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We describe a recently designed and constructed system based ;n normal incidence vacuum
monochromator with correctgtbroidal) optics that produces a wavelength tuneable and collimated
vacuum-ultraviolefVUV) (A =30—100 nmpeam. The VUV continuum source is a laser-generated
gold plasma. The primary function of the system is the measurement of time resolved “images” or
spatial distributions of photoabsorption/photoionization in expanding laser plasma plumes. This is
achieved by passing the beam through the sample of intéresur case a second synchronised
plasmajand recording the “footprint” of the attenuated beam on a charge coupled device. Using this
VUV photoabsorption imaging or “shadowgraphy” technique we track and extract column density
distributions in expanding plasma plumes. We can also measure the plume front velocity. We have
characterized the system, particularly in relation to spectral and spatial resolution and the
experimental results meet very well the expectations from ray tracing done at the design phase. We
present first photoabsorption images and column density distributions of laser produced Ca plumes
from the system. ©2003 American Institute of Physic§DOI: 10.1063/1.1571974

I. INTRODUCTION photoabsorption spectra of almost all atoms and ions is the
dual laser plasmaDLP) method®® In DLP spectroscopic
The interaction of intense laser beams with materialsexperiments, one laser plasma constitutes the absorbing
leading to rapid phase transitions and the production of hotsample” while the other forms the vacuum ultraviolet
plumes of material, is a subject almost as old as the lasqi/UV) (continuum)backlighting sourcé® VUV light passed
itself. Although the plumes are intrinsically of interest asthrough the sample plasma is dispersed by a spectrometer
archetypal systems for the study of matter at high temperagnd recorded on a VUV sensitive array detector. By varying
ture, it has only been in the last decade or so that the potefihe delay between the formation of the “sample” and “light
tial of laser generated plasma plumes to find real applicatiogoyrce” plasmas one can measure the time resolved photo-
areas has been realized in, e.g., materials depositieep- absorption spectrum of the sample plasma. By recording
ultraviolet (UV) to x-ray source in analytical spectroscdpy, photoabsorption spectra in different spatial zones of the
lithography?® microscopy’ etc. As a result experiments aimed sample plasma it is possible to build up a picture of how the
toward “complete” spatio—temporal _characteri_zation Qf Iaserp|asma evolves in space and time. Unfortunately the use of
plasma plumes have becorde rigeurin recent times. Direct  yhe conyentional DLP technique as a plasma diagnostic is
imaging of the UV—near infrared light emitted from plagma very limited due to the necessity to probe sequentially the
plumes with gatgd charge coupled devi@CD) camera$ different plasma zones. The full spatial history of the plasma
and also of the light absorbed from wavelength tuned Iésersevolution must therefore be built up over many shots.
are important d_iagnostics of laser ablated/pl_asma plumes. We have recently shovthin a proof of principle experi-

Thent that probing a laser ablated/plasma plume with mono-

latter can provide corresponding data on around state %rhromatic VUV light can overcome this limitation. In con-
W y provi ponding grou . “Trast to the usual DLP spectroscopy experiment we pass a
dark” species. However, tabletop tuneable lasers are limite

. . 80llimated VUV beam, tuned to an atomic or ionic reso-
for many practical purposes to wavelengths in excess of 30
nance, through a laser—plasma plume and measure the result-

nm if one requir I nergi ve a few mJ. As a resul . . .
one requires pulse energies above a few mJ. As a esuatm transmitted imag@r shadow). In this way we are able to

the range of accessible resonance lines of even singl L . S :
g . . . . _Sihg tham directly the spatial-temporal distribution of particular

charged ions is severely curtailed while reaching the ioniza_ i

tion thresholds of these species is impossible. plasma species.

A well established technique for the measurement of AS. outlined in Ref. 11, VUV radiation has a number of
attractive features for application to laser ablated/plasma

plume characterization, some of which are worth repeating
aAuthor to whom correspondence should be addressed; electronic maif€r€ for completeness: VUV light can access resonance lines
jtc@physics.dcu.ie of all atoms and moderately charged ions. Hence one can
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track plume species with resonance energies up to the photon
energy limit of 35 eV(A~40 nm) here. The pulsed laser
plasma light source emits VUV radiation typically for
0.1-50 ns, depending on the heating pulse duration; hence
the temporal resolution available can be short and achieved
automatically without any additional fast switching require-
ment. The laser plasma source makes analysis of the trans-
mitted light distribution relatively uncomplicated. It is, to a
very good approximation, a direct image of photoabsorption
within the plume. There are essentially two reasons for this.
The dimensions and effective relative bandwidth of a laser
plasma source means that it is essentially an incoherent
source(longitudinal coherence of 10 um) and hence image FIG. 1. Optical layout of the vacuum ultraviolet photoabsorption imaging
analysis is not complicated by the presence of interferenc® ™

