VI

SPATIALLY RESOLVED Krf SPECTRA OF TWO-STRUCTURE PLASMAS

IN THE VACUUM SPARX

Intensity ratios of Ko( lines from He-like and Li-like ions

were measured in the vacuum spark plasma and the parameters were

determined consistently42* (see Table V ) . It is shown that the

vacuum spark plasma is of high temperature (T2:2.2keV) and high

density (n atio2 cm" 3)* The production mechanism of the plasma

has been studied in relation to the plasma behaviour.32'73~75)

All Kel spectra from the vacuum spark plasma of titanium through

zinc contain x-ray emissions from every ionized stage of the

element,43* e.g., Fell-FeXXVl (see Fig.71). Similar Kef spectrum

is obtained also in plasmas by CO- laser irradiation. Such

x-ray emissions can not be expected from calculations under as-

sumptions of coronal equilibrium. Therefore, physical explana-

tion is needed in order to understand the spectrum.

Feldman et al. showed, using absorption method by Ross

filters for spectral resolution and a slit for spatial resolu-

tion, that the vacuum Bpark plasmas as an x-ray source are com-

posed of hot compact sources and cooler larger sources. However,

the experiment is not so clear to get knowledge as to the plasma

state or nature of the two-structure plasmas. In this chapter we

present the evident proof and the nature of two-structure plasmas

in the vacuum spark. The spatially resolved x-ray spectroscopic

measurements have been carried out for the first time in order to

J
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sake the nature clear. The vacuum spark plasma has no

reproducibility. Therefore, the photographs should be exposed in

a single shot. In the present experiment Ko( spectra are obtained

in a single shot successfully.

The image-converter camera is used in order to observe the

temporal behaviour of the vacuum spark plasmas. Figure 47 shows

photographs of two typical discharges taken in the framing mode

with visible light. Apparently cylindrical plasmas are produced

between the Fe anode and the Cu-W cathode.

Figure 48 shows the x-ray pin-hole photograph taken through

a lOOjlm Be window, 5cm air and an Al filter 7jUm thick, which
o •

transmits the x-rays of the wavelength below about 5A. The hot
• •- »

spots and the extended x-ray bursts are observed In every shot

regardless of the difference of the apparent plasma features in
a •

Fig.47. The sixe of the hot spots was estimated to be less

than lÔ lm in diameter from the blur of the appearances of the

spots on the exposed photographs when four pin-holes of 100, 200,

400 and lOOO^m in diameter were used.

A spatially resolved Ket spectrum obtained in a single shot

is shown in Fig.49. The crystal used is of Johansson type

LiF{200) with 2d spacing of 4.027A and Rowland radius of 10.16cm.

The spectrometer is mounted on the spark so that the cylindrical

axis of -he crystal may be parallel to the anode-cathode axis

(z-axis). The distance from the source to the crystal and the

total x-ray path length are 24.4cm and 33.7cm, respectively. The

300jtfm-width slit for spatial resolution is placed at 11.8cm from

the source.
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t!=l55jLis t3=U65 t5=175

MlMIM
t5«1.75

Cathode

0 2 A 6mm

Fig. 47 Framing photographs with the iaage-convcrter caaara

taken with visible light. Two iron discharges of (a) and (b)

show typical one dominated by syMMtrically linear pinch

and MED instability, respectively. The first photograph is

eiqoosed at 1.55psec after laser triggering. Ihe exposure

tiae for one photograph is lOnsec and the interval is 50nsec.
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Cathode

X-ray

Anode

3mm
Fig. 48 Time-integrated x-ray pin-hole photograph with

Fe anode. The pin-hole canera responds to the wavelength

o n M

region below about 5A. The hot spots reflect the size

of the pin-hole of 400pm in diaaeter. High-teKperature
M It

plasmas are not always produced, although the hot spots

can be observed in every shot.
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Ishot

190 p
Wavelength (A)

Fig. 49 Spatially resolved Pe Ka spectra recorded on a

Kodak no-screen x-ray filM (NS-ST) in a single shot.

These spectra show the case of one x-ray burst and

one hot plasaa. The ordinate shows photographic density.
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X-ray enissions from highly stripped ions such as PeXXIV,

FeXXV and FeXXVI are observed at z>3.65mm, whereas the maximum

emissions of characteristic x-rays FeKoC. _ at z«2.35m*. It is
J-r*

due to the fact that the substantial front of the anode electrode

is shifted l*y the iron cloud evaporated from the solid iron.

Therefore, these characteristic lines are hardly emitted from the

solid iron. From the spectrum the size of the hot plasma

(FeXXIV-XXVl) is estimated to be smaller than a few tens of
a m

micrometer, which corresponds to the hot spot . The plasma

parameters are roughly T^-2keV, n^l02lcm~3 and T^T^jionization

temperature22' (it shows that the hot plasma is predominantly

under the ionising phase). On the contrary, Kc( lines of M-shell-

ionized ions41* (Felll-XVIII) are emitted over wide space between

the anode and the cathode. Especially, Kof lines of FeXVIII-XX

are mainly emitted at the cathode side of the region (z»2.35cm)

dominated by FeKof. -. The source size of instantaneously emitted
T'2 .

FeKrf. , is about 500jUm and agrees with that of the x-ray bursts
lt2 - «

in Fig.48. Therefore, the x-ray bursts are dominantly due to

FeKc<1 2, although they may involve Kef lines from the slightly

ionized atoms.

In order to investigate more detailed spatial structure of

the extended or cool plasma a highly resolved K«f spectrum is ob-

tained in a single shot, as shown in Fig.50. The crystal used is

Johann type LiF(200) with Rowland radius of 50cm. The distance

from the source to the crystal and the total x-ray path length

are 40.4cm and 88.4cm, respectively. The slit width for spatial

resolution is 1.0mm and is placed at 11.4cm from the source.
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1.92 1.93 o 1.94
Wavelength (A)

Fig. 50 Highly resolved Fe Ka spectra with spatial resolution

recorded on NS-5T in a single shot. Ka lines are shifted

toward the cathode side with increase of the ionic charge.
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The features of the spatially resolved Kof lines of M-shell-

ionized ions agree with that of FeKof, ,, although the region of

the intense emission shifts toward the cathode side with increase

of the ionic charge of iron. Lee ' showed using a streak camera

that the plasma ejects toward the cathode. Proa these facts we

assert that the bonbardaent of non-thermal electrons onto the

front of the anode plasaa with sudden x-ray burst produces such

M-shell-ionized ions by electron iapact ionization. Then, the
79 801

release of several Auger electrons'" v' following the cascade

decay of inner-shell vacancies due to the electron impact must be

related to the production of the M-shell-ionized ions.

Cilliers et al.81> reported that He-like resonance line is

emitted after about 3nsec of Kcl radiation, and our experiments

also support the fact. All our Ko( spectra show that X«( lines of

FeXXV and FeXXVI are always accompanied with those of the

M-shell-ionized ions and FeXIX-XXI. Therefore, these ions may be

strongly related to the production of the hot plasma.

In conclusion, the hot plasma is thermal one (T~2keV) with

minute size ^not^10/4**» »o called hot spot . On the other

hand, the cool plasma is considerably non-thermal one with large

size tl()ol~'3i«i) and is produced at the cathode side of the space

dominated by the sudden x-ray burst . The region of intense

emission of almost all Ko< lines from Felll-XX shifts toward the

cathode side with the increase of the ionic charge.
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CHAPTER VII

KofAND K|3 SPECTRA FROM M-SHELL-IONIZED IONS

PRODUCED IN THE VACUUM SPARK

The position of Kof lines in multiply ionized stages of an

atom are mostly shifted to the short-wavelength side of the Ktf

x-ray lines of the atom (having only a ls-vacancy before the

transition) because of the reduction of the shielding by out«r

electrons. More than ten years ago, House ' carried cut the

theoretical Hartree-Fock calculations of the transition energies

for the 2p-ls transition in all stages of ionication for various

elements, averaging wavelengths over the various levels for con-

figurations with open shells. His calculations were the first to

show that the wavelengths of Ko( lines due to some M-shell-ionixed

systems of the first transition metals are shifted to the long-

wavelength side of the characteristic x-ray of the same element.

83)Experimentally, Schwob and Fraenkel and Turechek and
84)Kunze observed the shift of the Ko( lines toward the longer

wavelength side for Ti, Fe, Cu and Mo ions as pioneering work
81)

with a vacuum spark. Cilliers et al. ', however, reported that

no shift toward longer wavelengths could be established within

the accuracy of the measurements for Ti and Cu T.U lines.

Recently, Aglitskii et al. measured the shifts of the Ko(

lines for Fe and Ni ions and K0 lines for Ti ions produced by a

vacuum spark. They also carried out the theoretical calculations

for the shift of the Ko( and K(J lines in those ions, and gave

- 110 -



qualitative explanation for some features of Ko( and K(3 spectra.

