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INTRODUCTION

The multi-faceted research effort of the EBIT (Electron Beam Ion Trap) program in
N-Division of the Physics and Space Technology Department at LLNL continues to
contribute significant results to the physical sciences from studies with low energy very
highly chwged heavy ions. The spectroscopy is expanded into the visible regime. The
spontaneous emission following the decay of the hypertlre structure level in H-like 165H0
has been observed in an experiment on Super EBIT. The data resulted in a revision of the
hitherto accepted nuclear magnetic moment of 165H0. A microcalorimete} is used to
successfully measure x-ray lines from iron that are of astrophysical interest. Radiative
lifetime measurements are extended to the millisecond regime, and first high-resolution
K x-ray data using a newly implemented transmission spectrometer were measured.

Detailed sputter ion yield measurements using highly charged ion impact on
semiconductor surfaces are continued. The energy 10SSof slow highly charged ions in IOOA
thck carbon foils has been studied as a function of ion charges ranging from 08+ to AU60+.
A significant increase of the energy loss has been found for high charges and defines
essential a new regime for energy loss in ion solid interactions. Measurements of secondary
electron emission following highly charged ion impact on insulators and metals have been
performed and a theoretical effort to model the solid surface response has been started.

Experiments on individually trapped ions are conducted with the EBIT RETRAP
system. First charge exchange studies on low energy ions trapped and confined in RETRAP
(a cryogenic Penning trap at EBIT) have been completed and a nondestructive method to
follow the sequential charge exchange of single ions in RETRAP has been established. A
laser laboratory with a laser beam transport system has been installed adjacent to the EBIT
facility to allow laser cooling and spectroscopy on highly charged ions in RETRAP and
EBIT.

Highly charged ions up to Xe5~ and U90+have been extracted from Super EBIT and
accelerated to MeV energies by means of high voltage extraction potentials. An Intense
EBIT design and construction is well underway and should be completed in 1997.

The EBIT program attracts a number of collaborators from the US and abroad for the
different projects. The collaborations are partly earned out through participating graduate
students demonstrating the excellent educational capabilities at the LLNL EBIT facilities.
Moreover, participants from Historically Black Colleges and Universities are engaged in the
EBIT project.

The work was performed under the auspices of the U.S. Department of Energy by the
Lawrence Llvermore NationaJ Laboratory under contract #W-7205 -ENG-48. Acknowledg-
ment of funding support from other organizations is noted at individual abstracts of the
report.

Dieter H.G. Schneider
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I. Atomic Structure Measurements and Radiative Transition Probabilities





Measurements of the Nuclear Charge Radii
of Highly Charged Radioactive Isotopes

S. R. Elliott
University of Washington, Seattle, WA 98195

P. Beksdorfer, and M. H. Chen
Lnurrence Livernmre National hzboratory, Liverrnore, CA 94554

The trapping of radioactive nuclides creates new opportunities for novel nuclear
physics experiments. Using EBIT, we have performed the first nuclear physics
measurement using trapped few-electron, very-high-Z radioactive ions [1]. Employing
preasion x-ray spectroscopy and exploiting the simplified electronic structure of few-
electron ions we isolate the nuclear effects among different isotopes and infer the
isotopic variation of the nuclear charge distribution, a fundamental parameter crucial
for understanding the collective structure of the nucleus. Its variation, parameteriz.ed in
terms of the change in mean-square nuclear charge radius (&r2>), has been inferred in
the high-Z region from muonic-atom x rays [2] and neutral-atom optical isotope shift
studies [3]. Our present measurement focuses on the isotopes 233Uand ‘SU for which
earliw measurements of S-@> have produced discrepant results, i.e. (-0.520+ 0.081 frn’2)
[4] and (-0.383 + 0.044 fm2) [5,6].

Our technique for determining &r2> is based on precise Doppler-shift-free
measurements of the n=2 to n=2 x-ray transitions in nearly bare ions of the isotopes in
question. Implementation of tl@ technique was previously impossible because of the
lack of a faality at which the x-ray transitions from such highly stripped radioactive
ions could be generated and measured conveniently and reliably. This situation has
changed recently with the successful implementation of a high-energy electron beam
ion trap that allows the production of very highly charged ions and of efficient crystal
spectrometers that can resolve individual transitions with very high resolution.
Moreover, ion traps generally require only minute quantities of material for filling.
l%us they are well suited for investigating the properties of isotopes that are rare or
radioactive. The transitions studied in the present measurement are the electric d$mle,
2e.1/2-2p3/2 transitions in the three-electron Li-liie ion, the four-electron Be-like ion, the
five-electron B-like ion, and the six-electron C-like ion. Because the measurements are
for transitions in an inner shell, the electron wavefunction overlap, espeaally that of the
2s electron, with the nucleus is large. It is thus an excellent probe of the nuclear charge
distribution resulting in a relatively large energy shift (AE) as different isotopes are
measured. Compared to muonic atoms, however, the overlap is modest and large
nuclear polarization corrections are avoided. Moreover, the atomic physics of few-
electron ions is tractable and deducing &r2> from AE is relatively simple. Most
importantly, it is not complicated by large specific mass shift corrections necessary in
neutraf atoms [i’l. In other words, in our measurement the coulomb shift (5EmU1),which
is directly related to Scr%, is by far the dominant contribution to AE, and other atomic
or nuclear contributions are minimal. A further benefit of our technique is that the
energy of the An=O transitions studied fafls within a range where high-precision crystal
spectroscopy is easily employed.



The 2.W.Jions were introduced into the trap using a novel method [8] relying on a
thin wire platinum probe with a plated tip placed near the electron beam. The ions are
studied by their characteristic x rays observed through ports in the cryogenic vessels
surrounding the trap. The 2s1/z-2p3/z i21eCtriCdipole transitions, situated near 4.5 keV,
were analyzed in a high-resolution von Htios-type curved-crystal spectrometer. The
x-ray spectrum of 233U was compared with that from ~U. Figure 1 shows the two
measured spectra.

We deduced &r%.A~ from 8Emd and found &@>233~8 = -0457 fmz with a
statistical uncertainty of 0.042 fmz. By deducing &rz> for each charge state separately
and then averaging, ensures proper treatment of the electron correlation contribution.
The systematic uncertainty in i5Emd (8 meV) translates into a systematic uncertainty in
54>23S,23S of 0.010 fd. Adding the uncertainties in quadrature, the final result is
&r2>2s@8 = -0.457 * 0.043 frnz. This result can be compared with that of previous
studies; -0.383 A 0.044 fmz [5,6] and -0.520 + 0.081 fmz [4]. The present measurement
thus favors neither of the earlier measurements. The weighted mean of all
measurements is -0.434+ 0.028 fd. All three experiments are consistent with this mean
value to within 1 to 2 standard deviations.

Eiww (W

Fig 1 Crystal spectrometers
fOr~~ewoiwtoFmUmd~”ft’e’s*

/2-’p3/2 transitions in U* through ti$’+
U. Thelinesare labeledby the respective charge state of

uranium. fie 233u is offset by 500 Counts/channel. The dashed lines indicate the
position of the ‘8U lines.

Reference
[1] S. R. Elliott, P. Beiersdorfer, and M. H. Chen, Phys. Rev. Lett. 76,1031 (1996).
[2] FLEngfer et al., At. Data Nucl. Data Tab. 14,509 (1974).
[31l’. Aufmuth, K. I-Mig, and A. Steudel, At. Data Nucl. Data Tab. 37,455 (1987).
[4] J. D. Zumbro ef a{., Phys. Rev. Lett. 53,1888 (1984).
[5] A. Anastassov et al., Hyper. hter. 74,31 (1992).
[61R. T. Br@meier, F. .Boehm, and E. N. Hatch, Phys. Rev. Lett. 15,132 (1965).
[7] W. H. King, Isotope Shifts in Atomic Speatra (Plenum Press, New York, 1984).
[8] S. R Elliott, and R E. Marrs, Nucl. Instr. and Meth. B1OO,529 (1995).



Direct Observation of the Spontaneous Emission

of the Hyperfine Transition F=4 to F=3 in Ground State
Hydrogen-like 165H066+in an Electron Beam Ion Trap

JOS4R. Crespo L@ez-Urruti~ Peter Beiersdorfer, Daniel Savin, aod Klaus Widmrmn
Lawrence Livermore National Laboratory, Livermore, CA 94550, U&i

Measurements of the hyperfine splitting (HPS) of the ground state of hydrogen-like ions provide
a very sensitive tool to explore QED and nuclear contributions to the electron energy. Only the
spontaneous 1s hypertine transitions in H, D and He+ have been observed experimentally;
recently the fluorescence of laser pumped H-like Bi82+was detected in a heavy-ion storage ring
[1] resulting in the fwst measurement of the HFS in a multiply charged ion.
We have measured the F=4 to F=3 hyperfiie transition of the 1s level of H-like ‘G5H06G+using
passive emission spectroscopy [2]. The ions were produced and stored in a high energy electron
beam ion trap (SuperEBIT). Holmium was injected into the trap using a metal vapor vacuum “ac
(MEWA) source. A prism spectrograph and a cryogenically cooled CCD camera detector are
used for detection. With the holmium MEWA on, at a beam energy of 132 keV and 285 mA
beam current, the trap contained ().s~o Ho67+,6 YOHOGG+,40 ‘Y. H065+,25’7. How+ and also some
lower charge states .Wlthout holmium injection, the trap was filled by slow accumulation of
heavy elements emanating mairdy from the heated cathode. The thermal background radiation
and the atomic line emission from tb~ gas injector were “eliminated by subtracting from every
spectmm taken with holrnium in the trap another one taken without hohnium under otherwise
identical conditions. During the long integration times (1 h) used for the individual exposures,
cosmic rays were rdso detected by the CCD on individual pixels. Their contribution was largely
reduced by a computer program dkcarding all pixels showing anomalous deviations. The
remaining baseline fluctuation was mainly due to the statistical variation of the thermal radiation
background in the trap. To obtain spectra from the two-dimensional images, the pixel counts on
the CCD detector were integrated along one dimension. The result of the addition of 18
background corrected spectra (36 hours of data) is dkplayed in Fig 2. A single feature at
(5726.4 + 1.5) ~ with a peak height 10 times larger than the standard deviation of the background

and a FWHM of 15 A appeared with a total number
of around 4000 counts above the background. This

Isoi) feature was attributed to the hyperfiie transition in
H06G+.To exclude the possibility that the line was@

g 1000 emitted by a lower charge state, the beam ener
& Rwas then lowered to make sure that no H-like Ho
.9
~ 500 could be produced, while keeping the lower charge

$ states in the trap more or less unchanged. No lines

o were observed under such conditions.
The main process populating the upper F level

5504 5600 5700 5800 5’3M 6000
Wave]engtb (A)

of the H-like ion is collisional ionization of He-like
ions, were one of the two 1s electrons is removed

Figure1.TheF=4to F=3hyperfinetransitionin leaving’ an H-like ion behind with similar
hydrogen-likeHom+andits baseline. probability for population in either the F=4 or F=3



state. The large population of He-like ions in the trap is thus simultaneously ionized to H-like
state and excited to the F=4 level.

We used neutral atoms from the gas injector excited by the electron beam at low energies to
generate a large number of cahbration lines. Possible instrument and beam shifts were
continuously monitored by observing the position of the NeI line at 5852.48 ~. Our experimental
result of (5726.4* 1.5) ~ (air) corresponds to a (5727.9+ 1.5) ~ vacuum wavelength and an
energy difference between the F=4 and F=3 levels of (2.1645+ 0.0006) eV. ,

The energy difference between the two levels in a H-liie ion is given by Shabaev [3] as

a4Z3 p, m—.— .J
n’

(I+Jrnec2p.(1_3).(l_s)+r-l w
I rn, j.(j+l).(21+1)

with following terms: a, fme-strncture constant Z, nuclear charg~ n, j, 1:principrd, totrd moment
and orbital moment electron quantum numbers; PI, nuclear magnetic moment; ~, ~. electron,
proton mass; I, nuclear spi~ A, relativistic factoq & nuclear charge distribution correctiorq G,
nuclear magnetization distribution (J30hr-Weisskopft) correction, ICm,QED radiative correction.
Using this formula and VI= 4.173(27) n.m. as tabulated by Lederer and Shirley in [4], Shabaev
[3] predicts a vacuum wavelength of 5639 ~. This vahre differs from our measured vrdue by
89 ~. We use instead PI= 4.132(5) n.m., from a newer measurement of PI (Nachtsheim [5]) with
five times smaller uncertainty, in Eqrr. (1) and add the QED contributions calculated by Persson
et aL [6] and Schneider et aL [7], to obtain a transition energy of 2.1675 eV, and a vacuum
wavelength of 5720.15 ~. This differs from our measured vacuum wavelength (5727.9* 1.5) ~
by only 0.14 %. We emphasize that tlrk good agreement was only reached after using the updated
vahre for the nuclear magnetic moment and the QED corrections.

Our method can be readily applied to other H-like ions with HFS in the visible or UV range; an
extension to the IR seems also feasible. Future possibilities include the use of laser spectroscopy
for lifetime determination, since the count rate at the present is too low to allow a measurement
with meaningful accuracy.

References
[1] I. KM et aL Phys. Rev. Lett. ~, N18, 2425 (1994)
[2] Jos&R. Crespo L6pez-Urnrti% Peter Beiersdorfer, D.Savin, and Klaus Wkhmmn, PRL E N5,
826 (1996)
[3] V M Shabaev, J. Phys. B: At. Mol. Opt. Phys.~ 5825 (1994)
[4] E. Browrte et rd. in Table ofZsotopes, ed. C. M. Lederer and V. S. Shirley (7th cd.; New York
Wiley)(1978)
[5] G. Nachtsheim, F’ruzisionsmessung der Hyperfeinstdrtur-Wechsehvirkung von ~65Ho im
Grundzustard Ph.D. Thesis, Borrn 1980 (unpublished)
[6] H. Persson et aL, PRL M, No 9, p. 1433 (1990.
[7] S. M. Sebneider, W. Greiner, and G. Soff, Phys. Rev, Am 118 (1994)

TMs work was in part supported by the Otlice of Basic Energy Sciences and was performed
under the auspices of the U.S.D.O.E. by Lawence Livermore National Laboratory under contract
# W-7405 -ENG-48.



Search for 3SI-3P2 Decay in U90+

P. Beiemdorfer, S. R Elliott, A. L. Osterheld, K. Wldmann
Lnvrence Livemwre NatianalLaboratory, L&ermore, CA 94551

Th. Stohlker
Gaellschqflfdr Schwerwne~orschung, D-64220 Darmstadt, Germany

.

HeliutnWe ions ~p~.$ent the simplest atomic system for developing and testing theoretical
approaches for calculating the atomic structure of multi-electron ions. In this case the
nonrelativistic Schr@inger equation can be solved with high accuracy so that many-body
relativistic and QED effects can be isolated and eompsred with measurements. These effects are
largest for the energy of the 1s2 ground state. In heliurnlike ~ QED effects represent 262.8 eV
of the 132,902-V ground state energy. QED effects we consid~bly smaller for the energy of a
2s elecm.m (about 49 eV for @+). However, beeause QED effects are yet “smaller for 2p
electrons (84 eV for L@+) the size of the QED effects can Ee maximized relative to the transition
energy by Stud@g2s–2p transitions. Measurements of 2s–2p transitions thus provide important

tests of structure calculations complemerttaty to measurements involving transitions to the ground
state.

Two 2s–2p transitions are possible in heliumlike ions: 1s2s 3SI – ls2p 3Po and 1s2s 3SI - ls2p
3P2. A mwwment of the former transition in heliurrdike L@+ was made by Munger and Gould

[1]. By contras~ the latter transition has been observed only for elements as heavy as krypton [2].
In low-Z ions the ls2p 3P2 level decays exclusively to the 1s2s 3SI level. However, in ftighw-Z
ions the levels decays irtereasirtgly via a magnetic quadruple transition to the 1s2 ground state, as
illustrated in Fig. 1. TMs trend reverses itsvery high-Z ions, where relativistic effects enhance the
probability for dipole-allowed decay to the 1s2s 3SI level. Detection of tits transition in high-Z
ions is thus not precluded by an overwhelmingly large radiative branch to the 1s2 ground state.

;.
“,~
&

Fig. 1. Probability for dipole-allowed ~
radiative decay of the ls2p 3P2 level to
the 1s2s 3S 1 level. The transition ~
competes with magnetic quadruple $
decay to the 1s2 ground state.
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The predicted enesgy of the 1s2s 3S1- ls2p 3P2 transition in helitrrrdike ~ is 4510.012 eV [31.
The transition is, thus, expected to fall inbetween the 2s-2p transitions in be@liurrdiie @8+ and
borordilce u87+ situated at 4501.72 and 4521.39 eV, as measured earlier by us at the Livermore
high-energy EBIT facility [4]. A major difficulty in identifying the 1s2s 3S1– ls2p 3P2 transition
is given by the small size bf the excitation rates of the 1s2p 3P2 level fmm the ground state, which



is only a few percent of the excitation rates of the 2s–2p transitions in berylliumlike and boronlike
uranium.

Using the EBIT facility, we performed extensive surveys of the relevant spectral region [5]. A
weak feature with intensity just above the level of background fluctuations was observed at the
predicted location of the 1s2s 3SI – 1s2p 3F’2 transition, as illustrated in Fig. 2. The feature was
observed in spectra where the intensity of the 2sIj2-2p3~ transition in lithhunlike uranium, end
thus the ionization balance, was optimiti it appeared absent in spectra whete the average
ionization balance was lower. The measured energy of the feature is 4510.O.!M.24 eV, which
agrees closely with the values predicted for the 1s2s 3SI - 1S2P3p2. Detailed epearal ittodeling
calculations, however, indicate the possibdity that a weak transition in berylliurrdike u88+ is
situated within 4 eV of the kxation of the heliumlike 3S1- 3P2 tmnsition. Ilk transition comccts
the level ls22p@p3~ 3P1 with the 1S22S1C2P1E3P0meta.stable ground level in berylliumlike
srraniurm The accuracy with which the energy of the berylfiumlike transition can be predicted is
insuffieiieut to rule out a blend with the heliumhke 3S I - 3P2 transition. Better theoretical
calculations end additional measurements will be required to firmly identify the 3SI – 3P2transition
and escemin its QED component.
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Fig. 2. Crystal-spectrometer spectra of the 2sIp-2p3f2 transitions in the energy svgion
4450 to 4560 eV. Transitions in lithiumliie, berylliurtdike, boronliie, carbordike, and
oxygerdike uranium arc labeled by Ii, Be, B, C, and O, respectively. The predicted
location of the 3SI – 3P2 transition in ~ is 4510.012 eV and is indieeted by en arrow.
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X-ray Spectroscopy of Highly Charged Californium Ions

P. Beieradorfer,a J. R. Crespo L6pez-Urrutia,a S. R. EIIiott,b and K. Widmanna
%awrence Livennore National I.alwratmy, Liverrrwre, CA 94551

bDepamnent of Physics, University of Washington, Seanle, WA 98195

The ions studied with EBIT in one form or another have included virtually ali elements from
hydrogen up to uranium. A variety of fundamental physics issues call for studying elements with
the highest atomic number Z possible. These include, for example, studies of quantum
electrodynamics (QED), or, more generally, studies of the Lamb shift, which is comprised of
energy shifts due to electron self energy, the finite nuclear mass, and the vacuum polarization. The
Lamb shift increases as 24 and thus becomes a major energy term in ions with the highest nuclear
charge. If any new physics is to be discovered that is not included in the Lamb shift, it is expected
to he in the highest-Z elements.

While all trsnsnrarric elements are unstable, there are eight transuranic elements with lifetimes of
severaf hundred days or longer. These elements, covering atomic numbers 93 through 100, are
typically highly radioactive and are poisonous even in microscopic quantities. EBIT, however,
uses only ahout l@ ions to till its trap. This is such a small quantity that even transm-snic elements
cotd~ in principle, he injected into EBIT.

Recently, a technique was developed to fill the EBIT trap which requires only small quantities of
material. This technique employs a thin wire coated with the material of interest that is brought
near the electron beam where ion sputtering slowly transfers the material to the trap [1]. This
method has tirst been demonstrated on gold later it was used to intteduce 2WJ into the trap [2].

We have employed the coated-wire technique to introduce ‘9Cfinto EBIT. Californiurrt (2=98) is
the highest-Z element with a lifetime of yems or more. A platinum wire was elecmolytically coated
with 5 nanogarns or 20 nCi of 249(X, which was inserted into the EBJT trap. The trap was
operated with a condrurous 95-mA ekmron beam at 145 keV. The x-riiy emission was monitored
with a 6-cm diameter, 3-cm deep Ge detector that viewed the EBIT trap through one of its radial
ports. Several minutes were required before any radiation from Cf was noticeable in the x-ray
spectrum. A spectrum collected for a total of 120 minutes is shown in Fig. 1. The spectrum
shows two features that are attributed to the n=2 to n=l transitions in highly charged Cf at

approximately 111.5 and 117.5 kev. The lower-energy feature corresponds to transitions of an
electron in the 2sI~ and 2plE subshells to the 1SIC K-shell vacancy, the higher-energy feature
corresponds to transitions of an electron in the 2p3E subshell. The intensity of the lower-energy
fwture is clearly higher than that of the higher-energy feature. The dominance of the lower-energy
feature is a diagnostic signature of the fact that the x-ray emission comes from very high charge
states, in particular, from Cf ions with a (nearly) vacant L-shell [3]. The ratio contrast markedly
from the ratio that would be observed from low-charge state ,ions or neutrals, where the higher-
energy feature, or so-called Ka I line, is about twice the size as the lower-energy feature, or so-
called Kct2 line.



For comparison, we also show in Fig. 1 a spectrum of uranium. It was collected over a similar
time span as the c~lfomiurn. Similar ratios of the j=V2 and j=3/2 features are observed. Unlike
californium, uranium was not introduced via the wire probe. Instead it accumulated in the trap
onder some opemting conditions ,tithout externsd introduction. Its presence in the tmp is attributed
to uranium deposited on the drift tubes and electrodes in prior experiments. The uranium signal is
about the same size as the cafifomium signal. Moreover, signals from lower-Z elements, such as
barium or osmiunL were observed in our spectra that also competed in intensity with that observed
from californium. Our expcrirnenc thus, indicates that it will be necessay to irwksae the amount
of Cf plated on the wire in order to inctease the Cf sigmd over that from elements entering the trap
via other channels. This is easily possible, as the amount of Cf coated on the wire is still much
smaller than radiologically or toxicologically possible.

The present experiment with 249Cf can be considered a successful first step that demonstrates the
possibility of introducing transuranic elements into the trap for further study. The use of
transurartic elements on EBIT will increase in the future, and spectroscopic measurements will
undoubtedly become a standard technique for these highest-Z elements.

Fig. 1. X-ray spectra of (a) highly
charged 238u and (b) highly charged
249Cf mcord~ wi~ a Ge detector on

SuperEBIT. The low-energy and high-
energy features correspond to transitions
from electrons with angular momenta
j=l/2 and j=3/2, respectively. The
background is caused by brernsstmhhrng
from the 145-keV electron beam used to
produced and excite the highly charged
ions.
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Measurements of Line Overlap for Resonant Spoiling of X-ray Lasing Transitions
in Nickellike Tungsten

S. R. Elliott*, P. Beicrsdorfer, B. J. MacGowan, and J. Nllsen
Lawrence Livermare National Labarakwy, Livermare, CA 94551

Modification of the x-ray laser kinetics by resonant photo-pumping is of practi@ and scientific
interest. For example, resonant photo-pumping has been proposed as an efficient way to achieve
lasing. Conversely, resonant phot~pumping may be used to spoil lasing. This allows tailoring of
the laser to yield monochromatic output that suits available x-ray optics. It also enables one to
probe the laser kinetics and to obtain a better understanding of the underlying principles of x-ray
lssing. The success of photo-pumping hinges on sufficient overlap of the emission and absorption
lines as the difference of the energies of the two lines must be with the line widths determined by
the plasma dynamics, such as Doppler and opacity broadening. Typically, an overlap of a few
parts in Id is requhed. Due to correlation effects, high-n levels of multi-electron ions are dMcult
to calculate and are reliable to roughly apart in 103. These differences arc large enough to preclude
accurate predictions of successful overlaps. As a result, precise measurements of the overlaps are
needed. We have made measurements [1] of candidate resonances for spoiling of x-ray laser
transitions in the nickel-liie tungsten W% laser shown to lase at 43.18 ~. TMs lasing wavelength
is within the “water window” between the carbon and oxygen K edges. As such it may be well
suited for applications such as short-pulsed x-ray microscopy.

