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Abstract 

A multichannel vacuum Bragg-cryst a1 spectrometer has been developed for 
high-resolution measurements of the line emission from tokamak plasmas in 
the wavelength region between 4 and 25 A. The spectrometer employs a 
bent crystal in Johann geometry and a microchannel-plate intensified photo- 
diode array. The instrument is capable of measuring high-resolution spectra 
(A/AA =: 3000) with fast time resolution (4 msec per spectrum) and good 
spatial resolution (3 cm). The spectral bandwidth is Ax/& = 8A. A simple 
tilt mechanism allows access to different wavelength intervals. In order to 
illustrate the utility of the new spectrometer, time- and space-resolved mea- 
surements of the n = 3 to n = 2 spectrum of selenium from the Princeton 
Large Torus tokamak plasmas are presented. The data are used to determine 
the plasma transport parameters and to infer the radial distribution of fluo- 
rinelike, neonlike, and sodiumlike ions of selenium in the plasma. The new 
ultra-soft x-ray spectrometer has thus enabled us to demonstrate the utility 
of high-resolution L-shell spectroscopy of neonlike ions as a fusion diagnostic. 

t Present Address: University of California, Lawrence Livermore National Laboratory, 
Livermore, CA, 94550 
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Introduction 

High-resolution spectroscopic observations on tokamaks are routinely used 
to determine the concentrations and transport of impurity ions in the plasma 
as well as to measure bulk plasma motion and to monitor the efficiency of 
ion heating.’-3 Such observations also have provided valuable data for com- 
parison with basic atomic physics calculations and models. 

Tokamak spectroscopy has been performed with high resolution primar- 
ily in the soft x-ray region below about 4 A and in the extreme ultra violet 
(XUV) region above about 25 A. High-resolution instruments employed in the 
soft x-ray region typically consist of a bent-crystal spectrometer and a single- 
wire or multi-wire gas proportional counter.&* Due to the need for windows 
to separate the counter gas from the tokamak vacuum these instruments have 
low efficiencies for x rays with wavelengths above about 4 A. Multichannel 
grazing incidence spectrometers with microchannel plate-intensified photodi- 
ode readout have recently been developed for use in the XUV The 
spectral resolution and the grating reflectivity of such instruments decrease 
considerably at the shorter wavelengths below about 25 A. As a result of the 
instrumental limitations the intermediate ultra-soft x-ray (USX) region from 
4 to 25 8, has been surveyed mainly with low resolution. 

In this paper we describe a new multichannel spectrometer with a mi- 
crochannel plate-intensified photodiode array designed to study the ultra- 
soft x-ray region with high spectral resolution and fast time response. The 
new instrument incorporates design features from the soft x-ray and XUV 
spectrometers. Like an x-ray spectrometer it uses a bent crystal in Johann 
geometry’’ for wavelength dispersion. Like a UV spectrometer it employs 
a microchannel plate-intensified photodiode assembly for position-sensitive 
detection and operates in vacuo. The new USX spectrometer allows the 
recording of a high resolution spectrum (A/AA 3000) every 4 msec. It is 
equipped with a shot- to-shot poloidal scanning capability across the plasma 
minor cross section of the tokamak for measuring radial profiles of the spec- 
tral line emission. The spatial resolution is 3 cm at the center of the plasma 
which corresponds to ?.5 ?% of the plasma radius of the Princeton Large Torus 
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(PLT) tokamak. In a single setting the instrument covers a spectral range of 
AA = 1.2 A at a nominal wavelength of A0 = 8 A. A simple tilt mechanism 
has been devised to position the detector to different Bragg angles and thus 
to access neighboring spectral regions. 

To illustrate the versatility of the new USX spectrometer we have per- 
formed detailed measurements of the n = 3 to n = 2 spectrum of selenium 
as a function of time and of plasma radius on the PLT tokamak. For this 
purpose the spectrometer has been used to observe the wavelength region 
7.2-9.0 8, which contains the 3d --.f 2 p  resonance transitions of neonlike se- 

lenium as well as the resonance transitions of the neighboring fluorinelike and 
sodiumlike charge states.12 The data have been used to infer the impurity- 
transport parameters and to determine the radial charge-state distribution of 
selenium in the plasma. The measurements show that the spectral emission 
of neonlike ions provides an excellent source for plasma diagnostic purposes, 
first, because the x-ray emission of neonlike ions is found to be very bright, 
and second, because neonlike ions extend over a large central and near-central 
volume of the plasma due to their closed-shell configuration. The new USX 
vacuum bent-crystal spectrometer has thus provided us with a novel way of 
studying fusion plasmas which complements the study of An = 0 transitions 
performed with XUV and vacuum ultra violet (VUV) instruments and the 
study of An = 1 transitions of hydrogenlike and heliumlike ions in the soft 
x-ray region. 

The paper is organized as follows. In Section I we give a description of the 
general design of the new spectrometer. The detector assembly and readout 
are described in Section 11. A brief discussion of the crystal bending is given 
in Section 111, and the results of testing and operating the spectrometer are 
presented in Section IV. In Section V we describe the simple tilt mechanism 
used to position the detector to different Bragg angles on the Rowland circle. 
Finally, in Section VI, we present typical results from the transport studies 
on the PLT tokamak. 
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I. General Design Characteristics 

Since bent-crystal spectrometers provide superior throughput character- 
istics compared to non-focussing, flat-crystal spectrometers, the new USX 
spectrometer was built in the Johann geometry.” The focussing properties 
of the Johann geometry are shown in Fig. 1. X rays with wavelength A, 
emanating from the shaded region, are reflected by the crystal according to 
Bragg’s law 

nX = 2d, sin 6 . (1) 

Here d,, is the lattice spacing of the crystal, n is the order of diffraction, 
and 0 is the Bragg angle, i.e., the angle between the x rays and the tangent 
to the crystal surface. For a crystal bent to a radius of curvature &, the 
reflected x rays of a certain energy are focussed on the Rowland circle of 
radius Rc/2  tangent to the crystal. X rays with different energy come from 
different regions in the plasma and are focussed at different points along the 
Rowland circle. 

