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In  this  work,  a study  of  the  morphology  of individual  dots  of  silver  paste  deposited  by  laser-induced
forward transfer  (LIFT)  is  performed  using  a ns-pulsed  laser  at 532  nm.  The  LIFT  process  is  characterized
by  scanning  confocal  microscopy  on the deposited  material  and in-situ  time-resolved  imaging  during  the
transfer  in  order  to illuminate  the  flow  dynamics  in relation  to the  pulse  energy and  paste  thickness.  The
influence  of process  parameters  on the  structure  of transferred  dots  is explained  both  phenomenologically
and  analytically.

Depending on  the  experimental  conditions,  different  transfer  regimes  were  observed.  These  regimes
aser-induced forward transfer
aser direct-write
rinting
etallization

have  similarities  to  those  reported  for  LIFT  of Newtonian  fluids  and  nanopastes,  but  the  multiphase  and
non-Newtonian  rheology  and  thicker  films  used  lead  to  noticeable  differences,  such  as  the  formation
of  a continuous  and  stable  pillar  connecting  donor  and acceptor  substrates  when  the  paste  film  is  thick
enough  and  the  energy  is optimum.  This  process  regime  allows  transfer  of  dots  with  high aspect  ratios,
which  is desirable  for  the  printing  of contacts  on solar  cells.
. Introduction

Laser-induced forward transfer (LIFT) is a direct-write laser
echnique, capable of transferring a variety of materials (especially

etallic solid materials or material dissolved in an assisting matrix)
n different sizes onto a number of substrates [1]. LIFT uses laser
ulses to push small volumes of material from a donor film onto
n acceptor substrate. The film coats a transparent substrate, and
he laser beam is focused at the donor substrate/film interface.
hroughout the duration of the pulse, the laser energy is deposited
t the laser spot into the interface, vaporizing a small amount of
he material, and pushing and accelerating the non-vaporized part
f the donor film towards the acceptor substrate [1]. Attractive
eatures of the LIFT process such as easy setup, high flexibility in
hoice of printed contents and cost-effectiveness have even made
n industrial implementation feasible [2].

It is thus possible to use LIFT for printing metallic contacts [3,4]
nd patterning solder paste [5] for microelectronics, or microwave
nterconnects in coplanar waveguides [6]. In those cases, inks or
astes with silver nanoparticles are used as donor materials. LIFT

an also be used for the metallization of the front side of solar
ells [7]. In this case, one of the aims of solar cell researchers and
anufacturers is to find technologies leading to an increase in the
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efficiencies of solar cells while keeping costs low. Specifically, pro-
cedures capable of making better contacts by improving the aspect
ratio and decreasing contact losses are sought [8]. Several different
techniques [8,9] have been developed to overcome the limitations
of conventional screen-printing, which is the well-established and
robust method to deposit metal contacts in solar cell industrial
production. LIFT performed with ns pulses is a well-known tech-
nology to generate structured metallization onto substrates, but it
has not yet been used to create the front contact fingers for a pho-
tovoltaic device in a single step, although a two-step approach has
been developed recently [10].

Previous work [7] demonstrated the feasibility of printing long,
high-aspect-ratio lines of a commercial micron-sized silver paste
onto c-Si cells, although the parametric window to achieve good
results was narrow. In order to control this printing process, it is
desirable to understand the effects of the LIFT process parameters
(laser pulse energy, silver paste donor thickness, and gap distance
between donor and acceptor substrates) on the morphology of the
transferred paste. The effect of these experimental parameters on
the mechanisms for material transfer using LIFT have been widely
discussed in the case of solids [11], Newtonian fluids [12–14], and
nanopastes [15–17]. However, the particular rheology, viscosity
(>200 Pa s), and particle size of the silver paste (∼1–10 �m)  used

strongly affect the transfer process and the shape and quality of the
printed voxel, distinguishing its mechanisms from those observed
previously in conductive inks or nanopastes. The present work
employs single Gaussian laser pulses with spot size on the order
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Table 1
Dupont Solamet PV17F properties [19].