The 43-A lssing transition proceeds from level (3~f14d3@J.0 to level (3~E4pI~)J.I. Raising
the population of the lower level will diminish or destroy the population inversion necessary for
lasing and thus will spoil the 43-A laser. l%k is accomplished by pumping with an appropriate
pump line whose wavelength is nearly coincident with that of the dump transition from level
(3~@4p@J=l to the 1S0 ground level. The energy of the 4pl/2+3d3~ dum transition was

iprwhcted by Maxon et al. to be 1728 eV, or 7.175 A [2] and 1726 eV or 7.181 by Quinet rmd
Biemont [3]. A candidate pump line is provided by the 2p3~+ 1SIE Ly-al line in hydrogenic
A112+at 7.1709 A [4]. Other csndldate pump lines are the 2pl@+lsIP Ly-a2 line in hydrogenic
A112+(prcdictcd at 7.1763 A [5]), the transition horn (2p~~3d3~)J.1 to the l!$ ground level in
necmlike bromine Br25+ (predicted at 7.1700 A [51), and the tmmition from (3~f14f5fl)J.1 to the
1s0 ground level in nickellike erbium E@+ (predicted at 7.1760 A [3,61).

The data were measured on the Lawrence Livermore Nationrd Laboratory electron beam ion trap
(EBIT). Spectm are recorded with an evacuated flat-crystal spec~ometer. The Lyman lines provide
excellent reference limesrelative to which the 4pl~+3d3fl tungsten line can be measumd. Setting
the vrdues of the Ly-al and Ly-a2 lines to 7.17091 and 7.17632 A [4], respectively, we find
7. 1733M.0003 A for the tungsten line. Similarly, we measured the wavelength of the
4f5~+3d3~ transition in nickellie erbium E#~ and that of the 3d3~+2p 1P transition in
neotdike bromine Br25+. We find 7. 1837MI.0013 and 7. 1685i0.0002 A, respectively.

The measured location of the candidate pump lines relative to the measured position of the
4pl~+3d3~ dump transition in tungsten is shown schematically in Fig. lb. The best resonance is
found with the 2p3E-+lsIfl Ly-ctI line in hydrogenic A112+. The two lines differ by 2.4if).3 xnA
or 335 ppm. Figure la also gives a schematic overview of the predicted locations of the various



lines. A eornparison of the prdlcted and measured locations illustrates the unequivocal need for
preeise measurements of candidate resonances.

Figure lC shows the measured position of the lines represented by Gaussians of width similar to
that expeeted in a 500-cV plasma. It is clear from this figure that the overlap is marginal. However
this poor overlap may be impmved by relative motion of the W and Al ions. Since the W line lies
n~ly equidistit between the Al Ly-cs lines, any such motion would improve the overlap.
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Fig. 1. Comparison of predicted (a) and measured (b) location of the 3d-4p
transition in nickel-like W4@ anf of various candidate resonant photopumping
transitions. The bars are labeled by the ion in consideration. In (c) all lines are
indicated at their measured Iocations by Gaussians with widths equal to that

expected for a 500-eV plasma.



Previous measurements implied possibly ood overlap between the W line measured at 7.170(5) ~
i[7] and the Br line measured at 7.173(2) [8], and between tbe W line and Ly-cq calculated to be

at 7.17 I A [4]. ‘he present experiment improves the precision of the measured lines by more than
an order of magnitude and shows that no overlap exists between the W and Br lines. In fact,
among the candidate resonances investigated only two are found that are possibly sufficient to
allow photo-pumping. The first is the resonance between the 2p3f2+ 1SIE Ly-al line in
hydrogenic A112+and the 4pl~+3d3~ transition in nickel-like tungsten W4fir” The two lines
differ by 335 ppm, which approximately equals the Doppler broadening of the aluminum line in a
500-eV plasma. Moreover, the tungsten line differs only 420 ppm from the 2plE+ lsI~ Ly-a2
line in hydrogenic A112+, and the Ly-a2 line may also contribute to pumping the nickel-like
transition. The fact that the tungsten line lies in-between the Ly-a lines is especially important in
cases where plasma motion shtits the wavelength of the tungsten line (or that of the aluminum
lines). Such a shift would improve the resonance.

* Present address: Nuclem Physics Laboratory, GL- 10,
98195
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Measurements of the Neonlike 4d + 2p Resonance Line

Joseph Nllsen, Peter Beiersdorfer, Klaus Widmarm, Vicent Decaux, and Steven R. Elliott*
Lawrence Livernrore National L.uboratory, Livermore, .CA94550

Neonhke ions arc of considerable interest in the study of highly ionized plasmas because
the closed-shell structure of their ground state makes them abundant over q wide range of
densities and temperatures. They have been used for diagnostic purposes and many X-ray lasers
are based on the collisional excitation of these ions. The strong nuclear field of these highly
charged ions provide a perfect testbed for studying the nonpcrturbative aspects of relativistic and
quantum electrodyrtamic(QED) theory, especially issues such as the correlation corrections and
the electron self energy. Over the last severrd years many authors have studied then= 3 excited
states of high-Z Ne-like ions but only a few calculations and no high resolution measurements
have been made for the n = 4 excited states. To provide an experimental benchmark for the
theoretical predictions, we use EBIT to measure the n = 4 resonance lines of selected high Z ions.

Looking at the oscillator strengths of the seven n = 4 + n = 2 Ne-like lines we choose to
study the strongest line, which is the 2P3C 4d5~ (J = 1) + ground state transition, commonly
referred to as 4D. This line has a typicrd oscillator strength of 0.5. Above Z = 40, there are no
level crossings to perturb the systemarics of calculating the energy levels.

We studied four different materials, Ba, Pr, Ir, and Pt, the fmt two in EBIT and the rest in
Super-EBIT. The wavelengths of the Ne-like lines are determined relative to the wavelengths of
Ly-cz and He-cz lines of the appropriate elements. A typical set of spectra showing the 4D line in
Ne-like Is and the He-cz lines in krypton is shown in Fig. 1. To record the data the von Hamos
spectrometer uses a LiF(200) crystal(2d=4.027 A) bent to a radius of curvature of 30 cm and a
position-sensitive proportional counter. To determine the wavelength of the 4D line in Ne-like
h, we set the wavelength of the He-a krypton line, labeled w, to 0.945410 A, and use the 1.705
mA separation between lines w and z, to establish the dispersion. Line z is the 1s2s 3S1+ 1s lSO
forbidden line. We find 0.949875A* 0.024 mA for the wavelength of the Ne-liie Is line. In a
similar fashion, Table I presents the measured wavelengths and energies for line 4D for all four
materiaJs. Shown in parenthesis arc the uncertainties in the last digit. Table I also presents the
energy differences between theQry and experiment calculated with the multi-configuration Dirac-
Feck(MCDF) atomic physics code of Grant and coworkers in the extended average level(EAL)
mode, using the Z-expansion(MZ) method, and using the model potential(RPTMP) method. All
three metheds agree well at lower Z but diverge significantly at higher Z. The experimental data
shows the best agreement with our MCDF results. Given the strong Z dependence of the QED
terms as compared with the rather constant difference between the MCDF calculation and the
experiments, the likely dtiference lies with the residual electron correlation energy. A more
complete description of the calculations and experiments can be found in our recent paper. [1]

*Present address:Departrwent of Physics, Universi~ of Washington, Seattle, WA98195
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Fig. 1. Top: spectrum of neonlike iridium showing the 4D line. Bottom spectrum of
heliumlilce krypton. The heliumlike lines are denoted w, x, y, and z and are used as
reference limes. Transitions in lithiumlike krypton (L q, r), berylliumliie krypton (~), and
boronlike krypton (unlabled) are also seen.

Table I. Measured wavelengths and energies (in units of I@ cm-l) of the Ne-like 2p3E 4d5~
(J= 1)+ ground state transition, referred to as 4D. The uncertainties in the last digit are given
in parenthesis. Also given are the energy difference AE (in units of Id cm-1, between the
MCDF, RPITvlP, and MZ codes and the measured energy.

z Wavelength (A) E-cxpt AEMCIX2 @wrhfp fWZ_

56 (Ba) 1.93028(10) 5180.64)(27) -0.82 0.91 0.08
59 (I%) 1.71634(3) 5826.35(10) -0.68 0.99 0.55
77 (I@ 0.949875(24) 10527.70(27) -0.85 6.0
78 (Pt) 0.923286(36) 10830.88(42) -0.58 6.9
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Measurement of the 3.92-ms Radiative Lifetime of the 1s2s %1 Level in Heliundike N5+ in
the Magnetic Trapping Mode

J. Crespo L6pez-Unutia, P. Beiersdorfer, K. Widmarm
Lawrence Liverrnore National Laboratory, Livermore, CA 94550

Measurements of the radiative lifetimes of long-lived excited levels in multiply ~hnrgcd ions m
of fundamental atomic physics interes~ as they provide empirical input to complex structure
calculations. They arc also of great interest to plasma diagnostics, especially in asmophysics,
where transitions from long-lived metastable levels are used to provide electron density
information. Measurements have t!een performed with a variety of different trapping methods.
These include the use of Penning, Paul, or Kingdon traps, where multiply charged ions are
captured after being produced in electron cyclotron or electron beam ion sources [1] and the use
of ion storage rings [2].

The utility of EBIT for measuring radiative lifetimes has been demonstrated in measurements of
the 91.5-ps lifetime of the 3SI level in heliurtdike neon [3] and the 13.6-ps lifetime of the 3SI
level in heliurnliie magnesium [4]. The technique we employed in these measurements relied on
modulating the energy of the electron beam, above and below the excitation threshold of the 3SI
level, and determining the lifetime of the metastable 3SI level from its fluorescent decay while
the beam energy was below threshold. For measuring the lifetime of the 3SI level in heliumlike
nitrogen we developed and successfully demonstrated a new technique for measuring lifetimes of
metsstable levels [5]. While the earlier method relied on modulating the electron beam energy,
the method employed in measuring nitrogen relied on modulating the electron beam curren~ i.e.,
by switching between the electron trapping mode, where the electron beam is on, and the
magnetic trapping mode, where the electron beam is off.

Our measurement was performed by producing N5+ in the electron trapping mode at a beam
energy of 700 eV. This energy is well above the threshold for exciting the heliumlike n=2 +
n=l ~sitions, includiig excitation of the 3S1 level. The production of these K-shell x-rays,
which have energies near 460 eV, was recorded with a windowless SiLi detector, as shown in
Fig. 1. We then switched to the magnetic trapping mode. The K-shell x-ray intensity dropped
precipitously, as collisional excitation ceased. The signal intensity then drops exponentially, as
is evident in Fig. 1. The exponential decay takes place with a decay time of 3.92HI. 13 ms and
equals the radiative decay of the 3S1level.

The radiative lifetime of N5+ measured is over forty times longer than the longest radiative
lifetime measured on EBIT before employing the electron trapping mode. It thus demonsuates
the utilhy of the magnetic trapping mode, fit discovered and analyzed in Fourier-transform ion
cyclotron resonance measurements on EBIT [6]. Since ions in this mode remain trapped for
seconds [5], measurements of yet much longer radiative liietimes appear possible.
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FIG. 1. Evolution of the n=2 + n=l x-ray emission from N5+ as the mode of
operation of EBIT is switched from the electron trapping mode to the magnetic
trapping mode at t = Oms. The exponential decay of the x-ray signrd is caused by
the radiative decay of the metastable 1s2s 3SI level in heliumlike nitrogen.
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II. Spectral Diagnostics for High Temperature Laboratory and
Astrophysical Plasmas



Iron K-shell emission from ionizing plasmas

V. Decaux, P. Beiersdorfer
Lawrence Livermore National Laboratory, Livermore, CA 94551

S. M. Kahn
Columbia University, New York, NY 10027

V. L. Jacobs
Naval Research Laboratory, Washington, D. C. 20375 v

Transient ionization conditions play an important role in aatrophysicaf plasmas, as in the shock-front-
heated regions of young supernova remnants or impulsively heated gas in solar flares. For these cases, as
pointed out by Mewe and Schnjver [1], the establishment of ionization balance lags behind the sudden
increases in electron temperature, which dramatically affects the emitted X-ray spectra. Integrating over
time, Ka emission from afl existing charge statea of iron (Fe I -Fe MI) can be observed. TMs is in
sharp contrast to the more traditional situation found in plasmas for wfdch colfisional ionization
equilibrium haa been established, where the Ka spectrum is known to be dominated by the emission fmm
Fe xxv and Fe -, since K-shell transitions cannot be excited at the lower electron temperatures where
the less ionized spixies are prevalent. Afso, while dielectmnic recombination (DR) is usually the dominant
line formation process in equilibrium plasmas with a Maxwellirm electron distribution, this process plays
only an insignificant role in ionizing plasmas.

During the past few yeara, we have pwformed a laboratory simulation of X-ray line formation under
transient ionization conditions, using the Llvennore Electron Beam Ion Trap (EMT). Our early efforts
focused on the lowest ionization stages Fe X -Fe XVII [2]. During the past year, we focused on the
intermediate charge states Fe xvn - Fe ~ [3]. Since our spectral resolution (Mm> 2000) exceeds that
of present and near-future satellite measurements (the resolution of EBIT is about three times better than
that of ASTRO-E), our measurements are well suited to serve as benchmarks for detailed models of
transient ionization in astrophysical plasmas, which have not previously been tested to this level of
accuracy. The electron density in EBIT is similar to the electron density of solar flares, which is on the
order of 1011-1012 cm-3. We measured in our experiment the transient spectraf structure as a function of
time, at a beam energy of 12 keV and in the wavelength range from 1.84-1.94 A in which the Ku
emission features of the charge states Fe ~ - Fe ~ are prominent. The fmt three spec~ recorded in
the intervals 0-20 tns, 20-40 ma, and 40-60 ma after injection of iron into EBIT, are shown in Fig. 1.
These measurements provide the first experimental validation of tbe theoreticrd predictions of Mewe and
Schrijver [1], with which good overaff agreement is found.

Focusing on the charge states Fe WH - Fe ~, we compared the experimental data with a complete
theoretical model including all relevant excitation mechanism we were able to deduce from our
spectroscopic data the ionization time q = Net, where Ne is the electron density and t is the time measured
from the beginning of the ionization process [3]. This quantity is of fundamental importance and is the
principal parameter used to characterize ionizing plasmas. In the case of supernova remnants, where the
time since the explosion is known, the vrdue of the density Ne can be inferred, if the parameter v is
determined spectroscopically. As a result of the gmd agreement between the experimental and theoretical
results for spectral line ratios within each charge state, we were able to reproduce accurately the
experimental data by adjusting only the charge-state population fractions. For the case of the charge states
Fe xvrr - Fe xxi, the result of this fit to the experimentaLdata was compared to the result of a theoretical



time-dependent charge-state balance model. This is shown in Fig. 2, where the ES.uks of this comparison
(evaluated as the sum of the s@red differences between the calculated and measured charge-state
population fractions) is plotted against values of the assumed electron density in the range from
1-3 X 1012cm-3 (or, equivalently, II because t is known in our measurements). We were then able to
determine the value of Ne for which the model result is in best agreement with the experimentally-
determined charge-state ~prrlation fractions. Figure 2 shows that the best agreement is found for
Ne = 1.7 k 0.3 X 1012cm- , m excellent accord with the empirical estimate of 1.5 X 1012cm-3 obtained
from the known beam current density (5300 A cm-2) and beam energy (12 kev) in. our experiment on
EBIT. Our 20% accuracy in the spectroscopic determination of Ne (or q) implie$ that the ionization
timescale and thus the age of a given supernova remnant can be inferred from spectral observations with
similar accuracy, provided that the same Ievel of statistics and spectral resolution can be achieved in such
measurements.
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Figure 1: K-shell spectra of iron in the region Figure 2 Sum of the squared differences Ix@wckn
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References:

[1] R. Mewe and J. Schrijver, A & A $7,261 (1980)

[2] V. Decaux, P. Beiersdorfer, A. Osterheld, M. Chen, and S. M. Kahn, ApJ 443, 4&l (1995).

[3] V. Decaux, P. Beiersdorfer, S. M. Kahn, and V. L. Jacobs, ApJ (to be published).

ThisworkwassupportedbyNASA’Sx-Ray AstronomyResearchandAnalysisProgramundersrantNAGW-4185.



The First on-line EBIT Plasma Measurement with a Microcalorimeter

M. Lc Gros, E. Silver
Smithsonian Astrophysical Observatory, Boston, MA 02138

P. Beiersdorfer, J. Crespo L6pez-UrmiA K. WMrnann
Lawrence Livennore National Laboratory, Livennore, CA 94550

S. Kahn v’
Columbia Universi~, NY 10027

To make the greatest use of the improved spectroscopic capabilities of the AXAF, ASTRO-
E, W, and other future x–ray astronomy missions, better knowledge of fundamental atomic
properties arc needed. The specaa that have been obtained from such missions as ASCA and DXS
have revealed deficiencies in the current plasma codes. The dependence of key diagnostic x–ray
lines on density, temperature, and excitation conditions that exist in astrophysical sources is
importrmt input to improving the plasma codes. The EBIT provides a unique capability for
measuring atomic structure and cross sections in the isolated-ion limit, and for efficiently
expanding the experimental data base of atomic energy levels, oscillator strengths and transition
cross-sections.

The microcalorimeter is the idest spec~ometer for the EBIT-type plasma. Briefly, the
efficiency of the microealorimeter will greatly shorten the measurement time by several orders of
magnitude compared to the integration time required by crystal spccmometers whose eftlciencies
are about 0.190. The microcalorimeter will simultaneously obtain the required spectra for all of the
relevant spectral components identified above. An important feature of the microcslorimetcr is that
it is insensitive to the polarization of the x–ray emission.

III our recent verification experiment, we produced both He-like and Ne–liie Fe plasmas.
For normalization purposes, the EBIT incorporates a 200 mm2 germanium detector placed 20 cm
from the plasma as a monitor. The count rate of 2 x 103 HZ measured by thk detector indicated
that the x–ray emission of the EBIT was about 5 x 106 Hz into 4rr. Given the geometrical
constraints of the EBIT environment at the time of this experiment, we were only able to field a
single pixel detector with an area of 0.25 mm2, 1.5 m from the EBIT plasma. Consequently, the
microcalorimeter count rate was only about 50 eorrnts per hour. Even at thk low rate, we have
successfully obtained the first microcalorimeter spectrum of He–1ike iron (Fe XXV) the instrument
has almost zero background. This is shown in F@rre 1. To produce these x–rays, the electron
excitation energy was 9 keV. Changing the plasma conditions and reducing the excitation energy
to 2 keV pctmittcd us to measure the Ne–like L x-rays, also shown in FigOre 1.

These experiments demonstrate the great utility of our microcalorimeter as a high-
resolution spectrometer on EBIT, initiating a new era in high-resolution laboratory spectroscopy
for astrophysics. We are developing a ddlcated multichannel instrument to perform extensive
follow+n experiments. This new instrument will have sub- 10eV energy resolution and a total
detector area of 2 mm2.
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Fe XXIV Line Emission Produced by Electron Impact Excitation

D. W. Savin
Space Sciences Laborato~, University of California, Berkeley, CA 94720

P. Beiersdorfer, J. Crespo L@ez-Urnrri~ V. Deeaux, D. A. Liedshl, K. J. Reed, K. Widmasm
Livermore National Laboratory, Livennore, CA 94550

S. M. Kahn
Depan?nent of Physics, Columbia University, New York, NY 10027,

Recent Advanced Satellite for Cosmology and Astrophysics (ASCA) o~servations in the
0.7-2.0 keV spectral band have revealed major discrepancies between spectroscopic data from
cosmic X-ray sources and model predictions using standard plasma emission codes [1-3]. These
discrepancies appeas to indicate the existence of errors in the atomic data used in the plasma
emission codes. This is most clearly demonstrated in the observation by Fabian et rd.[1] of the
cooling flow in the Centaurus cluster of galaxies. Cooliig flows are optically thin, quasi-static
plasmas, with no significant radiative transferor transient effects, and are believed to be the
simplest class of cosmic X-ray sources. Thus, the discrepancies reported by Fabian et aL indicate
errors in the atomic dam and for their observations have been attributed to errors in the Fe XXIII
and XXIV electron impact excitation (EJE) rate coefficients [4].

To address this issue we have canied out a series of broadband, high resolution
measurements of Fe XXIV n=n’ + n=2 line emission (hereafter, n’ + 2). Using EBIT, we have
measured EIE generated 3 + 2 and 4 + 2 line emission from Fe XXIV initially in the ground
level. In specific, we have carried out line ratio measurements for the 3p 2P3E + 2s 2SI~, 3d
2D5E + 2p 2P3L ,and the 4f 2p3r2,1~ + 2s 2S~~=sitions fll relative m tie 3P 2PI~ + 2s
2SIn transition (hereafter, 3 P3L -2 SIB,32D5~ - 22P3~,42P3E,IL - 22S IC, and 3 PIE -2
2S1E, respectively).

Two flat crystal spectrometers (FCSS) have been used to detect X rays from EBIT[5].
Representative iron 3 + 2 and 4 + 2 spectra colhxted for the present results are shown in
Figs. la and lb. The spectra were collected using a thallium hydrogen phthalate crystal in fwst
order. The spectra consist entirely of lines of Fe XXII, XXIII, and XXIV[6,7].
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FCSS are inherently narrowband devices. The Fe XXIV 3 2P3fl -2 2SIn, 3 2P 12-
22S In, and 3 2D5L -2 2P3~ all lie close to ether in wavelength and may be simultaneously

fobserved using a single FCS. Tbe Fe XXIV 4 P3~,Ifl - 22S 1~ and 3 2Pl~ - 22S1L lines lie fm
apart in wavelength. Broadband measurements are carried out using 2 FCSS to observe
simultaneously different mwrowband regions (each containing lines of interest). The broadband
X-ray detection efficiency for one of the FCSS was measured absolutely. The second FCS was
then cross-crdibrated to the fiit FCS for detection of the 3 2PI~ - 22S lC reference line. The
dominant uncertainty in all iine ratio measurements is attributed to a combination of counting
statistics, background level determination, line blending, and line shape determination.

Predicted line ratios have been calculated using the fully relativistic dktortcd wave
(RDW) code of Zhang, Sampson & Clark[8] and the quasi-relativistic distorted wave Hebrew
University-Lawrence Livermore Atomic Code (HULLAC)[9,1O]. The (32P3~ - 22S@/(32Pl~
- 22S lL) and32D5E - 2‘2P32)/(32Pl~ - 22Sl@ lirte ratios predicted by RDW and by HULLAC
all lie within IC of the measured values. The measured42P3fl,If2 - 22S@/(32PI~ - 22SI~)
line ratio at 4.5 keV was 0.492 t 0.074. The quoted uncertainty represents the total experimental
uncertainty at a confidence level believed to be equivalent to a la statistical confidence level.
The line ratios predicted by RDW and by HULLAC are 0.409 and 0.386, respectively, and lie
within 1.10 and 1.4a of the measured value, respectively. This is within the 9W70confidence
limits (1.656) of the measurement. Overall, we find good agreement between our measurements
and the RDW and HULLAC calculations[l 1].

