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a b s t r a c t

The laser ionization efficiency of the Leuven gas cell-based laser ion source was investigated under
on- and off-line conditions using two distinctly different laser setups: a low-repetition rate dye laser sys-
tem and a high-repetition rate Ti:sapphire laser system. A systematic study of the ion signal dependence
on repetition rate and laser pulse energy was performed in off-line tests using stable cobalt and copper
isotopes. These studies also included in-gas-jet laser spectroscopy measurements on the hyperfine struc-
ture of 63Cu. A final run under on-line conditions in which the radioactive isotope 59Cu (T1/2 = 81.5 s) was
produced, showed a comparable yield of the two laser systems for in-gas-cell ionization. However, a sig-
nificantly improved time overlap by using the high-repetition rate laser system for in-gas-jet ionization
was demonstrated by an increase of the overall duty cycle, and at the same time, pointed to the need for a
better shaped atomic jet to reach higher ionization efficiencies.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Leuven Isotope Separator On-Line (LISOL) facility at the
Cyclotron Research Center (CRC) Louvain-la-Neuve [1] produces
purified rare ion beams using resonant laser ionization of reaction
products thermalized in a buffer-gas cell [2,3]. After almost two
decades of operation, high-purity radioactive ion beams of more
than 15 different elements have been obtained exploiting various
production mechanisms including light- and heavy-fusion evapo-
ration reactions [4,5], proton-induced fission [6], and the sponta-
neous fission of 252Cf [7]. Thermalized ion beams of rare species
are extracted from the Leuven gas cell in a supersonic jet, trans-
ported by a radiofrequency (RF) ion guide towards the mass sepa-
rator, and finally sent to the detector station.
All rights reserved.
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In addition to the routinely performed nuclear-decay-spectros-
copy studies, the recent upgrade of the LISOL setup with a novel
gas cell concept [8] has allowed in-source laser spectroscopy stud-
ies of neutron-deficient 57–59Cu [9,10] and 97–102Ag [11] isotopes.
These measurements have become feasible owing to the enhanced
selectivity of the apparatus, which has allowed in-gas-cell laser
spectroscopy on exotic species with count rates as low as 6 ions/
s for 57Cu (T1/2 = 200 ms) or 1 ion/s for 97Ag, both representing
interesting semi-magic nuclei (N = 28 and 50, respectively).

In laser-spectroscopy experiments spectral linewidths are re-
quired to be as close as possible to the intrinsic natural linewidths
of the atomic transitions investigated. For in-gas-cell laser spec-
troscopy, however, the obtained linewidths result from the convo-
lution of four components: the Doppler broadening caused by the
atom velocity distribution, the pressure broadening (and addition-
ally pressure shift) induced by collisions with the surrounding gas,
the laser-power broadening, and the intrinsic bandwidth of the
laser.

http://dx.doi.org/10.1016/j.nimb.2012.08.023
mailto:Rafael.Ferrer@fys.kuleuven.be
http://dx.doi.org/10.1016/j.nimb.2012.08.023
http://www.sciencedirect.com/science/journal/0168583X
http://www.elsevier.com/locate/nimb
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Following the earlier results obtained at LISOL by gas-cell laser
spectroscopy it becomes clear that the spectral resolution is mainly
limited by the inherent pressure broadening. Hence, for the suc-
cessful study of atomic properties of elements with particularly
small hyperfine splitting and/or high sensitivity to atomic colli-
sions, as observed in practice, e.g., on the tin isotopes around
A = 100, a novel approach such as in-gas-jet laser spectroscopy
would be the technique of choice. In this method, laser ionization
takes place in the supersonic jet expanding out of the gas cell. The
adiabatic expansion into a lower pressure regime results in an
important reduction of the Doppler and pressure broadening up
to the point where the laser bandwidth becomes the primary
limitation for the final attainable resolution. The feasibility of in-
gas-jet laser spectroscopy was demonstrated in previous experi-
ments at LISOL [12]. In those measurements the advantages of this
technique in view of the realization of spectroscopic studies and of
the enhancement of the ion beam purity (LIST mode [13]) were
evaluated and compared to the results obtained under equal con-
ditions by in-gas-cell laser spectroscopy. The first results obtained
in Ref. [12] proved that in-gas-jet laser spectroscopy can meet the
requirements of superior selectivity and resolution.

To obtain optimum experimental conditions for the application
of in-gas-jet spectroscopy the overlap efficiency between the laser
light and the atoms in the gas jet must be maximized by the tem-
poral and the geometrical overlap parameters. In Ref. [12] a maxi-
mum available pulse repetition rate of the LISOL laser system of
200 Hz prevented a complete evaluation of the in-gas-jet spectros-
copy benefits. Since the atom’s flow velocity in the gas jet is about
200 times higher than that inside the gas cell, a higher pulse repe-
tition rate would be required for optimum temporal overlap be-
tween the lasers and the atoms in the jet.