Viscosity (Brookfield HBT, 10 rpm
SC4-14/6R utility cap and spindle,
25 ◦C)

280–400 Pa s

Solid Content at 750 ◦C 89.5–91.0%
Resistivity <5 m�/sq/�m
Silver grain 1–4 �m
Organic carrier N,N′-Ethane-1,2-diylbis(decanamide)

12-Hydroxy-N-[2-[1-
oxydecyl)amino]ethyl]octadecanamide
N,N′-Ethane-1,2-
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f the donor film thickness to print voxels with high aspect ratios.
he morphology of the printed voxel is discussed in terms of the
ransfer mechanisms. To this end, a time-resolved imaging study
14,18] is presented to enable a detailed explanation of the transfer
ynamics for this important class of material.

. Experimental

.1. Voxel printing using LIFT

A commercial silver paste (DuPont Solamet PV17F) was  used as
he donor material for LIFT. It is a highly conductive silver paste
hat provides excellent efficiency, reliable soldered adhesion, low
ay down, rapid dry, and very fast firing. Although it is designed for
creen-printing, its excellent electrical and curing/sintering prop-
rties make it a good candidate for LIFT metallization. Table 1 shows
he physical and chemical properties of the paste provided by the

anufacturer [19].
According to PV17F paste datasheet, it has a viscosity between

80 and 400 Pa s. Due to the large influence of the viscosity on
he quality of the printing line resolution, the exact viscosity
alue of the paste was measured before every experiment with

 cone spindle & plate viscometer (Wells/Brookfiel Viscometer
BDV-II; Cone spindle CPE-52). The reference value of the viscos-

ty was 250 ± 30 Pa s. As the silver paste exhibits non-Newtonian
hixotropic fluid behavior, the silver paste was gently stirred for

 minutes to attain the equilibrium viscosity before using it. The
aste was then deposited onto microscope slides, which act as
onor substrates, using a commercial coater (Control Coater model
01, RK PrintCoat Instruments Ltd). Two different donor thick-
esses were used: 30 ± 5 �m and 50 ± 10 �m.  The thickness was
easured in each donor sample before and after LIFT experiments

sing confocal microscopy. c-Si wafers were used as acceptor sub-
trates. The donor substrate was placed at a gap distance of 50 �m,
easured from the surface of the donor film to acceptor substrate,

sing Kapton tape. A diode pumped, ns-pulsed, solid state Nd:YVO4
aser (Spectra Physics Explorer), emitting at 532 nm with a pulse
uration of 15 ns was used. The beam was focused into the inter-
ace between glass and silver paste to initiate transfers. The optical
ystem comprises an attenuator and an optical scanner (Scanlab
urrySCAN II) with an f-theta lens (250 mm focal length). The beam
aist at the focus is 12.5 �m.  This value has been measured both
irectly using a beam profiler (Ophir Spiricon) and indirectly by
eans of the Liu method [20].
In order to study the effect of the different experimental param-

ters, single dots of paste or voxels were transferred using a single
aser shot. Laser peak fluences were varied from 0.6 to 14.4 J/cm2.
fter laser irradiation, the donor was removed from the acceptor

ubstrate, leaving the transferred voxels. Fig. 1 shows microscope
mages of voxels transferred using four different fluences and the
wo donor thicknesses. When using the lowest fluence (0.6 J/cm2),
here is no transfer for the thicker donor (50 �m),  while the
ce Science 366 (2016) 389–396

thinner donor (30 �m)  leads to small clusters of paste on the
acceptor substrate. This suggests the existence of an energy trans-
fer threshold that depends on the donor thickness, with a larger
threshold for the 50-�m-thick film. This is consistent with pre-
vious studies of LIFT using Newtonian fluids [13,21,22], and can
be understood by the observation that more material must be
accelerated in the case of a thicker donor, requiring more energy.
When the pulse energy increases there is paste transfer using both
thicknesses, although in the case of the 30-�m-thick donor films
the voxel always exhibits splashing, with finer and more numer-
ous droplets at higher fluences. The 50-�m-thick donor leads to
concrete-dot transfer, with a single paste dot that shows no splash-
ing or disaggregation of the voxel. The size of the dot increases
as energy increases. At the largest fluence (5.9 J/cm2), the dot is
surrounded by clearer debris that could be due to cured organic
residue.

The morphology of the voxels on the acceptor substrate and the
holes left in the film on the donor substrate were characterized
using confocal microscopy (Leica DCM 3D). Fig. 2 shows the false
color height map  of both donor (Fig. 2a) and acceptor (Fig. 2c) sub-
strates for the two  thicknesses. It also shows the corresponding
cross-section profiles (Fig. 2b). The dashed horizontal line in the
profiles indicates the interface between the silver paste and the
glass slide.