A schematic of the new USX spectrometer is shown in Fig. 2. Since we are 
interested in measuring the spectrum of neonlike selenium, the nominal Bragg 
angle of the new spectrometer was set to 50”. With an ADP crystal cut along 
the 101 plane having a 2d,-spacing of 10.648 this angle corresponds to 
the center of the 3 --+ 2 spectrum of neonlike selenium at X = 8.16 A. 
The 100-mmx2O-mmx0.5-mm ADP crystal is held in a four-bar bending 
jig,4J4 which is mounted on a rotary feedthrough connected to a stepper 
motor. Interchangeable apertures are placed in front of the crystal which 
allow adjustment of the illuminated length of the crystal. The apertures are 

covered with an ultra thin, 900 A-thick aluminurn foil. The foil attenuates 
UV and visible light and thus reduces the heat load on the crystal. A second 
foil, consisting of 10,000 A-thick parylene between two 3000 A-thick layers 
of magnesium, is placed between the crystal and the detector. The foil is 
mounted on a frame holder with pumping ducts. It is transparent to soft 
x-ray radiation, but acts to shield the detector from stray W and visible 
radiation. The absorption characteristics of the combination of the aluminum 
and magnesium-parylene foils are shown in Fig. 3. The foil between the 
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crystal and the detector also serves to mitigate pressure surges arising during 
plasma startup and from plasma disruptions by keeping surges from quickly 
reaching the detector. This is especially important because the spectrometer 
is directly connected to the PLT vacuum. The output from an ion gauge 
located near the detector is interfaced to a protective circuit which disables 
the high voltage on the detector, if the pressure exceeds 2 . 0 ~ 1 0 - ~  torr. A 
pivot point near the PLT vacuum vessel enables the spectrometer to move 
poloidally by 14" above and 17" below the horizontal midplane for radial 
profile measurements. 

11. Detector Assembly and Readout 

In the wavelength region below about 4 8, it is customary to use single- 
wire or multi-wire proportional counters for the detection of x rays in Bragg 
crystal spectrometers on  tokamak^.^'^*^ Because such detectors are filled with 
a counter gas, it is necessary to use a window to separate the gas chamber 
from the tokamak vacuum. Due to the absorption of low energy photons by 
the window, proportional counters are inefficient for the detection of ultra- 
soft x-radiation in the wavelength range above about 4 A. As a consequence, 
the new vacuum spectrometer has been equipped with a position-sensitive 
microchannel plate-intensified photodiode array detector which can operate 
an vacuo. 

The design of the microchannel plate-intensified photodiode array detec- 
tor followed a.n arrangement used by Fonck et al.e,ls in the detection of VUV 
radiation. A schematic of the detector employed in the new spectrometer is 
shown in Fig. 4. The design of Fonck et al. was modified to ref'lect the reduced 
sensitivity of microchannel plates at higher photon energies. For example, 
instead of using a single microchannel plate the present detector employs 
two microchannel plates in a Chevron configuration.16 The 18-x 100-mm 
plates axe butt-mounted for higher resolution. The front plate was coated 
with approximately 3000 A of CsI, which has an electron emission rate per 
soft x ray about three times higher'' than that of the CUI coating used by 
Fonck et  ad.' The secondary electrons are proximity focussed onto the fiber 
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optic surface of a 7.5 cm-long optical extender. The surface is coated with 
about 8 pm of P-20 phosphor and backed with a thin film of SnI to prevent 
buildup of electrostatic charges. The time response of P-20 is approximately 
2 msec, as measured by Fonck e t  a1.’ The separation between the phosphor 
screen and the back of the microchannel plate is 0.5 mm. The optical ex- 
tender is coupled via a fiber optical face plate to two optical tapers. The 
face plate provides the vacuum-air interface. The tapers image the 10 cm- 
long light output from the phospor via two light-fiber bundles onto two 2.5 
cm-long, self-scanning RC1024SF Reticon photodiode arrays of 1024 pixels 
each.18 

Each photodiode array is read with the help of an RC1024S-3 Reticon 
evaluation circuit,” as shown in Fig. 5. The time between the readout of 
two consecutive pixels is 4 psec and is determined by the clock rate of 250 
kHz. Thus the time to read the entire array is approximately 4.1 msec. 
Each readout is started by a start-of-scan pulse and ended by an end-of-scan 
pulse. The evaluation circuit allows for the insertion of delay times of up 
to 64 msec between consecutive readouts and thus for the adjustment of the 
integration time. The minimum delay time is 0.26 mec. The clock pulse 
from the evaluation board is used to trigger a Lecroy 8210 10-bit ADC which 
digitizes the video signal as well as the start-of-scan pulse. A logic circuit 
suppresses clock pulses between an end-of-scan and a start-of-scan pulse, 
and thus prevents the digitization of an empty video line. The Lecroy 8210 
digitizer operates in a post-trigger sampling mode, i.e., digitization begins 
following a trigger signal which in the present setup is provided by the PLT 
master timer. This arrangement causes the start of the digitization to be 
uncertain in those cases where the trigger signal from the PLT timer happens 
to fall in the time interval between two consecutive readouts of the Reticon 
array. Three Lecroy 8800 memory modules are used to store 96k of data for 
each Reticon array. This corresponds to approximately 48 spectra and 48 
associated start-of-scan pulses for each array per shot. After the tokamak 
pulse the data are read out to a Vax 11/785 data acquisition computer for 
permanent archiving and analysis. . 

