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A flat-crystal spectrometer for analyzing ultrasoft x rays in the wavelength region 10-25 A was 
constructed for use on an electron beam ion trap. The spectrometer employs a position-sensitive 
proportional counter for detection and affords a nominal resolving pwer of 2000 at a Bragg 
angle of 45”. Measurements of the L-shell spectra of Ne-like Fe’ + and of the 3s112-3p312 
transitions in near Na-like Pb71 +, which fall into the wavelength region from 13.5 to 17.5 A, are 
presented demonstrating high throughput and ‘excellent signal-to-noise characteristics. The 
actual resolving power achieved was limited by the intrinsic resolution of the crystal to 500. A 
resolving power close to the nominal value was achieved in second order Bragg reflection. 

I. INTRODUCTION 

The ultrasoft x-ray region between 10 and 25 A com- 
prises line emission from a wide variety of ions. High- 
resolution analysis of this region is important for the diag- 
nostics of many types of plasmas ranging from the Sun to 
tokamaks and laser-produced plasmas as well as for the 
investigation of basic atomic physics issues. For example, 
the K-shell lines of He-like 0, F, Ne, and Na and the 
Lshell lines of Ne-like Fe fall into this wavelength region, 
which are important diagnostic lines for the Sun and tok- 
amaks; in addition, the wavelength region includes the 
n=2-2 and n = 3-3 transitions from very highly charged 
ions such as the F-like lanthanides and the Na-like noble 
metals and actinides. 

Because of the low energy of the x rays in the ultrasoft 
x-ray region any spectrometer must be operated in vacua to 
avoid absorption by air. Although gratings are commonly 
used to analyze x rays in this region, the photon energy is 
high enough for employing crystals such as RAP (potas- 
sium hydrogen phthalate) or TlAP (thallium hydrogen 
phthalate) with lattice spacings 2d=25-26 A. The task of 
analyzing ultrasoft x rays has been addressed in different 
ways, each method reflecting the particular characteristics 
of the source of the x rays. For example, magnetically 
confined plasmas, such as tokamaks, represent intense ex- 
tended sources, and the main task of x-ray spectroscopy is 
the time and space resolved determination of plasma im- 
purities and ion transport.’ These plasma have been ana- 
lyzed with spectrometers employing rapidly rotating flat 
crystals that provide fast time resolution together with a 
broad wavelength coverage2 or continuous spatial 
scanning.3 In each case, a set of apertures must be used for 
collimating the incoming x rays. The photon flux of astro- 
physical sources, by contrast, is generally small, and effi- 
cient light collection over a broad wavelength range takes 
highest priority. These objectives have been implemented, 
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for example, in the soft x-ray spectrometer developed for 
the Advanced X-ray Astrophysics Facility (AXAF).4 It 
employs a curved crystal in the Johann configuration, 
which greatly improves the light collection efficiency over 
those of flat-crystal configurations, and uses a gas-filled 
proportional counter for recording of the dispersed x rays 
with high quantum efficiency. 

Like astrophysical sources, the electron beam ion trap 
(EBIT) is a relatively weak x-ray source, and the efficient 
recording of high-resolution spectra that enable accurate 
wavelength determinations represents the main objective of 
x-ray spectroscopy. The EBIT source uses a compressed 
electron beam with a precisely controlled energy to pro- 
duce and excite stationary, electrostatically trapped ions of 
any preselected charge state, in principle up to bare 
uranium.’ Because x rays are emitted only from the region 
where the electron beam interacts with the ions, the EBIT 
source is cylindrical with a 2-cm length and 60+m width, 
as given by the length of the trap and the diameter of the 
electron beam. The source dimensions are thus similar to 
those of an entrance slit for a grating spectrometer and are 
well matched for either flat-crystal or von Hamos-type 
bent-crystal spectrometers. A spectrometer of the latter 
type is already in use on EBIT to analyze x rays with 
energies above about 2 keV.6 It operates in a helium atmo- 
sphere, which is separated from EBIT by a 5-mil ( 125~pm) 
beryllium window. Because alignment of a von Hamos- 
type spectrometer is difficult to accomplish in vacua, we 
opted to develop an easy-to-align flat-crystal spectrometer 
for analyzing x rays in the ultrasoft x-ray region with en- 
ergies below 2 keV. To compensate for the lower efficiency 
of the flat-crystal geometry compared to that of a compa- 
rably sized von Hamos geometry, we have developed a 
position-sensitive detector with a nearly 100% quantum 
efficiency for low-energy x rays that can be deployed in 
vacua. 

