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Abstract

A R = 44.3 m grazing-incidence grating spectrometer has been imple-
mented on the Livermore electron beam ion traps for high-resolution mea-
surements in the soft x-ray and extreme ultraviolet region spanning from
below 10 A up to 50 A. The instrument uses a grating with variable line spac-
ing (about 2400 ¢/mm) for a flat field of view. Spectra are recorded with a
back-illuminated charge-coupled device detector. The new instrument greatly
improves upon the resolution achieved with existing grating spectrometers and
complements crystal spectrometers at the shorter wavelengths both in terms

of wavelength coverage and polarization independent reflectivity response.

I. INTRODUCTION

Spectra obtained with the space-based Chandra and XMM-Newton X-ray Observatories

have shown the tremendous utility of emission lines in the soft x-ray and extreme ultraviolet
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(EUV) wavelength region as diagnostics of high temperature astrophysical plasmas [1-4].
Emphasis of these measurements is on the iron L-shell spectrum situated between about 10
and 17 A, as well as K-shell spectra of magnesium, neon, oxygen, nitrogen, and carbon in
the 8 to 45 A region. The resolving power of these instruments is typically several hundred
[5-7]. However, the resolving power achieved with Chandra’s High Energy Transmission
Crating Spectrometer (HETGS) exceeds A\/AX = 1000 near 15 A.

Laboratory measurements, typically carried out on electron beam ion traps or tokamaks,
are needed to aid the interpretation of the astrophysical spectra [8], and such measurements
require spectrometers with equal or better resolving powers than those of the space-based
x-ray observatories. Grating spectrometers have been implemented only recently on electron
beam ion traps [9-11]. However, these instruments have a resolution less than that of the
HETGS aboard Chandra. At the University of California Lawrence Livermore National
Laboratory these instruments have used an R = 5.65 m or 15.9 m grating and achieve
resolving powers of 300-400 in slitless operation (somewhat greater in higher orders) [9,10].
The resolution for lines with wavelength below about 20 A was too poor to compete with
crystal spectrometers. As a result, iron L-shell spectra near 15 A were measured with crystal
spectrometers that have had typical resolving power of 500 [12,13]. A 2 m grazing-incidence
spectrometer based on a design by Schwob and Fraenkel was installed at the Berlin electron
beam ion trap, providing line widths of 0.2 A when employing an 18 pxm entrance slit and
thus resolving powers in the 50-100 A region similar to those of the Livermore instruments
[11]. The short-wavelength performance of the Berlin instrument has not yet been reported
to our knowledge, but is expected to be similar to that of instruments installed at various
tokamak facilities [14], i.e., A\/AX ~ 140 at 15 A, provided a narrower slit (10 gm) and a
2400 ¢/mm grating are employed.

In order to produce spectra from laboratory plasmas with equal or better resolution than
the astrophysical spectra we have constructed an R = 44.3 m, flat-field grating spectrometer
for use on the University of California Lawrence Livermore National Laboratory electron

beam ion traps. This instrument was installed on the EBIT-I electron beam ion trap and



has rapidly become the instrument of choice for soft x-ray and EUV spectroscopy at our

facility.

II. INSTRUMENT DESIGN AND PERFORMANCE

A schematic of the spectrometer implemented on EBIT-I is shown in Fig. 1. The spec-
trometer employs a ruled diffraction grating with variable line spacing and an angle of
incidence of about 2° similar to that used in the previously described EUV spectrometers in
use at the Livermore electron beam ion traps [9,10,15]. The average spacing is 2400 ¢/mm.
The main diffference is the radius of curvature of 44.3 m, which is three to eight times larger
than in the earlier instruments. The variable spacing provides a nearly flat image field, and
we use a thinned, back-illuminated charge-coupled device (CCD) detector with 1340 x 1300
pixels of 20 um x 20 pm area each pixel for readout [16].

