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FAST-ICCD PHOTOGRAPHY AND GATED PHOTON COUNTING
MEASUREMENTS OF BLACKBODY EMISSION FROM PARTICULATES
GENERATED IN THE KrF-LASER ABLATION OF BN AND YBCO

DAVID B. GEOHEGAN
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6056

ABSTRACT

Fast intensified CCD photography and gated photon counting following KrF-laser irradiation
of YBCO and BN targets reveal the first observations of very weak emission from slow-moving
ejecta up to 2 cm from the target and times extending to =1.5 ms. Time-of-flight velocities
inferred from the emission measurements indicate velocities (v ~ (0.45-1.2) x 104 c¢cm s-1)
comparable to those measured for the large particles which often accompany the pulsed laser
deposition process. Gated photon counting is employed to obtain temporally resolved spectra of
this weak emission. The spectral shape is characteristic of blackbody emission, which shifts to
longer wavelengths as the particles cool during flight in vacuum. Estimates of the temperature of
the particles are made based on the emissivity of a perfect blackbody and range from 2200 K to
3200 K for both BN and YBCO when irradiated at @543 = 3.5 T em-2 and 1.5 J cm-2,
respectively. The temperature decrease of the particles in vacuum is compared to a radiative
cooling model which gives estimates of the initial surface temperature and radii of the particles.

INTRODUCTION

The laser ablation process is known to produce, in addition to monatomic and diatomic
neutrals and ions, large clusters and macroscopic particles. For YBCO films, the particles
usually appear spherical with diameters ranging up to 10 pm, and are readily apparent in films
deposited at low temperatures. The fraction of the mass transported to the growing film by
clusters and large particulates is not known, however improved superconducting thin film
properties have been obtained by separating the flux of particles from the plasma plume!-2 or by
vaporizing the particles using a second laser.3 : ,

Velocity filter analysis# and laser beam deflection measurements! have determined that the
macroscopic particles travel at velocities peaked ~1 x 104 ¢cm s-1, or about 100 times slower than
the velocity of the laminous plasma plume.

Several theories exist regarding the particulate ejection cause and dynamics, such as
subsurface heating and eruption or expulsion by shock waves in the target.5-7 Few in situ
diagnostics have been reported to investigate particle properties such as temperature, ejection time

-and size directly.l.8
Recent imaging experiments of the laser ablation of YBCO have not observed particle ejection

at very late times.9-14 ICCD images of the expansion of YBCO plasmas from the target showed
a separation of the bright plasma and an easily observable glow near the target surface which
lasted for ~2 p1s.9 Optical emission spectroscopy confirmed this emission to be from atomic and

molecular species.}> Further investigation of this region using longer exposures, however,
revealed that emission from the near-target region never totally extinguished, but continued to
much longer times. In this paper, more sensitive measurements reveal blackbody emission from

particulates generated from the KrF laser ablation of YBCO and BN in vacuum.16

EXPERIMENTAL

The experimental apparatus for gated-ICCD photography and optical emission spectroscopy
(OES) has been previously described.%15 The intensified, CCD-array camera system (Princeton
Instruments ICCD-576G/RB with 105mm Nikkor-UV lens) was utilized without optical filters
and was responsive over a 200-820 nm wavelength range.

Measurable emission spectra could be obtained by photon counting using the direct output of
a £/9.4, 1.33 m spectrometer outfitted with a 1800 lines/mm, UV holographic grating and
Hamamatsu R955 photomultiplier tube. The very weak-emission was easily observable as

Mat. Res. Soc. Symp. Proc. Vol, 285, ©1993 Materials Research Society




28

individual photon spikes at very late times in the d = 0 — 2 cm region following the strong laser
plasma signal typically monitored by OES. :

Optical emission spectra were obtained by photon counting with an /5.3, 0.3-meter
spectrometer (Acton VM-503, grating: 600 lines/mm, 750nm blaze) outfitted with a Hamamatsu
R943-02 photomultiplier. The photomultiplier was gated "off" during the first few microseconds
using a gated socket and the remaining low-level signals were amplified by a fast preamplifier
and then discriminated and counted by a gated photon counter (Stanford Research SR400).

The known output from a calibrated spectral source (NBS-calibrated 200W quartz-halogen-
tungsten lamp) was used to determine the combined spectral efficiency of the spectrometer,
photomultiplier and optics. The raw spectra were then corrected by this response curve.