But the precise structure of the shifted Ko( lines are not ob-

served in their spectraf since their Kc< spectra are obtained from

space integrated measurements. Their K{3 spectrum is not clearly

resolved. Horeoverr the contribution of the satellite lines to

the K{J spectrum are not taken into account in their explanation.

In a vacuum spark, a cylindrical cold plasma which produces

low ionized ions such as M-shell-ionized ions has a strong tem-

perature gradient along the z-axis of the discharger whereas a

hot plasma which produces highly ionized ions such as He-like

ions is localized in a small radius of about lOUm. Therefore, in

order to explain quantitatively the shift of Krf lines spatially

resolved spectra are needed.

In this chapter we present the high-resolution spectra of

the Kof lines with spatial resolution for Fe ions and the Kp lines

for Ti ions.

Figures 51 and 52 show the spatially resolved spectra of the

Ko( lines for Fe and Ti ions obtained in 40 and 140 shots to

achieve enough photographic dendity, respectively. The parameter

z(mm) indicates the distance from the top of the anode along the

z-axis of the discharge. The distance from the top of the anode

to the cathode is about 5mm. The spectra are recorded on a Kodak

NS-5T x-ray film. The crystal spectrometer is of a Johann type
o

with a Ge(220) crystal (2d*4.000A and 2R«100cm; R is the radius

of the Rowland circle). An entrance slit of a width 0.5an

between the crystal and the vacuum spark defines the spatial

resolution.
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FeKtt
(Z=26)

1.92 1.93 . 1.94
Wavelength (A)

Fig. 51 Densitoneter tracings of the spatially resolved

Fe Ka spectra. The lower solid curve shows a densitoaeter

tracing of the profile and the position of the

characteristic lines Ka., Ka_.
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TiKa(Z=22)

2.74 2.75
Wavelength (A)

2.76

Fig. 52 Densitcweter tracings of the spatially resolved

Ti Kot spectra. The lower solid curve shows a rtensitometer

tracing of the profile and the position of the

characteristic lines Xa^, Ka^.
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From the figures we can see that the peaks of the Ko( lines

move toward the shorter wavelength side as the observed point is

scanned toward the cathode. Negative z means x-ray lines from

the solid anode due to bombardment of energetic electrons oc-

curring in the initial stage of the discharge, which are not from

the plasma. Kof satellite lines having double vacancies in the

inner shell of initial configurations from several solids due to

the electron bombardment were investigated by Parratt ' and re-

cently, those having several vacancies from solid Fe were found

871
by Nigam and Kothari. However, the upper densitometer tracings

in Figs.51 and 52 denoted with negative z do not involve ap-

parently such satellite lines because of the weak intensities of

the satellite lines. Therefore, the movement means that the cold

plasma has a strong temperature gradient along the z-axis.

As mentioned above, spatially resolved spectra are needed to

examine the shifts of the lto( or K{3 lines in multiply ionized

stages of an element. In order to obtain high-resolution spectra

with the spatial resolution and a high signal to noise ratio in a

39)
single shot, instead of film, a photodiode array has been

mounted to the spectrometer. The use of this detector permits an

accurate wavelength calibration of the recorded spectrum by the

characteristic x-rays K<X _. The spatially resolved Ko( spectrum

for Fe is shown in Fig.53. The observed point is z*1.3mm. Al-

though the two peaks corresponding to FeKoL . radiated from the
i,4

plasma exhibit complex features, those features have good

reproducibility. The ionization stages indicated by arrows are

shown on the figure with the consideration of the theoretical

velues from House ' and Kagawa. ' The two peaks are due to
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1.930 1.935 1.940
Wavelength ( X )

Fig. 53 Spatially resolved Fe Ka spectnm obtained in a

single shot with the photodiode array. The lower spectrum

is the profile and the position of the characteristic

lines Ka_ obtained without Moving the detector.
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stages from Fell-XI. Then, the maximum value of the shift toward

the longer wavelength side of the characteristic x-ray Kof. _ for

the Fe ion is about 1.2mA (5.0eV).

Next, we present the Ti K{$ spectrum shown in Fig.54. The

ionization stages are determined as follows. For the higher

ionization stages (TiXIV-TiXVIII), the inner shells of the ions

involve double vacancies in the upper configuration of the K0

lines, e.g., TiXIV ls2B22p53p - Is22s22p5. These configurations

are less populated in the plasma than the configurations with a
DO)

single vacancy in the inner shells. ' Therefore, the Kj3 line

with the shorter wavelength in Fig.54 is of TiXIII.

Bach spectral line in the spectrum 1B clearly isolated. The

K(J lines for Till-V ions, however, are unresolved. Those ions

have some vacancies in the outer shells such as the 3d and 4s

ones in the initial configration. For the K(J lines from the

ions, the remaining electrons in the 3d and 4s subshells have al-

most no effect on the transition energy of the optical electron,

whereas the absence of electrons in the 3p subshell shifts the Kj3

line to a wavelength shorter than characteristic line K0, ,. The

results are summarized in Table III. The spectrum indicates that

the K{$ lines for Ti ions are not shifted within experimental ac-

curacy to the long-wavelength side of the characteristic line

He find also other weak spectral lines (a-e in Fig.54) for

the first time. The transition energies of these satellite lines

are listed in Table III. The Lyman-«( lines of B-like Ti and as-

sociated satellites due to He-like Ti are emitted in this region

(2.49-2.52A), so we investigated whether the features a-e were
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VII

VI

Ti KB
(Z=22) II-V

2.47 2.48 2.49 2.50 2.51
Wavelength (A)

2.52

Fig. 54 Densitoneter tracing of the Ti X$ spectrum

including the satellite lines a to e. Dashed lines and

solid lines show the relative intensities (on a linear

scale) of the H-like resonance line and the He-like

satellite lines, respectively.
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Table III Transition energies of Kf3 lines for Ti M-shell-ionized
ions.

Key Transition Energy (eV)

Ti II Is2s22p63s23p63d24s2

III Is2s22p63s23p63d24s

IV Is2s22p63s23p63d2

V Is2s22p63s23p63d

VI Is2s22p63s23p6

VII Is2s22p63s23p5

VIII Is2s22p63s23p4

IX Is2s22p63s23p3

X Is2s22p63s23p2

XI Is2s22p63s23p

XII Is2s22p63s3p

XIII Is2s 2p 3p

ls22s22P
63s23P

53d24s2

Is22s22p63s23p53d24s

Is22s22p63s23p53d2

o o *? o C

Is 2s 2p 3s 3p 3d

l s 2 2sV3s 2 3p 5

I.22s22p63823p4

l . 2 2 . 2 2 P
6 3 s V

ls22S
22p63s23p2

Is22s22p63s23p
, 2. 2n 6, 2Is 2s 2p 3s

2 ? fi
Is 2s 2p3s

, 2_ 2_ 6
Is 2s 2p

4931.8

4931.8+ 5.2

4931.6+13.6

4931.8+22.6

4931.8+31.1

4931.8+42.6

4931.8+53.5

4931.8+67.6

4931.8+83.2

a (Ti II-V)

b (Ti VI)

c (Ti VIII)

d (Ti IX)

e {Ti X)

4931.8-10.1

4931.8+ 9.4

4931.8+20.1

4931.8+33.1

4931.8+40.8

J.A.Bearden ' : Ti KB
1,3-

In spatially resolved KB spectrum each satellite line
spatially coincides with the Kg line in parentheses.
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due to these lines. The intensities and wavelengths of the

H-like resonance line and the He-like satellite lines are in-

dicated by lines in Fig.54. ' From the diagnostic measurement

the electron temperature was taken to be 2keV and the electron

density 10 cm . The intensity ratio of the components of the

resonance doublet Lyman-tf depends on the electron density. In

this case the ratio seems to be equal to unity. The relative in-

tensities and the wavelengths of these lines do not agree with

the weak spectral lines a-e. We also obtained another spectrum

of the same Ti K{3 lines with spatial resolution. The wavelengths

of the spatially resolved spectral lineB a-e are in the excellent

agreement with the R£ lines due to M-shell-ionised ions. From

these two reasons we identify the observed weak spectral lines

a-e in Fig.54 as satellite lines of Ti K0 lines from the
91)

plasma. ' However, the electron configurations of the ions are

not yet identified..

To summarize; the Fe Kd lines including FeXII-XVIII with

spatial resolution are observed by a photodiode array. The max-

imum value of the shift toward the longer wavelength side of the

characteristic lines Ko^, Ko(2 is about 1.2mA (5.0eV). Ti K0

lines including the satellite lines are observed also. The tran-

sition energies of the K(j lines for TiVI-XIII and their satellite

lines are obtained. Those spectral lines are applicable to the

x-ray spectroscopic diagnostics of a low-temperature plasma in

which non-thermal electrons exist.
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CHAPTER VIII

X-RAY SPECTRA FROM H-, HE- AND LI-LIKE IRON IONS

IN THE VACUUM SPARK PLASMA

1. Introduction

With an increase in electron temperature recently achieved

in fusion devices, H- and He-like metallic ions has become

dominant species of impurities in plasmas. In such plasmasr the

spectral lines emitted from these impurity ions fall in the re-

gion of the soft x-ray. Measurements of several x-ray lines from

these ions using a crystal spectrometer present useful informa-

tion both for diagnostics of high-temperature plasmas and atomic

physics in highly ionized system.