The impm-rarrceand need of accurate ator!ic data for modeling cosmic X-ray sources has
now been demonstrated observationally[ l-3], theoretically[4], and experimentally[l 1]. The
importance and need will become even more apparent after the planned launches of the
Advanced X-ray Astrophysics Facility, the X-ray Multimirror Mission, and ASTRO-E. Fe
= is a relatively easy system for theoretical crdculations. Other Fe Lshell ions possess two
or more electrons in their L-shell and line emission from these ions is expected to be more
challenging to csdculate accurately. EBIT experiments can provide barchmark measurements for
these more challenging calculations. With EBIT we plan to carry out further broad-band, high
resolution measurements of Fe L-shell line emission.
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Forbidden optical lines in highly charged ions

JOS6R. Crespo L6pez-Urrutia, P. Beiersdorfer, K. Widmarm, and V. Deeaux
Lawrence Livermore National Laboratory, Universi@ of Call~ornia,

P. O. Box 808, Livermore, CA 94551

Many forbidden transitions in highly charged
ions produced in an electron beam ion trap
(EBIT) have wavelengths in the visible range.
They can be used as diagnostic tools in high
temperature plasmas, allowing for the identifi-
cation of ionic species and their densities and
temperatures. Advantages compared to x-ray
diagnostics include large collection efficien-
cies, good spectral resolution, possible imple-
mentation of laser fluorescence methods and
the use of optical fibers for remote, gamma ra-
diation insensitive control of plasma devices.

collimator cmnera
achromat achrpmat

T drift tube CCD detector

electronbeam

Figure1.Stigmaticspeclxographarrangement.

Previous work in tokarnaks and other plasma sources was limited to ioW comparatively low charge
states, and the data analysis was often hindered by the difficult identification of the radiathg species in
the plasma. CollisionaI quenching and Stark broadening also limit the observability of lines in the
visible range in those plasmas. In contrast, lines with transition rates on the order of ms UPto fractions
of a seeond are not collisiorrrdly depopulated in
EBIT, because of the low collision frequency
within the trap. With its well-defined ion charge
brdance and selectivity and the capability of
exciting the ions with monoenergetic electrons,
EBIT offers a superior tool for studies in the
visible range. We have set up an apparatus for
spatially resolved visible spectroscopy of the
trap region in Super-EBIT (Fig. 1). A cryogeni-
cally cooled CCD with an appropriate imaging
objective was used. It allows simultaneous
measurement of the whole visible spectrum or
part of it (see Fig. 2 for an example). As a first
application, we have studied the trap geometry,
the cooling gas injection mechanism and the
spatial distribution of charged states within the
trap [1]. As seen in Fig. 3, two regions appear
clearly distinguishable: (a) the trap between the
upper and lower drift tubes, where the highly
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Figure2. Spectraof XeatdHerentelectronbeamenergies.

ch;ged ions are stored, and (b) the crossing of the electron beam with the ballistic atomic beam of the
cooling gas injector, comprising the central portion of the trap. The central region of the trap (,3mm)
displayed atomic lines from the cooling gas with narrow spatial profile. The trapped ions are stored in
a longer (20 mm) and wider cylinder (= 300 pm diameter)., The lines that appear in this region are



4362 A Xe’w 4140 A Xe32+ 3963 ~ Xe3’+

Figure3.Spatisflyresolvedsp$ctrnrnofthetrap.NeutralXeatomstkemthegasinjeetorcrossthenarrowelectronbeam
(70pm)atthecenterregion(5mm), are excited and decay by fsst optical transitions (t Mns) immediately. Some of them
are ioniied and remain tied in the potential well of the electron beam, tilling the whole trap length (20 mm). Their metas-
table levels deeay slowly (t Mms~ the forbidden ~mesdisplay source broadening corresponding to the high ion tempera-
ture and spatial did spread.

mostly Ml transitions of high-Z ions with 3dn cor@urations and mid-Z ions with 2PMconfigurations
@lg. 2).

We have observed, among other, the forbidden lines in the visible spectmrn of highly charged Fe, Ar,
Cl, Mg, and limesfrom Ne, O, N, C ions excited with eleetrons in the energy range 150 eV-150 keV.
We reproduced the experiments performed at the NIST EBIT [2] with Xe and B%extendkg the spec-
tral coverage, the resolution and the observedcharge states. The analysis and intapretation of the data
are in progess. Possible applications include diagnosticsof magnetic plasma devices and interpretation
of astrophysicaldata.
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High-Resolution Measurement, Lhe Identification, and Spectral Modeling
of the K~ Speetrum of Heliumlike Ar16+

P. Beiersdorfer, A. Osterheld, T.W. Phillips
Lawrence Livermore National l.dorato~, Liverrnore, CA 94551

M. Bitter, KW. Hill, S. von Goeler
Princeton Plasma Physics Laboratory, Princeton, NJ 08543 ,

K-shell x-ray spectra involving transitions from levels with principal quantum number n=3 to
levels with n=l, so-called K~ spectra, are important spectral diagnostics of laser-produced
plasmas [1,2]. The spectra are used for infernng the electron density and temperature of high-
density plasmas generated in the core of imploding target capsules employed in inertial
confinement fusion (ICF) researeh, as well as for determining the mixing of pusher and fuel
materials. For measurements of the fuel densi~ and temperature, argon has been the element of
choice beeause it is readily incorporated as a dopant (< 0.2%) in the deutenum fuel and beeause
heliurnlike A16+ is copiously produced in plasmas generated at present-generation ICF facilities
such as the NOVA laser facility [2]. The electron density of the fuel is inferred from the stark-
broadened profile of the K~ emission of heliumliie A@, which in contrast to the Kcxor Ly-cx
emission from heliurnlike A@ or hydrogenlike Ar17+,respectively, is optically thin [1,2]. The
fuel temperature is determined from the ratio of the Kjl and Ly-~ emission from Ar16+ and
A@7+,respmtively [2], or from the line shape of the A@+ K(3 emission including neighboring
&electronic satellites from A@ [3]..The diagnostic use of K~ spectra for such high-density
plasma soorees requires reliance on theoretical atomic physics parameters such as fine pm.itions,
dielectronic resonance strengths, electron-impact excitation and radiative rates. In order to infer
the electron density from K~ emission of heliumlike Ar16+ it is necessary, for example, to
account for overlap with the emission from lithiumlike Ar15+ [3,4]. In particular, lithhunlike
satellite transitions of the type ls2/3f? + 1s221 and 1s3~3~’ + 1s23f need to be taken into
account. These satellite transitions broaden the heliumlike K~ emission feature and would result
in an overestimate of the density if ignored in modeling calculations [2-4]. A test of the atomic
data is desirable to ascertain the reliability of the modeling calculations. Such a test can be
accomplished by measuring spectra from plasmas with well-defined temperature and density,
especially if non-spectroscopic methods are used to determine temperature and density.

We have performed a detailed analysis of the K~ speetrum of heliurnlike ArI@ reeorded with a
high-resolution crystal spectrometer on the Princeton Large Torus (PLT) tokamak [5]. PLT
plasmas are well diagnosed by non-spectroscopic techniques. The peak electron temperature is
about 2.3 keV; the peak electron density does not exceed 2 x 1013 cm-s. The spectral
measurements thus tested atomic theory in the low-density, so-called collisionless, limit. While
a large numbers of tokamak measurements of the n=2 to n=l K-shell transitions have been
reported, this is only the second such measurement for the n=3 to n=l K-shell tmnsitions,
following our earlier paper on the the K~ speetrum of F~+ recorded on the Tl?I’R tokamak [6].

Our measurements included the positions and strengths of the 1s2/3/’ + 1s22/ and 1s3J?3f’+
ls23f lithiu~ike ~tellite lines populat~ by diel~~nic raornbination as well as transitions of

<-.<’ the type 1s2~3/’ + 1s22/ excited by electron collisions. They also include satellite lines in



berylliumlike Ar14+ of the type ls2.f2!’3~” + 1s22/2/’, as illustrated in the spectrum in Fig. 1.
Calculated and measured line positions arc generally in good agreement differing no more thm f
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Fig. 1. Kt3 spccmrm of argon (a) linear, (b) logdhrnic scale. The positions of
features from heliurnhke k16+, lithhntdike Ar15+, and berylliumlike Ar14+ are
marked in (a). Individual features are labeled in (b) according to the notation used
in Ref. [51.The data were accumulated from 23 dischwges.

A detailed comparison of the measured argon spectrum with theoretical data was made and good
agreement is obtained for the intensity of most dielectronic satellite tnnsitions. The intensity of
the dielectronic satellite lines relative to lines excited by electron impact is sensitive to the
electron temperature. The temperature inferred from most ratios, involving either lithiundiie or
bcrylliumliie dlelectronic satellite lines, agreed within experimental uncertainties with the
electron temperature determined by non-spectroscopic means. The good agreement
demonstrates that the K~ emission from heliumlike ions can be used as a reliable electron
temperate diagnostic for low-densi~ plasmas, including to those of solar flares and the solar
corona.

An exception to the good agreement was given by the ls3~3f? Iithiurnlike satellites. These were
found to be 50% stronger than predicted. Moreover, we found that intensity estimates based
solely on the electmm-impact excitation of the heliurrdike ls3p levels underestimate the K~2 :
K~l line ratio by nearly a factor of two relative to the measured value, as illustrated in Fig. 2.
Follow-up measurements to address these issnes that are especially important in the analysis of
high-density plasmas are in progress on EBIT.
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III. Ion/Surface Interaction Studies



Neutralization of Slow Highly Charged Ions in Thin Carbon Foils

T. Schenkel’J, NL A. Briere3, D. H. Schneide#

1Lawrence Lkermore National Laboratory

‘J. W. Goethe University F- Germany
.

‘presently at Physics Dept., Univ. of Rhode Ialan~ S. KingatoL’IU

One of the key question in highly charged ion (HCJ) solid interaction studies is that
of the time scale for neutralization and de-excitation of HCI in solids. An understanding
of how long it takea to dissipate terra to hundreds of keV of neutralization energy is erueial
in the development ofHCI based materials analysis and modifications techniqu~ since it
is this neutrabtion time that defines the available energy density in any given HCI - solid
interaction system.

We have analyzed the charge states of 07+, A#, @w, ~, and Th= iona
(kinetic energy 7.5 keV * q) after transmission through 10 nm thick carbon foils using an
experimental setup as shown in Fig. 1. HCI where extracted from EBIT II with an
extraction potential of 7 kV. After m/q analysis the HCI impinged on a carbon foil target
under normal incidenee. The target bias was -500 V. Secondary eleetro~ emitted
during HCI impact on the foil where used as atart signals in a time of flight (TOF)
eoinciderrw. The mass to charge ratio of transmitted iona was analyzed electrostatically in
the electrical field between two parallel plates, and detected by a position sensitive micro
chsnnelplate (PS-MCP) detector. The PS-MCP rear plate signal was used to atop the
TOF coincidence, which was implemented as a means to reduee the aignrdbackground.
Studies on the energy 10SSof HCI in thin tilms using this technique will be deseribed in an
upcoming report. The targeta consisted of one or two carbon foils with a nominal
thickness of 10 rq mounted on a eoppcr mesh (ACF-MetalS TUCSOLAZ.). Background
gas-pressures were kept at 2* 10-10tom in the scattering chamber and at 3*104 torr in the
beam line.
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Fig. 2 shows examples of charge state distributions of HCI atler transmission
through one md two carbon foils. Data represent projections of a two dimensional
position distribution on the axis perpendicular to the direction of electrostatic charge state
separation.
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Fig 2: (3a%&_ distriitions efHCI aftertrsmuum“ “onthroughoneor two 10m thickcslboufoils.

M hi@Y charged ions up to ‘l%Cs+neutralizevery efficientlyand reach average charge
states of neutxaland one plus in the 10 runthick carbonfoil. The total time for de-
excitation can be oalcuIatedfl’omthe initialvelocity, target thicknesajand the critical
distancefor iiratcapture of electrons from the target conduction band. The later has been
derived in the context of the “Classic-d Over the Barrier Model” [1] as (ii atomic units):

The available nwtmlbtion time is then i@en by dtti =
/

&+Ax
v“

@itial velocity corrections due to image charge interaction of incoming HCIwith
the target [2] are neglected as small contributions in the velocity regime used in this
study).
Descriimg the available time for neutrakation this way assumes that ions leave the thin
film in a largely de-excited state. While little is iarown about the excitation states of slow,
very highly charged ions after transmission of thin flms, the following arguments can be



made in support of the assumption that the degree of excitation of transmitted ions is
small. Flight times of transmitted ions from the foil to the detector were typicaUy-700
ns. Populations of excited states would.be expected to result in de-excitation aIong the
flight path to the detector, accompanied by autoionizing trrmsitionsj which would then
increase the resulting final charge states. The observed low average charge states of- 1+,
thus set an upper limit to the post scattering contributions to the observed final charge
state.

As shown in Fig. 2 for IC?3+, the average final charge states after pas;ge of two,
stack~ 10 nm thick carbon foils is lower then the corresponding value sRer one foil.
This resrdt reflects tirther relaxation of any excited states that were present after passing
the tlrst fo~ and evolution of the ion charge state to an (dynamical) equiliiriurn value at a
given velocity during the slow down process in the target material [see also Ref. 3, and
references therein]. The results of this study are mmmarid in Tsb. 1.

incident
ion species & 0333c-foil) &*10 m c-foil) Vm(lo’ ds) dtmiz(fs) F& (keV)

o 7+ +/- () 7.96 14 1.17

Ar 16+ 0.8 + 0.6 + 7.61 15 5.8

Ar 18+ 1+ 8.07 14.5 14.4

Kr 33+ 1.1 + 0.7 + 7.45 16.5 36.5

Th 65+ 1.6 + 1.1 + 6.37 21 113

Tsb. 1:Averagechargestatesefions aflcrlmnsmsa“ “onthmughonesndtwo10 rmthincarbonfoila
RdadveerrOrsinthesvers& chsr&statrs sm+/-5Yf Ionsstsrtoutwith incidentvdtitiesvti
potentialenergksmrmspendingto theirinitialchargestates. Givennentdidon timerspplyfor
rmmmksiorlthroughone 10runthickfoilonly.

Up to the highest charge states of 65+ for thorium ionsj the neutrdzadon process
is essentially completed after passage of 10 run of mate~ and within 20 t%. Jn that time
113 keV of neutralization energy have been dissipated in the target through emission of
secondary particles and excitation of target atoms. Due to the short neutralization time
and assuming an HCI solid interaction area with a 1 run radius, the corresponding power
density reads impressive, as 3 * 1019W/cm3 or 600 kJ/cm3 are dissipat~ nominally
enough to doubly charge every carbon atom along a 10 run column. Reports on studies of
the response of solids to this extreme disruption of their local charge equilibrium are
included in this volume.
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tecfmiqu~ investigatingwhether singleHCI cm locallyinduce the phssetransitionfrom
sn smorpho~ msgneto opticsl inactive phsse, to a polyerydlinq msgne@ optical active

{-- phsse.
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Atomic Force Microscopy Studies of Phase Transitions in
Magneto-Optical Garnet Films

T. Schenkel’J, T. Kessle#, K. Bethgez, D. H. Schneider’

1Lawrence Llvermore National Laboratory, Physics& Space Technology Directorate

‘Jnstitute of Nuclear Physicg J. W. Goethe University Fr_ Ger-y

hfagneto-optic garnets are of great technological interest because of their
utilization in memory- and opto-electronical device$ and as display materials [1]. Oarnet
tikna for use as display materials have been developed by Kessler et al. [1]. A crucial
tkctor in this development was the optimization of Faraday-Rotation (rotation of the
polarization plane of linearly polarized light) [2] in the t@ while keeping the tihn
thickness small to allow for high optical transmission. Films with a typical thickness of 1
-2 yrn were deposited by radiotlequency magnetron sputtering on AF45 glass. Film
stoichiomeky was determined by Rutherford Backscattering Speqtrometry (RIM) at the
Fmnktint 7 MV Van de 0rar4Taccelerator before and after the tihns were annealed in an
oven (several minutes at 700° C), or with an electron beam (electron energy 15 keV,
current density 370 IU%#). It was found that excess amounts of oxygen and bismuth
are driven out of the material in the course of the annealing process. Exampl= of typical
garnet * stoichiometries are _lzFes@@u before and ~ZBii%@.5012 fier

annealing. Faraday rotation cmdd.ordy be observed in annealed films.
Atomic force microscopy (AFM) was used to investigate surface morphology

changes due to the annealing process. AFM mwements were performed using a Park
Scientific Autoprobe LS in contact mode at constant force. The nominal rigidity of
standard S13N4tips was 0.3 N/w tip radti were nominal 40 nm. A typicrd example of
AFM surfhce morphology measurements on as-deposited and as-anneakd gartretfikns is
ahown in Fig. 1. The as-deposited tihna show a surface roughness of several nanometers.
On the annealed fi@ micro c~stdites with heights of several tens of nanometers
indicate that the anneaIing process resuka in a phase transition of the garnet material tlom
an amorphous (as deposited) to a polycryatalline phase. It is this phase transition to a
polycryatalline phasq accompanied by stoichiometry changes in the ~ that modify the
magneto optical properties of the material such that it now exhlits the Faraday effect.

Phaae-Trarraitiorrs of materials induced by heating electron beams or ion beams [e.
g. 3], as well as non-thermal chemical reactions induced by the tunneling current ftom a
scanning tunneling microscope, have been investigated for many years.. In the context of
ion solid interaction studies with slow, highly charged ions (HCI) at the LLNL EDIT, the
tinding of electron beam induced phase transitions in magneto optir%lgarnets is of
si@caxIcs in the development of highly charged ion based materials modification
techniques. The basic idea of these efforts is to use <mgleHCL e. g. Auw, as a very
efficient tool to introduce several hundreds of keV of electronic excitation energy into a
nanometer size volume of materi~ thus inducing phase transitions and non-thermal
chemical reactions on a nanometer scale. We are currently using magneto-optical grumet
films as a test material in the development of HCI based nano-engirreering techniques,
investigating whether single HCI can locally induce the phase transition from an
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Production of high yields of secondary cluster ions is one of the characteristic
festwres of highly charged ion (HCl) induced sputtering of matmials [1-3]. The change in
cluster intemities as a tlmction of cluster size in sputtering of ditTerent materials has been
used as a signature for the presence of distinct cluster production and aputtering
medraniama. One basic question is whetlw clusters are entitted flom a aurt%ceas an
intact entity, or rather format the aurfbce from independently excited atoms.

The collision cascade model has been vw sucmaaful in the description of
secondary particle emission in the interaction of keV, singly charged ions with aurfhces
[4]. Independent atom-atom collisions along a m-dliaioncascade result in the ejection of
aurfhce and near aurt%e atoms. Secondary particle yields increase proportional to the
nuclear stopping power of incident ions at a given velocity, in a given material. k
experimental studi~ most of the secondary particles are found to be neut.@ and
si@wt ~ntriiutiom from mokcuhr secondary particles (both charged and neut@ are
observed. In the “statistical molecule emission” picture [5] it is assumed that”clusters form
at a surfhce after the constituting atoms have received kinetic energy in independent
random ccdlisions ffom the same collision cascade. Clusters can form if the center of mass
energy of contributing atoms and molecules is smaller than the dissociation energy of the
cluster. This ccunbiitoriaJ model predicts an exponential decay of semndary cluster
yields with increasing cluster size [6]. Complementary, an emission-as-entity model
predicts a power law dependency of the yields of emitted clusters with increasing cluster
size. The assumption is now that momentum is transferred to aurfkce near target
molecules due to the propagation of a pressure puke or a shock wave [7,8], rmuking in
the emission of large clusters. The predicted exponent for the power law is -2 [6,8].

Using 117W ions (E~ = 3 keV J amu) from EBIT as a primary beam in a Tme-
of-l?light Secondary Ion Mass Spectrometry experiment [2], we have investigated negative
secondary clusters ion production from thin S102 tibns (150 nm thermal oxide on silicon
substrate) and from highly oriented pyrolytic graphhe (HOPG) samples @lg. 1).
Corresponding cluster yield vs size dependencies are shown in Fig. 2. In the case of
(SiO~O- clust~ a fit to an exponential decay timction (- exp(-bun) results in a too
rapid decrease of the heavy cluster yields. A power law fit (- n“) de.scriies the yield
decrease vs size well in the cluster size range flom n=3 to - n==O. A least square fit yields
a power law exponent of a=2.5, much Iarger than the exponents of a = [-5.5, -9], which
were found in singly charged ion induced cluster emission studies [6], and VeIYclose to
predictions of the shockwave model. The generation of a shock wave in solids at highly
charged ion impact is czmsistent with the “Coulomb explosion” model, which has been
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suggested to describe strongly increased secondary ion Y-ieldgand defect production in the
interaction of Irighly.charged ions with surfhces [1,2].

In the case of HOPG, the yield vs size dependency exhibits an odd-even
oscillatio~ well known fkom singly charged ion induced sputtering [9]. The same change
in periodicity around n=10 was observed for HCI induced cluster production. It has been
found in UV photoelectron spectroscopy [9] studies that carbon clusters with n<10 have
linear chain like structure$ while larger ones form monocyclic rings. Favoring ‘ofodd or
even numbered carbon clusters reflects changes in cluster electron afiinitiea which are in
turn sensitive to these diiYmentcluster geometries. The striking difference between HCI
and singly chsrged ion induced cluster sputtering is the rate of intensity change with
increasing cluster size. In the HCI case the intensity vs size dependency can be described
with an exponential decay timctio~ indicating the applicability of a combinatorial cluster
formation model [3]. The reproduction of odd-even oscillations also suggest that the
basic cluster formation process is similar for both cases. The reason for the much slower

‘decrease of cluster intensity with cluster size in HCI induced sputtering of HOPG is
presently not well understood. The question of the presence of a Coulomb explosion like
relaxation of HOPG surfaces at HCI impact and the generation of corresponding shock
waves can not be resolved here and will be addressed in an upcoming report.

Investigations of secondmy cluster ion production as a iimction of incident ion
charge states (and HCI potentisl energi~ respectively), and as a fimction of incident ion
veloci~ will be used to tier differentiate contributions tkom different clusler production
mechanisms. Improving the mass resolution of our TOF-SIMS spectrometer will allow us
to shrdy the production of doubly charged negative carbon cluster ions [10]. Using laser
post-ionization we will extent our investigations to secondary neutral cluster production
in highly charged ion solid interactions.