patterns. In addition, refraction of a VUV beam in a plasma ) ) )
with a given density gradient is significantly reduced com-&mission can be of comparable intensity. By placing the de-

pared to the case for a visible beam, with beam deviatiof€Ctor at a large distance from the sample plasma, the un-
angles scaling approximately aiip(obe)z- This also means Wanted emission from it falling on the CCD detector can be

that one can access areas of the plasma in and around tRignificantly reducedcompared to the VUV probe beam in-
critical density region of the plasma. tensity), thereby improving the signal to noise ratio of the

The use of VUV radiation as a probe has yet anothephotoabsotpiom images and thus the accuracy of the mea-

very important advantage—it can be used to photoionize agUrements. _

oms or ions, a process effectively immune from the usual Ve report here a tuneable and collimated VUV beam

radiation transfer problems, which complicate optical prob-SyStem based on a 1 m normal incidence vacuum monochro-
ing of plasmas with ground statéound)resonance transi- mator coupled to a laser plasma VUV continuum source. A

tions. In particular, tuneable VUV radiation can be used toSPecially designed toroidal mirror couples radiation from a
induce resonant photoionization in, e.g.,Ba laser plasma light source onto the entrance slit of the mono-

chromator while a second mirror collimates the wavelength

Grating Collimating VUV Bandpass

Ba'(5p®6s2S)+hv—Ba'* (5p°6s5d2P) tuned(VUV) radiation emerging from the exit slit. The latter
61 B monochromatic VUV beam is used to probe the sample of
~B& " (5p*!S)+e . interest located downstream between the collimating mirror

Almost all absorbed phot ted to elect gnd CCD detector.
most all absorbed photons are converted 1o electrons and —yy, fq present the basic platform and describe the main

hence one dogs not hz_ive_ o be concgrned abo_ut mUItIpI(,eonsiderations determining the final design. Measurements
photon absorption/reemission cyclEpacity effects)n the of the key parameters for the system, namely spectral reso-

plasma P'“”.‘e- Th|s IS a S|gn|f!cant advantage of the VUVIution, spatial resolution, and VUV flux are presented and
photoionization imaging technique. For those atofaad

; : RN . compared to the original values predicted by our ray tracing
ions) for which measured photoionization cross sections ar%esign code. Finally, to illustrate the usefulness of the sys-
available one can extract column density val(ék). (NL is '

: e : . .~ _tem, we show some time resolved images of Ca and Ba
the column.densny which is the mtegrateq ion de.nsny t'mesplasmas and a column density map for'Ba derived.
the absorbing column length along the line of sight of the
:)/tl;:;/r k;eda\llrgr.])t;he. use_of_lnner she_ll excitations brings an- I*. BASIC OPTICAL PLATFORM
ge; excitation energies for different stages o

ionization tend to be displaced slightly from each other. A schematic diagram of the system is shown in Fig. 1.
Thus, keeping all other experimental conditions identical,The main elements are the VUV light continuum light source
one can readily image different ionization stages of the samé@W or Au plasma), gold coated focusing and collimating tor-
atom in one experiment by tuning the monochromator energpids, normal incidence monochromat@cton Research™
to the relevant resonance lines. model VM-521), sampl€¢Ca and Ba here), and back illumi-

In Ref. 11, we employed a diverging beam interrogatechated CCD(Andor-Technolog§).*? All five major compo-
by a back-thinned CCD array. A more ideal configurationnent parts are housed in vacuum chambers and evacuated
would use a collimated beam. The advantage of probing theith Leybold PT-series™ turbomolecular pumping rigs to
sample plasma with a parallel beam is that it simplifies thepressures of better than<i10~® mbar. The VUV continuum
geometrical interpretation of photoabsorption images an@mitting plasma is formed by focusing the output pui3@0
thus the extraction of physical information. Moreover it mJ/1064 nm/8 nsfrom a Continuum Surelite™ Nd-yttrium—
gives us the freedom to place the sample plasma and/or deluminum—garnet{YAG) laser onto tungsten or gold slabs.
tector (a backthinned CCD), at variable distances from theThe spot diameter is<100 um and hence the irradiance
collimating mirror chamber. This is not a trivial point. Apart approaches 1 TW cnf. The VUV pulse duration is-50 ns
from flexibility in attaching “end stations” to the beam, in and determines the system time resolution. For better time
those wavelength regions where the intensity of the conresolution we plan to use another Nd-YAG lasEKSPLA
tinuum source is low, the signal due to the front plasma312P™)which delivers up to 400 mJ per laser shot in 170 ps
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(b)