For example, the x-ray lines associated with transitions

from the n«2 levels to the ground level of He-like ions, i.e.,

the resonance line Is2p P, - Is SQ, the forbidden line

ls2s3S1 - ls
2 1S 0, the intercombination line ls2p3P1 - ls

2 1S 0 and

3 21
the magnetic quadrupole transition Is2p P, - is S. are very

prominent in the x-ray spectra. When such He-like lines and

their Li-like satellite lines are well separated with a high-

resolution crystal spectrometer, those strong spectral lines are

of special interest because their relative intensities give

valuable information on the electron temperature and density and

ionization temperature. The highly resolved Kot spectra are

measured in Tokamak plasmas of Ti, Cr and Fe ions by Bitter et
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al. and TFR group. ' ' ' Measuring the Doppler broadening of

the He-like resonance line by use of a high-resolution crystal

spectrometer, one can obtain the ion temperature T. in the cen-

tral region of the tokanak plasma. '

Recently, charge-exchange recombination has become important

for study of the behaviour of impurity ions during neutral beam
92 93)

heating. The charge-exchange recombination under the

neutral beam heating has a significant effect on the tolerance

limits of metallic impurities. When the charge-exchange between

hydrogen atoms and B-like iron ions which yields He-like ions in
94)

excited states takes place, ' subsequently the radiation due to

the recombination is emitted}
Ho + Pe25+

H+ + Pe 2 4 + + hV . (8.1)

Then, observation of the He-like resonance series lines permits

the direct measurement of the charge-exchange recombination for

H-like iron ions. However, the transition wavelengths have not

been determined yet.

This chapter describes the results of x-ray spectroscopic

observation of an iron plasma produced by the vacuum spark

discharge with a Johann type crystal spectrometer of high sen-

sitivity and high resolution. In this case we have a great ad-

vantage that the use of the spectrometer can eliminate the effect

of shot-to-shot fluctuation on the spectral broadening. Conse-

quently, x-ray spectra from the vacuum spark plasma were success-

fully obtained.
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All x-ray lines associated with K-shell which can be ob-

served fro* the iron plasma have been recorded. So far only the

transition wavelengths of FeKjJ lines were determined by Klapisch
89)et al. using the vacuua spark. In the present experiment the

transition wavelengthB of the He-like resonance series lines

arising from 3p» 4p, Sp and 6p excited levels were determined for

the first time. Both the fine structures of K(jJ Li-like and Ko(

He-like satellites are described in detail.

A highly resolved Kxt spectrum has been observed in high-

density plasma of the vacuum spark (the tokamak plasma is of low

density). The electron density and temperature and the ioniza-

tion temperature of the iron plasma are determined from the spec-
95)trtun, as compared with a calculation.

9G)

Bhalla et al. ' reported that the vacuum spark plasma was

dominantly in the ionizing phase only through the analysis of the

low-resolution Ko( spectrum. The relative intensities of the He-

like resonance series lines can also give the information on the

plasma state. The results have given the evident proof as to the

plasma.

2. Wavelength Measurement of Fe He-Like Resonance Series Lines

2.1 Calibration of wavelength

The characteristic x-rays from an x-ray tube were used »e

standard lines in order to calibrate the wavelength. For the

purpose the copper rod with the insulator of the vacuum spark in

Fig.43 was used as an anode electrode of the x-ray tube. Then*

the x-ray tube can be placed at the same position as the vacuum
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spark. In this experiment the x-ray lines from the plasma are

first recorded on a partially masked photographic film. The

standard lines are secondly recorded on the other part of the

film which remains unexposed with the mask. The film used is

Kodak NS-5T x-ray film, which is set tangentially to the Rowland

circle without bending.

The Johann type crystal spectrometer is mounted to the

vacuum spark through a lOO/im Be window. The radius of the Row-

land circle of the spectrometer is 50cm and the crystal is

Ge(220) with 2d spacing of 4.000A.

A schematic drawing of the spectrometer is shown in Fig.55.

The x-ray bean with a wavelength of Ai emitted from a point

source S Q toward point P^ is reflected at a glancing angle of &Bi

and intersects with a photographic film at point D... The Bragg

condition is satisfied as

$ B 1 - sin"
1(Ai/2d) . (8.2)

The photographic film is intended to be set tangential to

the Rowland circle at point D Q which is the intersection of the

beam with a wavelength of A Q reflected at the central point A of

the crystal at a Bragg angle of 8B(j. The position of S Q

specified by the distance t Q of SQA and the Bragg angle $ B o is

determined from the spectral range to be measured. '

With thus determined LQ and &BQ, the coordinates of the ac-

tual position of S(Xg,Ys) may be expressed by
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Crystal

A(0,0) / Eo E

• ~V—

B(0,R/2) N N ^ graphic
1*.

: LO*AL=SA y : D(XO*AX,YO*AY)

Fig. 55 X-ray path system of the Johann type spectrometer

and the position of the photographic fila to be recorded.

Dashed line denotes a path of the x-ray with wavelength X..
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Xs " ~(Lo + 4L)cos(0Bo +&&B) > (8.3)

(Lo +4L)sin(0Bo +A&h) , <8.4)

where 4L and dOQ are errors in LQ and 9^Q in setting the source.

The coordinates of point P^u^Vj) are given by

Ui * {"a2 ^J^ 2 " a l a 3 ) / a l ' ( 8 # 5 )

for a ^ o , respectively,

v i • R ~J*2 • u i 2 (8*6)

with

aa - (tan2©Bi + 1) f(R - YgJ2 + X8
2J, (8.7)

a2 . ^ - R)tan0Bi - XSJR2 , (8.8)

a3 « (Xstan9Bi + Yg)(2R - Xstan0Bi - Ys)R
2. (8.9)

Here, R i s the radius of curvature of the crystal. The

coordinates of point Dai(xaj/Yai* " e expressed by

u. t a n 6 p , - v . + (Y_+Air) + (X_+AX) tan(*^
X m J. « * X O O Q

(if 0<6Bo<45°, - and if *5°<«Bo<90°r +)

Ydi " U d i ' u
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with

<PO - 20 B o , (8.12)

XQ m Rsino^cosc^ , (8.13)

2 9 B o , (8.14)

+ 9px , (8.15)

- tan"1(ui//R
2 - u^) , (8.16)

- tan"1 p a - v^/li^ - Xg)], (8.17)- Xg)]

where y>o is the angle between the tangent at D Q and the x-axi«,

and the actual position of the photographic film is given by the

line which passes through a certain point D(XQ+AX, ?O+AY) and

makes an angle <fo+Aywith the x-axis, owing to eventual deviation

from the intended position D E .

The distance L,. between the two points of D,. and D,. cor-

responding to the standard lines with A1 and Air respectivelyr is

given by

(j - i - 1)

When L. is the observed value corresponding to L,., Ah,

AX, AY and A? can be determined so that L..-L.I are made minimum
I dj 31

to each standard line A..

Thus, we can obtain the calibration curve which give the ac-

curate wavelengths. The number of standard lines needed to com-
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00945 10500 W.770
Distance (mm)

2Z665 27965

Fig. 56 An example of the densitoneter tracing of several

characteristic x-rays used for the wavelength calibration.
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1.45 150
Wavelength (A)

1.55

Fig. 57 An example of the master curve for the wavelength

calibration obtained from Fig.56. Solid circles: experiments,

solid curve: the simple calculation due to only the normal

optical system on the basis of ZnKa , dashed curve: the

computed fitting curve under consideration with deviation

from the right position in the setting of the spectrometer

involving the photographic film. The wavelengths of the

characteristic x-ray are listed by Bearden.
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pute the calibration curve by the least square fitting is more

than six.

As an example Fig.56 shows a densitometer tracing of the

standard lines used for calibration of x-ray lines. The posi-

tions calibrated with these standard lines are indicated with

solid circles in Fig.57. The calibration curve obtained is shown

with the dashed curve. The solid curve is due to the simple cal-

culation on the basis of ZnKoL which corresponds to the case of

AL- A 0 B » A X - AY-tff -0.

2.2 Wavelengths of F« He-like resonance series lines

The x-ray lines associated with K-shell front the iron plasma

have been measured, as shown in Fig.58. Fe Xtf spectra (a)(b)

were obtained by 400 shots of discharge and the He-like resonance

series lines (c)(d) by 600 shots. The complex Kof spectra show

that the iron ions in every charge state exist in the vacuum

spark plasma.