For the donor films, the holes reached the glass slide, with no
silver paste remaining in the bottom of the hole in either case. The
hole left in the thicker donor is smaller in diameter and the inside
wall is steeper compared to the thinner-donor case. A crustal annu-
lar bulge that was  formed surrounding the crater is observed in both
cases. Furthermore, the width and the shape of the holes are con-
gruent with those of the transferred voxels. Widths of holes and
voxels are similar and on the order of 100 �m, much larger than
the laser beam spot. However, there is a large difference in the
height of the voxels and the depth of the hole, which indicates that
a significant portion of the paste affected by the laser pulse is not
transferred but displaced to the border of the hole. Changes in the
density of the paste in the surrounding regions due to the laser irra-
diation could also contribute to the large differences in the volumes
of the hole and the voxel.

Fig. 3 shows the voxel size (height, width and aspect ratio) as a
function of the laser peak fluence. Since the aim of this work is to
use LIFT to metalize devices, the aspect ratio, calculated as the ratio
of height to width, can be considered a suitable figure-of-merit of
the process: large heights result in lower electrical resistances of
transferred lines, while lower widths lead to a smaller area occu-
pied by the line in the final device. The width of the voxel is defined
as the diameter of the compact circular-like region excluding the
surrounding scattered clusters, and the height is defined as the
highest value of the transversal profile. Each data point in Fig. 3 rep-
resents the average of 10 measurements, with error bars denoting
one standard deviation. The width of the dots is difficult to define
in the low-energy regime for the 30-�m-thick donor (between 0.6
and 2.0 J/cm2), where the dots are made up of large clumps of paste
(Fig. 1a). In the case of the 30-�m-thick donor, the height of the vox-
els remains almost constant as laser fluence increases, while in the
case of the 50-�m-thick donor, the height decreases with energy.
Using both donor thicknesses, the width of the voxels increases as a
function of laser fluence in a range between 0.6 and 7.4 J/cm2. Thus,
the decrease of aspect ratio with fluence is revealed as a common
trend. Using higher laser fluences (beyond 8 J/cm2), which are not
shown, the voxel size has a downward trend and finally saturates.
This phenomenon could be due to the absorption of the focused

pulse in the glass substrate exceeding the damage threshold of
glass. In any case, this fluence regime is not suitable for transfer-
ring voxels with large aspect ratios, so it was not considered any
further. The optimal transferred voxel with the largest aspect ratio
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Fig. 1. Microscope images of LIFT dots transferred using single shots of a ns laser with fluence varying from 0.6 to 5.9 J/cm2 with two different donor thicknesses: (a) 30 �m
and  (b) 50 �m.

Fig. 2. Confocal microscope images of (I-a, II-a) donor films and (I-c, II-c) transferred
dots from 1.3 J/cm2 laser pulses with films of thickness (I) 30 �m and (II) 50 �m.
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• just above the transfer threshold (0.6 J/m2). Thus, this is the
rofiles of both the hole left in the donor and the voxel transferred to the acceptor
ubstrate are shown in (I-b, II-b).

0.13) is obtained using the 50-�m-thick donor and the threshold
uence for transfer.

To summarize, the experimental results on voxel transfer show
hat four different regimes can be considered depending on the
aser peak fluence and the donor thickness:

No transfer. When using laser fluences below a threshold value
that depends on the donor thickness (0.6 and 3.2 J/cm2 for the 30
and 50 �m thick films respectively), no transfer is observed.
Cluster transfer. In the thin-donor case at low fluences
(F ≤ 2 J/m2), the voxel consists of non-continuous clusters of
paste. The voxel width increases as fluence increases, while the
height remains small.
Explosive transfer. At high laser fluences (F ≥ 2 J/m2), the transfer

resembles a splash, with larger and relatively uniform clus-
ters of paste in the center of the spot and a large quantity
of small droplets of paste further from the center. The aspect
Fig. 3. Height, width and aspect ratio of the transferred dots as a function of laser
peak  fluence with respect to two different paste thicknesses (30 �m and 50 �m).

ratio is very small (small height and large width), smaller than
0.05.