at 1064 nm. Based on earlier measurements on continuun
generation with plasmas formed by picosecond |d3eve

expect this laser plasma driver to yield a sub 250 ps VUV
pulse. The absorbingample)plasma is formed by focusing 0.01
the 300 mJ/1064 nm/15 ns output pulse from a Spectrong ©.00
SL400™ laser to a line of length 3 mm and height 0.1 mm  -c.01

0.02 0.51 ‘i

05 &

onto Ca slabs. The resultant peak on-target irradianeebis 0021 s :
GWcm 2 -0.02-0.01 0.00 001 0.002-01 0.0 0.1 02 05 00 05
A major drawback of the earlier systéhwas the low mm mm mm

intensity of the VUV beam. The main reason was the lOWFIG - or simulated raviolet “footorints” of the |
S _ FIG. 2. Computer simulated vacuum ultraviolet “footprints” of the laser
!’eerCtIVItY n th? 30-100 nm WaVE|ength rang_e of t,he focus plasma source on a plane located at the entrance slit of the 1 m normal
Ing Sph_er'cal mirror Us_ed and also t_he_abe”at'ons 'ntrOdqceﬂcidence monochromator fofa) 85° incidence and an aperture bfL.00
by having to operate it off-normal incidence. Coupled with x /100; (b) 85° incidence and an aperture @60 xf/50; and(c) 85° inci-
the relatively low intensity of the continuum source of dence and an aperture B25xf/25. By aperturing down the focusing mir-
10" photons/nm/St* obtaining images with good signal to [i%rncs’”tﬂ;efsgtt;"’r‘i':]‘t’?sal'e'zsﬁg&;? %20(:2 g;iﬁi?é?l and meridional direc-
noise ratio, was difficult. As a consequence, to counterbal-~ '
ance the lack of light flux, both entrance and exit slits of the . . . . o
0.2 m monochromator had to be opened to 2850 resultin optimized to operate with 5am wide entrance and exit slits
in’ poor spectral resolutiof® nm at :wavelength of 50 I’?f% in order to improve spectral resolution over that obtained in
In the VUV—soft x-ray spectral range, optical systems. Op_Ref. 11. Optical aberrations for point-like sources at the en-
erating at grazing incidence are wideI;/ used to enhance ret[ance slit plane of the monochromator have been simulated
L L : S using the ray tracing code and are shown in Fig. 2. It is clear
flectivity. For these angles of incidence, astigmatism is Very, -t at 85° incidence, the aberrations are larger thana0

|mpqrtant and Wlthout careful design a loss in sp.ectral and/o]rOr an angle of acceptance of 20 mradx20 mrad and more
spatial resolution can result. In systems using concav

) : . . than 1 mm for an acceptance angle of 40 mradx40 mrad.
spherical gratings, a matched toroidal mirror, placed betwee|:_1Or an aperture of 10 mradl0 mrad, the size of the image

the Iight source and grating_, can _be used to (—;-Iiminate or a(Sf a point source is less than 40m, indicating little or no
least significantly reduce astigmatismA new optical layout light flux loss at the(50 xm) entrance slit of the monachro-
comprising two gold-coated toroidal mirrors and a VUV mator for a small point-like plasma source

monochromator, for which parameters have been defined us- The various mirror parameters are obtained by solving

ing a ray tracing cod& is used here to produce a system . o uation¥

with relatively high spectral and spatial resolution while q

maintaining optimum VUV flux throughput. 11 2
The wavelength of interest is selected gsm 1 m R 5+ q Rcosa’