Fe K{3 spectra shown in Fig.58 (b) and (c) also indicate the

existence of the ions in various charge states. The spectral
o

lines from 1.60 to 1.72A corresponding to FeXVIII-XXIII, however,
89)can not ' be observed, as reported also by Klapisch et al. It

can be explained by the fact that the configurations which in-

volve three open shells Is, 2p and 3p as the initial state have

populations less than those which involve two open shells Is and

3p.

The He-like resonance series lines shown in Fig.58(c) and

(d) arise from the excited levels of 3p, 4p, 5p, 6p and 7p. The

Li-like satellite lines are dominant even for the transitions of

- 129 -



Di

I
3
I
I
1

3 s
0>

*

• <

in
3 I

CD
m

- 130 -



us

•a,

I
!
1
i

5 °

i
1
•riss
00
m

- 131 -



8 3 3 3 3
Q

8

(X

^ ?
i

B1

•d

i
i

00
m

•a

- 132 -



'05-

I

: JvTp1

. V A
» Series

limit

i • •

CM

\

I |

CM

f

JS

I

CMJW
1

•A• . i

uo U5 1.50

Fig. 58 (d) Oenaitaaieter tracing of He-like resonance series line spectrum

(arizing from higher excited levels) emitted from the vacuum spark iron plasma.



Tabla IV ttavalangths for rasonanca transitions of FaXXV and Faxxvi.

I

H
W

Ion

Faxxv

raxxv

FaXXV

FaXXV

Faxxv

Faxxv

Faxxv

raxxv

FaXXV

FaXXV

Faxxvi

Faxxvi

FaX XVI

Faxxvi

Transition

ls2p-ls2

Is3p-ls2

Is4p-ls2

lsSp-lsZ

l*6p-l.2

lS7p-ls2

lsSp-ls2

U9p-ls 2

lslOp-ls2

-

2p-ls

2p-ls

3p-l«

3p-ls

V»0
V*0
V»0
\'\
\-\
Fl *0

V«0
W\
V'O

2P 1 / 2-
2«

2» - 2«
3/2 "l/2

\n-\n

Expari«ant (A)

Prasant work

1.8504 + 0.0004

1.5738 + 0.0006

1.4948 + 0.0006

1.4605 + 0.0006

1.4433 + 0.0006

1.7827 + 0.0006

1.7776 4 0.0006

Mam

1.873 .

1.5W

1.498

1.463

1.445

1.434

1.427

1.422

1.419

1.405

En

1

1

1

1

Calculation

•olaav '

.84992

.57317

.4946

.4607

vainshtain

1.8499

1.5728

1.7827

1.7774

1.5030

1.5019

(A)

Klapisch

1.5732

1.4946

1.5034

1.5023

Erickson

1.7835

1.7780

1.5035

1.5024

M a m and schrijwr97', Sraolaar, Oaomm and Hiillip.**', VaiaaMwlo

Xlapltch, BchMb, Fraankal and Ora^*91 and Criokaoa991.

.90)



3p-ls and 4p-ls. Especially, n*3 Li-like satellite lines for

4p-ls transition are clearly separated from the 4p-ls He-like

resonance series line.

The transition wavelengths obtained from above spectra are

listed in Table IV with theoretical values by several authors.

3. Plasma Parameters from Highly Resolved Ko( Spectrum

Plasma parameters of hot plasmas can be determined from the

relative intensities of He-like lines and Li-like satellite

lines.21'22' For examination of the plasma parameters and con-

tributions of the unresolved satellites100* to the He-like

resonance line in the high-density iron plasma a highly resolved

Ko( spectrum was obtained in a single shot, which is shown in

Fig.59(a). The photographic density can be converted into the

exposure from the characteristic curve in Fig.60. The exposure

was measured for the FeKo(_ _ emitted from the conventional x-ray

tube with the position-sensitive solid-state detector of
39)photodiode array calibrated against the proportional counter.

3.1 Electron temperature

The intensity ratio of the dielectronic satellite line to

the resonance line is given as a function of electron temperature

by Gabriel221 and Bely-Dubau et al.102> as follows:

I_ 1/3" m*a2 1 E_ g, A A
— ° -" - a e x p [ ( E E ) A T J , (8.19)I o 2 h IP JcTe gx (Aa+JAr)
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(a)

Wavelength (A)

Pig. 59 (a) Highly resolved iron Ka spectra* for a typical

discharge of the vacua* spark, (b) n«2 Li-like satellites

indicated with their relative intensities in a linear

scale. Dashed lines: He-like lines, solid lines: Li-like

satellites, (c) n-3 Id-like satellites, (d) n«4 Li-like

satellites, (e) Contributions of the transitions fro«

Be-like ions to the Li-like satellites.101) the solid

lines show only the position in wavelength.
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Exposure (photons/cm )
10

Fig. 60 Characteristic curve of Kodak no-screen x-ray til*

at FeKa. , with the photon energy of 6.4keV. The D scale

for the curve labeled by xlO is 0.1 tiae of that indicated.
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where gg ana 9 l are statistical weights of the satellite level

and the He-like ground state, E and E_ energies of the resonance
o s

and satellite levels above the He-like ion ground state, P the

Gaunt factor, T the effective oscillator strength for excitation

of the resonance line and A and A, the autoionizing and radia-

tive decay rates in s , and the sum is over all possible final

states•

In the equation (X* is a density-correction factor which

represents non-linear dependence of the resonance line intensity

on the electron density. In low-density plasmas the intensity

ratio is a function of the electron temperature only, since the

2p level is populated only through the direct excitation from the

ground state. Therefore, o( is unity. In high-density plasmas

the intensity ratio depends on the electron temperature and den-

sity because the 2 P. level is populated or depopulated also by

the 2s-2p collisional transfer, 2p level mixing, singlet-triplet

mixing and collisional excitation to the higher principal quantum

number. The population of the 2 P1 level for He-like iron ions

can be calculated with the collisional-radiative model as a func-

tion of the electron density and temperature. The computer code

for the collisional-radiative model given by Fujimoto and Kato

was used for the analysis in the present chapter. Details on the

model are described in refs. 95 and 103. Thus, o( is a function

of both n and T as shown in Fig.€l.

For determination of the electron temperature in the high-

density plasma, first, an approximate value of of should

previously be estimated from assumed electron temperature and

density. In the following calculation o( is estimated to be 1.23.
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1022

Electron density ne(cm"3)
1024

Fig. 61 The density-correction factor a as a function of the

electron density. The factor a corrects the non-linearity

in the intensity of the He-like resonance line as a function

of the electron density. It is due to the deviation fro*

the coronal equilibrium. The resonance line intensity is

variable also with electron temperature. The curves are

normalized at the electron density of 10 cm" for each

temperature.
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The variation of o( in the range of the plasma parameters under

consideration are within the accuracy of measurement of the

spectral-line intensities.

Secondlyr we must consider the contribution of the un-

resolved satellites to the intensity of the resonance line w.

The unresolved dielectronic satellite lines which are due to

transitions of the type Is nl-ls2pnl with n£3 lead to an apparent

increase in the intensity of the He-like resonance line w and an

apparent broadening of w in width.104' The intensity ratios of

these unresolved dielectronic satellite lines to the resonance

line are also given by eg.(8.19). For low-density plasmas such

as tokamak and solar flare plasmas the contribution has been

studied in detail. However, for high-density plasmas such as

laser and vacuum spark plasmas the contribution has not been in-

vestigated yet because of the difficulty in deriving the rate of

the complex collisional transfer. The relative intensities of

the dominant unresolved satellite lines calculated fro* the

process of only the dielectronic recombination are indicated in

Fig.59(c) and (d).

On the other hand, Jacobs and Blaha ' reported that for

aluminum (Z*13) plasmas with electron densities exceeding

10 cm , the collisional process between the autoionizing levels

causes a significant increase in the intensity of the

Is2p P-ls 2p P satellite line arising from metastable

autoionizing states. The electron density of the present plasma

is below 10 cm , and in addition, the plasma is of iron with

higher nuclear charge of Z-26. Therefore, it is expected that

such a collisional process does not occur in the present plasma.
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For the above reason the calculation by Bely-Dubau et al.

shown in Fig.59(c) and (d) has been applied to our plasma. The

contribution of the unresolved dielectronic satellite lines to

the resonance line has been estimated to be about 20% from the

calculation.

Thirdly, in order to obtain the electron temperature from

the intensity ratio of the dielectronic satellite line j to the

resonance line w the contribution of the inner-shell excitation

96)
to j must be taken into account. In high-density plasnas in

which 2s-2p collisional transfer is dominant, the population of

the Li-like ion is shared statistically with the ls22p2P level,

while in low-density plasnas the population is in the ground

2 2
state Is 2s S. The radiative decay from the autoionizing state

22
Is2p* D 5. following the inner-shell excitation originated fron
2 2

Is 2pP level can also produce the Li-like satellite j which is

primarily known as a dielectronic satellite line. The contribu-

tion due to the inner-shell excitation is expected to be about

12% from the ionization temperature obtained in a later section.