The 50-60 pm diameter electron beam [17] serves as an quasi entrance slit for many of
the spectrometers on the Livermore electron beam ion traps [18,19], and we have employed
a similar configuration for the new spectrometer. The EBIT-I electron beam is located close
to, but not exactly at, the design entrance slit location of the new spectrometer. A typical
line width of four pixels is obtained. This corresponds to 80 pum, which is about a 30 %
larger than the width expected, if the electron beam was fully in focus.

The entire spectrometer is affixed to a passive vibration system in order to minimize
mechanical vibration influences. The detector arm is then floated on a compressed air
bearing. This combination helps reduce line broadening effects of vibrations and allows us
to easily set the detector to different parts of the spectral region of interest. The detector
to the grating distance can be adjusted by a micro-step motor drive to bring the detector
in focus when the wavelength range is changed. The CCD detector may also be moved by a
micro step motor in order to scan for additional spectra. The vacuum in the spectrometer,
to be compatible with that of the electron beam ion trap, is maintained in the 10~% torr

range by two turbo pumps and by cooling the CCD camera with liquid nitrogen.



Figure 2 compares the spectrum composed of n = 3 — n = 2 transitions in Ar®t—
Ar'%* obtained with the new spectrometer near 35 A to that obtained with the 15.9 m
grazing incidence grating spectrometer used earlier [20] on EBIT-I. A uniform background
was subtracted in both cases. In addition, events caused by cosmic rays were filtered out from
each two-dimensional CCD image before summing channels perpendicular to the dispersion
direction. For image manipulation we used IPLab software [21] running on a G3 Macintosh
computer, which is also used for data acquisition and camera control. The increase in
resolving power of the new instrument is readily apparent. The resolving power of the new
instrument in this wavelength region is about 1200 (observed line width 0.029 A); that of the
older spectrometer, which used the 15.9 m grating, is 400 (observed line width 0.09 A). The
increase roughly scales with the increase in the radius of curvature of the two gratings. The
increased resolving power, however, comes at the expense of single-setting spectral coverage:
33-43 A with the new spectrometer versus 10-55 A with the older spectrometer.

The new spectrometer also achieves excellent resolving power and reflectivity response
for soft x rays. In Figure 3 we show a spectrum of the neonlike Fe XVII lines centered near 16
A. The resolving power is about 600, which equals that achieved in this wavelength region
on our device with flat-crystal spectrometers [12,13] and is comparable to the resolution
achieved with Chandra’s Low Energy Transmission Grating Spectrometer in orbit (e.g.,
[22]). The figure also shows the emission of the Rydberg series of hydrogen- and heliumlike
oxygen.

The relative intensity of the Rydberg lines can be used to infer the response of the new
spectrometer. The ratios of the Rydberg lines, such as O viir Lyman-a to Lyman-3 or
Lyman-v are theoretically known to within about 10 % in the high-energy limit and have
also been measured [8]. We measured these ratios at high electron beam energy (> 2 keV)
for the strongest Rydberg lines of O viir, F viir, F 1X, Ne 1x, and Ne X and compared them
to the results from distorted-wave calculations. The agreement of the measured intensity
ratio with that from theory is within the estimated accuracy of the calculation for all line

pairs, as shown in Fig. 4. From this agreement we infer that the instrumental response is
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flat in the region between 11 and 19 A.

The spectral range observed in the soft x-ray range with the new spectrometer is wider
than that observed with our crystal spectrometers. Early measurements of the Fe XviI
spectrum from 13.5 to 17.5 A on the Livermore EBIT-II device took three spectrometer
settings [12] because of limitations in the crystal length. This was improved later with a
two-crystal spectrometer [13]. This instrument could record the n = 3 — n = 2 Fe xvII
spectrum from 13 to 18 A in one measurement but requiring two separate detectors. The
new grating spectrometer observes 13 to 19 A in a single setting.