=999.94 mm) normal incidence monochromator with a con-,

cave grating of 1200 groves/mm. The grating is blazed for &

wavelength of 80 nm and covers the wavelength range be- 1 1 2cosa

tween 30 and 150 nm. The reciprocal linear dispersion is 0.8 -t a: ' 2

. p
nm/mm at a wavelength of 50 nm and the best resolution i ) ) .
attainable is~10 000 at 100 nm with 5m wide entrance/ " the sagittal plane whengis the mirror to source distance,

exit slits. The dimensions of the grating are 96 mf6 mm  d the mirror to image distance in the meridional plagethe

and hence the aperture of the spectrometei’i9.4 in the ~iMage to mirror distance in the sagittal plamethe angle of -

tangential plane and/17.8 in the sagittal plane. The spec- incidence, whileR and_p are the 'Fanggntlal and sagittal radii

trometer is evacuated with a turbomolecular pumping systerfif curvature, respectively. Having fixeg, g, andq’, the

to a pressure of-1x 10~ ¢ mbar. other pa_rame_tters of the toroidal mirror were calculated and
Guided by an extensive ray tracing study, the parametersUmmarized in Table I, the second column.

of the first toroidal mirror were chosen so as to focus the 1he parameters of the second toroidal mirror have been

laser plasma light onto the entrance slit of the monochro€h0sen to create a parallel beam of cross section 4<#m

mator with minimal aberration. Space and mechanical con- _ o _ .

straints determined that the length of the entrance arm shoultf*BLE !- Entrance(focusing) and exit(collimating arm toroidal mirror

1)

the meridional plane

be set at 400 mm. This distance was also the minimum peﬁarameters'

mitted to ensure that the mirror was not damaged by plasmpaarameter Focusing toroid Collimating toroid

debris. L. . . Entrance arm 400 mm 400 mm
The angle of incidence on the focussing mirror was set ag; arm 400 mm _

85° where the reflectivity of gold is higfr8% at 50 nm).  Tangential radius 4590 mm 9180 mm

The mirror operates in the Rowland circle configuration, i.e. Sagittal radius 34.9 mm 63.5 mm

the mirror to source distance is equal to the mirror to imagéncidence angle 85° 85°%

. . L : oating Gold Gold
distance in order to minimize aberrations. The aperture of th%ﬁrror size 60X20 mm 6020 mm

system was reduced to 10 mradx10 mrad by masking thgngie of acceptance 2010 mrad 10%10 mrad
toroidal mirror on the entrance arm of the system, which is
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mm. This condition, as well as the reduced numerical aper-
ture of the system, determined the position of the mirror to
be 400 mm from the exit slit of the monochromator. As for
the focusing mirror on the input arm, using the ray tracing
code to monitor the optical aberrations for different angles of
incidence, the angle was set at 85° where the aberrations
were found to be negligible and the reflectivity of the gold
coated mirror was hightypically 75%—85%). The param-
eters of the collimating mirror calculated using E¢b). and P "
(2) and are given in Table I, column 3. Both mirrors, placed Ao

in precision optical mounts allowing rotation and translation %ﬁ 100 nm
movements, are enclosed in cylindriq@luminum) cham- Skk

bers and evacuated using a turbomolecular pump to pressure 3 —
below 10 ° mbar. All the different components of the system mm mm
are connected using ISO-KF 40 aluminum pipes and are all (a)
evacuated using turbomolecular pumps. Finally the image
data acquisition is performed using a VUV sensitive, 2048
X512 pixel backthinned camera with a pixel size of 13
umx13 um.

(i) Wavelength
l “ 30 nm

50 nm

mm
bH Lo 2 Nebbioanebhioana

G h b o2 nobhdhoanwbbiosrnoe

30 nm

Ill. SYSTEM CHARACTERIZATION

A. Beam footprint 4.16 mm

The system was designed to deliver a collimated VUV
beam of cross section 4 mx# mm. Figures 3(aand 3(b)

show the calculated and measured footprint of the collimated 4.73 mm 50 nm
VUV beam for different wavelength80, 50, and 100 nmat
distances of 550 and 1050 mm from the exit mirror. We 436 mm 431 s
observe a good agreement between the measured and calcu
lated footprints. In particular the probe beam displays show a
4.81 mm 100 nm

very low beam divergence<0.5 mrad)in both the horizon- :
tal and vertical directions. il il

B. Spectral resolution 421 mm

(b)