The detector is mounted on a bellows assembly as shown in Fig. 2. This 
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allows moving the detector past the gate valve onto the Rowland circle when 
making measurements; the detector can be retracted and thus kept under 
vacuum while changes to the spectrometer, such as an exchange of crystals, 
are made. 

The size of the instrument is determined by the size of the detector, 
the desired resolving power, and the spectral range we wish to observe in 
a given setting. The dominant electric dipole transitions 3 4 3 s  + 2p of 
neonlike selenium lie in the wavelength interval 7.6-8.7 A. This corresponds 
to Bragg angles between 45" and 55", or A8 = IO". Thus, we require that the 
detector subtend an angular range of A@ = 10" centered at 0 = 50". Since 
the active area of the detector is 10 cm long, it follows that the diameter of 
the Rowland circle has to equal R, zz 57 cm. 

A consequence of the small Rowland circle is that the spectrometer has 
to be placed close to the tokamak vessel in order to reduce the amount 
of vignetting due to the vacuum port. As a result, we have located the 
spectrometer near the perimeter of the toroidal field coil, as shown in Fig. 2. 
This represents the closest distance possible without creating interference 
problems with the poloidal motion of the spectrometer. Unfortunately, this 
distance was not close enough to prevent all vignetting by the edges of the 
vacuum port. 

Having fixed the size of the spectrometer we can make an estimate of the 
dominant focussing defects and thus of the anticipated resolving power of 
the instrument. The resolving power A/AA of the spectrometer at  a Bragg 
angle 8 can be found from Eq. (1) and is given by 

1 
A/AA= - tan8 . ae 

The angular resolution A0 of the detector is determined by the spatial res- 
olution of its components and its distance from the crystal. The pore size 
of each microchannel plate is 25 pm. At a radius R, = 57 cm, the angular 
resolution of the Chevron corresponds thus to a resolving power of about 
14,000. The Reticon has a pixel spacing of 25 pm; however, each pixel views 
a 50-pm wide area on the phosphor screen so that the resolving power of 
the Reticon equals about 7,000; similarly, the resolving power of the light 
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fiber bundle (7 pm-diameter fibers) corresponds to 40,000. For comparison, 
the Doppler-broadened linewidth of selenium corresponding to a typical ion 
temperature of 1 keV is about 4,000. Hence the resolving power of the in- 
dividual detector components is more than adequate for our measurements. 
The same is true for the intrinsic resolving power of the crystal which equals 
about 8000.13 

The resolving power of the spectrometer is not only determined by the 
resolving power of its components, but it is also affected by a variety of 
focussing defects. First, the Johann geometry is not exactly focussing.” 
Instead it has an associated focussing error which depends on the illuminated 
length IC of the crystal and is given by’’ 

12 
LC Ael = 

8Rztan8 * 

Another focussing defect results from the height 
called vertical error is given by” 

h2 
A82 = 

8R,2 sin 8 COS 8 ’ 

(3) 

of the crystal h. This so- 

(4) 

A third error is due to the fact that the detector is straight and thus tangent 
to the Rowland circle at best only in one spot. Assuming that it is tangent 
in the center, the worst focussing defect occurs at the edges of the detector 
and can be obtained from geometrical optics as 

1 12 

where Ed is the length of the detector. Moreover, 

(5) 

the error due to misaligning 
the center of the detector 
an error 

a distance Ad from the Rowland circle results in 

Adl, 
A84 = Rg sin 8 ‘ 

Since all four errors, Eqs. (3)-(6), depend on the illuminated length and 
width of the crystal, they can be made arbitrarily small by reducing the 
illuminated area of the crystal. We are only limited by the spectral intensity 
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as well as by the resolving power of the ADP crystal, which in Ref. 13 is 
given to be A/AA = 8200. The moveable apertures in front of the crystal 
allow a variation of the illuminated length of the crystal from 1.3 cm to 2.9 
cm. The shortest length of 1.3 cm was found to  be by far sufficient to record 
bright spectra even at the fastest possible time resolution of the spectrometer 
(At = 4 msec). For I, = 1.3 cm, Id = 10 cm, 8 = 50°, h = 2 cm, Ad = 0.2 
cm, and R, = 57 cm the dominant of the four errors given in Eqs. (3)-(6) 
is the vertical error. The value of A/AA corresponding to this error is 3800, 
while A / h A  corresponding to the sum of all four errors is about 3500. As 
noted earlier this value is approximately equal to the Doppler width of most 
lines at 1 keV ion temperatures typical in PLT. 

111. Crystal Bending 

The 100-mmx20-mmx0.5-mm ADP crystal was bent to a cylindrical form 
by using a four bar bending jig4J4 shown in Fig. 6. The radius of curvature 
of the crystal is adjusted by means of the fine-thread screws which hold the 
top rollers. Four copper-beryllium springs, one on each side of each top 
roller, firmly press the rollers onto the adjustment screws and counteract the 
weight of the rollers. This arrangement was necessary because the weight of 
the rollers alone was sufficient to bend the crystal to a radius of curvature 
less than the radius desired. 