Referencw
[1] D. Schneider, M.A, Briere, Physics Script% V 35 (1996) 228
[2] M. A Brierq T. Schenkel, D. Schneider, Proceedings of SIMS ~ Milnater, 10/95
[3] G. schiwie@ et rd.,Nucl. Instr. and Meth. B 100 (1995) 47
[4] P. Sigmund in R Behriach (cd.), Sputtering by Particle Bombardment (Springer,

Berlin. Heidelberg New yo~ 1982)
[5] W. Gerhar~ Z. PhysiiB22, 31 (1975)
[6] S. R Coo% et al., Surtkce Science.298 (1993) 161
[7] R E. Johnsoq et al., Phys. Rev. B>V40 (1989) 49
[8] I. S. Bitenaky, E. S. Parilis, Nucl. Instr. and Meth. B 21 (1987) 26
[9] H. Gnaaer, H. Oechsner, Nucl. Instr. and Meth. B 82 (1993) 518
[10] S. N. Schauer, P. WM~ R N. compto~ Phys. Rev. Lett. 65 (1990) 625



Direct Comparison of Collisional and Electro?ric Contributions to

Secondary Ion Yields Using a Highly Charged Ion Neutralizer

T. Schenkeliz, M. A Briere3, K. Vkbeckl, A E. Schach von Whter@l,

K Bethge2, H. Schmidt-Bockin~, and D. H. Schneider
t

1Physics& Space Technology Direetoratq Lmvrenee Livermore National Laboratory

2Institute for Nuclear Physic% J. W. Goethe University FrankR@ Germany

3presently at: Dept. of Physic$ University of Rhode I.sk@ S. Kingstom RI

hr order to be able to directly mmpare the contributions to secondary ion yields
horn collisional and electronic, i. e. charge state depend- processeg a highly charged
ion “neutralizer” was built. Fig. 1 shows a schematic of the experimented setup. Highly
charged ions (HCI) are extraeted ffom EBIT and transmitted through a -10 rrmthick
carbon fot mounted on a high transmission grid. Measurements of transmitted ion charge
state distributions show (see elsewhere in this report) that HCI reach charge state
equilibrium inside the fo~ while the total enei~ loss in the foil amounts to -40 keV, or -
13% of an initial kinetic energy of 308 keV. Equilibrium charge states of XeW ions at -
300 keV (v= 6.5 ‘lOs rds= 0.3 v-) were found to be -1.5 + (see [1] for eomparisorr
with high energy equiIibrimn charge states), and this “inverse atripping device” makes use
of the ikct that EBIT HCI are very slow on an atomic velocity scale. Given
straightforward incident energy adjustment by tuning of the foil bl~ transmitted ions in
charge state equilibrium can be used as an important reference beam. Sputtering and
secondary ion production has been studied extensively with beams of singly charged ions.
Sputtering occurs as a consequence of eollisiomd momentum transfer and yields are
known to serde linearly with the nuclear stopping power [2, 3]. Fig. 2 and 3 show
examples of negative secondary ion spee@ as measured by time-of-flight aeeondary ion
mass spectrometry. Spectra are norrndzed to the number of incident ions. When using
HC~ data were recorded over several minutes, with a typical incident ion flux of -500
HCI /s. The secondary ion detection efficiency of - llWO is not included. Flight time
start signals are provided by secondary electrons, emitted at HCI impact. When the
neutralizer foil was us~ start signals could be taken from secondary electrons emitted
tlom the carbon foil at HCI irnpa~ or alternatively, sex-ondaryelectrons tlom kinetic
emission processes at impact of xenon ions in charge state equilibrium emdd be used.
Secondary ion production etliciencies increase by two orders of magnitude when highly
charged ions are used as compared to ions in charge state equilibrium. Fig. 4 shows this
increase over the whole range of eurrerrtly available ion charge, from low charge state Xe
ions, up to 1%’~ for a) S1+and b) Si secondary ions sputtered from a float zone silicon
target. The native oxide had been removed using a standard wet etching procedure. Sl+-
yields increase by a fictor of 330 whenl%’w is used instead ofiow charge state Xe ions.
Positive secondary ion yield vs charge data show a stronger augmentation in ion
production for incident ion charge states in excess .of 52+ for gold ion% indicating the



presence of a threshold charge for the onset of “Coulomb explosion” sputtering [4-6]. III
compsriso~ earlier reported positive secondary ion yield increases with ion charge from
thin silicon dioxide flbns on silicon [4], showed a strong increase for charges q>25 for Xe
ions. The higher charge (and HCI potential energy, respectively) required for the onset of
strong electronic sputtering is in agreement with predictions of Coulomb explosion models
[4-6J. Model predictions are currently being tested in experimental studies of$otal
ablation rates in HCI solid interactions. v

Secondary ion production with singly charged ions is routinely used for highly
sensitive surface analysis (SIMS-Secondary Ion Msss Spectrometry, e.g. [71). A useful
yield increase in access of two orders of magnitude could mark a signiticsnt competitive
advantage of slow, highly charged ions over conventional singly charged ions.
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Electron yields have been determined for the interaction of highly charged ions
(O@, 3sq0, Xe@, 16~#~ Auv, 44~<69; Th@, 44Qf15; corresponding potential
energies 0.1 keV~< 198 kev), with thin SiOz tilrns (150 nnr thick thermal oxide flkns
on silicon substratea), and Au surfaces, at normal incidence and impact energies of w = 9
keV * q. Analysis of measured electron emission statistics was used to determine
integrated electron emission yields @lg. 1). Total electron yield vakres from HCI impact
on Au sm%ces were utilized for calibration [1,2]. It was found that the number of
electrons emitted per incident highly charged ion ftom SQ tikua increases proportionally
to the incident ion charge up to the highest c~ge states @lg. 2), folIowiug previously
determined general trends in electron emission from metal surfaces [1,2].. Electron yields
changed by less than 15% when the incident velocity of Xe- ions was varied between
4.5* 10s m!s and 9.8 * 10s m/s. Jn a -regimedominated by collisional electron emission
(iicident ~ and @ ions), the electron yields are slightly higher for insulators [3],
whereas for incident ion charge states qs3, more electrons are emitted from metaJ than
tlom insulator surfaces. This result is in agreement with theoretical predktions of shorter
above surface neutralization / deexitation times in HCI insulator interactions [4]. As an
HCI approaches a aurt%e, neutralization begins when it reaches a critical distance for
capture of target electrons into highly excited Rydberg states. This distance [5] is
expeeted to be larger for materials with high workfunotions and for wide band gap
rnateri.d$ like Sia. For metals, most aecondiuy electrons are emitted in above surt%ce
autoionization processes in the mums of hollow atom de-excitation. A shorter distance of
tirst ekwtron capture leada to a shorter above surthce.neutralization tirn~ resulting in
lower above sun%ce secondary electron emission yields from instdators than from metals
at HCI impact. Jrsthis picture the excitation state of an HCI impinging on an insulator
surface will be higher than for impact on a metrd surface. The dynamics of below aurfhce
de-excitation of hollow atoms, sub-surtkce eleetron emissio~ and the question of target
lattice response mechanisms in insulators, poor conductors and metrds are currently being
addressed in systematic studies.
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Fig. 2 shows examples of charge state distributions of HCI atler transmission
through one md two carbon foils. Data represent projections of a two dimensional
position distribution on the axis perpendicular to the direction of electrostatic charge state
separation.
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M hi@Y charged ions up to ‘l%Cs+neutralizevery efficientlyand reach average charge
states of neutxaland one plus in the 10 runthick carbonfoil. The total time for de-
excitation can be oalcuIatedfl’omthe initialvelocity, target thicknesajand the critical
distancefor iiratcapture of electrons from the target conduction band. The later has been
derived in the context of the “Classic-d Over the Barrier Model” [1] as (ii atomic units):

The available nwtmlbtion time is then i@en by dtti =
/

&+Ax
v“

@itial velocity corrections due to image charge interaction of incoming HCIwith
the target [2] are neglected as small contributions in the velocity regime used in this
study).
Descriimg the available time for neutrakation this way assumes that ions leave the thin
film in a largely de-excited state. While little is iarown about the excitation states of slow,
very highly charged ions after transmission of thin flms, the following arguments can be



Simulation of the Electron ,Emission from Insulators Induced by Highly Charged
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It is very well known that the exposure of any solid surface to slow highly charged ions
(HCI) leads to electron emission. Remarkably, the number of emitted electrons exceeds
by far the charge of the ion. This is particularly well pronounced for sufficiently high ionic
charges. For example, the impact of Th80+with the gold surface produces more than 250
electrons [1], Theoretical analysis of Bardsley and Penetrate [2] shows that the
electrons are emitted by means of a field emission mostly before the ion strikes the
suri?ace. Due to the enormous electric field of the ion the electron emission is similar for
metals and insulators. However, the consequences are very different. In case of a metallic
substrate the local charge neutralhy of the solid is maintained due to the electron supply
from the bulk. For insulators or poor conductors the electron emission from the spot
below the incoming ion leads to foimation of a localized depletion region. Due to a very
high ionization of this region the ions of a solid experience a strong Coulomb repulsion
which may cause a so called “Coulomb explosion” [3-4] and creates a crater on the
surface. A peculiar feature of this mechanism is that the surface damage is not related to a
direct impact of the HCI and may actually occur before the ion strikes the surface, The
idea of a “Coulomb explosion” was quite extensively discussed in the past [3-6], but has
never been subjected to a quantitative theoretical analysis. To evaluate the importance of
this mechanism of a surface darnage through HCI , one needs to calculate the shape of a
depletion region and a degree of ionization.

As a fust step in this direction we performed a calculation of electron emission horn
insulators. Following Bardsley and Penetrate, we consider electron emission using a
Nordheim-Fowler formula for the field emission. In contrast to the case of a metallic
substrate one has to consider the positive charge of holes which are lefl in a solid. Also an
additional charge of electrons which return horn vacuum to the substrate must be taken
into account. We investigate the most simple model of an insulator completely neglecting
the conductivity in the bulk and at the surface. In such a model each emission event
creates an immobile positive hole in a surface region. The electrons which return to the
substrate and “stick” to the surface are assumed to be immobile. The electric charge of
the holes and these “surface electrons” must be taken into account in a calculation of the
electric field distribution and the total force which determines the motion of the HCI. The
figure below shows the number: of holes, “surface electrons” and ffee electrons in a
vacuum above the surface as a fimction of the distance between the ion and.the surface. It

1



is interesting to note the qualitatively different motions of different HCIS. ArlO+ hhs the
surface whereas Xea’ and Uw+are repelled by the positive charge of the depletion region.
That is why the ion-surface separation which has been initially decreasing, starts
increasing. This effect apparently cannot occur for metallic substrates where the ion
motion is dominated by the attractive image force.

t
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Time for the Empty L Shell of a Hollow Atom to be Filled
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Tbe dynamics of the fmt capture and decay precesses occurring during the interaction
of slow highly charged ions below a surface has been studied in looking at the< rays emitted
directly, or in coincidence, by impinging bare or hydrogenlike ions of various atomic
numbers on solid targets. Results on the deeay processes of these hollow atoms, mainly
formed below the surface, for argon, iron, and krypton ions are presented. By measuring the
changes of the numbers of electrons in the L and M shells of the ions, compared to the
lifetime of the K shell, it has been possible to evaluate the mean time for the filling of the L
and M shells. These measurements arc compared with a model of interaction of the ions with
the surface(l).

Beams of Fe25+, Fe26+, Kr35+, and Kr3~ ions at 7 kV/q kinetic energy were prepared
at the Lawrence Livermore National Laboratory (EBIT) source and sent onto metaflic targets.

‘The x rays emitted in flight by these ions were observed with intrinsic germanium detectors
of 200 mm2 area and 180 eV resolution at 6 keV. The spectra have been presented in Ref. 1
and the 1994 EBIT Annuaf Report. The Kcz Iines observed are made of a complex array of
KL2 satellite lines corresponding to the transitions of L electrons to the K shell in the
presence of any number of L spectator electrons. These satellites cannot be separated with a
germanium detector, but the mean energy of the line measured gives the mean number of L
electrons present at the time of the decay (Tables I and II). The energy of the Kct line
emitted by Fe25+ ions is centered on the KLx satellite (four L spectator electrons, on an
average, instead of e.g., five, as observed for argon). This result is in agreement with the
observed shape of the K~ line (whose KL2 components are more widely separated than for
the Kct line), which shows that most of the eight satellite lines (except maybe the I@ and
KL7) ~ present In the case of Kr35+the Kct line is centered on a KLx satellite, with a mean
value for x of 2.7. It clearly appem from the K~ spechum that only the (first) few I@ lines
are emitted.

One of the most visible features of these spectra is the very large (unusual) intensity
of the K~ lines as compared to tbe Ka lines: 38% and 4270 for iron and krypton, respectively
(Table II). Since the transition rates for the K~ lines are compared to the Krz lines are for an
equal number of p electrons in then= 2 and 3 shells, for e.g. krypton between 15% and 26%,
these results mean that the mean number of M elcetrons (of the 3p state at least) is always
about two times as large as the number of electrons in the L shell. Like in the case of Ar, the
M shell is then roughly closed when the L shell is empty. These results also mean, like in the
case of argon, that the ion is quickly fed to reach its equilibrium charge state, which
corresponds at the given kinetic energy (7 kV/q) to charges -3+, before or at the beginning of
its radiative decay.

We present in Tables I and II the ener “esand number of spectator electrons deduced
Yfrom the Kct lines observed for Fe25+ and Kr 5+, The first interesting result of these tables,

compared to previous ones on argon ions is the decrease of the number of L spectator
electrons present at the time of the K hole fMing as a function of the atomic number of tbe
ion: 5,4.2 and 2.7 for argon, iron, and krypton hydrogenlike lions, respectively. In any case,
the ions are quasineutralized, i.e., have comparable L shell filling rates for an equal number
of electrons. The L shell filling rate i:, however, also faster, owing to the larger number of
outermost shell electrons for the ions of largel Z atomjc numbers (a factor of approximately



2 between Ar and Kr). This result shows clearly the effect of the fast decrease of the K shell
lifetime as a function of Z (the radiative lifetime Tk -Z-4), which leads to a relatively faster
filling rate for the K shell than for the L shell for increasing atomic numbers.

The second interesting result is obtained by comparing the numbers of L spectator
electrons fore.~ Fe25+ and the first K transition (hypersatellite) for Fe’26+,which is found to
be 3.8 for Fe2 and 4.2 for Fe25+. This result can be explained by considering that the
lifetime of the K hole is abut two times shorter when two K holes are present instead of one.
Since the L shell filling rate in this case is roughly the same for Fe2~ and Fe25fl this means
that the Kct line is emitted in a shorter time for Fe2& than for Fe25+ and then for fewer L
electrons. A similar effect is also observed with Kr35+ and Kr36+ ions @~7eLfor Kr35+ than
for Kr3&).

A third results that can be extracted from the data presented in Table H is the mean
time for the filling of an L hole, which can be deduced from the energies of the satellite and
the hypersatellite lines for a given element. In this case we used bare ions Fe2@ and I@+
whose two K vacancies are sequential filled through the hypersatellite lines at the times of

?the filling of the two K holes (the KL satelhte structure of the Ka hypersatellite and of the
satellite) it is possible to observe separately two steps of the time evolution of the electronic
configuration of the hollow atoms, the two lines being emitted one after the other. A
completely different KL2 distribution was observed, where more L electrons are present on
the satellite spectrum than on the hypersatellite one, which demonstrates clearly the stepwise
filling of the L shell.

Reference:
1. J.P. Briand et al. Phys. Rev. A 53,4 (1996).
J.P.B and B.d.B. would like to express their gratitude to D. Schneider and the Lawrence
Liverrnore National Laboratory for their kind welcome to carry out this experiment on the
EBIT ion source.



Table I. (a) Experimenralenergies of the KLx satellite lines for Fe25+.26+and Kr35+.3~ and (b)
dreorericaJ values

(a) Expt. energy (eV)
Line Fe25+ Fe% =35+ Kr36+

Kxa 6555 6535 12935.5 12917.4
KHa 6867 13389 ~

(b) Theor. energy (eV)
Line Fe Kr

KaS2
neutral
Kasl
neutral
KaH2 -
neumd
KaHI
neutral
He-liie
3P1
He-like
3P1
He-like
Ly-~
He-like

6392

(E)
6404

6558

(E)
6678

6667
(E)

6701

6952.5

6971.2@)

12605
KIL8MX=6397.5 (E) K1L8MX=12631

12657

12990
KoL8Mx=,5f5&3 (E) KOL8MX=13018

13047

13023
KlJJMo=&5fJ4 ~3114 (E) K1L1MO=13068

13431
-KOLIM().6965 (E) KOL1MO=13483

13431

Table IL Mean numbers of L spectator electrons for Ar17+, Fe25+, and Kr35+, Kct, K~, and “fline
relative intensities (values for argon are corrected from fluorescence yields); and changes in
mean numbers of L suecrator electrons during the hmersatellite-satellite cascade.
Ions Ar17+ Fe25+ Kr35+

KaLx KaL(5) KaL(4.2) Ka1(2.7)

I(K~)l l(Ka) 0.3 0.38 0.42
(No.e-M> No. e-L) (No.e-M> No.e-L)

I(K~)l l(Ka) (No.e-N> No.e-L)
Ions Ar17+ Fe26t fi36+

Kc&x Kc@5.4) Kd_.(5.3) KW3.2)

KaLx IGXL(3.8) KaL(3.9 KaL(2.2)
No. of additional Le- 2.6 2.5 2.2

References:
1. .J.P.Bnand et al., NIM 87, 138 (1994).



Interaction of S1OWAr(17X0+ Ions with C60: An Insight Into Ion-surface
Interactions

J.P. Briand and L. deBilly
University Pierre et Marie Curie, Paris, France

J. Jin, H. Khemliche, M.H. Prior, Z. Xie and M. Nectous
Lawrence Berkeley National Laboratory, Berkeley, CA

D.H. Schneider u
Lawrence Livermore National Laboratory, Liverrnore, CA

The interaction of Afi17.18)- ions with C!60 has been studied by observing
coincidences between Ar K x rays and the fullerene ions and fragments. At large distances
the capture of electrons from C.50 into excited states of the ion has been observed and
compared to the interaction of the same ions with surfaces. Most of the observed events
correspond to the capture of many electrons by the ion and the loss of all but one. These
results show clearly the same characteristic behavior of ions flying over a surface without any
contact.

The Ar17+ and Ar18+ ions were produced by the AECR ion source of the 88-inch
cyclotron of the Lawrence Berkeley National Laboratory at an energy of 10 keV/q. They
were mass and charge anrdyzed on the joint Lawrence Berkeley National Laboratory-
Lawrence Livermore Nationrd Laboratory (LBNL-LLNL) ion beam facility by two dipoles
and sent into a vapor beam produced by heating Cm power to 430”C in an oven. The ion
x rays were analyzed with a Si(Li) detector with a resolution of 147 eV (full width at half
maximum) at 6 keV, and the charged fullerene ions, or fragments were analyzed by a time-
of-flight apparatus.

Some events that show the very specific behavior of an ion interacting with a surface
without contact (grazing incidence conditions) have been obsesved. It is found that capture
occurs into large-n states of the ion in an original situation where there is no essential
dynamical screening of the ion (large “parallel” velocity, the ion flies over a large fraction of
the surface). We have then observed what happens when an ion captures many electrons and
cannot be easily refed (it escapes from the capture area much faster than it loses electrons
through Auger decays). This specific behavior where an ion captures and loses many
elec!rons in a very short time will certainly be of interest for studying the interaction of
highly charged ions with insulators where one can expect to observe some ion backscattering.

This work was supported in part by the Office of Energy Research, Office of Basic
Energy Science, Chemical Science Division under contract no. DE-AC03 76S 100098 and
Center National de la Recherche Scientifique. The authors would like to express their
gratitude to C. Lyncis of the Nuclear Science Division for hk support.
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Fragmentation of Biomolecules Using Highly Charged Ions

C. Ruehlicke, D. Schneider, T. Schenkel and R. Balhom
Lawrence Livermore National Laboratory, Liverrnore, CA 94550

Studies of the interaction of highly charged ions (HCI) with biomolecules, i.e.
DNA and protein, are a new application of HCI extracted from LLNL-EBIT. As slow,
highly charged ions carry a high potential energy compared to their kinetic energy and
deposit the energy in a fairly localized region of the target, fragmentation effects and
mechanisms different tlom those observed with photons, electrons or neutrons, e.g. are
expected. First experiments on fragmentation and secondary ion emission from
biomolecules upon impact of Xe44+have been performed,

The target was a polypeptide (RRRVAC), dried on a SiOz substrate and stored in
air previous to being brought into the high vacuum (ea. 10-9T) . A pulsed beam of Xea+
ions extracted at 7keV/q with a flux of ca. 600/s was directed at the target. Secondary
ions were detected with a time-of-flight secondary-ion-mass-spectrometer (TOF-SIMS),
which has been designed for studies of ion interaction with solid surtlaces. Start and stop
signals, which determine the flight time of secondary ions are taken on one channelplate,
towards which the ions are accelerated by a voltage of +3kV or -3kV, depending on the
secondary ions of interest, between the target and the detector.

Secondary ions with flight times up to lOus were recorded, which corresponds to a
mass range of ca. 1000-2000 emu, depending on the actual accelerating voltage. The
negative ion spectrum shows a number of peaks of mass < 100, which consist of
combinations of mostly C, O, and H. In addition there are strong mass contributions at
masses up to 1000 amu, which are not seen in spectra obtained from SiOz only. The
resolution of the current system is ca. 60-70 m/Am, therefore only approximate values can
be given for high masses.

Fragmentation studies of greater detail involving a wide range of ions are currently
underway.
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Measurement of the Resonance Strengths of High-n Dielectronic Satellites to
the K~ Lines of He-like Arl@

A. J. Srnithl, P. Beiersdorfer2, V. Decaux2, K. Widmarm2, K. J. Reed2, and M. H. Chen2
lDepartrnent of Physics, Morehouse College, Atlanta GA 30314

2ZzzwrenceLivennore National Laborato~, Liver-more, CA 94550,

X-ray emission from intermediate-Z atoms such as Arl@ is used extensively as electron
temperature (Te) @d electron density (ne) diagnostics for inertial confinement fusion (ICF)
plasmas. The argon is usually added as dopant (O.1 atomic %) to the solid fuel. The electron
temperature is deduced from the intensity ratio of transitions between n = 3 and n = 1 levels in
hydrogenic and heliumlike ions, Ly~/Kfl ; the electron density is derived from Stark broadening
of the K~ line. In considering the K~ line profiles, one must take into account contributions from
Li-like satellite lines of the form ls3hrl’ - ls2ti for n >2. These satellite contributions are
usually derived from theory and so far only the n = 2 and 3 satellites have been included in the
modeling of the ICF data.

We have used EBIT to measure the resonance strengths on high-n litbiumlike satellites to
the K~ lines of heliumlike A@ [II. In particular, we have measured line positions relative to
K~l and the contributed intensities from transitions of the type ls31nl’ - ls2rd’ for n =3-5 and n
~ 6. For these measurements we used a high resolution Bragg-crystal spectrometer in the von
H&uos geometry. A LiF(200) crystaI with a spacing of 2d = 4.027 ~ and bent to a radius of 75
cm was used. The crystal was centered at 3.4 ~, corresponding to a Bragg angle of 57.6° and a
nominrd resolving power Mm = 12300. The electron beam was fiit maintained at about 4 kV
(above the ionization potential of Ar16+) to produce mostly Ar16+ ions. The beam was then
quickly swept from 4.0 kV which is well above the threshold for direct excitation of the K~ lines
to 2.4 kV which is just above the KLL resonance, and back again. The duration for each back
and forth sweep was 16 ms, which is fast enough so that the charge balance was not appreciably
changed. This range of electron beam energies ensures the production of the K~ lines by direct
excitation as well as the production of the associated dielectronic recombination satellite lines
from the KLM, KMM, KMN, KMO, and KMP resonances, but not from the KLL resonance.

From our measurements we find the resonance strengths S = (4.65 k 0.65) x 10_21cmz eV
for 1s3131’- ls231’resonance, S = (5.80& 0.82)x l&21 cmz eV for 1s3141’- Is%l’ resonance, S =
(4.32 ~ 0.73)x 10_21cmz eV for ls3151’- 1s251resonance’, and S = (5.87 k 0.63) x l@l cmz eV
for ls31rrl’- ls%-d’, n 26 resonances [1]. This means that the resonance strength for then= 4
satellites is larger than that of the n = 3 satellites, and that the strength of the n = 5 satellites is
nearly equrd to that for the n = 3. The n-q dependence of resonance strengths expected from the
n-scrding of the Auger rates is thus shown not to be valid for the satellites studied in our
measurements. Our measurements therefore show that satellites with n 24 should also be
included in the modeling of the ICF data.
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Measurement of the Linear Polanration of the,X-ray Line Emission Heliumlike F@+
Excited by an Electron Beam

P. Beiersdorferl, D. A. Vogell.” , K. J. Reedl, V. Dccauxl, J. H. Scofiledl, K. Widmannl, G.
Holzcr2, E. Forster2, O. Wehrhsn2, D. Savin3, and L. Schweikhmd4

(l)Lawrence Livennore National Laboratory, fiverrnore, CA 945$0
@)Schiller Um”versittlt,D-07743 Jena, Germany
(3)Universi~ of C@ornia, Berkeley, CA 94720

(4)Gute&erg Universitit, D-55099 Mainz, Germany

Excitation by unidircctionrd electrons produces polarized line radiation. As a resul~ the presence
of electron beams in high-temperature plasmas can be ascertained by analyzing the degree of
polmization of the emitted radiation. For this purpose, polarization spectroscopy of x-ray lines
from highly charged ions is especially useful, because such lines are typically less susceptible to
the effects of magnetic and electric fields than, for example, optical limes from low ionization
stages that could mask the polarizing effects of beam excitation. Polarized x-ray emission has
been used to diagnose directional electrons in laser-produced plasmas, and the SurX it may also
be used to diagnose runaway electrons, for example, during tokamal startup. Poltization
spectroscopy is, thus, a useful diagnostic of conditions for a large number of plasma sources.