• Concrete-dot transfer. In the thick-donor case, a single, well-
defined dot of paste is observed for the whole range of fluences
studied. As the laser fluence increases, the height decreases and
the width increases, leading to large aspect ratios for fluences
mechanism of technological interest, because it allows success-
ful transfer of large aspect ratio and uniform lines of paste using
LIFT.
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.2. Time-resolved imaging experiment

To gain insight into the transfer mechanisms responsible for
he various regimes observed earlier, side-view images of the
IFT process were obtained with time-resolved shadowgraphy. The
xperimental setup used is similar to that of the previous section,
ith differences highlighted here. Pulses from a frequency-tripled
d:YVO4 laser (Coherent AVIA) emitting at 355 nm with a pulse
uration of 20 ns are focused by a 10x laser objective (NA = 0.25)
own to a beam waist of about 15 �m to initiate transfer of silver
aste. Time-resolved images of the transfer from a side view are
btained with a microscope (InfiniTube with a Mitutoyo 50x Long-
D Objective) attached to a CCD camera (SPOT Insight IN1820).

llumination is provided by strobing a 25-ns plasma-discharge flash
amp (HSPS Nanolite) after a specified time delay relative to the
aser pulse, set by a digital delay generator (SRS DG535) [18].

Although the experimental system used has a different wave-
ength and spot size, the objective is to find similar transfer
onditions to those shown in Section 2.1. Silver paste used as donor
aterial is absorbent in the two wavelengths studied (532 and

55 nm). Therefore, the physics underlying the process should be
he same in both cases, apart from minor differences in the particu-
ar fluence thresholds. In Section 2.2.1, the acceptor substrate is not
ncluded in order to make illumination easier, following previous
ime-resolved imaging studies [14,22]. Later, in Section 2.2.2, an
cceptor is included to investigate its effect on transfer. The donor
ssembly is moved with a translation stage after each pulse, and a
op-down camera (EO-5012C) is used to ensure pulses are fired far
nough away from previous holes in the donor film.

.2.1. Effects of film thickness and pulse energy
Sequences of images at increasing time delays are presented

or various donor thicknesses and laser peak fluences. Fig. 4 shows
equences for a silver-paste donor of thickness 120 �m at two laser
uences. It is immediately clear that the transfer of silver paste is
ignificantly different from that of Newtonian liquids observed in
ost time-resolved imaging studies of LIFT [14,22,23]; rather than

orming a smooth jet that breaks up into droplets, the action of
he laser pulse on the silver paste forms a coherent blister shape
hat then fragments into clumps of paste. At the laser peak flu-
nce of 8.5 J/cm2 used in Fig. 4a, the protrusion fragments into a
ew clumps, with a larger primary clump propelled away from the
onor. Increasing the peak fluence to 23 J/cm2, the transfer in Fig. 4b
esembles an explosion, with a more uniform distribution of clumps
xpanding outward over time. In both cases, a crown-like feature
s observed above which the displaced paste remains intact, and
elow which fragmentation occurs.

Similar mechanisms of transfer are observed for thinner donors.
ig. 5 shows sequences of images for three different energies for a
onor with a thickness of approximately 60 �m.  The lowest flu-
nce (2.8 J/cm2) is below the threshold for transfer, resulting in
he formation of a stable blister, shown in Fig. 5a. This behavior is
imilar to the blister formation achieved by focusing a laser pulse
nto a solid polymer film [18,24] and used for blister-actuated LIFT
15,25]. Above the transfer threshold, a regime of transferring a
ew clumps is again observed for 4.2 J/cm2 pulses in Fig. 5b, and

ore explosive transfers are observed at the higher peak fluence of
.5 J/cm2 in Fig. 5c. Interestingly, these laser fluences are about half
s large as the corresponding values generating the same behavior
n the thick-donor case (120 �m),  and the donor thickness (60 �m)
s also half that of the thick-donor case. The time scales for transfer
n the thin-donor case are also roughly half that of the thick-donor

ase.

Finally, Fig. 6 shows sequences of images for three energies with
n even thinner donor of thickness 12 �m.  The laser fluences lead-
ng to transfer are much lower (0.6 and 2.3 J/cm2) than for thicker
ce Science 366 (2016) 389–396

donors, and the time scale of the whole process is shorter as well.
In this thin-donor case, even the lowest fluence imaged, 0.6 J/cm2,
leads to explosive transfers. The transition from no transfer to a few
fragmented clumps to a porous explosion appears to occur over a
smaller fluence range with thinner donors.