The quality of the curvature of the crystal was checked optically by using 
reflection of a divergent laser beam from the front surface of the crystal. The 
sharpness of the focus of the reflected beam was determined using a Reticon 
photodiode array. Typical Reticon traces are shown in Fig. 7 for five different 
distances from the crystal. The illuminated length of the crystal in this case 
was 2 cm. We note that as the Reticon is moved away from the focal point 
the image becomes increasingly more structured. In particular, the single 
focal line in Fig. 7(c) splits into two lines which separate as the distance is 
increased, as seen in Figs. ?(a) and (b). By covering the left or right half 
of the crystal, we find that one of the two lines emanates from the right, 
the other from the left half of the crystal. Decreasing the distance leads to 

9 



the emergence of wings to either side of the central line which spread and 
grow as the distance is further increased, as seen in Figs. 7(d) and (e). As the 
distance is increased or decreased further, each line bifurcates into additional 
lines. If we increase the illuminated length of the crystal to 5.0 cm, Fig. 7(f), 
additional structure is visible. The multiple structure seems to indicate that 
the crystal does not bend uniformly, possibly as a result of variations in the 
thickness of the crystaL6 

The sharpness of the focus as a function of distance is shown in Fig. 8. 
Here the focal width is defined as the full width at  half-maximum of the 
measured peak. In the case where two or more distinct lines were visible, 
the width is defined so as to enclose the two outermost lines on each side 
at half maximum. The focal width was determined also for a second ADP 
crystal with a thickness of only 0.25 mm. This crystal was polished on one 
side only. As seen in Fig. 8, the thicker crystal provided superior focussing 
characteristics. Its sharpest focus was about four times better than the focus 
of the thinner crystal. More importantly, the thicker crystal could be focussed 
in a much shorter time than the thinner crystal, and it maintained its radius 
of curvature throughout the length of this investigation, while the thinner 
crystal had to be readjusted periodically. In addition, the line focus of the 
thinner crystal was not uniform along its length. Using Eq. (6) we can 
calculate a simple estimate of the focal width of the crystal based on the 
distance of the Reticon from the focal point. This estimate is plotted as a 
solid line in Fig. 8. It roughly agrees with the observed defocussing although 
the simple estimate does not account for the internal structure exhibited by 
the observed focus. Figure 8 shows that a resolution A/AA Z 5000 can be 
maintained in a region of 10.5  cm surrounding the location of best focus. 
Exact alignment of the detector on the Rowland circle is, therefore, not 
necessary. 

IV. Testing and Operation 

Using a PHI Model 04-151 commercial x-ray source2' with an aluminum 
target, we have measured the signal level of the detector as a function of 
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the voltage on the phosphor screen, VpH, and as a function of the voltage 
across the microchannel plates, V ~ c p .  The results are shown in Fig. 9. As is 
expected, the signal gain depends more strongly on the microchannel plate 
voltage, and is less sensitive to the accelerating potential on the phosphor. On 
PLT we have usually operated the detector with voltages Vmcp = -1300 V 
and Vp, = 2500 V. Although the detector had been tested at up to VpH = 
5000 V in the laboratory, the detector could not be operated at such high 
voltages without the risk of arcing after the spectrometer was installed on 
PLT, because of a higher base pressure in the system. 

An indication of the resolving power of the spectrometer is given by line 
widths measured on PLT. A typical spectrum obtained on PLT is shown 
in Fig. 10. The observed width of the line labelled Ly-C is A/AA * 2500 
and corresponds to some of the narrowest line widths measured with the 
new instrument. This line was recorded near the center of the detector. 
For comparison, the line labelled Ly-y was recorded close to the edge of 
the detector, and its width is only A/AA rz 1600. Assuming a Gaussian 
instrumental response function, the width of a measured line profile is given 
by 

Using this assumption and noting that AlAA~oppl~,. x 3500 for sodium at the 
measured ion temperature of 0.5 keV, we find that the resolving power of the 
instrument at the center of the detector approximately equals the Doppler 
width of the line Ly-C, namely A/AA % 3500. This value is in agreement 
with the value we expect from the size of the focussing defects given by Eqs. 
(3)-( 6) and discussed earlier. 

The resolving power of the new vacuum crystal spectrometer was found 
to deteriorate with increasing microchannel plate voltage. Results of a scan 
of VMCp between 1100-1500 V are shown in Fig. 11. The scan was taken 
on PLT by measuring the width of several different lines indicated by the 
different symbols. VPH was kept fixed. Over the range of V ~ c p  investigated 
the line width broadened by 30%. In a similar fashion we have measured the 
line width as a function of VPH, as shown in Fig. 12. The line width was 
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found to be fairly insensitive to changes in V p H .  This result does not agree 
with the results obtained by Fonck et ul.' They observed an improvement of 
the resolution proportional to G. 

Keeping both V M c p  and VPH fixed, we notice an increase of the line width 
as the intensity of the line increases. The results are shown in Fig. 13. As 
the intensity quadruples, the line broadens by 30%. The behavior can also 
be seen in the spectrum in Fig. 14. Here the FWHM of the strongest line is 
about 50% larger than that of the smaller lines. Fonck e t  uZ.'J5 have studied 
the resolving power of intensified photodiode arrays extensively. However, 
they did not observe such a broadening of the line width with V&p or 
line intensity. These researchers have used single microchannel plates in 
their detector, while we have used two. The secondary electron gain in 
a Chevron is about two orders of magnitude larger than that of a single 
microchannel plate.21 As a result it could be possible that space charge 
effects in the gap between the back of the Chevron and the phosphor screen 
play a role in determining the resolution of our detector. This, however, does 
not explain the lack of noticeable improvement in the focussing properties at 
high voltages on the phosphor. The lack of improved line widths with V ~ H ,  
on the other hand, can be explained by saturation of the Chevron. However, 
we have found no supporting evidence for this possibility. 