The spectral resolution of the system was calculated us-
ing the ray tracing program for different entrance and exit slitFIG. 3. Comparison between predictéd top panel and measuréd) bot-
widths at wavelengths of 30, 50, 70, and 100 nm. The wavetom panel footprints of the coIIimat_ed VUV _beam for three_'diﬁerent wave-
length was scanneghumerically)in 0.01 nm steps in order ul*?gr%ﬁ:rffgéFn%;?ndglgﬁrg?t two distancesti) 550 mm andii) 1050 mm
to simulate the full width at half maximum of the transmitted
intensity (computed instrument function The results are
shown in Fig. 4(a). We note that the resolving power is
mainly determined by the width of the entrance slit of the
monochromator when using the 1200 grooves/mm grating.
best resolution of up to 10000 for a&m entrance slit is

resulting in “superpixels” of size 0.832 mm0.832 mm to
aximize the detected flux. Due to the large area of the
superpixels, single shot data acquisition was possible, thus

quoted by the manufacturer. With a 5@m entrance slit preventing the formation of large craters on the target surface

width, the resolving power is-1000 at a wavelength of 50 and giving us better stability on the output flux. A set of

nm, and more than 2000 at 100 nm. Based on these simulgpages were taken scanning the wavelength.from 58.2 to
tions we decided to operate the system with a0 en- 58.50 nm in 0.02 nm steps. Fo(B4X64)superpixels were

trance in order to capture almost all source flux. We set thiSolated on every image and the total of count per superpixel
exit slit (which determines both spectral and spatial resolu2dded for every wavelength. The results are plotted in Fig.
tion) at the same value having the option to increase the exft(b) for matched entrance and exit slits widths of 50 and 100
slit width to 100,4m to gain more flux. pm each. For entrance and exit slits of 10, we mea-
These computed results were checked experimentally ugured a linewidth of 0.08+0.01 nifull width at half maxi-
ing absorption spectroscopy. We measured on thénum) while a linewidth of 0.05-0.01 nm FWHM was ob-
He 1s?—1s2p absorption resonance at 58.43 nm. The heliunfained when operating with entrance and exit slits of.50
pressure(P) in the target chamber was held in the rangewidth. These experimental values correspond to resolving
0.17 mbar<P<0.19 mbar and the absorbing column lengthpowers of 730 and 1160 at 58.43 nm and are in good agree-
(L) was ~900 mm. The experimental procedure is as fol-ment with ray tracing, which predicts resolving powers of
lows; the pixels on the CCD camera were binned X@&%” 660 and 1200, respectively, at 58.43 nm.
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-—s— entrance 50;..m; exit 50 ;:m Counts

—e— entrance 100;.:m; exit 50 ;:m == Jn
—x— gntrance 100;:m; exit 100 ./m
-—+— entrance 140um; exit 140 ;:m

g
§
g
§

@ 6000
3 c
2500 g 3 4000 / \
o 2000
g 2000+ 6 A
& 1500 200 300 400 500 600
2 Pixel
£ y
§ 10004 ./// . (a)
] e
20 30 40 50 60 V0O B0 90 100 110 ]
Wavelength (nm)
1500
(@)
© 10004
@ (if) X
4000 13000 o
| @ 500
c
3500 05 (A) 12000 0.9 (A) /\ 3
1] N 8 0-
c - .
3 3000 11000 | 7 E
o -500
2500 10000 T r T T T T
0 10 20 30 40 50
2000 e 584 585 9000 584 585 Pixel
Wavelength (A) Wavelength (A) (b)
(b) FIG. 5. Knife edge imagéa) left-hand side panel and corresponding lineout

(a) right-hand side panel measured at a wavelength of 50 nm. The upper
FIG. 4. Resolving power of the system predicted by ray tra¢aygipper panel was obtained at 100m/100 um wide entrance/exit slits while the
panel. Results are shown for different combinations of entrance and exit slitbwer panel(b) shows a Lorentzian fit to the corresponding line spread
for a number of wavelengths in the 30-100 nm range. Meas{aiesbrp- function.
tion) line profiles(b) lower panel at the 58.4 nm (Hes3—1s2p) resonance
for 50 um/50 um and 100um/100 um wide entrance/exit slits. The corre- . . L . s .
sponding resolving powers of 1200 and 650 are in excellent agreement with""”ed by dlﬁerentlatlng this trace. This fit gives a FWHM of

the predicted values. 135+30um, which is to be compared with a value of 130
pm from ray tracing with the same entrance/exit slit widths.
C. Spatial resolution The horizontal spatial resolution improves independently of

. . . i the entrance slit width when the width of the exit slit is
The horizontal(tangential planespatial resolution was g, ther reduced. An accurate measurement is, however, dif-
measured using the edge trace technitfuhe edge trace ficult to make since the flux at the CCD decreases accord-

was obtained by inserting a knife edge_ intq the path of thE?ngly. That said, ray tracing predicts that a tangential spatial
collimated VUV beam for different combinations of entrance .oqojution of 65um should be possible for a point-like

and exit slit widths. The knife edge is oriented parallel to slitSource and exit slit width of 5@m with the current system.