The observation of transfers with a small number of clumps
just above the threshold fluence and more uniform explosions for
higher fluences correlates well with the transfer regimes of cluster
dot transfer and explosion dot transfer observed earlier, respec-
tively. To observe the concrete-dot transfer regime, an acceptor
substrate must be included in the imaging setup.

2.2.2. Influence of an acceptor substrate
The presence of an acceptor substrate can dramatically affect the

transfer, depending on the spacing between the donor and accep-
tor. For large enough gaps, the transfers will be similar to those
imaged in Section 2.2.1, but as the gap gets small enough and of the
order of the donor thickness, confinement can play a large role.

Fig. 7 shows sequences of images taken with an acceptor sub-
strate approximately 140 �m from the donor film for two donor
thicknesses and similar laser fluences. First, in Fig. 7a, transfers
from a donor of thickness 35 �m with a peak fluence of 6.8 J/cm2

are shown to reach the acceptor while exploding, leaving a thin
resulting deposit which has splashed to cover a large area. Fig. 7b
shows that for the thicker 60-�m donor with 8.4 J/cm2 transfers,
the confinement of the acceptor prevents the paste from exploding,
instead forming a stable, connected bridge akin to liquid bridges.
The final shape of the voxel is therefore not obtained until the donor
substrate is removed from the acceptor.

The donor thickness and peak fluence of Fig. 7b are equivalent
to the values used to obtain the exploding transfers in Fig. 5c, so it
is clear that the acceptor substrate plays a crucial role in preventing
fragmentation. The donor-thickness dependence is consistent with
the trend observed in Section 2.2.1, that pulses of a given energy are
more likely to cause explosive transfers as the donor gets thinner.

3. Discussion

The voxel transfer and imaging results can be understood in
terms of the effects of the experimental parameters on the inter-
nal dynamics of the paste, similar to previous works on Newtonian
fluids [13,22,26]. As described above, four transfer regimes have
been observed, both in the morphology of the transferred voxels
and in the time-resolved images: no transfer, cluster-dot trans-
fer, explosive transfer, and concrete-dot transfer. Three important
experimental parameters considered here are the laser peak flu-
ence (F), donor thickness (h), and gap distance (d). Fig. 8 shows a
schematic of the LIFT process according to the results shown above.
First, the incident laser pulse is focused onto the glass/paste inter-
face, rapidly heating and vaporizing the organic component of the
silver paste, forming a high-pressure and high-temperature vapor
bubble [22]. For a given donor thickness (h1), smaller than d, it is
possible to define a threshold laser peak fluence (Fth = Fth(h)) for
transfer of material [13]. The energy threshold of the silver paste is
attributable to the internal and external force balance. Using pulse
energies below Fth, the bubble grows to only a modest size before
collapsing, which results in the formation of a blister in the paste
(Fig. 8a). Above Fth, the bubble expands to a larger size due to the
larger internal pressure overcoming the ambient air pressure and
surface tension force (Fig. 8b). The deceleration of the bubble leads
to a low-pressure region where the paste protrudes, between the

bubble and the paste-air interface, so the silver paste surrounding
the bubble flows toward this low-pressure region. The flow and
stretching of this protrusion of paste eventually leads to fragmen-
tation into clusters of paste that are transferred to the acceptor
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Fig. 4. Time-resolved images of LIFT of silver paste from a donor film of thickness 120 �m using laser fluences of approximately (a) 8.5 and (b) 23 J/cm2.

Fig. 5. Time-resolved images of LIFT of silver paste from a film of thickness 60 �m using laser fluences of approximately (a) 2.8, (b) 4.2, and (c) 8.5 J/cm2.
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Fig. 6. Time-resolved images of LIFT of silver paste from a film of thickness 12 �m using laser fluences of approximately (a) 0.6, (b) 2.3, and (b) 8.5 J/cm2.
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ig. 7. Time-resolved images of LIFT of silver paste with a gap of 140 �m between
nd (b) 60 �m and 8.4 J/cm2.

ubstrate. For fluences that are close to Fth, most of the kinetic
nergy in the paste goes into separating these clusters, so that
here are relatively few of them and they travel at low velocities
see Figs.4a and 5b). For higher fluences, larger and more violent
apor bubbles are produced, which results in more kinetic energy

or fragmentation. The radially outward motion induced by bubble
xpansion leads to fragmentation into a larger number of smaller
ieces that move faster, exploding outwards. The subsequent trans-
er contains finer droplets and has a larger diameter along with the
 and acceptor. The film thicknesses and laser fluences are (a) 35 �m and 6.8 J/cm2

hole in the donor substrate. The remaining silver paste recoil forms
the crustal annular bulge of the crater left on the donor film as seen
in Fig. 2.