As mentioned earlier, the resolution of the spectrometer can be improved 
by reducing the illuminated area of the crystal. All data in this study were 
recorded using I, = 1.3 cm. The signal strength is sufficient to allow a 
reduction of I, by a factor of two or more. Concurrently, the illuminated 
width of the crystal can be narrowed in order to reduce the vertical error. 
This reduction would increase the resolution of the spectrometer well beyond 
the line width due to Doppler broadening. 

The noise level in the readout of a 4 msec-long dark scan is about 2- 
3 counts on a 10-bit digitizer. The noise level is about twice as high in a 
4 msec-long scan taken on PLT. Part of the increase is due to fluctuations 
in the radiation from the plasma itself; the remainder is due to pickup of 
electrical noise generated during a discharge. The best ratio of x-ray counts 
to noise is thus about 200:l for a strong x-ray line. Adding several scans 

12 



can improve this ratio considerably by reducing the statistical error. The 
noise level due to dark currents in the Reticon can be reduced by cooling the 
array,22 e.g., by using a Peltier thermoelectric cooler. However, no cooling 
has been used in the present setup. 

Apart from random noise, Reticons exhibit fixed-pattern noise due to 
spatial variations in the transient signals coupled into the video line through 
stray capacitances in the clocks. This noise results in a systematic offset in 
every fourth pixel as shown in Fig. 15. The noise can be minimized by careful 
alignment of the Reticon Evaluation Board. However, the effect changes in 
time, and such an alignment is impractical during operation on PLT. Instead, 
the offset of each of the four traces is found in a numerical algorithm, and the 
offsets are removed during data analysis. The data of Fig. 14, for example, 
are the same as in Fig. 15 except that the data have been adjusted for the 
fixed-pattern offset. Spatially fixed noise patterns of arbitrary periodicities 
can also be eliminated by simply subtracting a dark scan from the data scan. 

The effect of magnetic fields on the performance of the microchannel 
plates has been described in Ref. 23. Depending on the orientation of the 
field lines to the channel axes, a magnetic field can increase, diminish, or even 
completely inhibit gain in the microchannel plates. Furthermore, Fonck, who 
has used a microchannel plate-intensified photodiode array near the vacuum 
vessel of the PDX tokamak, has noted that the presence of magnetic fields 
(typically 10 kG) tends to shift the spectrum by a few pixels from the no- 
field case.’* We have minimized the effect of the toroidal magnetic field by 
placing the spectrometer near the outer edge of the toroidal field coil (cf. 
Fig. 2). This location is close to the point where the toroidal field reverses, 
and the detector sees less than 5% of the nominal field (30 kG) inside the 
torus. The detector may be more sensitive to the relatively stronger vertical 
magnetic field used to stabilize the plasma and to the stray field of the ohmic 
heating transformer. Shifts of the position of a given spectral line between 1 
and 3 pixels have been observed on a shot-to-shot basis as well as between 
consecutive time groups in the same shot. The cause of these shifts, however, 
could not be determined, although the shifts may be related to  changes in 
the vertical or ohmic heating magnetic fields. 
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In order to determine the spatial variations in the intensity response of 
the detector, the detector was tested in the laboratory by sweeping it across 
the aluminum K a  line using the tilt mechanism between the detector and the 
crystal. The resulting traces recorded with the two Reticon arrays are shown 
in Fig. 16. The variations in the response appear to be due to nonuniformi- 
ties in the thickness of the phosphor and due to the quality of the optical 
coupling between the light fibers and the Reticon. This method of testing 
the detector response does not account for variations which are functions of 
wavelength. However, the sensitivity of the detector as a function of photon 
energy is expected to vary only slightly, since the spread in wavelengths in the 
spectral range considered is relatively small. Moreover, the decrease in the 
transmission properties of the aluminum and magnesium-parylene foils for 
lower photon energies is compensated in part by an increase in the efficiency 
of the CsI phot~cathode. '~ 

An in situ measurement of the spectrometer response as a function of 
wavelength was made on PLT using the bremsstrahlung continuum radia- 
tion produced in a low-electron temperature, xenon-prefill, discharge with 
runaway electrons. For this case the bremsstrahlung radiation completely 
dominated the much weaker line radiation in the spectra. The result ob- 
tained for the variation of the detector response with position reproduces the 
traces shown in Fig. 16 to within 10%. 

V. Access to Neighboring Wavelength Regions 

Ideally, we would like to be able to make well-focussed measurements at 
any Bragg angle. If we want to change the alignment of the spectrometer 
from a Bragg angle Bo to a new Bragg angle 60 - A, as shown in Fig. 17, 
the crystal has to be rotated by an angle A, since the sightline between the 
plasma and the center of the crystal remains fixed. Further, the detector arm 
has to be rotated by an angle 2A, and the distance D between the detector 
and the crystal has to be changed to satisfy the Johann condition, i.e., 

D = R, sin( eo - A) . 
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We also have to rotate the detector, in order to keep it tangent to the Rowland 
circle. In the following, we describe a low-cost arrangement based on a simple 
tilting mechanism which allows alignment of the detector on the Rowland 
circle for Bragg angles close to the nominal Bragg angle. 