X-ray line polarization is maximized-in elec~on beam x-ray sources, such as an electron beam
ion trap, where highly charged ions are excited by a monoenergetic electron beam. Such sources
are, therefore, ideal for testing theory and developing plasma-polarization spectrometer. Using
the Livcrmore EBIT, we petiormed measurements of the polarization of the x-ray line emission
from heliumlike Fe24+ [1], i.e., the four lines commonly denoted w, x, y, and z, which
correpsond to the decay from the upper levels ls2p lP1, ls2p 3P2 1s2p 3PI, and 1s2s 3S1 to the
ls2p lP1 ground state, respectively. This is the first such measurement of a highly charged
heliumlike ion where the hyperfiie interaction is absent. It thus complements an earlier
measurement of heliurnhke SC19+[2], where the hyperfine interaction destroys most polarization
effects in the case of the triplet lines.

In our measurements, we relied on the use of two analyzing crystals with different lattice
spacings to determine the line polwization. This experimental arrangement made use of the
polarization sensitivity of different analyzing crystals, which varies as a function of Bragg angle.
With each crystal, the K-shell spectrum of heliumlike FeN+ generated in EBIT by excitation
with a monoenergetic electron beam just above threshold for electron-impact excitation was
recorded in a dispersion plane perpendiculw to the beam direction. One crystal analyzes the
emission near 280, the other near 450. The result of these measurements are shown in Fig. 1.
Very different line ratios are obtained in the two measurements that illusmate the use of the two-
crystal technique for polarization spwmoscopy.

*Present address: Langley AFB, VA 23665
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Fig. 1. Crystal-spectrometer spectra of limes w. x, y and z in heliurnlike Fe24+
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crystal at a Bragg angle of 42.5°; (b) spectrum obtainul with a LiF(200) crystrd at
a Bragg angle of 27.50. Unlabled featores are from mansitions in Fez+ and Fe23+
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The values of the line pokmiz.ation inferred iiom our measurements rue PW= 0.56, Px = -0.53, Py
=-0.22, and Pz = -0.076. These vrdues agree very well with those calculated using the distorted-
wave approach [1]. This agreement is shown in Fig. 2. By contmst, the measured values
disagree markedly with those calculated with the Coulomb-born method without exchange [1].

Experiments are now in progress to measure the polarization of the satellite transitions of Fe24+.
These include both dielectronic and collisional satellites and me important diagnostics of charge
balance and electron temperature of high-temperature plasmas. Understanding their polarization
behavior will not only test very complex theoreticrd models, but will also open up the endre K-
shell emission spechum for polarization diagnostics.
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Effect of DR Resonances on the Equilibrium Abundances of H-, He
and Li-like Fe Ions Trapped in a Plasma

J. Tanis*, D. Schneider, D. DeWitt, M. Chen, J. McDonald
Lawrence Livernwre National L.aborarmy, L@errnore, CA 94550’

*Western Michigan University, Kalamazoo, MI 49008

The excitation function for dieleckonic recombination (DR) for H-, He- and Li-like ions
has been measured in the EBIT by detecting simultaneously K X rays and extracted ions at a given
charge state. This work is an extension of earlier work by Knapp et aL1

The H-, He- and,LNike ions were produced via eledron impact ionization in EBIT and the
DR excitation function was measured by detecting Fe K X rays emitted at 90° to the electron
beamsl and by detecting ions in a given charge state after they were extracted and momentum
analyzed.2 An electron beam energy timing pattern was used to first ionize the Fe ions and achieve
a steady-state condition for the H-, He- and Li-like ions in the trap (1 see). The ions we~e then
probed with a variable energy electron beam for a short time interval (20 msec). Maximum
electron beam energy resolution was achieved by lowering the electron beam current to about 20
mA. After that the ions were extracted in a short pulse (20 mscc) while the electron beam was
turned off in order to avoid changirig the exmacted ion charge-state balance. The extraction.
potential was held constant to avoid variations in the extraction efficiency. After the extraction
pulse, the electron beam energy was set back to the ionization energy for a time long enough to
reach the steady state condition.

In the isolated resonance approximation the energy-averaged DR cross section from an
inkial state i to an intermediate stated with energy bin width AE can be expressed in atomic units
bv

~21@A@+ i)xAR(d+ f)
f

‘DR(i+ ‘)= ~Ed2gi~AA(d + j)+~AR(d ‘k)

where gd and ~ are statistical weight factors for the states d and i, respectively, AA(d+i) k the
Auger rate tiom stated to i, and AR(d+Q, AR(d+k) are the radiative rates from states d to f and d
to k, respectively. Ed is the energy of the stated with respect ~ S~tCi in the rest frame of the ion.

The analysis of the Fe24+ and Fe23+ systems follows the following scheme:3 In
qufibrium, the Fe2’$+chmge stite is fed by ionization from Fe23+, while it is destroyed by DR
and radiative recombination (RR) on Fem+, and by capture collisions with the residual gas in
EBIT. The rate equation is

[ -1n23~iJe / e = nw (IS~ + ODR)Je / e + ccnov



where n23 and nM are the numbers of ions in,the 23+ and 24+ charge states, respectively, Ui is the
ionization cross section, Je the electron current density, e the elec~onic charge, Om and ODRthe
radiative and dielectronic recombination cross sections, Octhe capture cross section in the residuaJ
gas, no the number density of residual gas atoms, and V the average electron velocity. Solving for
ISDRin terms of the ratio n2@U gives

rTDR= oinx / n% – [crm + ocno~e / Je] ,

For the actual comparison of the measured spectrum with theoretical calculations the
theoretical resonance strength needs to be folded into the experimental resolution function for E and
summed over all resonances as

~DR = z((Ai -fic)exp[-Ee -Ei~ / 202)

where o is the width of the resonance. The width of the measured resonances and the relative
intensities can then be compared to theoretical cross sections for dielectronic recombination derived
tiom MCDF calculations.

Tire KLL DR intensity can also be compared to results4 for resonant transfer excitation
(RTE) in an ion-atom collision, a process analogous to DR. For a comparison with data for the
RTE process, the following consideration is necessiuy the total RTEX (RTE by x-ray emission)
moss swtion aim(i) in the impulse approximation can be obtained from the DR cross section by
convolution with tire Compton profile”of the target atom, i.e.,

~~m(i) = X(M / 2E)1/2AE5DR(i + d)J(Q)
d

where Q = (Er - Em/M) (M/2) lfl, E is the projectile energy in the laboratory frame, Er is the
resonance energy, and M and m are the masses of the projectile and the electron, respectively J(Q
is the Compton profile of the tmget atom.
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Dielectronic Recombination of Lithiumlike Krypton

D.R. DeWht
Stockholm University, Stockholm, Sweden

D. Schneider, M.H. Chen, G. Weinberg
Luwrence Livermore National Laboratory, Livermore, CA

We have measured relative dielectronic recombination cross sections fpt the An = 1
resonances of IG33+. The eleetron beam ion trap (EBIT) was used to scan the resonances,
which lie in the energy range 0.5-2.6 keV. The spearum @soincludes the 4/41’ and 415~ An
= 2 resonances. The cross sections were measured by observing the decay rate of the ion
population as a function of eleetron energy. By using an ultra low electron beam current of
3 mA, art energy resolution of 9.6 eV FWHM was achieved. The experimental results are
compared to theoretical calculations performed using an MCDF model. The effective
electron beam current density is obtained as a normalization parameter from a fit of the
caleuJated resonance strengths to the experimental data.

The overall agreement is good. However, the total calculated 4151’An = 2 resonance
strengths are 2170 smaller than the measured total.

Figure 1 shows the experimental and convoluted theory for the 3.?31’n>3 An = 1 and
4&rl’ n = 4,5 An= 2 resonances. The 414/’ resonances fall below the An= 1 series limit and
are not resolved in the data. The 4/5t’ resonances are centered at 2514 eV. The 3/41’
resonances cannot be separated into resolved terms despite the resolved structrrrti, however,
the experimental data for this group is uniformly more intense than the calculated curve, and
bas a total intensity 22% higher than theory. Another interesting trend is the consistently
higher intensity of the calculated 3snl resonances, (n = 5,6,7,8 resolved). The measured
intensities are 12 to 26% lower.
Finally, the totrd experimental intensity
of the 4/5/’ resonances is 2190 higher
than calculated. This difference is
smaller than the >5070 higher
experimental intensity over calculations
for the An = 2 resonances of the He+
case (1), but the trend of smaller
calculated An = 2 strengths is clear. The

*-

*discrepancies between DR stxengths in
E

theory and experiment are probably in 8°
‘0

part due to the inadequate treatment of ~

electron correlation. 5=:

F@ure 1 (a) Experimental 3&rJ? cross In

sections for n > 3. (b) convoluted %

theoretical cross seetions. The peak near 5
2500 eV contains 4!5 t‘ An = 2
resonances. The 414/’ resonances are
blended with the 3/34’ resonances near
220 eV.

Reference: 1.4t.9Tawa242e

1. D.R. DeWitt et al. J. Phys. B 28, L147 (1995). Ene~ (keV)
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Ionization Cross Sections for Highly Charged Uranium Ions
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The electron impact ionization cross sections for highly charged uraniu ions are an
fexcellent test bed for our understanding of relativistic and QED effects in t e ionization

process. Unfortunately, these cross sections are extremely small and difficult to measure. In
fact, there were no direct measurements of any ionization cross sections for very highly
charged ions until we introduced a new technique based on x-ray measurements with Super
EBIT. Even the approximate size of these cross sections was previously in doubt due to large
discrepancies between stripping measurements of accelerator beams and theoretical
calculations [1]. Our Super-EBIT measurements, combined with recent theoretical
calculations, have settled the issue of the correct size of the ionization cross sections for
highly charged uranium ions.

After our previous measurement of the ionization cross sections for hydrogenlike and
heliumlike uranium [2], we turned our attention to the uranium L shell [3]. We have now
completed ionization-cross-section measurements for the uranium ions from lithiumlike to
fluorinelike at three different electron energies. As described previously, our approach uses a
steady-state ionization-balance technique in which radiative recombination is used for
normalization [3]. Results for berylliumlike uranium at 45, 60, and 70 keV electron energy
are shown in Fig. 1 along with the results of a recent relativistic distorted wave calculation
[4]. The two curves show the effect of the (relativistic) Moeller interaction with exchange
terms compared to the (norrrelativisti6) Coulomb interaction. Interestingly, calculations that
include the Moeller interaction without exchange give almost the same result as those with
the Coulomb interaction alone. Our results favor the Moeller interaction with exchange. The
difference between the two types of calculations is even larger for K-shell ionization [4].
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threshold units. The data points are Super EBIT measurements. The upper (solid) curve is
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V. Retrap and Ion Collisions



Double Electron Capture in Low-energy Fe17+ + He Collisions
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Double electron transfer processes for the system Fe17+ + He have been studied
utilizing high-resolution Auger electron spectroscopy. In recent years great efforts both
experimentally and theoretically have been made to understand the collision dynamics in
double electron transfer from total spin S=0 targets to highly ionized projectile beams in the
low collision velocity regime. Among the many open problems to be addressed, one is the
idendtication of the observed highly excited states and their stabilization via autoionization
and radiative decay. In the case of Li-like core-excited states, several collision systems have
been carefully analyzed, giving detailed insight in the dominant channels and their decay. In
the case of collision of fluorinelike (2p5) projectiles with He sodumlike core-excited states
are created.

In thk study we address the excitation and deexcitation mechanisms of Na-like core
excited Felfi (2P5 nhr’1’)states produced in Fe17+(2p5)+ He(ls2) + Felfi (2p5nln’1’)+ He2+
collisions at 3 keV/amu. A beam of Fel 7+ ions delivered by the Lawrence Berkeley
Laboratory elecnon cyclotron resonance ion source with a kinetic energy of 170 keV was
mass and charge analyzed. The Fe17+ beam was carefully selected by two stages of magnetic
charge to mass analysis. The d@rrce from the second magnet exit port tot he entrance of the
target chamber was about 1 m and the vacuum in the beam transport system is -5x 1o-8Tom.

The collimated ion beam is foeused onto a differentially pumped gas cell and electron
emission within the gas cell (prompt decays) and after the gas cell (time-delayed transitions)
cart be studied by means of a tandem-type electrostatic analyzer. The interaction region is
comprised of two coaxial cylinders electrically insulated from each other, which allows one
to isolate time-delayed spectra. The gas pressure in the target cell was regulated to a pressure
of 3X10-5Torr and controlled by an absolute Bararron gauge. The collision cell is 4 cm long.
Experimentally we studied the formation and Auger decay of Fe 15+(2p531nl’)states by means
of the h@r-resolution V electron spectroscopy technique.

In Figs. l(a) and l(b) we present typical high-resolution projectile electron spectra
produced in a 170 keV Fe12+ + He collision. Our identification of most of the pronounced
autoionization line structures is based mainly on the comprehensive theoretical calculations
of excitation, energies of Na-like ions by Zhang et al. In these calculations both configuration
mixingad intermediate-coupling mixing among all states having the same set of n values,
parity, and 1 values have been included. For comparison, we also list some of the earlier
multiconfiguration Dirac-Fock results of Chen. Most of the observed peaks arise from
several initial states associated with the 2P53S3P, 2P53P3P, 2p53s3d, and 2p53p3d
configurations.

As can be seen, the lowest line labeled 1 originates from (2p53s2)2P03~ +
(2p%p)2P03~ Coulomb allowed Auger transition. The most prominent lines in the spectrum
(labeled 2 and 3) are due to spin-induced Auger decay of the (2p53S3p)4DJ and
(2p53S3p)4PJlevels. Biasing between the inner cell and the outer cell of the gas target allows



discrimination between “prom t“ and “time-delayed Auger transitions. We have isolated
?the (2p53s3p)4D7~ + (2P6eg) G7p transition (line 2). In fact, the predicted line energy of

253.5 eV for the (2p53s3p)4D7~ + (2p6eg~G7~ transition is in excellent agreement with
experiment. Since the excitation of the 4D7~ states results from radiative cascade population
from higher-lying states, the question of possible spin-flip mechanisms is raised.

Severa3 of the higher-lying quartet states such as (2p53s3d)4@g~ are not metastable
with respect to electric transitions and contribute to the population of the lowestrquartet state
via cascade feeding. The most prominent Auger features above 500 eV, labeled 14-17, are
mairdy associated with the 2p53snl, n=5-8, Rydberg series.

LS coupling fails to describe properly the excitation and deexcitation of the most
dominant states. Therefore the total spin quantum number of these states is not a good
quantum number any more and in that sense the Wigner spin-conservation rule is violated in
our experiment. Our analysis has shown clearly that a possible content of metasrrsble states in
the incident ion beam does not account for this pronounced population of spin-flipped states.
Our theoretical model using time-dependent perturbation theory predicts that spin-flip
processes are as likely as no flip for conditions of our experiment. Finally, there is a need for
further experiments where different isotopes of the same ion species (high Z) with 1=0 and
1–+ would be observed to support this conclusion.
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Fig. 1. (a) Fe15+ (2p53&sl’)) L Auger spectrum following 170-keV Fe17+ + He collisions in
the energy range from 200 to 700 eV. The electron energies are given in the projectile
emitter frame. (b) Separation of long-lived metastable autoionizing states from prompt
Coulomb autoionizing states.



Measurement of Charge Exchange Between HZ and Low-Energy Ions with

Charge States 35s q <80
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*Physics Department, Texas A&M University, College Station, TX 77843-4242

Charge exchange between H2 and highly-charged ions of Xe (Xe35+, Xe43+ to Xelb+)
and Th (Th73+ to ‘fhso+) has been measured [1] at very low center-of-mass energies of about 6
eV. The experimental total electron-capture cross-sections in this energy range have been
compared to predicted cross-sections that employ the absorbing-sphere model [2]. This model
is expected to be most valid for high charge, and predicts a cross-section that scales slightly-
Iess-than-linearly with charge state q. On the other hand, the cross-section for double-electron
capture versus q is not well estimated, and is a matter of continuing investigation. True double
capture occurs when both electrons remain on the ion. The present measurements, averaged
over the charge states indicated above, are consistent with a total cross-section that scales
linearly with q to q = 80+. The true double-capture cross-sections at intermediate q (44+) and
high q (80+) are about 25% of the total cross-sections.

The present measurements were performed at Lawrence Liverrnore National Laboratory
(LLNL), using the LLNL Electron Beam Ion Trap (EBIT) and RETRAP systems [3]. The
highly-charged ions were produced in EBIT, extracted, analyzed, and transported to the
cryogenic Penning trap of RETRAP, where the charge-exchange measurements were
performed. The time evolution of the numbers of ions in sequential charge states was
determined using a non-destructive technique, and the data were fitted to rate equations to
determine the charge-exchange rates. From the rates, the ratio of the true double-capture cross-
section to total cross-section was obtained without further analysis. However, a determination
of an absolute cross-section requires knowledge of ion velocities and the density of H2. The ion
velocities were determined from ion signals and storage properties, and the density of ~ was
determined from measurements performed on Arl 1+, for which the electron-capture cross-
section had previously been measured [4].

The absorbing-sphere model predicts a total cross-section that varies nearly linear with q
as shown by the dot-dashed line in Fig. 1. In the calculation, the Franck-Condon factor for H2
was chosen as 0.1, in accord with earlier work [2], and a correction to account for the
polarization of H, by the high charges was included. The data in figures 1 and 2 are plotted in a
simplified way b; averaging the measurements for 10% ranges of charge states (i. e. Xe’f3+to
Xe46+ and Th73+ to Th80+) since variations with charge in these ranges are not significant

relative to the measurement uncertainties, The data lie well,above the theory, especially at high
q, although it should be noted that the normalizing Arl 1+ cross-section also lies above the
calculation.



The ratios of the true double-capture cross-section to the total cross-section are plotted
versus q in Fig. 2. This ratio agrees with the published result for Arl 1+, and rises with q. This
is consistent with the expectation that double capture preferentially occurs into radiatively -
stabilized states for large q. There is no apparent increase of the mean values for q > 35+,
indicating that transfer ionization, in which one captured electron is lost during the collision or
through an Auger process, maybe minimal. Transfer ionization is theoretically $ugest at low q,
and contributes to the single-capture fraction in the present measurements.

1)

2)

3)

4)

B. R. Beck, J. Steiger, G. Weinberg, D. A. Church, J. McDonald, and D. Schneider, Phys.
Rev. Lett, 77, 1735 (1996)
R. E. Olson and A. Salop, Phys. Rev. A 14,579 (1976).
D. Schneider, et rd., Rev.Sci.Instnrm.65,(11) 3472 (1994).
S. Kravis, H. Saitoh, K. Okuno, K. Soejima, M. Kimura, I. Shimamura, Y. Awaya, Y.
Kaneko, M. Oura and N. Shimakura, Phys. Rev. A 52, 1206 (1995).

This work was performed under the auspices of the U. S. Dept. of Energy by the Lawrence
Livermore National Laboratory under contract #W-7405-ENG-48.
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Observation of Sequential Electron Capture to Individual Highly-Charged Th Ions

-. .,

J. Steiger, D.A. Church*,G. Weinberg*,B. R. Beck, J. McDonald, D. Schneider

Lawrence Livermore National Laboratory v

*Texas A&M University

Electron capture from neutrals is an important collision process that reduces ion charge in laboratory

and astrophysical plasmas. A question of current interest is the fraction of “true doubl~ electron-capture”

coUisions that occur when ions with charge q collide with two-electrons atoms or molecules [1]. When two

electrons are captured in the same collision, autoionization of one electron with stablfization of the other

may occur, leading to apparent single electron capture (transfer ionization). ‘hue double capture occurs

when both electrons stabilize radiatively.

We applied a novel technique to measure the ratio of true double capture to the sum of true single

capture and transfer ionization (which are not dktinguished) for very low energy Th79+ ions. One or a few

ions in a single charge state were captured and confined in Q Penning ion trap. Their signafs, dependent on

charge to mass ratios, were periodically and non-destructively observed. The mtiurements were carried out

with the following procedure. Very highly-charged ions were produced in an Electron Beam Ion ‘lYap (EBIT)

[2]. The ions were then extracted [3] from EBIT, rnass-t~charge selected, and transported to RETRAP [4].

The captured ions typically have a wide range of axial energy, which was reduced by a temporary decrease in

the trapping potential to release the highest energy ions. The remaining ions reside in a nearly axial harmonic

well, and oscillate axially with frequency w = =. Th ese ions were detected by their interaction with

a high impedance, parallel, tuned circuit consisting of the capacitance between the compensation electrodes

of the trap and a large external inductance. When the ion axial oscillation frequency was swept through the

tuned circuit resonance by a linear ramp of the trapping potential, signals due to the motions of individual or

multiple ions appeared at ramp potentials determined by their charge state, as shown in Figure 1. Periodic

ramps of the potential produced snapshot signals which showed the development of the charge of the particles

throughout the storage interval of about 100 s.

The storage duration of the particle provided information from which the total charge transfer rate

coefficient and true double capture rate coefficient were derived. The data were analyzed by simply counting

the number of ions remaining in each charge state as a function of time, for many measured sequences.

Figure 2 shows plots of such measurements for the primary and the first product charge state. These plots

1



were fitted to the solution of the rate equations for this process [5], The result is UD/UT = 0.21 + 0.11 where

aD is the cross section for true double capture wherein OT is the total cross section for electron capture,

In summary, a new measurement technique h~ been used to study electron transfer coUisions, and to

follow the charge state development of individual particles stored, in a Penning trap, due to their collisions

with neutrals. This technique is potentially applicable to all ions with sufficiently high charge to produce

well-defined signals. Our current data do not indicate a major increase in the true double capture probability

v“
when q is increased from 44+ to 79+.
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Figure1: Noiseof the tunedcircuit as a functionofendcapelectrodepotential (ioncharge)at differenttimes,

The peaks are due to one Th ion. It successively catches electrons from Hz molecules, thereby reducing its

initial charge from 79+ to 77+.
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Figure 2: Number of Th7g+ (circks) ions (injected f!om EBIT) and Th78+ (triangles) product ions plotted

versus storage time. The number of Th79+ itms decays exponentially whereas the number of Th78+ ions first

increases due to the decay of Th’g+ to Th78+. The solid lines are fits of the solutions of the rate equations

forthis process toour data. Tbelifetime for Th7g+is 14.5 sinthisca.se
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Testing the Performance of a Hyperbolic Trap-Assembly
L. Gruber, J. Steiger, B. Beck D. Schneider
Lawrence Livermore National Laborato~

D. Church
TexasA&M Universi@

In order to sympathetically cool highly chargd high Z ions (HCHZI) it was necessary to

design a trap assembly consisting of at least WO hyperbolic Penning traps. &s assembly

has been machined and tested. Two non hyperbolic traps have been added to the

assembly (see Figure 1) so that stacking of ions is possible. ‘

I

}

upper
rectangular
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}
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hyperbolical
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lens

h
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hyperbolical
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rectangular
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Figure1: Tip assembly consisting of two “rectangular” traps and two
hyperbolical traps. The lens increasesthe solid engle when
fluorescence light is observed.

An initial test of the properties of the tuned circuits attached to the endeaps yielded a

quality factor of QB = 33 for the bottom trap and Q~ = 45 for the top trap at room

temperature. The quality factor decreased when the trap was cooled to liquid Helium

temperature. By a modification of the amplifiers combined with a better decoupling of the

tuned circuits (rearrangement of the coils and raising the resonance frequency of the top

circuit by 10’Yo)it was possible to reach values as high as Q~ = 290 and Q~ = 202 at 4 K.

The resonance frequencies are f~ = 2.515 MHz and f~ = 2.271 MHz. ~



. . . .

The trapping of highly charged Xenon ions was improved .iiom 1-2 ions to 4-5 ions per

cycle with a lifetime of about 700 ms. The Beryllium trapping time increased tlom only a

few seconds to about a 1000 seconds for Bez+ in the bottom trap and the lifetime of the

Be+was too long to being measured.