We illustrate the performance of the low-energy crystal 
spectrometer by presenting measurements of the L-shell 
spectrum of Ne-like Fe. We also have made a measurement 
of the 3~,,,-3p~,~ transition energies in Na-like, Mg-like, 
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FIG. 1. Schematic layout of the flat-crystal spectrometer on the EBIT 
facility. The electron beam direction is out of the page and represents a 
line source 2 cm long and 60 pm in diameter so that no entrance slit is 
needed. Crystal and detector rotate about a common pivot point. The 
vacuum of the spectrometer is separated from the EBIT vacuum by a thin 
foil consisting of either 4 pm polypropylene or 1 pm polimide. 

Al-like, and Si-like Pb. The latter measurement allows us 
to compare the performance of our new instrument with a 
Johann-type crystal spectrometer with a microchannel 
plate detector and two-dimensional readout7 used earlier 
on EBIT to measure the 3~~,~-3p~,~ transition energy of 
Na-like Pt. We find that the new flat-crystal spectrometer 
has a higher efficiency with comparable resolving power. 

II. DESCRIPTION OF INSTRUMENT 

Figure 1 shows a schematic of the flat-crystal spec- 
trometer we designed for use in the ultrasoft x-ray region. 
The diffraction plane is oriented perpendicular to the elec- 
tron beam. The spectrometer employs a 2X5-cm2 analyz- 
ing crystal. The crystal and detector rotate around a com- 
mon pivot point, allowing for easy alignment. The 
maximum attainable Bragg angle is 63”. 

The instrument employs a lo-cm long, one- 
dimensional position-sensitive proportional counter with 
P-10 fill gas (90% Ar, 10% CH4) at 1 atm flowing 
through the chamber at a steady rate of 10-20 mm3/s. The 
0.8x8.0-cm2 detector window consists of a 4+m thick 
polypropylene foil coated with a few hundred A (<200) of 
aluminum. It is supported down the middle by one l-mm 
wide horizontal bar. Independent pressure tests show that 
the thin window can withstand pressures exceeding 4 or 5 
atm. Fatigue caused by cycling the vacuum, however, may 
cause microscopic perforations in the window indicated by 
poorer vacuum performance, which necessitate a periodic 
replacement of the window. The same type of foil is used to 
separate the spectrometer vacuum (8 X lo-’ Torr) from 
the much higher vacuum of the EBIT vessel (-10-i’ 
Torr). Without this separation the vacuum in the EBIT 
trap (typically - 10-l’ Torr) degrades significantly, de- 
pressing the attainable charge balance by charge-exchange 
recombination with neutral background gases. The foil has 
a diameter of 25 mm. Unlike the foil covering the detector 
window, this foil is free-standing and cannot withstand a 
pressure differential of an atmosphere. As a result, we use 
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FIG. 2. Approximate x-ray transmission curves for three combinations of 
two foils consisting of 4 pm polypropylene or 1 pm polimide coated with 
200 %, of aluminum. 

a by-pass pumpline during the evacuation of the spectrom- 
eter to maintain nearly equal pressure on both sides of the 
foil. 

Absorption of low-energy x rays in the two Al-coated 
polypropylene foils limits the useful range of the spectrom- 
eter, i.e., the range where the transmission is larger than 
5%, to wavelengths less than about 16 A, as shown in Fig. 
2. We have also operated the spectrometer by replacing one 
of the 4-pm polypropylene foils by a l-pm polyimide foil. 
Polyimide foils have been successfully used in the low- 
energy crystal spectrometer constructed for AXAF.’ This 
extends the useful range of the spectrometer to about 19 A. 
Substituting polyimide for both polypropylene foils extends 
the useful range of the spectrometer to wavelengths longer 
than can be analyzed by hydrogen phthalate crystals, i.e., 
to wavelengths longer than 25 A. 