Thus, the electron temperature can be determined from the

intensity ratio of the Li-like dielectronic satellite line j to

the He-like resonance line w as shown in Fig.62. The obtained

electron temperature is 2.2keV,

3.2 Plasma state

The intensity ratio Ig /I of the Li-like satellite line due

to inner-shell excitation to the He-like resonance line w can be

written by22)
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Fig. 62 The intensity ratios of the Li-like dielectronic

satellite j to the He-like resonance line w as a function

density:of Te. LOW density: ne* 10
17aT3,

1020
S
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I- Hr, C A
• i - 8 — — , (8.20)

•

where C and C are the ls-2p collisional excitation rates for Li-

like and He-like ions, respectively, and (3 is the proportion of

the ground-state ion density of the Li-like ions. At low den-

sities 3 is 1 for Is22s-ls2s2p collisional excitation and zero
2 2

for Is 2p-ls2p, since most of the population of the Li-like ion

is in its ground state. At high densities (3 is 1/4 for the

Is2s2p and 3/4 for the Is2p2, since Boltzmann distribution is set

up between Is22s and Is22p.

Gabriel ' defined the ionization temperature T as a tem-

perature at which the actual ion abundance ratio KLi/NH# would

exist in ionization equilibrium, whereas the ratio Brj/>Ht is a

function of both the electron temperature and the departure from

ionization equilibrium. Then, K L i/N H e is a function of T^ only;

T « T for ionization equilibrium, T ^ T for transient ionizing
z © z ©

conditions and T ^ T for transient recombining conditions. Equa-

tion (8.20) can be divided into temperature dependent and satel-

lite dependent terms;

fi.^Br — , (8.21)

- F/lTufipJlS) . (8.22)

In this expression f is the effective oscillator strength for

the inner-shell excitation. The data needed for the calculation

of eq.(8.21) are given by Bhalla et al.96' The ratio for iron

plasmas is shown in Fig.63 as a function of I . The contribution
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0 1 2 3 4 5 6
Ionization temperature Tz(keV)

Fig. 63 The intensity ratios of the Li-like satellite q

due to the inner-shell excitation to the He-like

resonance line w as a function of T . Low density:

nes 10 <aT , high density: 10
20* n S 1021cm~3.
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of the unresolved dielectronic satellite line and the density-

correction factor are also taken into account in the calculation.

From the curve for high-density plasma in Fig.63 we obtain the

ionization temperature of 0.8keV. The observation of the emis-

sion arising from the lower excited level of n-2 presents that

the high-temperature plasma produced by the vacuum spark is

mainly under a transient ionizing condition. However, we cannot

expect only from this fact directly that the ionizing condition

is realized in all of the population of excited levels of the He-

like ion. This subject is discussed in detail in a later sec-

tion.

3.3 Electron density

The electron density can be determined by the intensity

ratio of the He-like intercombination line y to the He-like

21)
resonance line w. The He-like line intensities are calculated

from the collisional-radiative model 9 5' 1 0 3 ) including the 2s-2p

collisional transfer, singlet-triplet mixing and 2p level mixing

with 65 levels of lln£23 taken into consideration. The results

are shown in Fig.64. The forbidden line z first disappears with

the 2s-2p collisional transfer and the magnetic quadrupole tran-

sition x secondly vanishes owing to the level mixing from x to y

with increasing electron density. In higher electron densities

the intensity of the intercombination line y decreases because of

the singlet to triplet mixing.

The solid curves represent the case of an equilibrium plasma

and give values larger than the dashed curves which show the case

of a pure ionising plasma. Since the population of the low
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Electron density n e (cm )

Fig. 64 intensity ratios of the He-like lines x,y and x to the Be-like resonance line w

as a function of n . Solid lines: equilibrium, dashed lines: pure ionizing condition.



excited level of n-2 is mainly under the transient ionizing con-

dition , the experimental value should be plotted on the dashed

21 —3

curve. Thus, we get the electron density of 10 cm . It is ex-

pected that the relative intensities of the He-like resonance

series lines can be consistently interpreted with the density of

1021c«f3.

The plasma parameters obtained are summarized in Table V

with their measured intensities.

Finally, we examine the effect due to the resonance absorp-

tion of the He-like resonance line. The resonance line is as-

sumed to have a Doppler profile. For the oscillator strength

f»0.79, Ti«4keV and the density of the He-like ion in the ground

state Nu *l.2xl0
19csT3 (because from this experiment roughly,

NH:NHe:NLi*lsl0:23*' w e o b t a i n t n e optical depth from a simple

equation given by Richter '

kQR * 0.22 , (8.23)

where k is the absorption coefficient at the line center and R

is the length of the plasma (RsulOfim). Therefore, the effect of

the resonance absorption can be neglected, because the escape

factor corresponding to the optical depth of 0.22 is approx-

imately equal to unity.107*

4. Structures of He-like Ko( and Li-like K(J Satellites
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Table V Parameters of the vacuum spark iron plasma.

00

I

Line Measured Contribution Contribution Corrected Intensity Plasma
relative of unresolved of inner-shell relative ratio parameter
intensity dielectronic excitation intensity I/I,,

satellites w

w

y

j

9 .4

4 .1

2.7

20%

10%

12%

3.3 4%

7.8

3.7

2 .4

3 .2

0

0

0

.47

.31

.41

4keV

10 2 1cm" 3

Tg= 2.2keV

T = 0.8keVz



4.1 He-like Kc( satellites

He-like satellite lines to H-like resonance line are due to

the transitions of the type

21nl'-l«nl'. (8.24)

The He-like satellite lines are dominantly produced by the

dielectronic recombination whereas the Li-like satellite lines

are produced by both the dielectronic recombination and the

inner-shell excitation. Because such a doubly excited state in

eq.(8.24) can not be produced only by the simple excitation of

the ground state Is2 such as the inner-shell excitation.

An enlarged densitometer tracing of observed He-like satel-

lite spectrum for H-like iron ion is shown in Fig.65(a). The in-

tensity ratio of the He-like satellite line to the H-like

resonance line is obtained by adapting eq.(8.19) for the Li-like

satellite lines. The effective oscillator strength for col-

lisional excitation of the H-like resonance line is given by

Oubau et al.108' Figure 65(b) shows the theoretical wavelengths

of the He-like n-2 satellite lines with their calculated relative

intensities.108' The observed spectrum shows good agreement with

calculated values.. Especially, the satellite lines denoted by 3

and 9 are dominant. Figure 65(c) and (d) show the theoretically

predicted n«3 and n-4 dielectronic satellite lines.108' They also

form unresolved dielectronic satellite lines as well as those for

the He-like resonance line w.

4.2 Li-like K|J satellites
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1.78 1.79 J.80
Wavelength (A)

(a)

Fig. 65 (a) Enlarged densitoaeter tracing of the observed

Lyaan a spectrum, (b) n-2 He-like satellites indicated

with their relative intensities in a linear scale.

Dashed lines: H-like resonance line, solid lines: He-like

dielectronic satellites, (c) n-3 He-like dielectronic

satellites, (d) n«4 He-like dielectronic satellites.

• The keys are defined by Dufeau et al. 1 0 8 )
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An enlarged densitometer tracing of the Li-like satellites

to the K(J He-like resonance series line is shown in Fig.66.

Doubly-excited states Is2131 have two channels of radiative

decay109*

1S2131*

Is23l' K«( n«3 Li-like satellite

N* 2
*ls*21 up n-2 Li-like satellite. (8.25)

Generally the intensity of Ko( line is cotisiderably stronger

than that of K|J line. Howevert this is not satisfied in case of

radiative decay from doubly-excited state. The K(J n»2 Li-like

satellites consist of the lines from four different doubly-

excited states as shown in Fig.66:

a: ls2s{iS)3p-ls22s

b: ls2s(3S)3p-ls22s

cs ls2p(1P)3p-ls22p

d: ls2p(3P)3p-ls22p . (8.26)

The radiative decay from the doubly-excited state of Is2p( P)3p

is rather dominated by the transition of K|3 line, whereas that of

Is2p( P)Tp is dominated by the transition of Ko( line. For ex-

ample, ls2p(1P)3p2D5/2-is
23p2P3/2 transition is well known as dl3

which is strong Ko( n>3 satellite* as shown in Fig.67. But d9

(ls2p(3P)3p2P3/2-i8
23p2P3/2) is a weak line because of the tran-

sition due to the spin exchange. On the contrary

ls2p(3P)3p2P3/2-is
22p2P3/2 transition is dominated by K0 n-2 Li-
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1.57 1.58 1.59 1.60
Wavelength ( A )

Fig. 66 Enlarged densitoneter tracing of the observed

2

KB spectrum. The dashed lines indicate Is3p-ls transition

and the solid lines denoted by a-d indicate the Li-like

satellites, the intensity of the resonance series line

Pj- S Q is expected to be considerably stronger than that

of the ^ J - ^ Q transition.
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IAa=2.9

1.8527 A / \1.59O6&

1sVP3/2

1s2p(3P)3p2P3/2

1.8579 A
Ar=3.57y

1s23p2P3/2

/

d9

\ 1.5945 A
\ Ar=359

\
1s22p2P3/2

Fig. 67 - Typical decay processes of the Li-like doubly-

excited state Is2s3p. The upper scheme denotes the

radiative process from the Li-like doubly-excited

state which predominantly decays as the n»3 Ka satellite

of dl3. The lower scheme denotes the radiative process

dominated by the n«2 Kg satellite. Transition probabilities

A and autoionization rates A given by Vainshtein and

Safronova1101 are in units of lO^s" 1.
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like satellite, because the radiative decay rate of the satellite

line is comparable to that of d9 and the K{} He-like resonance

series line is weaker than the He-like resonance line.

