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Laser-driven inner-shell excitation in high-Z atoms:
A shell-selective impact ionization mechanism
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Abstract: A highly selective, coherent impact ionization mechanism is proposed for the efficient
generation of inner-shell population inversion in laser-driven plasmas. The theoretical analysis is

consistent with observed L-shell (2p+3d) emission spectra from laser-excited Xe clusters.
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The efilcient generation of inner-shell population inversion in high-Z elements (Z > 30) is the most direct route to
the development of an atom-based coherent multi-kilovolt x-ray source (i.e. a -1A x-ray laser). In this paper, we
describe a shell-selective, coherent impact ionization mechanism which is capable of providing a required pumping
rate in excess of 1W/atom for the generation of inner-shell population inversion in laser-driven plasmas. The

evidence for the existence of such a mechanism is contained in the Xe L-shell (2p+3d) emission spectra (Fig. 1)
obtained under laser excitation of 5-20 atom Xe clusters at irradiances of 1018-10*%/cm2 [1,2]. The spectra display
three striking features: (i) the generation of “hoHow” atoms [1], including the inverted ions Xe27+(2p53d]O) and
Xe28+(2p53d9), (ii) a -1OOOXreduction in the efficiency of Xc(L) emission as the pump-laser wavelength is increased
by a factor of -3 from 248nm to 800nm [2] and, most significantly, (iii) the observation of ionic species with double
2p vacancies only under 248nm excitation.
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Fig. 1. The kilovolt Xe L-shell (2p+3d) x-ray spectrum emitted by 5-20 atom Xe clusters excited by TW rrkraviolet
(248nm) and infrared (800nm) sub-picosecond laser pukes. The feature at 2.6-2.65A is due to a double 2p vacancy.

Under the experimental conditions, the observed 2p vacancies cannot be produced by direct
photoionization and so must be generated by a collisional ejection process: but not by a plane-wave mechanism
which would predict the ejection of all 3d electrons before a single 2p vacancy is produced. Instead, we propose
that free-electron wavefunctions photoionized by above threshold ionization (ATI) retain the phase and geometric
symmetry of their parent bound state – the “sudden” approximation. For Xe at 1018-101%/cm2, one of the last
photoionized states is the 4p state which, in the absence of dephasing scattering events, will then undergo coherent

intrinsic quantum mechanical (radial) spreading with a characteristic time ~ = 0.04fs as it is accelerated by the
ponderomotive laser potential. Since the rate of expansion of the ionized state exceeds its internal collisional
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original plastic insulation, instrumented with a
centrally located type K thermocouple, and
repackaged in a cylindrical jacket of urethane
compressible foam. Short circuit tests were
performed using a 0.050 ohms resistor. Forced

charge and forced discharge tests were driven at 5C
rates using Kepco bipolar power supplies. Cell
voltage and temperature were recorded using personal
computer-based hardware and sotlware by Intelligent
Instrumentation.

Thermal abuse tests in air were performed on stripped
cells equipped with four type K thermocouples placed
along the cell long axis. The cell was insulated with
glass tape and suspended vertically within a centrally
placed hole in a 3.5” square, resistively heated copper
block as shown in Figure 1. Cells were placed at 20,
50, or 80% state-of-charge (SOC) prior to test.
Heating was applied at 10C/minfrom room
temperature to 200”C. Cell state of health was
monitored every 25°C using a Solatron Complex
Impedance Analyzer model 345 scanning 12 points
between 0.1 and 10000 Hz.

Figure 1: Cu block for heating 18650 cells in air.

Inert atmosphere thermal abuse tests were conducted
in a 2 I Parr bomb (Parr Inst. Co., Moline, IL. MWP
1900). The overall test setup is depicted in Figure 2.
A helium flowof610 cc/rein was maintained around
Type H Li ion cells which were heated at 10C/min
from room temperature to 200°C using a cylindrical,
resistively heated block isolated thermally from the
bomb. Cell temperature and voltage were monitored
as in air tests. Evolved gases were sampled
continuously out of the bomb exhaust loop with a
Vacuum Technologies Inc. Aerovac residual gas
analyzer (RGA) producing a fill spectrum every 1.6
minutes, and every 10 minutes by a Varian 3400 dual

column gas chromatography(GC) equipped with
thermal conductivity (TCD) and flame ionization
detectors (FID). The TCD is useful for fixed gases
and lightweight hydrocarbons while the FID is for
general volatile organic species.
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Figure 2: Parr Bomb Test Apparatus for Inert
Atmosphere Thermal Abuse Tests.