Excitation of the cyclotron motion of the Be+ and Be2+was demonstrated by applying a

sine wave with a certain fkquency on two opposite segments of the ring electrode and

detecting the noise signal of the tuned circuit. Since cyclotron and axial motion me

coupled collisionally is was possible to increase (heating) or to decrease (driving the ions

out of the harmonic region of the trap) the noise depending on the excitation amplitude

(see Figure 2). The following resonance frequencies were observed:

modified cyclotron tlequency V+,Be+ = 6.910 MHz

cyclotron frequency W-+ = 14.534 MHz

modified cyclotron fkquency v+~~+ = 14.747 MHz.

Schemes to transfer ions fkom one trap into an other have been tested. Some of them were

found to have an efficiency close to 100’Yo.The next experiments in this tiap will focus on

the laser cooling of Be+-ions and the sympathetic cooling of HCHZL
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Figure 2: Tuned circuit signal (A) as the excitation frequency (B) is changed over time. The tieauencv. .
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Laser Stimulated Emission of Soft X-rays from Ti18+ in. EBIT

Matthew C. Cook*, John Farley*, Joachim Steiger,
David Church** and Dieter Schneider

Luwerence Livernrore National Laboratory, Livemrore, CA 94566
*Universip of Nevaak, Las Vegas, NV 89154

**T~ A&M University, College Station, TX 77843 ~

Studies of fme-smrcttrre splitdng improve our understanding of electron-electron
interactions and QED effects in atoms and icns. UsualJy tine-structure splitting is a minor
effec~ and transitions between these leveis in neutral atoms take place in the microwave
regime. Jn few-electron highly-charged ions, the increased nuclem charge draws the
electrons closer to the nucleus, amplifying such splittings into the Visible region of the
spectrum and beyon~ allowing laser measurements of transition frequencies in certain
ions. Further, the ability to induce emission of soft X-rays in response to a visible laser
pulse shows promise in the field of X-ray laser technology.

We are in the planning stages of art experiment to measure such splitting in Be-liie Ti]g+.
The ls22s2p 3P0excited state of this ion has a nearly irttinite lifetime due to rJrelack of a
rapid relaxation route to the ground state (an EIM1 two-photon transition). The 1s22s2p
3P, lies 604-609 run above the metastable state, and relaxes very quickly to the ~ound
state through an intcrcombirtation El transition.

Ions of the aforementioned charge state will be produced in the EBIT, with some fraction
(about 1%) being in the metastable ‘POstate. Because the electmt beam energy needed to
produce Ti*8+is close to the energy that produces Ti17+and Ti19+,a mixture of charge
states will exist and an equilibrium will thus be setup among those three charge states,
with Ti19+recombining with beam electrons and electrons captured from neutral
background gas, Tilw being ionized by beam electrons to Ti19+,and similar processes
occurring between Ti’s+and Til’+. Each of the protisses that produces Tils+ wilJ produce
some fraction in the metastable state. This, along with a small contribution from direct
excitation of Tils+ by beam electrons, wilJ create a population of metastable T?*+ions in
the EBJT trap. Beam energy and other conditions can be varied to optimize this
population. Since elec~on-ion recombination and colisional de-excitation are the only
processes that decrease ,Ws population, it may forma considerable fraction of the totaJ
Til*+present in EBIT, which is expected to be around 50,000 ions.

A laser beam will be sent into EBJT and focused on the ions. When the laser frequency is
coincident with the m?nsition frequency between the metastable state and the 3P1state
(about 604 rim), the ions will be promoted to the higher state fkom which rapid decay to
the ground state occurs with the release of a photou in the VUV-soft ,X-ray region at
38*.3 ev. Detection of an increase in the number of such photons will indicate absorption

These photons will be detected by use of a ,01 coated



The rate of absorption of laser light is the rate of depletion of the lower level population:

–+= BPNO

in which p is the spectral density given by energy/(volume x bandwidtlr). The laser will be
focused by a cylindrical lens to cover the entire ion volume. The minimum foc!d width is
assumed to be 0.25 mm,

Energy.15 mJ/prdse
Laser pulse length = 10 ns
Bandwidth=3 GHz
Volume=O.25mm x 601.lmx 2.5cm=3.75x10-10m3
Ion Doppler width=6x10’0 Hz

The power produced by the laser is 1.5x106 Watts during a pulse. It takes 2X10-]3s for
each photon to @averse the 60 ~ diameter of the ion volume, so 3x 10”7Joules are
contained within the reaction volume at any given instant during the pulse. Thus:

3X1O-7
– 2.67x10-7 Js / m’

p = 3.75X1O-’”X3X1O9–

and

– ~ = 5.O9X1O’N s-’

in which NO~presents the number of ions within the reaction volume of the proper charge
state and in the metastable excited elecmonic state before the pulse. Further, it only
includes those ions whose Doppler shtit puts their transition energy within the frequency
envelope of the laser. It will take 9 ns to deplete the population by 99%, thus the laser
power is just enough to saturate the transition during one pulse.

The total number of titanium ions in EBIT is expected to be around 105. Of this number,
the quantity in the charge state of interest is expected to total about 50,000. The thermal
energy of the ions in EBIT gives them an average velocity of 2.69x 104nr/s, which means
that half of them fall within a 6x10*0Hz Doppler envelope. The laser bandwidth is about
3 GHz, so only 2. % of the total number of suitable ions is within Doppler range of the
laser at any given time. The number of suitable ions with Doppler range is about 12
assuming 1% metastable fraction. Ion cyclotron motion varies the Doppler shift of the
ions through the entire envelope approximately every 5.77x 10“7sin a 3 Tesla field, so an
additional 2070 of the ions will enter the N population at a steady rate and become capable
of absorbing photons within one pulse. Further, there will be some rate of reactivation of



microchannel plate, which has about 5(1%efficiency at that frequency. Photons of other
frequencies will be attenuated by placing a thin (1000A) rdurnimtrn foil between the MCP
and EBIT. That tilckness should allow 9070transmission of the X-rays emitted, and is
supported on an 80% uansnrittance mesh. The laser will be pulsed (or a cw laser will be
chopped), and a lock-in amplifier can be used for detection, or detection can be gated to
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The Einstein A coefficient for the reverse of the laser transition (AM) is 49 s“][1] to 78.1
S-l[2]. Assuming a worst case of 49, the Einstein B coeftlcient for that process is found
from the formnla

A,oc’
B14 = —

8rrh V3

1=600 nm = 6X1(77m
v=c/X = 5xIO*4Hz

B,* =
49x(3xlo8ms-’)3

8Z(6.626X10-~JS)X(5X10’4S-’)3
= 6.355x1014~

B@,= B,., $ = 3B,.0 = L9Lx10’S~



the ground state ions during this time, increasing the signal rate by an unknown amount.
Assuming no significant increase in signal due to this effect, the population NOof
metastable ions will absorb at a rate of about 112/puke, or 1.1x10’0 s“’during a pulse.

The detector has a circular active area 5 cm in diameter, and is positioned 33 cm from the
ions, giving it a collection angle of about 0.14’%. Taking into account the efficiency of the
detector, the count rate should be about 0.05/pulse or 5/see at 100 Hz laser pulse rate.
With detection gated to the laser pulse, tids should easily be detectable above the
estimated background rate of 10s/s.

1J.P. Marques, F. Parente, and P. Indelicate, Phys. Rev. A 47(2) 929 (1993).
2 Spectroscopic Data for Titanium, W.L. Wlese and A. Musgrove, ed. (1989).
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Charge State Dependence for Direct Highly Charged
Ion Detection with a CCD Chip

D. Schneider, B. Beck, J. McDonald, J. Steiger, G. Weinberg, M. Chen
Lawrence Livermore National Laboratory, Livermore, CA 94550

Abstract
We measured the response function of a CCD chip for slow highly uharged ion

detection as a function of incident ion charge states q ranging from q = 30 + to 70+ and ion
energies varied between 4 keV/q and 7 keV/q. The detection efficiency per ion was found to
increase significantly with charge state. A possible physical reason for the q dependence of
dte response function is an enhanced low energy photon emission which is consistent with an
earlier reported results indicating a strong q-dependence of low energy photon emission
following highly charged ion impact on surfaces. 1.2

De-excitation of the outer shells of “hollow” atoms can occur via autoionization or
radiative de-excitation, the radiative de-excitation in high Z highly charged ions is expected
to be a significant decay channel. If it can be verified that the radiative de-excitation of high
n states in “hollow” atoms is the responsible process that could be useful for developing
imaging devices involving highly charged ion beams. ~hese issues motivated the experiment
to measure the response function of a photon sensitive CCD for direct highly charged ion
exposure as function of charge state.

The experiment was carried out at the LLNL “Electron Beam Ion Trap” (EBIT) using
low energy beams (4 and 7 kV . q) of very highly charged Xe and Th ions ranging in charge
q from 30+ to 70+.

In the experiment, highly charged ions wer~ directly impacted onto a backthinned
TEK512 CCD chip. The chip’s pixel size is (27 Lm) and it has a 10 to 15 pm Si/Si02 cover
layer. The integrated intensities in the pixels were summed and the sum was normalized to
the incident number of particles. The photon quantum efficiency vs. photon energy for the
chip maximizes for photon energies less than 50 eV.2

Figure 2 represents the response function for highly charged ion impact on the CCD
chip plotted as function of ion charge states, the different ion species (Xe and Th) are
indicated. The yield curves are arbitrarily normalized at 30+ ion charge. The photon
em” sion yield deduced from previous measurements (MCP) show a q4 dependence and for
X$b ~Ions it was reported that close to ten low energy photons (>50 eV) are emitted per ion.
Although the strong charge state dependence of the CCD detection efficiency for highly
charged ions is presently not understood one may, based on previous results assume that
radiative recombination causing low energy photon emission could be responsible for the
strong charge state dependence. In order to verify the photon emission a 100 ~ thick carbon
absorber was mounted in front of the CCD chip. The absorber has a transmission of about
60% for photons between 40 and 200 eV. The intensities measured in the CCD chip behind
the absorber agree to within 40% with the quoted transmission. This could be evidence for
the photon energies to be in that range and that the signal in the CCD chip could be that
produced by photons.

References:
1) D. Schneider, M. Brier, Physics Scripts 53,228 (1996).
2) G. Schiwietz, et al. Rad. Effects and Defects in Solids 127, 1, 111 (1993).



Fast Ion Extraction from EBIT

J. W. McDonald and D. H. G. Schneider
Lawrence Livermore National Laboratory, Livermore, CA 94550

The EBIT at LLNL has been used to study the pulsed extraction of highest charge state ions as
function of the rise time of the extraction pulse.
The extraction of highly charged ions from an EBIT has been described in detail in Ref. 1. There
the extraction is performed In an adiabatic mode. The ions are produced in thp ‘center tube of a
confining symmetric three drift tube trap assembly. Thk assembly is heId at high potential with an
eleetron beam foerrsed through it. Neutrals or low chiwge state ions are successively ionized by the
electron beam with an energy defined by the high potential on the drift tubes. The ions are confined
radkrlly by the space charge of the electron beam, which is compressed by a 3 T field in the center
drift tube. This gives an electron density of 2-4 kA/cmA2 depending on the electron-beam current
The longitudkral confinement is accomplished by a potential (VTrap’2~ V) on the two end drift
tubes that is superimposed on the high voltage. The conflrement time and electron-beam energy can
be varied to optimize the desired ion charge state. Typical vahres for confinement time and electron
beam energy are 500ms at 9 keV with a 100mA eleetron current to produce 136Xe44+. The
extraction of ions in the adiabatic mode is accomplished by ramping the center drift tube potential
above the potential of the top drift tube. The usual time for this ramping is about 100 ms. In the
adiabatic extraction mode the trapped ions, which have an energy distribution crf about 10 V*q,
emerge over the time interval defined by the slope of the ramp. Thk gives a detector pulse rate
which is generally low enough to determine the actual number of extracted ions.
In order to capture highly charged ions in a secondary trap (RETRAP), a short spatial ion pulse is
required. To obtain this short spatial ion pulse the center drift tube is ramped up in 5ms tlds mode is
termed “fast extraction”. A typical ion dump pulse is shown in fig. 1. Fig. 2 shows a comparison of
charge state distributions of exwacted Xe ions in the adiabatic or “slow” mode a) and the “fast
extraction mode b). In addition, the elettron-berrm current was decreased from 127 mA a) to 47 ti
b) during the fast extraction in order to reduee ion heating by the electron bear-nin the trap. It is
clearly demonstrated by the relative line widths of Fig. 2(a) and(b) that the momentum spread of
extracted ions is greatly reduced for the lower electron-beam. Two different Xe isotopes are
separated in Fig. 2(b) showing the presence of 134Xe in the 136Xe gas. The number of ions
decreased by a factor of IOA2when going from the “slow” to “fast” extraction mode. When
comparing line widths for different parameters using fast extraction, it is also observed that the
FWHM (full width at half maximum) of the charge-to-mass ratio peaks increases with decreasing
extraction pulse width. It can be infemed from these observations that in a fast dump preferentially
ions which lie very close to the electron beam axis with higher temperature are extracted. Their
higher temperature (momentum spread) can be dcereased by a reduction of the electron-beam
current. These measurement infer that in the adiabatic mode the ion cloud can equilibrate to lower
temperatures and a larger fraction of the ions can be extraeted.

References:
1) D. Schneider, M. Clark, B. Penetrate, J. McDonald, D. DeWltt, N. Bardsley, Phys. Rev,

A, 44,3119 (1991).
2) D. Schneider, et al., Rev. Sci. Inst. 65(1 1), 3472 (1994).
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Fig. 1 Ion beam image from a CCD chi~ following impact of Xe’$4+ions onto the chip’~
backthinned surface of Si/Si@. About 10 ions impacted the CCD chip that contains (512)
pixels. Each spike relfects the impact of at least one ion.
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Fig. 2 Photon emission yield as function ion charge states from measurements with a CCD
chiD (labeled CCD) and multi-channel plate (labeled MCP) from Ref. 2. Curves are
arb;t&ily normaliz~ at 30+ ion charge.
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Extraction of Highly Charged Ions
from Super EBIT

J. W. McDonald, D. Nelson and D. H. G. Schneider
Lawrence Livermore National Laboratoy, Livermon?, CA 94550

We performed the frost highly charged ion extraction tests on the LLNL Super EBIT where
fully stripped Xenon ions and Uranium ions with charge states up to 90+ have,been extracted.
Super EBIT was originally designed from the fust operational Electron Beam Ion Trap
(EBIT), it has been extensively modified to achieve higher voltages (i.e.; 220 kv) and ion
extinction. The high voltage modification consisted of placing the electron gun and collector
on a high negative potcntkd (i.e., -180kV) which when combined with the high positive
potential (i.e., +40kV) of the drift tubes yields the effective electron beam energy. The
operation of an EBIT is based on sequential ionization of atoms and ions nearly at rest by an
energetic electron beam that has been compressed to a small radius (a 60 mm) and a very high
current density by the superconducting magnets. The electron bean radialy attracts the
positively charged ions. The electron beam is focused through three. drift tubes that form a
longitudinal trap four cm in length. The source of the electron beam is a Pierce type electron
gun located about 50 cm below the trap and has a magnet wound around it to zero the field of
the super conducting magnets. At the present time the maximum current recorded is 240 mA.
The electron beam dump is a kerosene coold, collector that has a magnet wound around it to
partially cancel the magnetic field of the superconducting magnets. The vacuum in the trap
region (about 5 X l@-12 Torr) is due to the cryopumping associated with the superconducting
magnets. There are several ways to. inject ions into tire trap the most widely used are neutral
gas injection through one of the two gas leak valves, or a Metal Vapor Vacuum Arc (MEVVA)
can spray low charged metallic ions into the trap. In order to produce high Z highly charged
ions it is essential to provide cooling to compensate for the heating of the ions by the electron
beam. This is particularly critical at high election beam energies Ref 1. Low Z gases such as
Neon or Nitrogen are leaked into the trap to provide evaporative cooling of high Z ions within
the trap.

Hlglsly charged ions have been extracted from the low energy (30kV) EBIT since 1989 Ref 2
and since 1994 they have been extracted from Super EBIT. The extraction of highly charged
ions at Super EBIT began after the addition of an extraction beam line. The extraction beam
line and SEBIT are depicted in figure 1. The major components of the extraction beam line are
an electrostatic 90 deg. bender, an eirrzel lens, an analyzing magnet, and a channel plate
detector. Ions are dumped from the trap by raising the middle drift tube potential above that of
the top drift tube. The ions then spill out of the trap at the potential of the floating power
supply plus the top drift tube potential minus the potential of the space charge. We have

extracted 136Xe54+ ions at 7kV and 20kV and U ions at 7kV. The spectra for 136Xe ions are

displayed in the inset of figure 1. 136Xe gas atoms were injected through the gas inlet of
SEBIT where they were ionized and trapped utilizing a 73keV electron beam and a 200 V
longitudinal trap. These ions were extracted after about 500 ms by ramping the middle drift
tube above the top drift tobe.

The use of high electrostatic extraction potent@ demonstrates a capability to readily produce
low emittance ldghly charged heavy ion beams at MeV energies. It is furthermore noted that
the intrinsic characteristic of the EBIT to produce low emittance ion beams ( <1 i mm mrad)



can be improved by designing the top drift tube in such a way that it can act as an einz.el lens
during extinction.
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Fwure 1 Super EBIT extraction system and typical 136Xeq+ magnet scans
taken at 7kV and 20kV.
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Development of an Intense EBIT

R. E. MaITS,L. Gruber, and E. Magee
“tiwrence Livennore National Luborato~, Livermore, CA 94551

Most EBIT experiments are presently limited by count rate, and some very exciting
future opportunities in both basic and applied science will not be achievable without a
substantial increase in x-ray and extracted ion intensity. To capture these future
opportunities, we are building an Intense EBIT with a goal of 100 times more x-ray emission
per cm of beam length, and 1000 times more extracted ions. In addition, the maximum
electron beam energy will be somewhat higher than that of our Super EBIT, resulting in a
further increase in intensity for the highest charge states. The Intense EBIT will replace the
Super EBIT in the same location so that all the external electricrd and mechanical equipment
can be used as is without significant moditlcation.

The x-ray and highly-charged-ion production rate in an EBIT are both determined by
the production the number of ions in the trap and the electron beam current density. We are
making several changes to increase both of these parameters: (1) The eleemon beam current
is being increased by a factor of 2 initially and eventually by up to a factor of 50. The
number of ions in the beam increases proportionately. The current will he increased by
increasing the cathode area in an electron gun design that we developed ourselves. (2) The
electron current density is being increased by a factor of roughly 5. This is accomplished by
doubling the magnetic field in the trap and increasing the cathode brightness. (3) The trap
length is being mereased by a factor of 10 (from 2.5 cm to 25 cm). This increases the ion
output by the same factor. (4) The cooling gas injection is being reconfigured to avoid
degrading the ionization balance thro~gh charge exchange recombination.

The conceptual design of the Intense EBIT was completed in 1995. We expect the
fabrication of the parts and the assembly of the device to be completed in 1996. A drawing
of the Intense EBIT magnet and cryostat are shown in Fig. 1. One of the key components of
an EBIT is the electron gun. Our existing EBITs all use a commercial gun in a mounting that
we built in house. In order to get the highest level of performance from the Intense EBIT we
have designed and built a completely new gun. An example of computer ray tracing
calculations for this gun are shown in Fig. 2. A rising magnetic field that starts from zero on
the cathode is an important part of the design. This field is produced by a bucking coil and
steel shims operating in combination with the fringing field of the superconducting main
coils.
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Fig. 1. Layout of the Intense EBIT. The magnet is split into four coils instead of two to
provide radial access at two different elevations. The eleetron beam will be launched from a
gun at the bottom of the apparatus, travel along the center line , and terminate in a collector
located in the upper section of the vacuum chamber. The vacuum chamher is 24 inches in
diameter.



la

I 400-InA Electron Gun
n

B

/
u

9

-3

Fig. 2. Computer design of the 400-MA gun being fabricated for initial use with the Intense
EBIT. The circular cathode haa a 4-mm diameter, and the surface is spherical. The electron
beam is represented by multiple rays that converge as they enter the tubular anode. Here they
are terminated artificially at 160 mesh units, but the ray tracing was carried much farther
down stream



Computer Modeling of Ions Trapped in an EBIT

R. E. Marrs, B. Beclq A. Ullrich, T. Werner, and A. E. Schach von Whtenau
Lawrence Liverrnore National .hrboratoty, Livennore, CA 94551

The processes that determine the energy balance and charge state distribution of ions
trapped in an EBIT have been known for some time. For the energy balance these processes
arm ion heating by the electron beam, exchange of energy between differtsit ion species
through collisions, and evaporation (escape) of ions over the radial and axial potential
barriers that form the trap. The processes that determine the charge state distribution w
ionization by beam electrons, recombination with beam electrons, and charge exchange
recombination with neural gas in the trap. Several years ago Penetrate et al. developed a
very successful time-dependent computer model for the ion temperature and charge state
distribution [1]. This model included all the important processes, but it dld not calculate the
radial disrnbution of the trapped ions. We are developing an improved model that includes
the self consistent radial distribution for all the ion species in the trap.

Understanding the radial distribution, density, and temperature of ions in the EBfT
trap is critical for the development of submicron focused ion beams, especially with the new
Intense EBIT. The ion radial distribution will also be important for future x-ray experiments
in which knowledge of the electron-ion overlap factor is required, or in which the ion
temperature must be reduced to minimize the Doppler broadening of spectral lines.

We are pursuing two approaches toward a more complete model of the EBIT trap. In
the fmt approach, we have written a new computer code that finds the steady-state solution
for the energy and ionization balance of trapped ions, but omits the (time-dependent)
evolution of trap conditions at early times. This code keeps track of the ion radial
dkribution as an array of density values for each ion species. The radial potential is
calculated self consistently from the spatial distribution of ion charges and the fixed electron
beam profile. A Wlution is found by iteration. Results from a typical calculation are shown
in Fig. 1. In this case, the calculation predicts a distribution of uranium ions that lies inside
the electron beam.

In a second approach, which is just beginning, we are trying to combine the time-
dependence and radial-distribution features in one code. This will provide a capability to
model more complicated EBIT operating modes such as precooking ions just before
extraction by changing the axial trap potential or reducing the electron beam current.

References
[1] B. M. Penetrate, J. N. Bardsley, D. DeWitt, M. Clark, and D. Schneider, Phys. Rev.
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A Test Stand for Electron Guns

R. E. Marrs, A. E. Schach von W1ttenau, and E. Magee
Lawrence Liverrnore National I.uboratory, Livermore, CA 94551

The successful compression of an electron beam to extremely high density is a key
requirement for maximizing the performance of an EBIT. Although it is the high magnetic
field of a superconducting magnet that compresses the beam in an EBIT, the amonnt of
compression is determined by conditions farther upstream in the electron gun itself. Hence
the quality of the upgraded electron guns that we are building for use in the new Intense
EBIT wifl be critical for achieving the goal of much higher x-ray and ion production rates.

We have constructed a test stand for measuring the compressibility of the electron
beam from our newly fabricated guns. The test stand uses a novel x-ray imaging technique
that is completely different from the scanning techniques used in the microwave tube
industry and elsewhere. As shown in Fig. 1., the beam from an electron gun under test is
injected along the axis of a solenoid magnet. In this respect the test stand resembles an
EBIT. The magnet consists of room temperature coils split to allow x-ray observation in the
coil midplane. The profile of the compressed beam is revealed by the bremsstrahlung x-rays
produced as beam electrons collide with background gas atoms. The x-ray emission maybe
increased by introducing argon gas into the vacuum chamber, from which 3-keV line -
radiation is produced. A 25-pm imaging slit located close to the beam is used to prodnce a
magnified image of the beam profile on a position sensitive propornonal counter located
outside the vacuum chamber. The test stand is constructed mostly of common vacuum
components with very few custom parts.