Therefore, the radiative decay from doubly-excited states

ls2p(1P)3p2D5/2 and ls2p(
3P)3p2P3/2 can be predominantly observed

as the Li-like satellites of Kof type and K@ type, respectively.

5. Relative Intensities of He-Like Resonance Series Lines

Arising from Highly Excited Levels

In section 3.2 we showed that the vacuum spark iron plasma

is mainly under the transient ionizing condition, in which ac-

count was taken only of the population on n»2 level. In this

section we discuss whether the population on higher excited

levels is under such a condition or not.

The results of the calculation on the relative intensities

of the He-like resonance series lines are shown in Fig.68 for

each plasma state. The plasma states contain the purely ionizing

and recombining plasmas in which the H-like ion abundance N a and

the Li-like ion abundance N are assumed to be zero as the ini-

tial condition. In the figure, E stands for the plasma in the

equilibrium.

The experimental values for the intensities of the He-like

resonance series lines are obtained from Fig.58(d). These values

also support that the plasma is mainly under the ionizing condi-

tion. Therefore, the result in this section gives the evident

proof of the ionizing plasma for the vacuum spark iron plasma.
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2
normalized at the Is4p-ls transition. Solid circles

• with error bars are the experimental values obtained

from Fig.58(d>. Dashed lines indicate the calculated

values. R: purely recombining, E: equilibrium,

I: purely ionizing.
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6. Conclusion

All the x-ray lines associated with K-shell which can be ob-

served from vacuum spark iron plasmas have been recorded. The

transition wavelengths of He-like resonance series lines up to

Is6p-ls were determined experimentally for the first time.
i •

The structures of the He-like satellites 21nl -lsnl and the

Li-like satellites Is21nl'-ls2nl' and Is31nl'-ls2nl' are studied

in detail. The H4p21-ls221 and Is4p31-ls*31 Li-like satellite

lines were found.

A highly resolved Kc( spectrum of FeXXIV and FeXXV was ob-

served in high-density plasma and the plasma parameters were

determined from the intensity ratios of intercombination line yt

dielectronic satellite j and satellite q due to inner-shell ex-

citation to resonance line w and the line broadening of w:
21 —3n^ssio cm , Te~2.2keV/ the ionization temperature Tx~0.8keV

and T.^,4keV. These parameters show that the plasma is mainly

under the transient ionizing condition.

The relative intensities of the He-like resonance series

lines up to n«7 were compared with those computed in the C-R

model/ which give the evident proof that the vacuum spark plasma

is mainly under the transient ionizing condition.
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CHAPTER IX

ACCURATE WAVELENGTH MEASUREMENTS OF HE-LIKE RESONANCE LINES

OF TITANIUM THROUGH ZINC FROM THE HIGH-TEMPERATURE PLASMA

1. Introduction

The He-like resonance line is especially important also for

x-ray diagnostics of a high-temperature plasma. The intensity

ratio of a Li-like dielectronic satellite to the He-like

resonance line gives the electron temperature, and the intensity
v

ratio of a Li-like satellite due to inner-shell excitation to the

He-like resonance line gives an information on the plasma
22 36)

state. In high-density plasmas, moreover, the intensity

ratios ant«..ig the He-like lines i.e., resonance, interconbination

and forbidden lines are given as a function of the electron

density.21'421

However, it is difficult to measure directly the intensity

and FWHM of the resonance line because of unresolved dielectronic

satellites associated with the resonance line. The contribu-

tion of the unresolved dielectronic satellites to the resonance

line is found only by a calculation using theoretical

values. ' ' The accuracy of the theoretical values is

directly related to the error of the plasma parameters to be ob-

tained. Therefore, the accurate theoretical values related to

transitions of all the x-ray lines including such satellite lines

are intensively needed. The transition wavelength of the x-ray

- 157 -



line is also one of the needed atomic quantities.

In the field of atomic physics, on the other hand, measure-

ments of transition energies of atoms in one- and two-electron

systems using an accelerator have been energetically performed

for the purpose of theoretical verification of relativistic and

QED (quantum electrodynamics) corrections, * although the

measurement on the transition energy using the accelerator con-

tains two experimental problems, i.e., a correction for Doppler

shift of the spectral line, and wavelength calibration over the

considerably large spectral range of a spectrometer. The shift

of the transition energy due to the QED correction is well known

as Lamb shift. Especially, the contribution of the Lamb shift

due to two electrons has been investigated systematically as a

function of nuclear charge Z. ' These researches of the Laub

shift, however, are mainly performed for 2s excited level by

measuring 2p-2s transition. Measurement of the Lamb shift for

ground level has been scarcely performed. This is due to

the fact that the contribution of the Lamb shift to 2p-2s transi-

tion is larger than that to 2p-ls transition (the contribution is

approximately 2xlO~2 to 2 3P 0-2
3S 1 transition and 4xlO~* to

2 1P 1-l
1S Q transition in He-like iron). In addition to this

reason, the Lamb shift to the 2p-ls transition becomes dominant

in high Z atoms such as the first transition elements, although

the production of these He-like ions using the accelerator is

considerably difficult.114)

Highly resolved Ko( spectra from He-like and Li-like ions in

high-temperature plasmas have been observed for titanium,

chromium and iron atoms using tokamak and solar flare
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plasmas. " i n these experiments, however, theoretically

predicted values for the transition energy of the He-like

resonance lines were used as a standard value for the wavelength

scaling related to determination of transition energies of the Kof

lines. Accordingly, absolute values of the transition energies

for the Ko( lines have not been obtained experimentally yet.

The present chapter presents the result of a systematic ob-

servation of the Ko( lines involving the He-like lines from

titanium (Z-22) through zinc (Z»30). The x-ray source used is a

high-temperature plasma produced in a vacuum spark with a crystal

spectrometer used for the observation. Tht transition

wavelengths of the He-like resonance lines were first determined

with precise measurements under careful experimental procedures.

Discussion is also given on the comparison with the theoretical

values.

2. Experimental Setup

We need many shots of discharge in order to get enough

photographic density. The anode and cathode can be easily

replaced because of the simple mounting as shown in Fig.43. The

positions of the laser-light axis and the anode axis are restored

reliably with an accuracy of 0.2mm because an insulator fixed to

a conflat flange envelops tightly a supporting rod made of

copper.

The Johann type crystal spectrometer is mounted to the

vacuum spark through a Be window 100/J* thick so that the cylinder

axis of a crystal is parallel to the axis of the electrodes as is
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Fig. 69 Arrangement of a Johann type crystal spectrometer.



shown in Fig.69. The radius of the Rowland circle of the spec-

trometer is 50cm and the crystal is Ge(220) with 2d spacing of
0 38)

4.000A- ' The distance between the crystal and the x-ray source

is fixed at 20.4cm regardless of the wavelengths of x-ray lines

to be measured. The photographic film used is Kodak NS-5T x-ray

film, which is set tangentially to the Rowland circle without

bending. The spectrometer is evacuated to a pressure of about

10"2 torr.

3. Wavelength Calibration

We use characteristic x-ray lines from singly ionized atoms

as a standard line for the wavelength calibration of the He-like

resonance line. Since in the vacuum spark plasma a large number

of Kof lines from characteristic lines Kof. _ (singly ionized) to

the He-like resonance line are emitted closely in wavelength,

some characteristic line with a wavelength shorter than that of

the resonance line should be selected for calibration. The

characteristic x-ray lines used in this experiment are shown in

Table VI with these wavelengths.

For this purpose, the vacuum spark device is operated as a

conventional x-ray tube. The target of the x-ray tube is mounted

on the top of the supporting rod made of copper instead of the

anode and an electron gun is mounted instead of the glass window

for the laser irradiation (see Fig.43). The spot size of the

energetic electron beam focussed on the target is about 1mm in

diameter. Thus, the characteristic x-ray line is emitted from

the same position as the plasma spot/ and the characteristic line
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Table VI Wavelengths of characteristic x-ray lines
for calibration of the He-like resonance
line w.