As shown in Fig. 17 realignment of the spectrometer to a new Bragg angle 
O0 - A can be accomplished by tilting the detector by an angle p at a pivot 
point P. From Fig. 17 we find that 

81 = A, 62 = 2A, ,d = 3A, b = 2acosA, (9) 

where b is the distance between the pivot point and the center of the detector, 
a is the distance between the pivot point and the center of the crystal, and 
O1 and 6 2  are defined in the figure. For the untilted position, A = 0, so that 

determines the location of the pivot point P. In the tilted position we have to 
readjust the length of a and b, in order to satisfy the constraint on D given 
by Eq. (8). Hence, 

and 

sin(& - A) 
cos 2A + 2 cos A 

a = &  

sin($ - A) cos A 
cos2A+2cosA * 

b = 2Rc 

In other words, if we turn the crystal to a new Bragg angle do - A, we can 
keep the detector in focus and tangent to the Rowland circle, if we (i) choose 
a pivot point at a distance a from the crystal and a distance b from the 
detector, and (ii) tilt the detector by p. 

Figure 18 shows a schematic of the tilt mechanism used to keep the detec- 
tor in focus when changing the Bragg angle of the spectrometer. The lengths 
a and b are adjusted by nuts A and B. The degree of tilting is determined 
by nuts A. In the present case this adjustment was carried out manually. All 
components, however, are suitable for remote control. 

The range of Bragg angles accessible with this design is limited by the size 
of the bellows. The bellows should be wide enough to avoid obscuring part of 
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the detector in a very tilted position, and they should be long enough in order 
to allow for a large tilt angle. If a tilt angle of p = 3~90" could be achieved, 
the corresponding change in the Bragg angle would be A = ,B/3 = f30". 
In practice, however, values of ,f? are limited to a much smaller range, say ,B 
2 f45", which results in a range of Bragg angles 8, - 15" S eo S eo + 15", 
which is still quite respectable. In the present case the bellows used in the 
construction of the new instrument limited ,B to zt8". As a result, we have 
been able to look at a wavelength range 7.2 8, < X < 9.0 A. This compares 
to a range of 7.5 8, < X < 8.7 A without the bellows. 

The spectrometer has also been used to measure spectra in second order. 
A spectrum of heliumlike argon obtained in second order with the vacuum 
crystal spectrometer is shown in Fig. 19. This technique again increases the 
accessible wavelength region. The spectrum also shows that the CsI-coated 
microchannel-plate photocathode is sensitive to photons with energies above 
3 keV, although the sensitivity is reduced to that at lower photon energies. 

VI. Transport Measurements 

To illustrate the versatility of the new USX spectrometer and, in turn, to 
demonstrate the usefulness of L-shell spectroscopy for plasma diagnostics, we 
have made a detailed study of the An = 1 resonance transitions of neonlike 
selenium and of associated satellite transitions. The data are used to infer 
the impurity transport parameters (diffusion and convection coefficients for 
transport from the center of the plasma radially outward) and the radial 
charge-state distribution, i.e., the relative abundance of each charge state of 
an element as a function of minor radius. 

The neonlike charge state dominates over a wide range of electron tem- 
perature due to the closed-shell configuration of the neonlike ion, because 
the ionization potential of n = 2 electrons in neonlike ions is much higher 
than that of n = 3 electrons in sodiumlike, magnesiumlike, etc., ions. Thus 
observation of neonlike line emission allows the study of transport in a large 
volume of plasma in the central or near-central region. The neonlike x-ray 
emission is very bright so that we have been able to make measurements 
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with good spatial resolution (width of sightline at  plasma center Ax = 3 
cm) and good time resolution (At  = 4 msec). By contrast, it is not possi- 
ble to make transport measurements of neonlike ions using UV spectroscopy, 
because neonlike ions radiate only very weakly in this spectral region. 

Because selenium is not indigeneous to PLT plasmas, it was injected into 
the quasi-steady-state phase of the plasma by ablation of a thin film of sele- 

. nium from a glass slide via a laser p ~ l s e . ~ ~ ~ ~ '  The time history of the neonlike 
resonance transition (2p f /23d3 /2 )~=1  --f (2p6)5,0, labelled 3C in Fig. 14, is 
shown in Fig. 20. The data are obtained by viewing the plasma along a 
central chord, i.e., a sightline passing through the center of the plasma. 

In order to infer the transport parameters from spectroscopic observa- 
tions, it is customary to  model the time-dependent line emission with i l ~ i  ap- 
propriate charge-balance and ion-transport code. The procedures have been 
detailed in previous transport s t ~ d i e s , ~ ~ - ~  and in the following we shall limit 
our discussion to a brief overview of the methods. The 3 4 2 line emission 
was modelled using the Princeton 1-D time-dependent multi-species impu- 
rity ion and transport code MIST described in Ref. 31. The code solves a 
set of coupled rate equations for the density nq of each ion species of charge 
+q using the ionization and recombination rates of Post e t  ~ 2 . ~ ~  Furthermore, 
the code models radial transport from diffusive and convective contributions: 

(13) 

Here r4 is the radial Aux for charge state +q; D is the diffusion coefficient 
which, for the present study, is taken to be independent of radius; v, is the 
convective velocity. The convective velocity is parametrized by introducing 
a parameter c, and s e t t i n e  