RESULTS

A series of photographs is given in Figure 1 which illustrates the appearance of glowing
particulates following the expansion of the plasma plume caused by 6.6 J cm-2 KrF laser

Ahgn;nent 1us 2 us 5us

us Ous 40 ps 100 us

Figure 1: Photographs tracing the appearance of glowing particulates following the
expansion of the plasma plume caused by 6.6 J cm-2 KrF laser ablation of YBCO in vacuum
(1 x 10-6 Torr). Exposures (lens f/stops, MCP gate widths) are as follows: 1 us [f/32, 20ns];
2 us [£/32, 20ns); 5 us [f/16, 20ns]; 10 ps [f/11, 200ns]; 20 us [f/4, 200ns]; 40 us [/8,
lus]; 100 us [f/4, 2.2 us].

ablation of YBCO in vacuum. Each photograph captures a different single shot of the laser and
different exposure (see caption). From 0 <t< 2.5 us, the leading edge of the emission from the
plume travels at 2.0 cm sl from the pellet toward a cold stainless steel heater at d = 5 cm.
After the initial collision of the plume with the heater surface, a rebound expansion front can be
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seen as the brightest emission at t = 5 s, The intensity of the portion of the plume which has
not yet collided with the heater or the rebounded material has decreased dramatically at t =5 is.
At this time, a weak glow in front of the original irradiated area can just be discerned.

Att =10 ps in Fig. 1, the glow intensity near the pellet has grown considerably in relative
comparison to that of the rebounded plume. At t= 20 ps and longer times the emission near the
pellet surface dominates and expands in spatial extent in an apparent secondary ejection.
However, inspection of the digitized images using image processing software shows that the
glow extending from the pellet surface was present at early times, although it did not extend far
nor did it dominate in intensity.

Figure 2 presents a closer view of the emission near the YBCO pellet surface with 300 x 300
pixel resolution over a 1.85 ¢m x 1.85 cm imaged region. At t =5 us, the plasma has already
moved out of the frame and the particulates are barely extending 1 mm from the pellet surface.
The fastest observed radiating particles moved ~1.5 cm in 50 ps (0.03 ¢cm ps-1 ), while the
brightest region of the expansion moved at ~0.0045 cm us-! for YBCO and ~0.012 cm ps! for
BN at ®p48 = 1.5 J cm™2. The radiating particles appear to expand in a much less forward-
directed pattern than the initial plasma plume. The individual pixels observed in the photographs
are likely the result of individual photons which were detected and subsequently amplified by the
MCP intensifier assembly. Detectable emission exists in this region to ~3 ms where no pixels

record counts.

In order to determine the emission spectra, gated photon counting was performed by imaging
the d = 1-10 mm spatial region through the opened slits of the spectrometer. The spectrometer
was scanned in 5 nm intervals and photons were counted and averaged over at least 20 shots per

wavelength.

Figure 2: Photographs of glowing particulates in the d = 0 — 1.5 cm region following 1.0 J
cm-2 KrF laser irradiation of YBCO in vacuum. Time delays and exposures (lens f#, MCP gate
width) are as follows: 10 ps (£/5.6, 200 ns), 50 us (f/4, 2 pus), 1060 us (£/4, 2 ps), 200 ps (f/4, 2
1s), 300 us (74, 2 ps), 400 ps (74, 2us), 500 pus (74, 2 ps), 1 ms (f/4, 2 pus).

Broad emission spectra were obtained at late times for both YBCO and BN, starting at ~300
nm and rising into the near-IR. Figure 3(a) shows the emission spectrum measured 60 — 80 Us
following YBCO ablation. The spectral shapes were suggestive of blackbody spectra, and curve
fits to Planck's radiation law showed good agreement [see solid curve in Fig. 3(a)].
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Figure 3: (a) Emission spectrum from particulates within d = 1 — 10 mm of a YBCO pellet,
60 — 80 s following 1.5 J cm-2 KrF laser irradiation of YBCO in vacuum. The smooth curve is
a blackbody spectrum p(A) = (87he A-5) (eB¢/AXT — 1)~1fit o the data corresponding to a perfect
blackbody temperature of 2670 K. The spectrum is corrected for the spectral response of the
detection equipment (see text). Error bars represent statistical uncertainty (one standard
deviation) in photons counted within each 5 nm step. (b) Phosphorescence spectrum from the
surface of the BN pellet 1.0-1.1 ms following 0.09 J cm-2 248 nm irradiation in vacuum.

Other sources for the emission include luminescence from laser ablated particles. However,
the time dependence and spectral shape of measured target luminescences did not correspond
with the measured blackbody spectra. The BN targets utilized for these measurements displayed
a blue phosphorescence easily visible to the naked eye for several seconds following the laser
pulse. This phosphorescence spectrum was measured by turning the pellet and imaging the
irradiated pellet zone through the spectrometer. Figure 3(b) gives the phosphorescence spectrum
of the BN target surface measured 1.0-1.1 ms following 248 nm laser irradiation at a reduced
energy density of 0.09 J cm2. This spectrum agrees with previously published luminescence
spectra,17 but does not agree with the blackbody emission measured here at any time delay. A
much weaker luminescence band was measured for YBCO between 340 nm and 480 nm which
does not agree with the blue photoluminescence reported following 308 nm excitation.18