Additionally, six remotely actuated, evacuated 150 cc
cylinders were positioned in parallel to the bomb
exhaust line to capture or “grab” gas samples at
different moments in the test for fiu-therGC and
GC/mass spectrometry analyses.

Results

Electrical abuse tests in air.
Short circuit (SC) conditions appeared to be well
mediated in both Type cells. In Type I, the PTC
tolerates the 25A SC only for a few moments before
shutting the cell current down to a low level and
keeping the cell temperature below 100C. In Type 11
cells; the cell has to warm to 120C first before the
shut down separator cuts back the SC current.
Forced discharge at a 5C rate did not appear
operationally hazardous for either Type I or Type II
cells.
Forced charge at a 5C rate takes both Type I and
Type II cells outside their normal 3.0-4.1 V
controlled operation range. PTCS in Type I cells
overheated, and in some cases, seemed to
fortuitously shunt the charging current to the case.
Where shunting did not occur, the lead breaker in
Type I cells could also protect the cell if the cell seal
remained intact to allow pressurization to break the
positive lead. However, if charging continued, both
Type I and II cells would ultimately vent and catch
fire.
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Figure 3: Heat Test on Type 11Cell #17 in air. Heat
Test under He similar.

Thermal abuse tests in air
Thermal abuse tests in air were run on Type 1cells at
100% SOC, but testing as a ti,mctionof SOC is only
reported here on Type II cells where duplicate tests
were run at 20, 50, and 80V0SOC (for example, see
Figure 3). For Type 11cells, onset of thermal
runaway occurred at a lower temperature and was
more severe at higher cell SOC. Cells at lower SOC
still fl.tmedand were probably ignitable, but they did
not burn of themselves, and they remained intact.
Onset of thermal runaway by this method occurred
between 190 and 225”C.

Thermal abuse tests under inert atmosphere.
The GC and RGA instrument configuration, shown
schematically in Figure 2, permits the real-time
observation of gases vented from the cell as fimction
of temperature. The short duty time of the RGA
permits fast evaluation of evolved gases; the GC duty
cycle is slower but will separate and analyze products
that have similar mass, e.g., mass 28 species CO, Nz,
and CZHJ. Using this apparatus, it was possible to
observe different gas evolution events during heating.
A cascade plot of the fixed gas GC results is shown in
Figure 4. There was an initial cell-venting event that
may be observed, followed by a major cell venting
when thermal runaway occurred. Figure 5 shows a y-
scale enlargement of the initial cell venting data.
The organic GC results also showed the initial and
major venting events. One organic GC chromatogram
is shown in Figure 6. There were many organic gas
products, the principle species observed being
methane, ethylene, ethane, and propylene. Higher
organic C4 and C5compounds are also observed.

Several mass spectral traces collected during the
initial and major vent events are shown in Figure 7.
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Figure 4: Fixed Gas GC Results.
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Figure 5: Enlargement of Initial Vent, Fixed Gas GC
Results.

Note the scaling factor for the y-axis of each plot. The
increases in magnitude, during venting, of peaks
attributable to hydrogen (mass 2). carbon monoxide (mass
28), and carbon dioxide (mass 44) were clearly observed.
The grab samples collected during the thermal abuse test
were examined separately to complement the real-time gas
data collected in the ECF. Grab samples collected during
the initial venting (Grab 1 through 3) and major venting
(Grab 4 through 6) showed dramatically different amounts
and inventory of gases, as seen in Figure 8.

The grab sample analysis confirms the presence of
hydrogen gas during the venting episodes for the cell.
Mass spectrometry on the grab samples (not shown) re-
affirmed the presence of 7.5°/0to 8.6°/0hydrogen in
addition to indicating the reported product gases shown in
Figure 8. The balance of the gas in the grab samples wa~
helium from the bomb atmosphere. Fourier transform –
mass spectrometry analysis of the grab samples shows a
species of mass 39 (F2H-)in the negative ion mode; that
datum, and the RGA signal at mass 20, suggest the
presence of hydrogen fluoride. The presence of this
species will be confirmed in later reactive-gas trapping
experiments.
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Figure 6: Thermal Abuse Organic Gas
Chromatogram, mid-test.
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Figure 7: Thermal Abuse MS scans during
Venting
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Figure 8: Grab Sample Gas Analysis

Conclusions

The electrical and thermal abuse tests on Li ion
18650 cells in air have been reported. GC and mass
spectrometric methods have been shown by which
these safety abuse events, observable in air, can also
be chemically followed under a helium atmosphere
through time and temperature. This identification and
quantification of flammable and toxic materials
released can aid in materials selection for larger and
safer Li ion cells.
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