The compressibility of the elektron beam is determined by the magnetic field on the
cathode, by the quality of the electrode design and fabrication, and by the conditions of
launching the beam into the main magnetic field. Even though the 5-kG field in the test
stand is ten times smaller than that of the Intense EBIT, it is sufficient to diagnose all of these
effects. The test-stand electron beam collector is water cooled and capable of handling the
full dc beam from at least the first of the Intense EBIT guns.

An unexpected benefit of our new imaging technique is its ability to diagnose the
intensity and approximate energy of secondary electrons returning from the collector. This is
important because secondary and back-scattered elecmons from the collector may limit the
maximum electron beam in an EBIT, and there has been no other way to observe them.
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FT-ICR Analysis of the Magnetic Trapping Mode of an Electron Beam Ion Trap

P. Beiersdorferl, B. Beckl, St. Becker2,3, and L. Schweikhard3
I.Lawrence Livermore National Laboratory, Livermare, CA 94550

2iC-Hau-r,D-55294 Bodenheim, Germany
3Gutenberg Universikit, D-55099 Mainz, Germany
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Until recently, the properdes of EBIT have been analyzed both theoretically [lL] and
experimental [1,3] only in the context of ion confinement in the presence of an eleetron beam.
We refer to this mode of operation as the “electron trapping mode”. The electrostatic fields of
the elee~on beam are an integral part of the EBIT design to provide ion confinement in the radial
direction. By contras~ the trapping properties in the absence of the electron beam, which we call
the “magnetic trapping mode,” seemed irrelevant to the performance of the EBIT facility as a
spectroscopic or ion source. In the absence of the electron beam, however, ions should continue
to be confined in the radird direetion by the presence of a stxong axial magnetic field (typically B
= 3 T) that is used in the electron trapping mode to compress the electron beam. Moreover, the
ions are confined axially by the potential applied to the end elecmxles of the cylindrical trap,
even under standard EBIT operating conditions. Typically, the axial potential applied to the end
drift tribes relative to the middle range from V== 10 V to 500 V. It is therefore possible to
operate the facility as an ion trap after the eIectron beam is turned off, i.e., in the magnetic
trapping mode. The main questions that arise are How many of the highly-charged ions
produced in the elecaon trapping mode remain in the trap afterthe beam is turned off? How
long can they be stored? What are the ion-loss processes?

We performed a series of experiments to provide some of the answers to these questions
[4]. In these measurements we rely on the Fourier transform-ion cyclotron resonance (FI’-ICR)
technique to analyze the ions remtimg in the EBIT trap after the electron beam is turned off.
The J?3_-ICRteehnique represents an excellent diagnostic tool for the characterization of the ions
in the trap after the electron beam is turned off and has only recently been applied to the highly
charged atomic ions found in an EBIT device [5]. It allows an estimation of the absolute number
of ions in the wap [6] as well as to determine the relative abundance of each ion species.
Moreover, by following the temporal evolution of the FI-ICR signal a lower limit on the ion
storage time can be placed.

In our experiments [4], we found that the number of highly charged ions and the relative
species abundance is the same just before and just after turning off the eleetron beam. In fac~ a
comparison with the absolute number of ions determined with x-ray spectroscopic techniques
when the electron beam is on shows that switching EBIT from the electron to the magnetic
trapping mode has no obvious effect on the number of ions or the relative ion abundance in the
tzap. About 105 ions per highly charged speeies, such as hydrogenic 84Kr35+, were shown to
exists in the trap. Moreover, by probing the stored ions at different times after the beam was
turned off we could place a lower limit of 1.5s on the ion storage time, as illustrated in Fig. 1.

Our measurements thus show that the electron trapping mode represents an ideal method
for tilling the trap in situ without dre losses associated with transfenng the ions from external
sources. In addition, the length of the ion storage time is sufficient for a multitude of
experiments which may be carried out in the future and which are impossible in dre presence of



an electron beam. The magnetic trapping mode thus represents a new opportunity for studying
the physics of highly charged ions in regimes that have been previously inaccessible.
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Fig. 1. Fr-ICR signal amplitude of UKr~ ions observed as a function of the
delay before ICR excitation commences after turning off the electron beam. The
result of an exponential fitto the data is shown as a solid line.
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Implementation of a High-Resolution Transmission-Type Spectrometer on
SuperEBIT for X-ray Transitions above 30 keV

K. Widmarm’’,b, P. Beiemdorfer”

aDeprmtment of Physics and Space Technology, Lawrence ulve~ore NatiOn~ LabOra~w,
Llvermore, CA 94551, USA

bInstitut fiir Experimentalphysik, Technische Univereitiit Grsz, A-801O Austria

High-resolution x–ray meamremen~ on EBIT haw so f~ been perfo~ed OIUY~th reflectiOn–
type crystal spectrometers. These have worked efficiently for x–ray energi= up to 13 keV, e.g.,

the K-shell rdlation of H&like krypton[l]. In orda to extend crystal spectrometer measurements

to higher-energy x rays from higher-Z elements, we have designed a traustilon-type crystal

spectrometer[2]. It enabled us to observe the IS2P 3P1+ 1s2?S’Oand 1s2s 3S1+ 1s2?9c transitions
individually, which have never before been spectrosmpicdly resolved. Precision measurements of
He-like and H–likexenon Kcr transitions have been performed by Briand et al.[3] using a germsuium
detector ~th a resolution of 270 eV. The current setup improves the spectral resolution by more
than an order of magnitude.

Our transmission-type spectrometer design is based on the DuMond geometry[4] employing a‘
cylindrically bent crystal. The radhs of curvature of the crystal is the dimneter of the so-called
Rowland circle (see Fig. 1). Placing the x–ray source, i.e., the trap region of SuperEBIT, on the
Rowland circle strongly reduces the bandwidth of the diffracted x rays with the advautage that
the throughput is tremendously increased at a given wavelength of interest. If the opening angle of
the c~til is small enough, the diffracted x rays ~ w=tiono~omatic. ~~efore, no POsition
sensitive detector is necessary, and solid state detectors, such as high-purity germanium detectors,
can be used with almost 100% counting efficiencyfor 30 keV photons. To obtain a spectrum we
rotate the crystal using a stepper motor mounted on a modfied rotation stage. At each crystal
position we count the number of photons reachiug the detector and tag this number with the
current position of the stepper motor. We normalized each step using the ccmutrate of dkectly
excited hues, emitted by the Klghly charged ions in the trap, which were measured with a second
germanium detector.

A layout of the transmission-type crystal spectrometer’ for SuperEBIT is showu in Fig. 1. The
spectrometer was set up to observe KcI raAation of He-1ikexenon, Xe52+, which k situated new

Super

EBIT

1
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/
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Figure 1: Layout of the
transmission-type crystal spec-
trometer in the horizontal plane
of SuperEBIT. The electron
beam is perpendicular to the
page. GeSE and GeX are high-
purity germanium detector%
0... Bra= angle; D... distance
source to crystal; Pb. lead
shielding,



31 keV. We use a Quartz crystal cut perpendicular to the (13@) planes, 2d = 2.3604 ~. Thus, the

nominal Bragg angle is aronnd 8 = 9.9°. The change in the Bragg angle k 0.000741° + O.OOOOO1°
per step which is equivalent to an energy chauge .ofabout 2.2 eV for the diffracted photons at these
x-ray energies. The rsdius of cnrvatrrre of the crystsl is R = (2713.8*3.2) mm and was measrmed
using sn optical setup. The illuminated area of the crystal is (60x 40)mm2. Positioning the crystal
so that the electron beam is part of the Rowkmd circle is non trivial..At perfect alignment the
energy spread of the difbcted x–ray photons reaching the detector is less than ,0.5 eV across the
detector area. If the distsnce betwsen the crystal and SuperEB3T is off by + 10 I@ the bandwidth
of the diflhctsd x rays is increased to R 3.5 eV. The iufluence of ths finite width of the source,
i.e., the width of the elsctron beam Azti = 60pm, is about 4 eV for every diffracted x–ray
photon. Therefore, the nominal resolution of orrrtransmission-type spectrometer cannot bs better

than AE = 4.5 eV, and the resolving powar not bettor than E/AE = 6800 for this setup. Further
limitation of the resolving power is due to the quality of the focus of the bent cryetal.

Fignre 2 pressnts the result of the high– He-1ike Xe52+
resolution mcasnrement of some He-like 35
Ka transitions using the transmission-type
crystal spectrometer. The spectrum shows 30
the 1s2s 3S1 + 1s2%0, and IS2P313 + 25
~$zlS., tr=itiom ti H&like Xe52+-It tOOk

131 hours to collect the mnount of counts 20
shown in Fig. 2. One channel represents ~

s 15the sum of the connts obtained during three “
consecntivs steps. Thne, the dispersion is lo
6.6 eV per channel. Using a simple Gans-
sirm fit we obtsin a full width at hslf mm- 5
imum of (20 + 5) eV for these transitions.
Therefore, the measnred resolving power of 31050 30100 30150 30200
our transmission-type crystal spectrometer

30250 30300

is about 1500. This shows that the resolv- X-reyEnergy(eV)

ing POWW is limited by the quality of the
focns of the crystal, as discncsed above. Fhr-

Figure 2: First resolved spectrnm of the 1S2P3P1 ~

ther improvement of the redntion depends
1s2 lSO and 1s2s 3S1 ~ 1s2 ?!70 transitions in hefiurn-

like Xe52+ observed with the transmission-type crys-
on the ability of bend]ng the crystal with a

tal spectrometer.
smaller focal width.
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Installation of a Laser System for Ion Cooling in RETRAP

L.Gruber, J. Steiger, B. Beck, D. Schneider
Lawrence Livermore National Laborato~, Livermore, CA 94550

In the past year a laser lab has been setup adjacent to EBIT. It consists of a high power

Argon-ion pump-laser and an actively stabilized dye ring laser. The maximum output

power of the pump is 25 W, but only 7-8 W at 415.5 run are used. This makes the

pumping of a second dye laser feasible. The dye used is Kiton Red, with a tuning range

from 600 to 650 run. Due to active stabilization the Iirrewidth of the laser does not exceed

500 kH.z. In addition the frequency can be scanned over 30 GHz.

h intracavi~ frequency doubler (Li103) is used to achieve the desired wavelength of

313 nm. The output power at thk wavelength has been measured to 7 mW.

Undoubled light transmitted through the high-reflector (which replaces the output-coupler

of the non-doubled setup) is used to measure the properties of the laserbeam. A spectrum

analyzer, a wavelength-meter and an Iodine-cell (see Figure 1) measure frequency

distribution and wavelength (accuracy 0.1 pm).

Oscilloscope

EEz@

9 Wavemeter

Differential
Amplifier

Dy&
Laser

Figure 1:

Q----E@
Schematics of the experimental setup to analyre
the quality and the wavelength of the laserlight

Safety regulations required us

to install the laser in a room

adjacent to EBIT rather than

close to the experiment.

Therefore the building of a

bearntransport-system was

necessary. To maintain the

good beam qualities the

transport by means of mirrors

was chosen. These mirrors

were mounted on special

vibrationally insulated stands



and each one of those is standing on small opticrd tables. The be~ is transported to an

optical table, which is part of the RETRAP-ayatem where a telescope expands the beam

from a 0.5” diameter to 1.5”. A focusing lens focuses the beam in one of the hyperbolical

traps in RHRAP.

!“
. The beam diameter after focusing was measured with the help of a chopper wheel and a

photodiode. The chopper was moved in the region of the focrd point to get a rough

estimate of the shape of the beam waist in the trap. F@rc 2 shows the beam dkrneter as

a timction of the position of the chopper.

-1,5

Figure 2

-1 -0.5 0 0.5 t 1.5
Choppw PmdUoni cm

Beam diameter as a function of the
chopper position. This measurement was
used to obtain a rough estimate of the
beam waist in the focal region.

It was found that the beam diameter

is smaller than 100 pm over a region

of about 2 cm. Therefore the

rdignrnent is not very sensitive in this

dwction.

The Laser can be operated remotely

with a second electronic control unit

installed next to RETRAP. In

addition the control unit next to the

laser can be accessed by a LabView-

progmm which reads the data tlom

the Iodine-cell and sets the laser to

the desired frequency. The wavcmeter has been equipped with a GPIB-interface to

monitor the frequency atability on-line.
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A. Publications, Invited Talks, and Conference Contributions

~-l Publicat ions (Refereed .Iournals Dublished in 1995)

Structure ,and Lamb Shift of 2s1Q-2P3E Levels in Lithiumlike Th87+ through Neonlike
Tb80t

P. Beiersdorfer, A. Osterheld, S. R. Elliott, M. Chen, D. Knapp, K. Reed
Phys. Rev. A ~ 2693-2706 (1995). v

High-Resolution Measurement, Line Identification, and Spectrrd Medeling of the K!3
Spectrum of Heliurnlike Arl&
P. Beiersdorfer, A. L. Osterheld, T. W. Phillips, M. Bitter, K. W. H1ll, S. von Goeler
Phys. Rev. E S 1980-1992 (1995).

Measurements of Line Overlap for Resonant Spoiling of X-ray Lasing Transitions in
Nickellike Tm-msten
S. R. Elliott, P: Beiersdorfer, B. J. MacGowan, Joseph Nllsen
Phys. Rev. A ~ 2689-2692 (1995).

Measurements of the Radiative Lifetime of the 1s2s 3S1Level in HelirrrrrlikeMagnesium
G. S. Stefanelli, P. Beiersdorfer, V. Decaux, K. Widmann
Phys. Rev. A Q 3651-3654 (1995).

Speetral Measurements of Few-Electron Uranium Ions Produced and Trapped in a Hlgh-
Energy Electron Beam Ion Trap
P. Beiersdorfer
Nuclear Instruments and Methods in Physics Research $Q 114-116 (1995).

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry - A New Tool for
Measuring Highly Charged Ions in an Electron Beam Ion Trap
P. Beiersdorfer, St. Becker, B. Beck, S. Elliott, K. Widmann, L. Schweikhard
Nuclem Instruments and Methods in Physics Research $!8558-561 (1995).

Measurement of the Temperature of Cold Highly Charged Ions Produced in an Electron
Beam Ion Trap
P. Beiersdorfer, V. Decaux, K. Widmann
Nuclear Instruments and Methods in Physics ResearchB98566-568 (1995)

The Super Electron Beam Ion Trap
R. E. Marrs, P. Beiersdorfer, S. R. Elliott, D. A. Knapp, Th. Stoehlker
Physics Scnpta ~ 183-188 (1995).

Wavelength Measurements of the He-like Krypton K-Shell Spectrum
K. Wldmann, P. Beiersdorfer, V. Decaux
Nuclear Instmments and Methods in Physics ResearehB9845-47 (1995).

Excitation Mechanisms of 2s1L-2p3E and 2p Ic-2p3L2Transitions in u82+ Through u89+
V. Decaux, P. Beiersdorfer, A. Osterheld
Nuclear Instruments and Methods in Physics Rese~ch B 98129-131 (1995).



Measurement of Doubly Excited Levels in LhMumWe and Berylliumlike Cobaft
A. J. Smith, P. Beiersdorfer, V. Decaux, K. Widmann, A. Osterheld, M. Chen
Physical Review Am, 2808-2814 (1995).

Phot@Pumping Resonance for Modifying the Kinetics of a Neonlike La47+Liner
P. Beiersdorfer, J. Nllsen, J. Scofield, M. Bitter, S. von Goeler, K. W. Hill
Physics Scripts a 322-325 (1995).

Experiments with Highly Charged Ions up to Bare U92+on the Electron ~eam Ion Trap
P. Beiersdorfer
In Proceedings of 14th Int. Conf. on Atomic Physics, AIP Conf. Proceedings No. 323,
ed. by D. J. Wineland, C. E. Wieman, and S. J. Smith (AIP, NewYork 1995), 116-129.

Measurement of the 3d-4f Transition in N1-like Er for Use in a Photo-Pumped X-ray Laser
Scheme
S.R. Elliott, P. Beiersdorfer, and J. Nilsen
Physical Review A a, 1683-1686 (1995).

High-resolution Measurements of the He-p Spectra of Heliumlike Chromium for Possible
Diagnostic of Laser-produced Plasmas
V. Decaux, P. Beiersdorfer, S. Elliott, A. Osterheld, E. Clothiaux
Rev. Sci. Instruments M, 758-760 (1995).

High-Pressure Position-Sensitive Proportional Counter
David Vogel, P. Beiersdorfer, V. Decaux, K. Widmann
Rev. Sci. Inshwments @, 776-778 (1995).

Electron Impact Excitation Cross Section Measurements of Highly Charged Heliumlike and
Lithiumfike Ions
K.L. Wong, P. Beiersdorfer, K.J. Reed, and D.A. Vogel.
Phys. Rev. A a, 1214-1220 (1995).

High-resolution Measurement of the KcxSpectra of Low Ionization Species of Iron: New
Spectral Signature of Non-Equilibrium Ionization conditions in Young Supernova
Remnants
V. Decaux, P. Beiersdorfer, A. Osterheld, M. Chen, S.M. Kahn
Astrophysical Journal 443,464-468 (1995).

Excitation and Detection of ICR Modes for Control and Analysis of a Multi-Component
Plasma
L. Schweikhard, J. Ziegler, P. Beiersdorfer, B. Beck, St. Becker, and S.R. Elliott
Rev. Sci. Instruments 66,448-450 (1995).

Studies of He-fike Krypton for Use in Determining Electron and Ion Temperatures in Very
High-temperature Plasmas
K. Widmann, P. Beiersdorfer, V. Decaux, S.R. Elliott, D. Knapp, A. Osterheld, M.
Bitter, A. Smith
Rev. Sci. Instruments a, 761-763 (1995).

Temperature of the Ions produced and Trapped in an Elec@onBeam Ion Trap
P. Beiersdorfer, V. Decaux, S.R. Elliott, K. Widmann, K. Wong
Rev. Sci. Instruments 66, 303-305 (1995).



Observation of Interference Between Dielectronic Recombination and Radiative
Recombmation in H:ghly charged Uranium Ions
D. A. Knapp, P. Beiersdorfer, M. H. Chen, J. H. Scofield, and D. Schneider
Physical Review Letters Z4, 54-57 (1995).

Measurements of Line Overlap for Resonant Spoiling of X-ray Lasing Transitions
P. Beiersdorfer, S.R. Elliott, B.J. MacGowan, and J. Nilsen
In Proceedings of 4th Int. Colloquium on X-ray Lasers, AIP Conf. Proc. ,No. 332, ed. by
D. C. Eder and D. L. Matthews (AIP, NewYork 1995) 512-516. ~

EBIT X-ray Spectroscopy Studies for Applications to Photo-Pumped X-ray Lasers
S.R. Elliott, P. Beiersdorfer, and J. Nilsen
In Proceedings of 4th Int. Colloquium on X-ray Lasers, AIP Conf. Proc. No. 332,
ed. by D. C. Eder and D. L. Matthews (AIP, NewYork 1995) 307-311.

Complex Substate Amplitudes Formed in Double Electron Capture
H. Khemlich, M.H. Prior, D. Schneider
Phy. Rev. Lett. u, 25, 5015 (1995).

High Resolution, Broad Band X-ray Spectroscopy of Ion-Surface Interactions Using a
Mkmcalorimeter
M. LeGros, E. Silver, D. Schneider, J. McDonald, S. Bardin,
NIM ~, 110 (1995).

Electron Emission From Foils Induced by Energetic Heavy Ion Collisions
R. A. Sparrow, R. Olson, D. Schneider
J. Phys. B 2& 3427-3439 (1995).

Time ordering Effects in K-Shell Excitation of 170 MeV Ne7+ Colliding with Gas
Atoms Double Excitation
N. Stolterfoht, A. Mattis, D. Schneider, G. Schiwietz, B. Skogvall, B. Sulik, S. Rice
Phys. Rev. A a, 1,350 (1995).

Auger Decay of Na-like Si3+ (2p5 31nl) States Formed by Slow Si5+ + He and Ar Ion-
Atom Collisions
D. Schneider, R. Bruch, A. Shlyaptseva, T. Brage, D. Ridder
Phys. Rev. A m, 6,4652 (1995).

AFM Studies of a New Type of Radiation Defect on Mica Surfaces Caused by Highly
Charged Ion Impact
C. Ruehlicke, M.A. Bnere, D. Schneider

NIM ~, 528 (1995).

Recent Results from the LLNL Elccuon Beam Ion Trap
D. Schneider
Physics Scripts ~, 189 (1995).

Charge Exchange Between Xe44+and Hz in an Ion Trap
J. Steiger, G. Weinberg, B. Beck, D.A. Church, J. McDonald, D. Schneider
NIM ~, 569 (1995).



Two-Center Electron Emission in Collisions of Fast, Highly Charged Ions with He:
Theory and Experiment,
N. Stolterfoht, H. Platten, G. Schiwietz, T. Schneider, D. Schneider, L. Gulas,
P. Fairrstein, A“.Salin
Phys. Rev. A, ~, 37961995.

Elecuon Beam Ion Traps,
R. E. Marrs, in Experimental Methods in the Physical Sciences Vol. 27A, edhed by F.B.
Dunning and R.G. Hulet, Academic Press, San Diego, 1995, p391. ‘

Highly Charged Science with the Electron Beam Ion Trap,
R. Marrs and D. Schneider,
Physics News in 1994 (AIP, New York, 1995), p. 16.

A Wire Probe as an Ion Source for an Electron Beam Trap,
S.R. Elliott and R. E. Marrs,
Nucl. Instrum. Methods B ~, 529 (1995).

Measurement of Two-Electron Contributions to the Ground-State Energy of Heliurnlike
Ions,
R.E. Marrs, S.R. Elliott, and Th. Stoehlker,
Phys. Rev. A52, 3577 (19950.

Recent Results from the Super EBIT,
R.E. hkrrs
The Physics of Electronic and Atomic Collisions XIX International Conference, edited by
L.J. Dube, J.B.A. Mitchell, J.W. McConkey, and C.E. Brion, AIP Conference
Proceedings No. 360 (AIP, New York, 1995), p. 705.



/4-2 contributed Con ference PaDe sr

Detailed Measurements and Modeling of the n=3 + n=l Spectrum of He-like Argon
(A@)
P. Beiersdorfer, K. Wldmann, V. Decaux, A. Osterheld, M. Bitter, K. Hill, S. vonGoeler,
A. Smith
37th Anntsrd Meeting, APS Division of Plasma Physics, Louisville, KY, Nov. 6-10, 1995.

v
Measurement of rhe Radiative Lifetime of the 1S2S3S1Level in Heliunrlike Magnesium
G.S. Stefanelli, P. Beiersdorfer, V. Decaux, K. Widmann
XIX ICPEAC, Whistler, BC, Canada, July 26-Aug. 1, 1995

Electron Impact Excitation Cross Section Measurements of Highly Charged Heliumlike and
Lithiumlike Ions
K.L. Wong, P. Beiersdorfer, K.J. Reed, D. A. Vogel
XIX ICPEAC, Whistler, BC, Canada, July 26-Aug. 1, 1995

Search for 3S1-3P2Decay in U9M
P. Beiersdorfer, Th. Stohlker, S. Elliott
XIX ICPEAC, Whistler, BC, Canada, July 26-Aug. 1, 1995

Measurement of Dielectronic Recombination Resonances in Heliumfike and Lithiun-dikeCobalt
A. J. Smith, P. Beiersdorfer, V. Decaux, K. Widmann, A. Osterheld, M. Chen
XIX ICPEAC, Whistler, BC, Canada, July 26-Aug. 1, 1995

Production of Cold Highly Charged Ions for Spectroscopic Studies
P. Beiersdorfer, V. Decaux, K. Widmann, S. Elliott
XIX ICPEAC, Whistler, BC, Canada, July 26-Aug. 1, 1995

Optical Diagnostics of Highly Charged Ions in Super-EBIT
J. R. Crespo Lopez-Urrutia, P. Beiersdorfer, K. Widmann, V Decaux
XIX ICPEAC, Whistler, BC, Canada, July 26-Aug. 1, 1995

Wavelengths Measurements of the Ka Transitions of Heliumlike Krypton
K. Widmann, P. Beiersdorfer, V Decaux, S.R. Elliott, M. Bitter
XIX ICPEAC, Whistler, BC, Canada, July 26-Aug. 1, 1995

First Lifetime Measurement of the Metastable 2s22p5~Po3~)3s(J=2) Ne-Like Fe16+Ion
J. R. Crespo Lopez-Umutia, P. Beiersdorfer, V Decaux, K. Widmann
XIX ICPEAC, Whistler, BC, Canada, July 26-Aug. 1, 1995

Production of Cold Highly Charged Ions for Spectroscopic Studies
P. Beiersdorfer, V. Decaux, K. Widmann, S. Elliott
1995 Annual Meeting of the Division of Atomic, Molecular, and Optical Physics, Toronto,
Canada, May 16-19, 1995

Visible Light from Highly Charged Ions in EBIT
J. R. Crespo Lopez-Urrutia, P. Beiersdorfer, K. Wldmann, V Decaux
1995 Annual Meeting of the Division of Atomic, Molecular, and Optical Physics, Toronto,
Canada, May 16-19, 1995



F)-ICR Mass Spectrometry of Very Highly Charged Atomic Ions
P. Beiersdorfer, S. Becker, L. Schweikhard, B. Beck
Am. Sot. of Mass SpecEometry, Atlanta, GA, May 22-26, 1995

Evidence for Coulomb Explosions Induced by the Impact of Slow Very Highly Chswged
Ions on Solids
M.A. Briere, T. Schenkel, A.E. Schach von Wittenau, and D.H. Schneider
Proceedings of the XJX ICPEAC, Whistler, Canada, July 26, 1995. ,

Time-of-Flight Secondary Ion Mass Spectroscopy Studies of Insulator Surfaces with Very
Highly Charged Ions up to Th71+
M.A. Briere, T. Schenkel, A.E. Schach von Whtenau, D. Schneider
Proceedings of the XJX ICPEAC, Whistler, Canada July 26, 1995

Measured Charge Exchange Between Highly Charged Ions and a Neutral Gas,
B.R. Beck, D. A. Church, J. McDonald, D. Schneider, J. Steiger, G. Weinberg
Proceedings of the XIX ICPEAC, Whistler, Canada July 26, 1995.