Characteristic
x-ray
line

Z n K ^

ZrKa2

HoL^

DyLB1

ErLPx

WLc^

HfL31

3<30)

(40)

(62)

(67)

(66)

(68)

(74)

(72)

o

Wavelength (A)

Bearden

2.59050+0.00004
(2nd) "
2.37045+0.00003
(3rd) "
2.1998 +0.0002

1,

1.

.8450 +0.0002

.71062+0.00007

1.5873 +0.0001

1.

1.

,47639+0.00002

,37410+0.00005

Cauchois
and
Senemand

2.590654

2.37051

2.19989

1.84504

1.71068

1.58734

1.47647

1.37413

He-liki
resonai
line

Ti(22)

V (23)

Cr(24)

Fe(26)

Co(27)

Ni(28)

Cu(29)

Zn(30)

e

w

w

w

w

w

w

w

w

The values in parentheses denote the nuclear charge.

731 o —1
Bearden'*': Afi= 1.002056+0.000005 A-kxu

 x.

Cauchois and Senemand ': 0 n

A-,e= 1.0021017+0.0000006 A-kxu" .
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U l

Ti (Z=22)

dA/dx=3.1959xl63X/mm

Fig. 70 An example of the densitometer tracings for determination of the transition

wavelength of the He-like resonance line.



is recorded on the same film with the Ko( lines from highly

stripped ions.

An example of the densitometer tracings is shown in Fig.70.

The transition wavelength of the He-like resonance line is deter-

mined on the basis of the standard line described in Table VI,

when the dispersion of the spectrometer for a point source is

calculated with a geometric arrangement given for each experiment

with an element. ' The calculated dispersion is in excellent

agreement with the experimental one. In this case the error in
o

the calculated dispersion is smaller than 0.1mA because the stan-

dard line is close to the He-like resonance line.

The densitometer tracings of the Ko( spectra from the vacuum

spark are shown in Fig.71. These spectra were obtained with

about 400 shots while for titanium and vanadium with about 200

shots and chromium (SOS) with about 1000 shots. A spectrum of

manganese (Z-25) is not recorded because its alloy suitable for

the anode of the vacuum spark could not be obtained. The

wavelengths in abscissas are determined using each standard line

for calibration of the He-like resonance line in Table VI and the

characteristic lines Kof. _ of each element from the x-ray tube.

The resolution of the spectra is lowered with larger nuclear

charge Z or shorter wavelength A. It is due to the fact that the

resolving power of the spectrometer becomes lower with decrease

of the wavelength A or the Bragg angle («sin~ (A/2d)). '

4. Uncertainties
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Fig. 71(c) Cr Ka spectrum.



Fe(Z=26)
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1.85 135

Fig. 71(d) Fe Ka spectrum.
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Pig. 71(e) Co Ka spectrum.
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Pig. 71(f) Ni Ko spectrum.
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Pig. 71(h) Zn Ka spectrum.



4.1 Accuracy of the standard wavelength

The wavelengths of characteristic x-ray lines are tabulated

72)
by Bearden with the uncertainties estimated from each experi-

118)
merit. Recentlyf Cauchois and Senemand have reevaluated the

wavelengths of the characteristic lines including non-diagram

lines. Their results are slightly different/ as shown in Table

VI. It is due to the difference of the conversion factor A.

Bearden gave iL«l.002056+0.000005 A-kxu"1 as an average of the

conversion factors measured by many authors ' and Cauchois and
o _i

Senemand used Acs«l.0021017+0.0000006 A-kxu measured by Des-
119)

lattes and Henins. ' In the present experiment the table by

Bearden is used as the accurate wavelength of the characteristic

x-ray line, because several conversion factors by those authors

are smaller than -Ape* This choicer however, has no important

meaning for determination of the He-like resonance line, because

the difference in the wavelength between the two tables is much

smaller than the uncertainties in this experiment.

4.2 Agreement in the positions between the calibration line from

the x-ray tube and the spectral line from the plasma

For verification of the accuracy in the position of the

calibration line recorded on the photographic film, the position

is compared with that of a characteristic line from singly

ionized atoms produced in the vacuum spark which has the same

wavelength as the calibration line. The vacuum spark plasma

produced from the anode material emits the characteristic line of

the material. In this case, however, it can not be used, because

the peak of the characteristic line is complicatedly overlapped
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CuKon
1.540562 A

Mark
CuKoft
1.544390 X

Plasma

X-ray tube

1.54 1.55
Wavelength (A)

Fig. 72 Comparison of the positions of characteristic

lines CuKa., , from an x-ray tube with those from the

vacuum spark plasma. Mark means the base line in tracing

the film using the densitoneter.
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by spectral lines from M-shell-ionized ions. Here* use was

made of the characteristic line from another material different

from the anode material. Figure 72 shows Cu Ko( lines from the

vacuum spark with Fe anode mounted as the main source of the

plasma. These characteristic lines are emitted from copper ele-

ment in the plasma channel which has been evaporated from the

Cu-W cathode or the Cu supporting rod. The position of the Cu

characteristic line from the plasma is in good agreement with

that from the x-ray tube.

4.3 Effect of the shot-to-shot fluctuation in the position of the

plasma spots

The high-temperature plasma produced by the vacuum spark is

of a spot with a diameter less than 10fi»r as shown in Fig.48.

The position of production of the spot plasma fluctuates shot by

shot. The position of the spectral line recorded on the film

also depends on the position of the spot plasma. In order to in-

vestigate the dependence quantitatively the method of ray

tracing described in chapter II was applied to this analysis.

The results are shown in Fig.73. The coordinate of the

positions of the plasma spot (normal to the anode-cathode axis)

is denoted by z as is shown in Fig.69. The wavelength of the in-
o

cident x-ray is 1.8504A (Fe He-like resonance line) and the Bragg

angle at the central point of the crystal is arc-

sin(l.8504/4.000). Other parameters are the same as the ex-

perimental arrangement.

If a spot plasma is produced at z*2wnf the peak position of
o

the spectral line with the wavelength of 1.8504A is deviated by
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Fig. 73 Positional variation of the Fe He-like resonance line as a function of the
0

position of the point source of x-rays denoted by z. The wavelength is 1.8504A.



0

0.5mA toward the shorter wavelength region, which causes an error

in wavelength. Therefore, many shots are needed for disap-

pearance of an uncertainty of a spectral position due to the

shot-to-shot positional fluctuation of the spot plasma, as well

as acquisition of enough photographic density. Even in this

case, however, the spectral line shifts in comparison with the

case without fluctuation. The deviation of the position of the

spectral line due to accumulation in many shots should be

estimated.

Let assume the probability distribution of the plasma spot

along z-axis to be GauBSian as

/2aexp(-2*a2z2) (9.1)

with

(9.2)

where, Az . is the half width at half maximum (HWHH).

An example of calculated results of the ray tracing with

eq.O.l) taken into account is shown in Fig.74. The peak of the

spectral line depicted with the dashed line (dz. . «2mn\) shifts

toward the shorter wavelength side of that without fluctuation

(Azj/2*0'• T n e result presents an error of 0.07mA. The cal-

culated results for A z - ^ i , 1'5 a n d 2 m m a r e listed in Table VII.

When the Bragg angle (wavelength) becomes smaller (shorter), the

effect which the positional fluctuation of the plasma gives on

the accuracy in wavelength becomes large. From many pictures
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Fig. 74 An example of results of the ray tracing with the distribution of the spot

along z-axis taken into account. Here, Az ., is HWHM of the Gaussian distribution.



Table VII Uncertainties due to positional
fluctuations of a point source.

He-like H W H M Azl/2
resonance
line w lnun 1 . 5mm 2mm

Ti(22) 0 0 0

V (23) 0 3.4 -5A 3 .4 -5A

Cr(24) 0 3 .4 -5 3 .4 - 5

Fe(26) 3.7 -5A 7 . 3 - 5 7 . 3 - 5

Co(27) 7 .1 - 5 1.07-4 1 .43-4

Ni(28) 7.3 -5 1.46-4 1.82-4

Cu(29) 7.3 -5 1.48-4 2.21-4

Zn(30) 1.51-4 2,26-4 2.64-4

3 . 4 - 5 means 3.4x10 .
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such as Figs.47 and 48, ̂ 1/2 is found to be within 2mm.

4.4 Effect of distortion of the lattice spacing of the crystal

When several spectral lines from a point source of x-rays

are recorded simultaneously, each spectral line is reflected only

at a part of the crystal area. If the local part of the lattice

surface is distorted from the bending circle in an angle larger

than the HWHM of the rocking curve of the crystal, the spectral

line is deviated from the expected position.

The distortion of the lattice surface of the crystal used is

shown in Fig.75 as a function of the distance on the crystal

surface ; A0 is the angle of inclination of the local part of

the lattice surface from the ideal lattice surface bent to a

radius of 100cm. The lattice surface is considerably smooth as a

whole.