This parametrization ensures that the total impurity density profile nImp = 
E, n q ( T )  is proportional to the electron density profile, in particular nrmp oc 

in the source/sink free region of the plasma.= For the present study the 
electron density, ne, along with the electron temperature, has been measured 
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with Thowon scattering. Having determined the density of each ion species, 
the code then calculates the emissivity of a given spectral line based on 
excitation rates calculated by C. Cerjan at Livermore using the code of Ref. 34 
and on branching ratios of Chen.35 Results of the model calculations are 
shown in Fig. 21. The two transport parameters D and c, have been varied 
systematically until the best fit to the data was achieved. The adopted 
values are D z 5 x lo3 cm2/sec and c,, z 0. The uncertainties in these 
values typically are large because the values are affected by uncertainties in 
the atomic rate coefficients and by uncertainties in the electron temperature 
profiles. The values are also affected by the details of modelling the so- 
called scrape-off region outside of the plasma limiter radius, as noted in 
Ref. 33. (For this study we have set the effective size of the scrape-off region 
equal to 2 cm.) Furthermore, the possibility of re-entry of ions into the 
plasma after leaving the plasma has not been taken into account in the model. 
Previous measurements of the transport parameters have typically relied on 
spectroscopic measurements of An = 0 transitions or on An = 1 transitions 
in the K - ~ h e l l . ~ ~ - ~ ~ ~ ~  Our investigation thus demonstrates that L-shell 
spectroscopy can be added to the list of methods which can be employed to 
make measurements of the transport parameters. 

The modelling calculations can be checked for consistency by compar- 
ing the calculated radial charge-state distribution to the measured profiles. 
Figure 22( a) shows the sightline-integrated intensity profile of the resonance 
line 3C of neonlike selenium measured with the new USX spectrometer. The 
data were obtained by poloidally scanning the spectrometer on a shot-to- 
shot basis and consist of 18 points from 18 reproducible discharges. Each 
data point represents a time average of 16 msec recorded at t = 44-60 msec 
after injection. An adjustment is made for the amount of selenium injected 
into the plasma by normalizing the data to the peak of the energy-integrated 
soft x-ray signal from a soft x-ray diode array. Due to  the low ratio of 
plasma pressure to magnetic pressure of the PLT plasmas we assume con- 
centric magnetic flux surfaces and thus poloidal symmetry. Consequently, 
we symmetrize the profile data of Fig. 22(a) around the origin by setting 
f ( - R T A N )  = ~ ( R T A N ) ,  where RTAN is the distance between the sightline 
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and the center of the plasma. The result is shown in Fig. 22(b). Here we have 
also fitted the symmetrized data using cubic splines. The profile obtained 
in the spline fit is then Abel-in~erted,~'*~' and the resulting local emissivity 
profile is shown in Fig. 22(c). The local emissivity profile is compared to 
the emissivity profile calculated by the MIST code for t = 50 msec after 
injection. In the calculations the parameter values determined above, i.e., 
D = 5 x lo3 cm2/sec and c, = 0, were used. The calculated emissivity profile 
of the neonlike resonance line 3C is shown in Fig. 23(a) together with the 
measured emissivity profile. We note that the MIST predictions as well as 
measurements show that an approximate equilibrium in the relative charge- 
state abundances is reached within the overall impurity density decay for t 2 
40 msec after injection. Hence the profile shapes shown in Fig. 22(c) do not 
appreciably change later in time. Emissivity profiles have also been measured 
for the sodiumlike resonance transition (2~;/~3~1/23d3/2)3/2 -, (2p03s1/2)1/2, 
labelled N47 in Fig. 14, and the sum of the fluorinelike resonance transitions 
(2p1/22&23~3/2)3/2 -+ 2&2 and (2p1/22&23d3/2)5/2 2&2. These tran- 
sitions are labelled F55 and F56, respectively, in Fig. 14. The profiles are 
shown in Figs. 23 (a) and (b), respectively, along with the profiles calculated 
by the MIST code. The scales of all experimental and calculated profiles 
have been normalized to the peak value of the measured intensity of line 3C. 
In order to get agreement between the relative magnitudes of the computed 
and experimental profiles seen in Figs. 23 (a)-(c), it was necessary to in- 
crease the ionization rate of the sodiumlike ions by a factor of 1.8 in the 
calculations. Without increasing the ionization rate of sodiumlike ions the 
scale of the computed profile of the sodiumlike emissivity would have been 
1.8 times larger than the experimental profile, although its shape would have 
been the same. Since the ionization and recombination rates of Post et d.32 
employed in the MIST code are deemed uncertain by factors of two to 
an adjustment of one of the rates by a factor of 1.8 is within reason. This 
is particularly true because these ionization rates do not account for inner 
shell ionization, which is an important mechanism for sodiumlike 
By contrast, the excitation rates and branching ratios which we have used in 
the calculation of the line emissivities are deemed much more accurate. 
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The location of the peak as well as the gross shape of the line emission 
profile are mostly determined by the electron temperature profile. On the 
other hand, the wings of the line emission (;.e., the radial gradient of the 
profile) are sensitive to the value of the transport parameters. For a reliable 
determination of the transport parameters it is, therefore, necessary to mea- 
sure the line intensity of a given line not only in the central plasma region 
where the intensity is strongest, but also in the colder regions of the plasma 
where the intensity is weak. Such a measurement was easily possible with 
our new spectrometer, as seen in Fig. 22, due to the good sensitivity of the 
detector and because the brightness of neonlike transitions. Comparing the 
experimental data with the shapes of the modelling profiles in Fig. 23, we 
find good agreement. Hence, we have been able to construct a consistent 
model which, within the uncertainties of the ionization and recombination 
rates, matches both the temporal and spatial line emission profiles measured 
with the USX spectrometer and which provides us with a measure of the 
magnitude of plasma transport. 
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Figures 

FIG. 1. Focussing properties of the Johann geometry. The Johann geometry 
employs a bent crystal with a radius of curvature R, to focus x rays of 
wavelength X on to a circle with radius RJ2, the so-called Rowland circle. 
According to Bragg's law x rays of different wavelengths are focussed on 
different points along the Rowland circle. 