High Production Efficiency of Large Secondary Cluster Ions due to the Impact of Slow
Ve~ Highly Charged Ions
M.A. Briere, T. Schenkel, A.E. Schach vonWittenau, D. Schneider
Proceedings of the XIX ICPEAC, Whistler, Canada July 26, 1995.

A Single Detector Technique for Secondary Ion Mass Spectroscopy with Highly Charged
Primary Ions
M. A. Briere, G. Schiwietz, T. Schenkel, A.E. Schach von Wittenau, and D.H. Schneider
proceedings of the XIX ICPEAC, Whistler, Canada July 26, 1995.

On the Mechanisms of Elecmon Transfer in the Bulk in Ion Surface Interactions
J. P. Bnand, S. Bardin, D.H. Schneider, H. Khemliche, J. Jin, M. Prior
proceedings of the XIX ICPEAC, Whistler, Canada July 26, 1995.

On the Dynamics of the Filling of the L Shell of Hollow Atoms
J. P. Briand, S. Bardin, D.H. Schneider, H. Khemliche, J. Jin, M. Prior
Proceedhgs of the XJX ICPEAC, Whistler, Canada July 26, 1995.

First Observation of the Influence of the Chemical Nature of a Surface in the Interaction of
Ar17+Ions on Various Targets
J. P. Briand and D. Schneider
Proceedings of the XIX ICPEAC, Whistler, Canada July 26, 1995.

On the Auger Neunalization Processes of Highly Charged Ions on Surfaces
S. Bardin, D.H. Schneider, J.P. Bnand, H. Khemliche, J. Jin, M. Prior
Proceedings of the XIX ICPEAC, Whistler, Canada July 26, 1995

K X-ray Spectra Emitted by C5+, N~ and 07+ Impinging on Clean Surfaces
S. Bardin, D.H. Schneider, J.P. Briand, H. Khemliche, J. Jin, M. Prior
Proceedings of the XIX ICPEAC, Whistler, Canada July 26, 1995.

X-rays from Ar17,18+ Collisions with C60: Relation to Above Surface BehaviorlJ.P.
Bnand, L. deBilly, J. Jin, H. Khemliche, M.H. Prior, Z. Xie, M. Necioux, and D.H.
Schneider
proceedings of the XIX ICPEAC, Whistler, Canada July 26, 1995.



Surface Species Identification Using SIMS with Highly-Charged Ions from an EBIT and
Auger Spectroscopy
A.E. Schach von Wittenau, A. Schmid, M.A. Bnere, T. Schenkel, D. Schneider
Proceedings of the XIX ICPEAC, Whistler, Canada July 26, 1995.

Strongly Enhanced Secondary Ion Yields in TOF-SIMS Studies with Very Highly Charged
Primary Ions up to Th71+
T. Schenkel, M.A. Briere, A.E. Schach vonWittenau and D. Schneider ‘
Proceedings of the XIX ICPEAC, Whistler, Canada July 26, 1995; Proceedings of the
18th Surface/Interface Research Meeting, Santa Clara University, Santa Clara, CA, June
13, 1995.

Super TOF Secondary Ion Mass Spectroscopy Using Very Highly Charged Primary Ions
UP to Th7W
M.A. Briere, T. Schenkel, D. Schneider
SIMS X Conference, Nov. 1995, Miinster, Germany

Analysis and Modification of Materials Using Highly Charged Ions
M. A. Briere
ISIAC XIV, Seattle, WA, August 2-4, 1995

Crystallization and Switching Behavior of Sputtered Magneto-optic Garnet Films on Glass
T. Schenkel, Th. Kessler, J. Taubert, H. Baumann, J. Reimann, R. Omet and K. Bethge
Proceedings of the 40th Annual Conference Magnetism & Magnetic Materials,
Philadelphia, PA, Nov.6-9, 1995.



A-3 Confe rence orza nization

XIV International Symposium on Ion Atom Collisions (XIV ISIAC), Seattle, Washington,
August 3-4, 1995.

Host EBIT Program in N-Division of the Physics and Space Technology Directorate of
the Lawrence Livermore NationaJ Laboratory

Chairmam Dieter Schneider f“

Co-Chairman: Robert DuBois

The conference topics covered the following areas of physics:
. Slow collisions
. Fast collisions
. New developments
. Interdkciplinary research activities

Funding for the conference was provided by Physics and Space Technology and the Office
of Basic Energy Sciences at DOE.



J1-4 Invite d Talks and Seminar~

Overview of Recent X-ray Measurements at the Livermore EBIT Facility
P. Beiersdorfer
Friedrich Schiller University Jena, Max-Planck-Institut fur Rontgen Oprik, Dec. 12, 1995

Highlights of Recent EBIT Experiments
P. Beiersdorfer
Johannes-Gutenberg-Universitat Mainz, Inshtut fiir Physik, Dec. 6, 1995 ‘

Making Hot Ions Cold - Experiments with Highly Charged Ions near Nature’s Limit
P. Beiersdorfer
University of Nevada, Reno, Department of Physics, Dec. 1, 1995

Atomic Physics with an (almost) Table-Top Device
P. Beiersdorfer
Morehouse College, Department of Physics, Oct. 31, 1995

Accuracy of Laboratory X-ray Data
P. Beiersdorfer
1st Annual AXAF Science Center Workshop on Rates, Codes, and Astrophysics
Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, July 17-20, 1995

Overview of the Current Spectroscopy Effort on the Liverrnore Electron Beam Ion Trap
P. Beiersdorfer
Ist Euroconference on Atomic Physics with Stored Highly Charged Ions
Heidelberg, Germany, Mar. 20-24,-1995

Spectroscopy on the Livermore Electron Beam Ion Trap
P. Beiersdorfer
Kansas State University, Department of Physics, Mar. 30, 1995

Producing and Studying the Ultimate Ions in a Table-Top Device
P. Beiersdorfer
Sonoma State University, Department of Physics and Asuonomy, Mar. 13, 1995

Highly Charged Ion Research at the LLNL EBIT
D. Schneider
University of Mexico, Institut de Fisica, Cerenavaca, Mexico, Feb. 1996

The EBIT as a Versatile Experimental Physics Facility
D. Schneider
International Conference on Trapped Ions, Heidelberg, Germany, Feb. 1995

Experiments with very Highly Charged Ions
D. Schneider
University of Frankfurt Nuclear Physics Institut, Germany, Mar. 1995

Progress in Ion/Surface Interaction Studies at EBIT
D. Schneider
Hahn Meitner Institut, Berlin, Germany, Mar. 1995



Physics With Very Highly Charge@Ions at the LLNL EBIT
D. Schneider
Vanderbilt University, Nashville, TN, Aug. 1995

Progress in Experimental Physics at EBIT
D. Schneider
University of Illinois, Chicago, IL, Mar. 1995

Highly Charged Ion Physics at EBIT
D. Schneider
Western Michigan University, Kalamazoo, MI, Mar. 1995

Physics at EBIT
D. Schneider
Lawrence Berkeley Laboratory, Berkeley, CA, Nov. 1995

Progress of the LLNL EBIT/RETRAP
B. Beck
International Conference of Physics of Strongly Coupled Plasmas, Binz, Germany, Sept.
13, 1996

Electron-Ion Collisions in the Livermore Super EBIT
R.E. hhrrs
DAMOP Meeting, Toronto, Canada, May, 1995

Recent Results from the Super EBIT
R.E. iI&IITS
XIX International Conference o; the Physics of Electronic and Atomic Collisions,
Whistler, Canada, July 1995

Production of U92+with an EBIT
R.E. Marrs
6th International Conference on Ion Sources, Whistler, Canada, Sept. 1995



B. Scientific Activities Centered Around EBIT

B-1 Visitors and Partici Dating (%est

Date Visitor Institution Host

JANUARY

16-20

27-30

FEBRUARY

9

9

9

MARCH

6-14

APRfL

1-7/1

24-25

26

MAY

16-20

18

26

JUNE

7-14

14-28

21-8/25

21-8/25

21-9/1

23-30

26-6j3

26-6/10

JULY

10

14

14

John Tanis

David Church

Daniel Dubin

John Farley

Chsdes Gabrys

Lutz Schweikhard

Vincent Decaux

Reinhard Doemer

Joe.Martinez

David Church

Edward Ptwilis

An&-as Gottscbild

Jcchen Biersack

Western Michigan University, Kafamazoo, Mf

Texas A&M, College Station, TX

UC San Diego, San Diego, CA

University of Nevada, bm Vegas, NV

University of Chicago

University of Mainz, Germany

University of Cafifomia, Berkeley, CA

Lawrence Berkeley Natioml Laboratory
Berkeley, CA

Dep&of Energy, Washington DC

Texas A&M, College Station, TX

Cal Tech, Pasadena, CA

University of Texas at Austin, TX

Hahn-Meitner-Institute, Berlin, Germany

H. Schmidt-B6cking University of Frankfurt, Germany

John Atmey

Augustine Smith

Jekmi Mabiri

David Church

Lutz Schweikhard

Thomas Stoehlker

Norman Tolk

Joachim IJlbich

Paul Neill

Morehouse University, Atlanta, GA
!! !! ,! !,

,! “ !, ,,

Texas A&M, College Station, TX

University of Mahz, Germany

GSI, Darmstadt, Germany

VanderbHt University, Nashville, TN

GS1, Darmsmdt, Germany

University of Nevada, Reno, NV

18

v’
Knapp

Schneider

Beck

Schneider

Schneider

Beiersdorfer

Beiersdorfer

Schneider
/Briere

Schneider

Schneider

Briere

Schneider
/CrespO

Briere

Schneider

Beiersdorfer

Beiersdorfer

Beiersdorfer

Schneider

Beiersdorfer

Beiersdorfa

Schneider

Schneider

Beiersdorfer



23-25

28

28

AUGUST

7-8

7-8

7-8

10-15

12-19

17

18.26

24-25

24-25

24-25

24-25

24-25

24-25

28

SEPTEMBER

5-8

19

OCTOBER

3

1-1/1

1-1/1

17-26

23-1120

30-11/3

NOVEMBER

13-14

13-14

16-21

16-30

17

21

Dave Church

John Fwley

Matthew Cook

Marc Piekama

Hein Folkerts

Jobannes L]mburg

Helmut Winter

Lutz Schweikard

Jorge Ekhler

Steve Elliott

Norman Tolk

Alan Barnes

JonathanGilligan

Royal Albridge

John Fadey

Ravi.Marawrw

Ivan Berry

Chander Bhafla

Evgueni Dmreta

Kurt Becker

Torstcn Werner

Albrecht Ullrich

David Church

Andreas Hoffknecht

Andreas Amau

Shunsuke Ohtani

Fred Currell

Thomas Kiihl

Peter .$eelig

Robert DuBois

Tsukiyo Tanaka

Texas A&M, College Station, TX

University of Nevada, Las Vegas, NV

Oak Ridge National Laboratory, TN

KVIZemikelaanInstitute,Gronigan
The Netherlands

,, “

Humboldt-Universit2tzu Berlin, Germany

University of Mainz, Germany

Hahn-Meitner-Institute, Germany

University of Washington, Seattfe, WA

Vanderbilt University, Nashville, TN

!, ,!

,! ,,

,, ,,

University of Nevada, Las Vegas, NV
!! ,!

U.S. Dept. of Defense, Washington, DC

Kansas State University, Manhattan, KS

Laboratov of High Energies, Moscow, USSR

City College of the City University of New York, NY

Technische Universitat Dresden, Germany
!! !!

Texas A&M, College Smtion, TX

Univeristy of Osnabrueck, Germany

University of Del Pais Vasco, Spain

University of Electron-Communications, Japan
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GSI, Darmstadt, Germany
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February

March

April

May

June

June

August

September

October

November

John Farley

Dan Dubin

David Church

Reinhard Doemer

Edward F’arilis

Jochem Biersack

Bernard Rupp

Alan Barnes

Evgueni Donets

Andreas Hoffknecht

Andres Amau

“Laser Spectroscopy on Highly Charged Ions”

“Lattice Structure and Normal Modes of a Cryogenic
Non-neuual Plasma”

“Highly Charged Ion Cooling in Ion Traps”

“Recoil Ion Spectroscopy”

“Ion-Surface Interactions With Highly Charged
Ions’i

“Application of the Trim-Code”

“Instrumentation Aspects of High Resolution
Cryocrystallography of Biological Macromolecules”

“Ion Solid Interactions”

The EBIS-New Developments”

“Energy LQSSof Highly Charged IonsatanAI(110)
Surface”

“Nonlinear Screening of Hollow Atoms in Metals”



C. Education

c Graduate Education

The education of graduate students represents a major part of the EBIT program.
During 1995 a total of six graduate students had been active in the program. The students
came from different institutions, both national and international. One student finished his
thesis for the Ph.D. in physics (George Weinberg supervised by D. Church and D.
Schneider).

The EBIT program also routinely involves undergraduate students. Twice a year
students from the Undergraduate Summer Institute Research Program have a chance to
actively participate in ongoing research for a two-week period. During 1995, six
undergraduates took advantage of thk opportunity. The EBIT program has a continuing
commitment to minority participation in its activities. A detailed description of our
collaborative efforts with students and faculty from Historically Black Colleges and
Universities is given in the following

List of Students at EBIll

Lukas Gruber Technische Universitat Graz, Austria.
Research on trapped highly charged ions towards a Ph.D. thesis.

Joe McDonald Western Michigan University, Kalamazoo, MI.
Researeh in ion/surface interactions towards Ph.D. thesis.

Christian Ruehlicke University of Bielefeld, Germany.
Research on biomolecule fragmentation with highly charged ions
towards a Ph.D. thesis.

Thomas Schenkel University of Frankfurt, Germany.
Research in ion/surface interactions toward Ph.D. thesis.

George Weinberg Texas A&M University, College Station, TX
Research on trapped highly charged ions

Klaus Widmann University of Technology, Graz, Austria.
Research in atomic structure towards Ph.D. thesis.



Collaboration with Historically Black Colleges and
Universities

Principal Collaborators:Peter Beiersdorfer (EBIT), Augustine J. Smith (firehouse)

CoIlaboratoiw Vincent Decaux (EBIT), Klaus Widmatm(EBIT),
JOSECrespo L@ez-Unutia (EBIT)

Students: Jelani Mahiri (Morehouse), John Au&ey (Morehouse),
Michelle SIater (Spehnan)

Abstract

A collaborm”ve research .#fort between Historically Black Colleges and Universities (HBCU]
and the EBITprograrn was starred in October 1993 and was very intense and succemfiul in 1995.

The collaboration involved fatdty and students from Morehouse College and Spebnan College,
Atlanta, and centered on the investigation of x-ray spectra and their diagnostic applications in

magnetic and Iaser@ion. In 1995 sweral run petiak were&voted m collaborative eqen”ments
on the EBITfacility. Most of these were during the summer months, but several others were

scheduled during winter and spring breaks. Data analysis and reduction was carn”edout at llNL
and at HBCUfwilities. For thisptupose, Livermore provided Morehouse College with a

computer workstation and sojiware as well as salary support for employment of unakrgraduate
students ftid by the WL Research Collaborations Program for Histon”callyBlack Colleges

and Universities. The collaborative @ortr has resulted in several major scientific
accomplishments in 1995.

Scientific Objectives

The ion and electron temperanm and density are crucial parameters that quantify the conditions
necessary for achieving thermonuclear fusion, both in magnetically and inerdally confined
plasmas. Techniques have been developed that rely on the interpretation of the x-ray line emission
of highly charged heavy impuriv ions to diagnose these plasma parameters. One method, applied
extensively in tokamsk diagnostics, is to observe the He-a (n = 2+ 1) emission from trsnsition-
metal impurities embedded in the plasma. In the very dense plasmas produced in inertial-
cotilrrement (KY) research, the He-a emission is optically thick, and the He-p (n = 3+ 1)
spectrum of argon or titanium is used for diagnostic purposes. In order to reliably infer the ion and
eleetron temperature and density from such spectral measurements accurate atomic data are a
prerequisite.



The objective of our research is to provide the atomic data needed for the interpretation of the
specti data from fusion plasmas and their use as temperature and density diagnostics as well as
for benchmarking atomic physics calculations. Exploiting the precisely controlled experimental
conditions provided by the Llvermore Electron Beam Ion Trap facility our objective is to perform
detailed studies of He-et and He-p spectra of the ions employed in plasma diagnostics. Our
measurements include line positions, degree of polarization, electron-impact excitation cross
sections, and dielectronic recombhtation rate coefficients. By extending these ~easurements to
selected very high-Z elements atomic calculations are tested throughout the entire isoelectronic
sequence.

Progress during 1995

The x-ray emission by diektronic satellites pertaining to the n = 2 ~ 1 He-et spectrum of
heliumlike ions from the transition metals is an important diagnostic of electron temperature of
magneticrdly confined fusion plasmas that allows the self-consistent modeling of the observed
spectroscopic data. Usiug the Livermoxv Electron Beam Ion Trap faciMy we selectively excited the
dielectronic resonances in heliurrdike C@+ and lithiumfike C@+ and recorded the resulting x-ray
emission with a high-resolution crystaf spcmometer. A detailed analysis provided accurate atomic
data on the line position and resonance strengths of the dielecrronic satellites. Comparison with
different dteoreticaJ results indicated several disagreements for several of the satellite intensities, as
documented by Smith et al., [13,3] that will significantly improve the accuracy with which the
electron temperature cart b inferred from the satellite intensity. Extending our investigations to
higher-Z elements, we also carried out a measurement of the n = 2+ 1 He-a spectrum of
heliurnlike KrM+ [3,4]. Such an extension for heavier elements is especially important in the light
of current efforts to design a high-temperature tokamak, such as the lTER tokamak, that attains
ignition.

Our investigations have subsequently shifted to measurements of the dielec~onic satellites
pertaining to the n = 3-+ 1 He-p spectrum of heliurrdike ArlQ [5], which is an important
diagnostic in laser fusion. Our analysis indicates that the intensity of the x-ray satellites that have a
spectator electron with principal quantum number n 23 are much larger than commonly assumed
from the n-3 scaling expected from the n-dependence of the Auger rates [6]. In laser-produced
plasmas, these satellites blend with the collisionally excited heliurrdiie line used to diagnose the
electron density and result in a distortion and shift of the helinmlike lime. Since our measurements
show that the amount of dielectxonic satellites blending with the heliumfike lines is larger than
generally assumed, a reanalysis of the density diagnostic based on the He-p spectrum may be
necessary.

The intensity of x-ray lines may not be isotropic if the lines are excited in collisons with
directiom-d elecmons such those in a beam or directional electrons produced in short-pulse laser
interactions. Instead, the emitted lines are linearly polarized. We have studied this phenomenon
by recording the x-ray lines emitted from heliurnlike Mgl~ under different conditions, and the
effects of polarization of the lines was immediately obvious. A detailed analysis of the data,
however, showed that tie polarization of each line was somewhat less than expected. This is
thought to be the result of thermal broadening of the beam that result in a partial depolarization.We



are presently working out the theoretical framework to determine the amount of thermal broadening
necesary to expaitt the observation. If successful, such measurements will provide a new spectral
diagnostic for determining thermal effects on electron beams.

In many cases, our spectroscopic measurements provide wavelength information that is more
accurate than data available from any other experiments or from calculations. As a result, our
measurements represent benchmarks for testing atomic structure calculations, inc$rding the effects
of relativity and quantum electrodynamics. In order to provide such benchmarks along the
heliumliie isoelectronic sequence, we have extended our measurements to include heliumlike
U%, i.e., the heliumlike ions of the heaviest naturally Occurnng element. These measurements
were carried out at the high-energy EBXTfacility using electron beams with 140-keV energy and
very accurate wavelength data were obtained [7].
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D. Scientific Cooperation

U.S. Cootrerations:
Auburn University, Auburn, AL
California Institute of Technology, Pasadena, CA
Columbia University, New York, NY
Kansas State University, Manhattan, KS
Lawrence Berkeley National Laboratory, Berkeley, CA
Morehouse College, Atlanta, GA
Navrd Research Laboratory, Washington, DC
Princeton Plasma Physics Laboratory, NJ
Texas A&M University, College Station, TX
University of California-Berkeley, Berkeley, CA
University of Nevada-Las Vegas, Las Vegas, NV
University of Nevada-Reno, Reno, NV
University of Washington, Seattle, WA
Vanderbilt University, Brentwcmd, TN
Western Michigan University, Kalamazoo, MI

International Coouerations:
GSI, Darmstadt, Germany
Hahn-Meitner-Institut, Berlin, Germany
Insritut fur Allgemeine Physik, Wien, Ausrna
Institut fur Kemphysik, Frankfurt, Germany
Johannes Kepler Universitit, Linz, Ausrna
Johannes Gutenberg Universittit-, Mainz, Germany
Friedrich Schlller Universitat Jena, Gemrany
Marine Siegbahn Institute, Stockholm, Sweden
Technische Universitat Graz, Ausrna
University of Paris, France



E. Personnel

Associate Director Physics & Space Technology: Richard J. Fortner
N. Division Leadec Mike Kreisler
EBIT Program: Dieter Schneider (SCHNEIDER2@.LLNL. GOV)

Scientific Staff Members:
Peter Beiersdorfer
Bret Beck (term)
Michael Briere (term)
Roscoe Marrs
Dieter Schneider

Post-doctoralx
Matt Cook (UNLV)
Jose R. Crespo Lopez-Urrutia
Vincent Decaux
Daniel Savin (UCB)
Joachim Steiger
Alexis Schach von Wittenau

Studentx
Lukas Gruber
Joseph McDonald
Christian Ruehlicke
Thomas Schenkel
George Weinberg
Klaus Widmann

Technical SuUuorr Staffi
Phil D’Antonio
Ed Magee
Dan Nelson
Ken Visbeck

Guest Scientists:
Peter Bauer
Greg Brown
David Church
Lutz Schweikhard
Augustine Smith
Gregg Stefasrelli
Thomas Stoehlker

Secretarw
Diane Rae
Telephone No. (510) 422-8018
Fax No. (510) 422-5940
e-Mail: rael@LLNL.GOV
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