The combined distance between EBIT, crystal, and de- 
tector is 50. cm. The detector resolution is about 250 pm 
and thus provides an angular resolution of A@=5 x 10Y4. 
Using Bragg’s law 

nA=2d sin 8, 

where d is the lattice spacing of the crystal and n is the 
order of reflection of a line with wavelength R at an angle 
8, the nominal resolving power of the spectrometer is given 
by 

/z/M. = tan 9/A& 
As a result, the nominal resolving power of our instrument 
is as high as n/M = 2000 at a Bragg angle of 8=45”. For 
the measurements presented below we used TlAP or CsAP 
crystals (with 2d spacings of 25.76 and 25.68 A, 
respectivelyg). Their intrinsic resolving power in first order 
Bragg reflection limited the measurements to L/M. = 500- 
900, a resolving power near the nominal value was 
achieved, however, in second order Bragg reflection. 

Ill. PERFORMANCE AND SPECTRAL MEASUREMENTS 

A composite spectrum of the 2p-3s and 2p-3d transi- 
tions of Ne-like Fet6+ is shown in Fig. 3. Three settings of 
the spectrometer were used to record the data shown; the 
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FIG. 3. Spectrum of the L-shell lines in nconlike Fexvlr recor.ded at an 
electron beam energy of 1300 V and a beam current of 45 mA. The 
spectrum is a composite of data from three spectrometer settings each 
recording for 75 min. The Fe XVII lines are labeled in the notation of 
Table I. Unlabeled lines are from Fe XVIII. 

three individual spectra were joined at 14.8 and 16.3 8, to 
form the composite shown in Fig. 3. The observations were 
made by setting the beam energy to 1.3 keV, i.e., to a value 
just above the 1260~eV ionization threshold of Ne-like Fe. 
The accumulation time for each spectrum is about 75 min. 
The Ne-like Fe lines are labeled in the notation of 
Parkinson.‘o Unlabeled lines (between 14.0 and 14.5 A) 
are from F-like Fe. In addition, two features from indige- 
neous impurities in EBIT can be identified: the Lyman-P 
line of H-like 0, labeled 0 Lp, and the forbidden line in 
He-like Ne from the 1~2s 3S, upper level, labeled Ne z. 

A summary of the wavelengths measured for each Ne- 
like Fe transition is given in Table I. The wavelengths of 
the iron lines are determined relative to hydrogenic or He- 
like reference lines, which are measured before or after 
recording the,Fe spectra. In particular, the region with the 
Ne-like Fe 2p-3s lines is calibrated by the Ka emission 
from He-like F. Here we use the ls2p ‘Pr resonance and 
ls2s 3S, forbidden line as reference lines and set their wave- 
lengths to the values calculated by Drake,” 16.8064 and 
17.1528 A, respectively. The region containing the 2p-3d 
lines is calibrated by the Ly-y, Ly-6, Ly-e, and Ly-7 lines 
of H-like oxygen [cf. Fig. 4), the wavelengths of which we 
set to 15.1762, 14.8206, 14.6343, and 14.5243 A, as calcu- 
lated by Garcia and Mack.12 The Kfl and Ky transitions in 
He-like F are used as reference lines to calibrate the region 

Wavelength (A) 

FIG. 4. Spectrum of the Lyman series of hydrogenic 0 VIII. The spec- 
trum was recorded during a 45-min interval with the electron beam en- 
ergy and current set to 3.7 kV and 193 mA, respectively. Two 2p-3s 
transitions in neonlike Kr XXVII, labeled 3G and M2, are seen near 15 A. 
These lines are observed in second order Bragg reflection. Note their 
much narrower line widths. 

with the 2.~3~ Fe transitions. Their wavelengths are set to 
14.4588 and 13.7819 A, as calculated by Vainshtein and 
Safronova. l3 A comparison of our iron lines with those 
measured in solar observation’0”4’15 shows reasonable 
agreement considering the amount of scatter among the 
results from the solar measurements. 