In Fig. 5 we show a measurement of the heliumlike Mg'®t K-shell lines near 9 A. Al-
though the resolving power is considerably less than what can be achieved with a crystal
spectrometer in this wavelength region [23], it is still about 165 (0.06 A line width). Grating
spectrometers can be used in conjunction with crystal spectrometers to measure the linear
polarization of the observed x-ray lines [10]. The reason is that grazing incidence spectrom-
eters reflect both polarization equally well, while crystal spectrometers operating near the
Brewster angle at 45° select only one of the two components [24,25]. The observation of the
heliumlike Mg!%* K-shell demonstrates that the new spectrometer will allow determinations

of line polarization well into the soft x-ray regime.

III. OUTLOOK

There are still many areas of operation yet to be explored by the new LLNL grating
spectrometer. Replacing the time-integrating CCD detector (50 second read-out time) with
a microchannel-plate detector will provide time-resolved detection of individual photons.
With this setup we will be able to use the spectrometer for radiative lifetimes measurements
using the magnetic trapping mode on an electron beam ion trap [26-28] as well as for
measurements of the variation of the line emission with electron beam parameters [29].

It is also planned to implement the new spectrometer on the Livermore SuperEBIT elec-

tron beam ion trap where it will be used for wavelength measurements of the 2p;/, — 259



transition in lithiumlike US*. This transition is strongly affected by quantum electrody-
namics. A first use of the spectrometer was recently reported [30] for precision wavelength
measurements of the K-shell resonance lines in lithiumlike O®* and berylliumlike O** needed
for analyzing absorption spectra of warm absorbers outside active galactic nuclei observed
with the Chandra X-ray Observatory. These measurements attained accuracies as high as

70 ppm, proving the use of the new instrument for precision wavelength determinations.
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FIGURES

FIG. 1. Schematic of the R = 44.3 m grating spectrometer on the EBIT-I electron beam ion

trap.

FIG. 2. L-shell emission of Ar 1X,, Ar X, and Ar XI observed on EBIT-I with (a) the new R=

44.3 m grazing incidence spectrometer and (b) the older R = 15.9 m spectrometer.

FIG. 3. Spectra of (a) n = 3 — n = 2 transitions in Fe!™ and (b) np — 1s transitions in
heliumlike and hydrogenlike oxygen. The Fe XvII lines are labeled 3C, 3D, 3F, 3F, 3G, and
M2, denoting the transitions from upper levels (Qpi’/23d3/2)J:1, (2p2/23d5/2)J:1, (2p2/23d3/2)J:1,
(2])?/2351/2)J:1, (2p§/2331/2)J:1, and (2pg/2331/2)J:2, respectively, to the (2p%);—o closed-shell
ground state. Ly« through Lyd denotes the np — 1s transitions with n =2, 3, 4, and 5, respectively,
in hydrogenlike O viir. HeB through He¢ denotes the 1snp — 1s? transitions with n =3, 4, 5, and

6, respectively, in heliumlike O VII.

FIG. 4. Comparison of the measured and calculated intensity ratios of various hydrogenlike
and heliumlike Rydberg lines. Top: intensity ratio of the Ly to Lya lines in hydrogenlike O
compared to calculations using the Flexible Atomic Code (FAC) [31] and the Astrophysical Plasma
Emission Code (APEC) [32]. The average of the six measurements is indicated by the gray band.
Bottom: Deviation of the measured line ratios from those calculated with FAC. Different symbols
denote line ratios in Ne 1x (solid squares), F 1X (open squares), F viiI (solid circles), and O viit

(open circles).



FIG. 5. K-shell Spectrum of heliumlike Mg!%F. w, y, and z denote the transitions from upper
levels 1s2p 1Py, 1s2p 3P;, and 1s2s 3S; to the heliumlike 1s? 1Sy ground state. ¢ denotes the

1s2s2p 2P3/2 — 15225 251/2 transition in lithiumlike Mg“*.
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