Photon counting in the d = 1-10 mm spatial region at increasingly longer delays yielded
emission spectra which were fit well by Planck's radiation law but indicated peaks further in the
infrared. This would be expected due to cooling of the particles. As a model for the results,
consider a small spherical solid particle, radius r, ejected from the target at temperature T and its
subsequent cooling by radiation as a perfect blackbody. At sufficiently high temperatures, all
simple solids have the same molar specific heat given by the law of Dulong and Petit, Cy = 3R =
25 Jmol-1 deg-l. The internal energy of the particle, radius r, molar density p, is

Eint = 4/3 7C1'3p CV T. (1)

The particle will emit radiation in accordance with the Stefan-Boltzmann Law where the total
rate of energy loss per unit area of the particle is

P, =ec, T* (65 = 5.67x 108 Wm2 deg™). @

The emissivity e(A) < 1 will be taken e = 1 for a perfect blackbody. Anr=0.5 jim BN particle
at 3000 K, for example, will have Ejpg = 5 x 10-107 of energy and radiate 14 W in a blackbody
spectrum which peaks at wavelength (Kp =0.97 um) given by Wien’s displacement law.
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The cooling of the particles by blackbody radiation results in a loss of internal energy given
by Egs. (1) and (2)

dEint
dt

=43 mr3p Cy %’%‘ =—eo, T*. (4nr?) (3)

which can be integrated to give a radiative cooling time dependence

-1/3
T:[—l—g+ 3e0s t} )
Ty Rrp

The blackbody temperatures obtained at different time delays following laser ablation of
BN and YBCO are plotted in Fig. 4 along with fits to the data of the form of Eq.(4). The fits to
the data of Fig. 4 return T, and r, the initial temperature and radius of the particles. For BN
(with p = 0.091 mole cm-3), T, = 3235 K and r = 5.3 um while for YBCO (with p = 9.60 x
10-3 mole cm-3), T, =2900 K and r = 13.0 um.

3000
= =
g 2 2800
2 2 i
%
8 8 [
B T 2600
T b L
< £
& §~24oo
§ 2 r
e < 2200 |
- - -
2000:xx|¥J|;lvxy];nxllels;xl.;|l|

0 200 400 600 800 1000 1200 1400 1800
Time after laser pulse (us)

Time after laser pulse (1s)

Figure 4: Particulate temperatures implied from perfect blackbody curve fits to emission
spectra such as Fig. 3(a) for (2) BN and (b) YBCO at 3.5 J cm2 and 1.5 J cm2, respectively.
Error bars indicate the temporal gate used for photon counting and the statistical uncertainty (16)
in the temperatures given by the curve fits. The solid curves are fits to the data using the
radiative cooling model (Eq. 4).

CONCLUSIONS

Fast ICCD photography has been used to image the emission from luminous material at very
long times in the ablation of YBCO and BN. The emission is also readily measurable by photon
counting with optical emission spectroscopy equipment. The emission is attributed to blackbody
radiation from hot particulates with velocities ~0.01 cm us-l. Both diagnostics should be useful
to identify and estimate the temperature for particles ablated from a variety of materials.

Initial (t=0) particle temperatures from BN of Ty ~3200 K are implied by the blackbody
emission curve fits and the radiative cooling model. This temperature is just above the ~3000 K
sublimation temperature for BN. Some (r ~ 1 pm) particles which attached to a cool Si substrate
5 cm away, however, were apparently molten. Initial temperatures for particles ejected from
YBCO are estimated at = 2970 K. These particle temperatures far exceed the ~2270 K
evaporation temperature of YBCOS and are consistent with models predicting superheating of
targets (for YBCO, 2 J em2, KeF: T ~5200 K)3 when rapid laser heating rates exceed thermal

conductivity and evaporation kinetics.
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The simple model for the cooling of the particles assumes uniform particle size and radiative
cooling only. The temperature drop of the particles from BN and YBCO are both initially faster
than the radiative model suggests. Evaporation of the particles would result in additional
cooling. Superheated particles should be expected to vaporize in flight at a rate determined by the
velocity of their vaporizing surface, which can be estimated from the Clausius-Clapeyron
equation and a knowledge of the thermal constants of the particle material. Vaporization results
in additional cooling while above the evaporation temperature, in agreement with the data for BN
and YBCO in Fig. 4.

The particle velocities are consistent with other experimental measurementsl# and with an
anomalous "slow" velocity component measured for ground state neutrals following YBCO
ablation.1® Vaporization of the particles and the hot surface of the target may partially explain the
very slow component noted in the ground state neutral velocity distributions and the persistence
in YO density near the target after hundreds of microseconds.13.19

Rohlfing measured blackbody emission spectra following Nd:YAG laser-vaporization of
graphite into a pulsed jet of helium and, using a similar model and analysis, estimated the particle
size at < 100 nm and temperatures of 2500-4000 K.8 In this case, the diagnostic was used to
monitor the gas phase clustering reactions due to background gas collisions. Rohlfing found that
the curve fits were relatively insensitive to different emissivity e(A) dependences, but very
sensitive to the temperature, T. Clearly, extracting detailed particle size and temperature
distributions will require emissivity e(A,r) data for small particles of the material of interest.
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