The observed line width is commensurate with that 
expected from the rocking curve of the crystal, and is about 
/z/M. =4C!&500 for the Fe lines. In second order Bragg 
reflection the resolving power of the crystal is greatly im- 
proved, reaching values of 3000-4000, and so the widths of 
lines measured in second order should be much narrower. 
This is indeed observed. Inspection of Fig. 4 reveals two 
very sharp lines between the Ly-y and Ly-6 lines of H-like 
oxygen. Their widths correspond to /z/M = 1000, which is 
closer to the nominal resolving power of 1400 that we 
expect from the angular resolution of the detector a Bragg 
angle of 35” and close to the value of 1200 obtained if we 
account for the intrinsic crystal resolution in quadrature. 
The lines are identified as the 2p-3s electric dipole transi- 
tion 3G and the ‘2~3s magnetic quadrupole transition h42 
in Ne-like Kr (cf. Table I). Krypton is an indigenous back- 

TABLE I. Summary of measured wavelengths of L-shell transitions in neonlike Fe (in A). Values in 
parentheses indicate the uncertainty in the last digit. Values from previous measurements are given for 
comparison. All transitions are to the (2ss2p6)J=0 ground state. 

Key Upper level 

3A md~~3~~,~h 
3B (2~,,~2~63~~,~)~= 1 
3c O.%:n%,h=, 
3D &%:n%z),~, 
3E W2&,34,,L, 
3F (~2~:,~3~~,h 
3G W2~:,~3~~,h 
3H(M2) W2~:~3~h 

‘Present measurements. 
bRefercnce 10. 
‘Reference 14. 
dReferencc 15. 

aa ab ac ad 

13.825( 1) 13.824 13.847 13.824 
13.889(2) 13.888 13.890 
15.009( 1) 15.013 15.013 15.012 
15.265(2) 15.259 15.262 15.255 
15.456(4) 15.449 15.456 15.451 
16.772(3) 16.769 16.775 16.775 
17.054( 1) 17.041 17.043 17.051 
17.099( 1) 17.086 17.084 17.096 
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FIG. 5. Spectrum of the 3~,,~-3p~,z transitions in sodiumlike, magne- 
siumlike, aluminumlike, and siliconlike lead, Pb LXIX-LXXII. The spew 
trum was recorded during a 57-min interval with the beam energy and 
current set to 29 kV and 140 mA, respectively. 

ground impurity in EBIT, and observation of these lines 
comes as no surprise. 

The intrinsic energy resolution of the proportional 
counter given by the x-ray pulse height distribution is suf- 
ficient to discriminate between pulses in first and second 
order. We use this capability routinely to effectively elim- 
inate lines from one of the orders. 

Finally, we present a spectrum of the 3~q,,-3p,~ tran- 
sitions in Na-like Pb and in ions of neighboring charge 
states shown in Fig. 5, as this allows us to compare the 
performance of our flat-crystal spectrometer to that of a 
bent-crystal spectrometer of the Johann type used on EBIT 
to measure the 3s112-3p3,2 transition in Na-like Pt.7 Mea- 
surements of this transition provides a sensitive test of rel- 
ativity and quantum electrodynamics, and highly efficient 
spectrometers are needed to provide reliable data for many 
ions along the isoelectronic sequence for systematic com- 
parisons with theory. The Johann-type crystal spectrome- 
ter on EBIT employed a cylindrically bent RAP crystal 
with a 58-cm radius of curvature and a two-dimensional 
microchannel plate detector with wedge and strip readout. 
The instrument was directly connected to EBIT without 
windows separating the vacua in the spectrometer and 
EBIT. The EBIT line source was located on the Rowland 
circle and oriented perpendicular to the diffraction plane. 
Because of the narrowness of the source the instrument 
needed to be rocked back and forth to scan over a range of 
Bragg angles, and the acquisition of a single spectrum re- 
quired about 2 h.7 