Fe Rot spectra were observed with three kinds of crystals

besides Ge(220) in order to make sure whether the local distor-

tion of the Ge crystal affects the spectral position or not. The

results are shown in Fig.28. The four spectra have the same fea-

ture with each other. Furthermore, the wavelength of the Fe He-

like resonance line measured using quartz is in good agreement

with that measured using Ge within the experimental accuracy of
o

0.4mA. These results show that there is no possibility of the

deviation of the spectral line due to the distortion of the

crystal. The results for the wavelength of the Fe resonance line

measured using several crystals are listed in Table VIII.
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Fig. 75 Lattice distortion of bent crystals.
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4.5 Contribution of the unresolved satellites to the He-like

resonance line

Li-like satellite lines to the He-like resonance line are

observed in the transitions of the type

Is2pnl - ls2nl' , with n>2. (9.3)

The contribution of the unresolved dielectronic satellites to the

Fe He-like resonance line has been studied by Bitter et al.

using a high-temperature plasma of tokamak ( 1 . 5 £ T <,3keV,

n ~2xlO cm ) . Recently, Bely-Dubau et al. have in-

vestigated the unresolved dielectronic satellites to the Ti He-

like resonance line and they found that the peak of the apparent

resonance line in a tokamak plasma (T =0.9keV) is shifted toward

the longer wavelength side with respect to the peak of the true
o

resonance line by an amount AA =0.055mA with the n=5-10 Li-like

satellites taken into consideration. Difference in the peak

position between the apparent and the true resonance lines

depends on the electron temperature, and disappears with in-

creasing electron temperature.

The vacuum spark generates a high-temperature and high-

density plasma (T ~ 2keV, n --10 cm~ ) . The He-like resonance

line contains such unresolved dielectronic satellites also in the

vacuum spark plasmas. Therefore, the contribution of the un-

resolved satellites as mentioned above should be investigated

also in this experiment.

The highly resolved Fe Ko( spectrum from the vacuum spark has

been obtained in a single shot for studing the structures of the
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unresolved satellites. It is shown in Fig.59(a). If the con-

tribution of the unresolved satellites in this plasma can be

ascribed only to dielectronic recombination,4 ' the difference in

the peak position between the apparent and the true resonance

lines is within 0.1mA in this plasma.104'116*

5. Results and Discussion

The results are shown in Table VIII with the uncertainties.

The total uncertainty in the table contains also an uncertainty

in determining the peak position of the resonance line. The

positional fluctuation of the spot plasma in section 4.3 and the

unresolved dielectronic satellites in section 4.5 present

systematic uncertainties toward longer wavelength side and

shorter wavelength side, respectively.

The He-like resonance line is the most useful one for x-ray

spectroscopic diagnostics of high-temperature plasmas. The tran-

sition wavelengths of Ti through Zn are first determined in the

present experiment. These lines are important also as a standard

line for measurement of the wavelength of x-ray lines from the

plasma. For example, up to this time calculated values of

2.6099,116) 2.1818115) and 1.8500A17) have been used as the

wavelengths of the He-like resonance lines of Ti, Cr and Fe ele-

ments, respectively, in order to determine the transition

wavelengths of other He-like lines and Li-like satellite lines.

The results in the present experiment have corrected these cal-

culated values, as shown in Table VIII.
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Table VIII Wavelengths of the He-like
resonance lines w.

He-like
resonance
line w

Ti(22)

V (23)

Cr(24)

Mn(25)

Pe(26)

[1.

Co(27)

Ni(28)

Cu(29)

Zn(30)

Present
experiment

2.6104+0.0004A

2.3820+0.0004

2.1822+0.0006

1.8504+0.0004

8506+0.0004(quartz)]

1.7122+0.0006

1.5884+0.0004

1.4778+0.0004

1.3783+0.0005

Calculation
by 1211
Safronova '

2.61045A

2.38201

2.18209

<£ • vvDli

1.85046

1.71207

1.58848

1.47766

1.37792
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The wavelength of the He-like resonance line A is given by

Anon-rel + Kel + \}ED • (9*4)

where A n o n_ r e l and Aj.el are non-relativistic and relativistic

parts of the wavelength, respectively, and A Q E D is the correction

by QED. The experimental values are compared with the wavelength

predicted theoretically in Fig.76. Since the experiment contains

random errors, the vertical axis is scaled on the basis of a

theoretical prediction. Here, A g is the theoretical value by

Safronova ' and A means the theoretical values by other authors

and the experimental value. The experimental value iB in good

agreement with Ag. Figure 77 »hows the fraction of the Lamb

shift due to one electron to the total transition energy of the
i

resonance line calculated by Safronova on the basis of Mohr s

theory.124'123' The fraction in the first transition elements

(21<Z<29) is approximately 0.05%. In addition to this value,

the Lamb shift due to two electrons (higher-order QED correction)

should be taken into account, which is not included in A c. It

has an effect of making the transition energy large. Owing to

the Lamb shift a considerable uncertainty is left in the

theoretical prediction of the transition energy of the resonance

line. The contribution of the Lamb shift to the resonance line

can not be derived directly from the present experiment because

of an uncertainty due to absence of the exact solution of the

relativistic and QED corrections in two-electron system.
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between the present experimental values and several

theoretical values; X : Safronova, X: Vainshtein

and Safronova90' (x), Ermolaev122) (o), Gabriel22' (6)

Hata and Grant (a) and the present experiment (•}

- 186 -



CO

10 20 30
Nuclear charge Z

Fig. 77 Fraction of the Lamb shift due to one electron to the total transition energy

of the He-like resonance line.121)



6. Conclusion

Ko( lines of titanium through zinc have been observed using

the vacuum spark plasma of high temperatures and high densities.

The transition wavelengths of the He-like resonance lines were

first determined under careful experimental procedures. Conse-

quently, the result has corrected the transition wavelengths of

the He-like resonance lines which have been used up to this time.

The present experimental values are compared with theoretical

predictions and are in good agreement with the prediction by

Safronova, although it does not contain the contribution of the

Lamb shift due to two electrons. The Lamb shift for the He-like

resonance line is not derived directly from the present result

because of uncertainty in the relativistic correction.

Therefore, for comparison with the present result a more exact

theory is needed on the contributions of the relativistic and QED

corrections to the He-like resonance line.
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CHAPTER X

CONCLUSION

A crystal spectrometer for plasma diagnostics is urgently

needed in order to study the impurity behaviour and to measure

the ion temperature at the central column in a large tokamak.

For designing the curved crystal spectrometer ray tracing was

carried out for both of a linear and a point source of x-rays.

The best conditions for geometric relations between the source

and the spectrometer are found out. Furthermore/ the spectral

distortion is analytically examined.

The resolving power and relative sensitivities of LiF, Ge

and quartz crystals of Johann type usually used are investigated

for FeKcf. _ characteristic x-rays. The results are tabulated. A

Johann type crystal spectrometer with a position-sensitive detec-

tor of photodiode array has been constructed. The sensitivity

and the blooming of the photodiode array is measured using a

proportional counter, and the spectrometer is calibrated for a

conventional x-ray tube.

A vacuum spark has been constructed in order to study the

spectral structures of first transition elements in a few elec-

tron systems and the behaviour of these ions in high-temperature

plasmas. These informations are expected to be useful for

tokamak diagnostics. Then, the crystal spectrometer was applied

to the x-ray spectroscopic measurements of the vacuum spark plas-

mas.
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As a result, spatially resolved Fe Kc( spectra are first ob-

served in a single shot. The spectra show the evident proof that

the vacuum spark plasma has two different structures. One is a

thermalized point plasma (O-Oum) of high temperature and high

density. The other is an extended plasma (~3mm) associated with

.non-thermal electrons.

The x-ray lines from the extended plasma have been observed.

Some Fe Ktf lines are shifted to the long-wavelength side of the

characteristic lines of FeKoL and the maximum value of the

shift is about 1.2mA (5.0eV). The transition energies of the

TiVI-XIII K0 lines are determined and some weak satellite lines

were first found.

All the x-ray lines of iron ions associated with K-shell

which can be observed from the point plasma in the vacuum spark

have been recorded. The transition wavelengths of He-like
2

resonance series . lines up to Is6p-ls were determined for the

first time. The structures of He-like and Li-like satellites are

studied in detail. A highly resolved Ko( spectrum of FeXXIV and

FeXXV are obtained and the parameters of the high-temperature

plasma were determined from the spectral intensity ratios:

ne=l0
21cin~3, Te-s2.2keV, Tja0.8keV and T^4keV. Comparison of the

He-like resonance series line intensity up to n«7 between the ex-

periment and the calculation gives the evident proof that the

vacuum spark plasma is mainly under the transient ionizing condi-

tion.

Ko( lines of Ti through Zn have been observed and the transi-

tion wavelengths of the He-like resonance lines are first deter-

mined under careful experimental procedures. The results are
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compared with theoretical predictions and are in good agreement

with the prediction by Safronova. The theoretical values,

however, include uncertainties in relativistic and QED correc-

tions of the He-like resonance line. More accurate theoretical

values are needed for comparison with these experimental data.
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