jaws and can be translated horizontally on a micrometeqyq yertical spatial resolutiofsagittal planewas measured
driven stage. The edge trace is the integral of the line spreagy;n g the same procedure but with a horizontal knife edge.
function”® and hence the latter can be obtained by simplyjere’ the resolution is limited by the emitting size of the

differentiating the edge trace. Figuréabshows an image of 1 5qma source. We measure a vertical resolution in the range

the edge trace at a wavelength of 50 nm with entrance a”ﬁ!GOiSO,um which can be compared with a ray tracing pre-
exit slit widths of 100um. The figure is divided into two diction of 180 um.

parts. On the left-hand side, the actual shadow of the VUV

beam, showing the knife edge cutoff, recorded by the CCRQ,, VACUUM-UV PHOTOABSORPTION

camera is shown. The monochromator was set at a Wav@pHOTOIONIZATION) IMAGES OF Ca PLASMA

length of 50 nm for these measurements. The pixels were| UMES

binned 4 X 4(effectively 52umXx52 um superpixelsand the , . +

image was recorded by accumulating ten laser shots. On tHe T|me21esolved absorption images of Ca, Ca :

right-hand side a plot of intensity versus horizontal pixeland ca

number at a particular vertical pixel position is shown. The In Figs. 6(a), 6b), and 6(c)we show a series of photo-
two horizontal lines on the plot are set at 10% and 90% ofabsorption images of Ca plumes recorded at different instants
the total intensity and the slope of the intensity falloff is after the plasma breakdown. The VUV beam was tuned to
measured between these lines. With both entrance and esxhe inner shell (p—3d) resonances of atomic G&ig. 6(a)]

slits set at 100um, the position of the intersection of the and Cd [Fig. 6(b)]and also the valence f3-3d) resonance
knife edge with the 10% and 90% lines is separated by20 of C&* [Fig. 6(c)]in order to separate out the different
pixels or 260+13um. In Fig. 5(b)we show a Lorentzian charges states. The VUV continuum duration-80 ns and
profile fitted to the corresponding line spread function ob-represents the exposure time for each recording. The shad-
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FIG. 7. Time resolved column densifNL= [ n(l)dI] maps of Bd in a
plasma plume atia) 100 ns andb) 200 ns after the initiation of the plasma.

extract column densities, NEf n(x)dx, wheren(x) is the

ion density along the line of sight. Such data are available for
Ba'1° while the procedure to obtain them has already been
described in some det&iland so we only give an outline
here. Briefly we constructed “equivalent width” maps
WEe(x,y) from each shadowgram. Since the continuum inten-
sity does not vary much over the spectral width of the probe
beam(typically ~0.1 nm)the expression for the equivalent
width simplifies to

WE=f {1—exg o(E)NL]}dE, 3)

wherea(E) is the total absolute photoionization cross sec-
tion and the integral is taken over the 26.5 eV, tentatively
assigned by us as thg56d resonance profile. To convert

the maps of equivalent width obtained experimentally into
maps of column density we solved graphically the above

owgraphs embody information on the spatio—temporal evoeguation. The profile of the absolute cross section is kridwn
lution of the ground state species in the plume, i.e., the darRnd by multiplyingo(E) by different values of NL we can
material not seen in time resolved emission imaging with &compute the value dfVe using a suitable software package
gated CCD camera. All pictures are photoexcitation in na{heremATLAB ™2 or MICROCAL ORIGIN™?!). We constructed
ture. However, since thepB-3d resonances in the neutral in this way a table of values ofVg as a function of the
and singly charged species are inner shell transitions, the@lumn density. We then plotted NL versw and by fitting
images are effectivelyresonant)photoionization images of @ high order polynomial to the curve we converted measured
these species. For the doubly charged ion, with an Ar-like/Ve image(pixel) values directly into column density values.
electronic configuration of g8 (1Sy), the image is due to In Fig. 7 we show such “column density maps” for Baat
photoexcitation only and the excited state can decay only b00—200 ns after plasma breakdown. The column densities
fluorescence. The expansion of the individually selecte@re in the range (1-3y10"ionscm ? in the regions
(ground statespecies within the Ca plume are clearly quite Probed which lie betweenr-0.5 and 4 mm from the target

different. The C4 component moves at a velocity of2

surface. We will report in detail on these and other data ob-

x10°cms !, while the atomic Ca component is clearly a tained on Ca and Ba plasma plumes in a subsequent article.
good deal slower at-4x10°cms 1,

B. Measurement of plasma plume ion column

densities—Ba *
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