FIG. 2. Schematic of the new vacuum crystal spectrometer. 

FIG. 3. Absorption characteristics of the aluminum and the magnesium- 
parylene foils according to Biggs and Lighthill in Ref. 43. p is the linear 
absorption coefficient, and d is the thickness of the foil. Absorption edges 
occur at 284 eV for carbon, 50 eV and 1305 eV for magnesium, and 73 
eV and 1560 eV for aluminum. 

FIG. 4. Schematic of the intensified soft x-ray detector. 

FIG. 5. Block diagram of the electronics used to read out and archive the 
intensified photodiode array. 

FIG. 6. Side view of the four-bar bending jig. 

FIG. 7. Crystal focus determined via optical means for different distances Ax 
from best focus: (a) Ax = +0.9 cm, (b) Az = +0.5 cm, (c) Ax = +0.3 
cm, (d) Ax = -0.3 cm, (e),(f) ha: = -1.2 an. The illuminated length of 
the crystal in (a)-(e) is 2 cm; in (f) it is 5 cm. Note the change of scale 
between (a)-(d) and (e), (f). 

FIG. 8. Quality of the crystal focus as a function of distance for two ADP 
crystals: (a) 0.500 m - t h i c k  crystal, polished on both sides; (b) 0.25 mm- 
thick crystal, polished on one side only. The illuminated length of each 
crystal is 2 cm. The solid line is a theoretical estimate of the focal width 
using Eq. (6) with R, = 57.3 cm and 6 = 50". 

FIG. 9. Detector response as a function of (a) the microchannel plate voltage, 
(b) the focussing potential on the phosphor. 
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FIG. 10. Spectrum of the Lyman series in hydrogenic sodium. The spectrum 
covers the wavelength region 7.50-8.15 %., and has been obtained with 
the vacuum crystal spectrometer on PLT. The spectrum is due to transi- 
tions of the type nP1/2,3/2 -+ 1Sl/2 for n = 4 ,5 ,6 ,7  ... The intensity of the 
Ly-[ line at X =7.6767 8, is enhanced by charge-exchange recombination 
between neutral hydrogen and fully stripped sodium ions. This process 
populates preferrentially the n = 7 level.3s 

FIG. 11. Line width as a function of microchannel plate voltage. The differ- 
ent symbols correspond to different spectral lines. The potential on the 
phosphor is 2400 V. 

FIG. 12. Line widths of two different lines 'as a function of the accelerating 
potential between the back of the Chevron and the phosphor screen. The 
voltage across the microchannel plates is 1300 V. 

FIG. 13. Line width as a function of line intensity. The detector voltages are 
V ~ c p  = 1300 V and VPH = 2450 V. 

FIG. 14. Spectrum of the 3d -+ 2p transitions in fluorine-, neon- and sodi- 
umlike selenium in the wavelength region 7.30-7.95 A. Note that the 
widths of the two most intense lines, 3C and 30,  are larger than those of 
the weaker lies. 

FIG. 15. Raw data scan showing systematic noise patterns. Every fourth 
pixel has a common offset. Cf. Fig. 14 which shows the same data after 
numerical elimination of the offset pattern. 

FIG. 16. Intensity response of the detector obtained with Reticons # 1 and 
# 2. The response function was obtained by sweeping the detector over 
a constant source of monoenergetic x rays. 

FIG. 17. Position of the crystal and the detector for the two nominal Bragg 
angles, 80 and 00 - A. The detector can be kept in alignment on the Row- 
land circle by tilting the detector arm around P. The sight line between 
the crystal and the plasma remains fixed. 
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FIG. 18. Tilt mechanism between crystal and detector used to keep the de- 
tector in focus on the Rowland circle when changing the spectrometer 
alignment. Nuts A set the degree of tilting; nuts B determine the dis- 
tance between pivot and crystal, as well as between pivot and detector. 

FIG. 19. Ka: spectrum of heliumlike argon. The spectrum is measured in 
second order with the vacuum crystal spectrometer. The resonance line w,  
the intercombination lines z and y, and the forbidden line z are labelled. 
The spectrum is superposed on to a variety of strong transitions seen in 
first order. These transitions presumably arise from 4 4 2 transitions in 
berylliumlike and boronlike iron. 

FIG. 20. Intensity of line 3C versus time after injection into the plasma. The 
data are integrated along a line of sight through the center of the plasma. 

FIG. 21. Experimental and fitted intensity of line 3C of neonlike selenium for 
three values of the diffusion coefficient D. The value of c, is set c, = 0. 
The values of the diffusion coefficient D are given in units of cm2/sec. 
The peaks of the calculated intensity curves have been normalized to the 
peak of the experimental intensity. The selenium is injected at t=O. 

FIG. 22. (a) Sightline-integrated intensity data of the neonlike transition 3C 
versus tangency radius. (b) Symmetrized sightline-integrated intensity 
data of the transition 3C versus tangency radius. The data are fitted 
using cubic splines. The dashed curves represent two additional spline 
fits. (c) Emissivity profile of the neonlike transition 3C. The profile 
is the result of an Abel inversion of the symmetrized sightline-integrated 
intensity data in (b). The dashed curves correspond to the dashed profiles 
shown in (b) and serve to illustrate the uncertainties in the Abel-inverted 
profiles. 

FIG. 23. Calculated and measured emissivity profiles (a) of the neonlike line 
3C, (b) of the sodiumlike line N47, and (c) of the blend of Auorinelike 
lines F55 and F56. The transport parameters used in the calculations 
are: D = 5 x lo3 cm2/sec and c, = 0. 
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