The progression from being below the threshold for trans-
fer to cluster-dot transfer and eventually explosive transfer as

laser fluence increases is similar to that of LIFT with Newtonian
liquids, where the most confined and reproducible transfers are
obtained just above the threshold and splashing is observed for
higher fluences [14]. The distinction between a small number
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Fig. 8. Schematic of transfer mechanisms for varying laser peak fluences and donor thicknesses with a fixed gap distance: (a) blister formation, when the fluence is below
the  transfer threshold; (b) cluster-dot transfer, for fluences slightly above the threshold; (c) explosion-dot transfer, when the fluence is much higher than the threshold; and
(d)  concrete-dot transfer, when the donor is thick enough relative to the gap that the acceptor prevents fragmentation during transfer. The bottom image in each column
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hows  the final voxel obtained after removing the donor.

f relatively large clusters at lower fluences and explosions of finer
lusters at high fluences (Figs.1a, 4 and 5) is a new result that arises
rom the multiphase rheology of the silver paste, however.

Fig. 7b directly demonstrates that a different transfer mecha-
ism occurs when the donor thickness h is large enough relative to
he gap d that the protruding paste pillar reaches the acceptor while
onnected to the donor substrate. Once the pillar front impacts
he acceptor substrate, confinement prevents the paste from frag-

enting into pieces, stopping the expansion and stretching of the
aste being transferred. Eventually, the laser-induced vapor bubble
ollapses to an equilibrium shape, leaving a concave pillar taking
he form of a liquid bridge wetting both the donor and acceptor.
his pillar is stable due to the high viscosity and non-Newtonian
haracter of the paste, inhibiting the spreading and thinning of the
mpacting pillar and effectively solidifying it. By contrast, in LIFT
xperiments with Newtonian liquids, jets that impact an acceptor
ubstrate are unstable and break up, with some liquid retracting
ack to the donor film and the rest transferring to a droplet on the
cceptor [26].

When the donor substrate is pulled off from the acceptor, the
illar breaks, leaving a single concrete-dot of paste on the accep-
or substrate. This mechanism explains the lack of splashing in the
ransfers in Fig. 1b, where the 50-�m film is thick enough relative
o the 50-�m gap distance so that the pillar impacts the acceptor
ithout breaking up.

This effect was suggested by the authors [7] when printing lines
ith heights larger than the gap distance. Previous LIFT experi-
ents with nanoparticle inks also revealed spikes in the donor film
ue to remnants of collapsing filaments in the case of nanoparticle
nks [15], but this is, to our knowledge, the first imaging experi-

ent in which the formation of stable columns between donor and
cceptor substrates is shown.
4. Conclusions

In this work, a study of laser-induced forward transfer (LIFT) of
single dots of silver paste was  performed using ns-pulsed lasers. The
paste contains micron-sized particles, and relatively thick donors
were used in order to print voxels with high aspect ratios, leading to
transfer mechanisms differing from those previously seen using sil-
ver nanopastes or Newtonian fluids. These transfer mechanisms are
studied through the morphology of transferred paste dots obtained
with confocal microscopy and by time-resolved imaging of the
transfer process. Four transfer regimes are observed and defined:
non-dot transfer, when the laser fluence is below the thickness-
dependent transfer threshold; cluster-dot transfer, in which the
transferred paste fragments into a small number of large clusters
and the dot size increases with laser fluence; concrete-dot trans-
fer, where the paste is thick enough and the gap is small enough
to allow the protruding jet to touch the acceptor substrate before
fragmentation; and explosive transfer, where high laser pulse ener-
gies cause a bursting transfer of paste that splashes on the acceptor.
Concrete-dot transfer is the most useful for printing high-aspect-
ratio dots, and the highest aspect ratios were achieved with pulse
energies just above the threshold for transfer.
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