By contrast, the spectrum of Na-like Pb recorded with 
the new flat-crystal spectrometer shown in Fig. 6 required 
a 57-min observation time and covers a broad range of 
Bragg angles that includes not only the Na-like transition 
but also transitions in the neighboring Mg-like, Al-like, 
and Si-like charge states. The efficiency of the flat-crystal 
spectrometer ions is highly competitive with the Johann- 
type instrument. In addition, the new instrument records a 
wider spectral range and exceeds the Johann-type instru- 
ment in the ease of the alignment and operation. 

An overview of the 3s r12-3p3/2 transitions is given in 
Table II. These transitions fall into the wavelength region 
subtended by the H-like 0 transitions shown in Fig. 4, and 
we used the H-like 0 transitions for calibration. The mea- 
sured wavelengths are listed in Table II, and we tind 15.5 19 
ho.005 A, or 798.92AO.25 eV, for the 3~,,~-3p~,, transi- 
tion in Na-like Pb. Wavelengths computed with a 
multiconfiguration Dirac-Fock calculation in the extended 
average-level approach16Y’7 are also listed in Table II for 
comparison. The precision of our measurement is limited 
by the small number of counts in each peak. Observation 
times longer than the 57-min interval of the present mea- 
surement will improve the precision considerably in future 
measurements. Nevertheless, our measurement is already 
comparable in accuracy to a much more elaborate mea- 
surement of 3-3 transition in Na-like Pb performed on the 
Unilac accelerator facility and reported very recently.” 
The Unilac measurement reported 798.65dO.13 eV for a 
blend of the Na-like 3s-3p transition and several Ne-like 
transitions, which is in agreement with our value. 

IV. DISCUSSION 

We have described an efficient flat-crystal spectrometer 
for use on an electron beam ion trap and presented several 
representative measurements in the wavelength region 
above 13 A (i.e., energies less than 1 keV). At present, the 
accuracy of our wavelength determinations is limited by 
the intrinsic resolving power of the TlAP and CsAP crys- 
tals- used. Better precision may be achieved in the future by 
using a KAP or mica crystal. In addition to the measure- 
ments in the ultrasoft x-ray regime, the spectrometer rep- 
resents a convenient tool for measuring transitions at x-ray 
energies above 1 keV, as indicated by the measurements of 
the L-shell transitions in Ne-like Kr with energies near 1.6 
keV. To maintain a near 100% quantum efficiency for 
higher energy x-rays the detector was tested and success- 
fully operated with a full gas consisting of 90% Kr and 

TABLE II. Summary of measured wavelengths of 3s ,,2-3p3n transitions in sodiumlike through siliconlike 
Pb. Values in parentheses indicate the uncertainty in the last digit. Theoretical wavelengths are from 
multiftguration Diiac-Fock (MCDF) calculations (Ref. 17). 

Key Ion 

Si Pb6s+ 
Al-l Pb’j9+ 
Al-2 pb69+ 
Mg Pb”+ 
Na Pb” + 

Transition 

(3S,/z3P:n3P3,Z)J4 - (3~3PZIJ,0 
(3s,,,3P,n3P3n)J=3n-(3~3P1,2)J-,/z 
(3~1,3Pl/23P3n)J=In’~3~3Pl,2)J=1/* 

(3+23P3,,),1~ ~3%4 
3P3/2 + 3%2 

Pmeasud RMCDF 
(A) 6) 

15.366(3) 15.365 
15.437(6) 15.433 
15.217(4) 15.182 
15.292(2) 15.267 
15.519(5) 15.509 

16 Rev. Sci. Instrum., Vol. 65, No. 1, January 1994 X-ray spectrometer 

Downloaded 03 Apr 2001 to 131.142.52.176. Redistribution subject to AIP copyright, see http://ojps.aip.org/rsio/rsicr.jsp



10% C&. Operating the spectrometer in this mode allows 
us to completely complement the spectra recorded with the 
BBIT von HBmos-type spectrometer. 
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