In this paper, we report on the results obtained in new tests of In-
Gas Laser Ionization and Spectroscopy (IGLIS) studies in the super-
sonic gas jet expanding out of the LISOL gas cell. A series of experi-
ments were performed at LISOL in which the ionization efficiency
using a high-repetition-rate all-solid-state laser system was investi-
gated and directly compared to that of the LISOL low-repetition-rate
dye laser system in off- and on-line conditions. Such a combination
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of a high-repetition rate laser system with a gas cell-based ion
source is currently used also at the IGISOL facility in Jyväskylä
[14,15].

The new possibilities for performing high-resolution laser spec-
troscopic studies of exotic nuclei using the in-gas-jet based tech-
nique arouse a great interest at other present and future on-line
facilities, as e.g., IGISOL (JYFL), PALIS (RIKEN), KISS (KEK), and SPIR-
AL2 (GANIL).

2. Experiment

Here we shall describe briefly only the front end of the LISOL
setup [16] as it is of central importance for the discussion of the re-
ported measurements. A detailed description of the entire LISOL
facility can be found elsewhere [2,17,18].

A primary high-energy projectile beam from a driver cyclotron
enters the gas cell through a molybdenum window and impinges
on a thin target inducing nuclear reactions. The reaction products
are thermalized and neutralized in the buffer gas, typically argon
at a pressure of a few hundred mbar, and are transported by the
gas flow towards the ionization region. A dual-chamber gas cell-
type [8] was employed in these measurements (see Fig. 1). The
main characteristic of this gas cell with respect to previous models
is the division of the cell in two volumes; one for production, ther-
malization and neutralization of species, and the other for ioniza-
tion. This spatial separation between the two volumes increases
the in-gas-cell ionization efficiency and allows for the application
of DC fields in the ionization region, thus assuring the collection
of ions surviving the process of neutralization.

The atoms of the element of interest can be laser ionized in the
ionization chamber and subsequently extracted through the exit
hole (/ = 1 mm) or, alternatively, ionization can be carried out in
the expanding free jet within the rods of an RF SextuPole Ion Guide
(SPIG). Owing to geometrical constraints in the present setup the
laser beams can only be sent along the extraction axis and through
the exit hole to interact with the atoms either inside the cell or
afterwards within the SPIG (see Fig. 1). By applying a positive bias
between the gas cell and the SPIG rods ions from the gas cell can be
s Vrf
Vdc Vse

ing
er

SPIG

End
Plate

toward Mass
Separator

l chamber gas cell (separated stopping and ionization chambers) is depicted along
ctrical connections, the expanding gas jet through the SPIG structure, and the region
s produced inside the SPIG are extracted towards the mass separator. Vse is set for
d to produce a stable atomic beam of the species of interest and perform reference



Table 1
Specifications of the two laser systems employed in these experiments. The
wavelength range is given for the fundamental radiation. Energy per pulse for the
second and third harmonic (SHG, THG) are also given. The value in brackets is
obtained by intra-cavity doubling.

Laser specs Ti:sa Dye

Rep. rate (max) 10,000 Hz 200 Hz
Wavelength range 700–940 nm 330–985 nm
Pulse duration 30–60 ns 15–20 ns
Bandwidth 5 GHz 1.2 GHz
Pulse energy 300 lJ 3000 lJ
Pulse energy (SHG) 30(110) lJ 300 lJ
Pulse energy (THG) 6 lJ –
Spot diameter �3 mm � 6 mm
(With additional lens) � 1 mm –
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repelled and only those that are ionized within the RF structure
(LIST mode ionization) are transported towards the mass separa-
tor. Here, the ions are selected according to their m/q value and
are finally sent to the detector station. Ion collector plates within
the ionization chamber can be used to collect the ions that have
survived the neutralization process, thus increasing the selectivity
in the process of laser ionization.

In the Leuven laser ion source program two-step two-color
schemes are employed for the process of photoionization. Suitable
laser radiation for atomic excitation and ionization is generated by
two pulsed dye lasers (Lambda Physik Scanmate 2) pumped by two
XeCl excimer lasers (Lambda Physik LPX240i) of 15 ns pulse length
at a maximum repetition rate of 200 Hz [2]. Frequency doubling of
the laser radiation can be achieved and is usually performed for the
first step transition. Typical average pulse energies and spectral
bandwidths (with additional etalon) are found to be around 3 mJ
and 1.2 GHz for the fundamental radiation, and 0.3 mJ and
1.6 GHz for the second harmonic, respectively. Wavelength read-
out is performed by a lambdameter LM-007 from Cluster Ltd. cal-
ibrated by a single-mode He–Ne laser. A reference cell located near
the optical bench can be used to produce atomic beams of stable
isotopes of the species under investigation and thus to check for
the matching of the resonance frequencies before the lasers are
sent to the gas cell ion source, located 15 m away. A spectral range
including wavelengths from 330 to 985 nm can be reached with
this laser system in the fundamental wavelength and from 205
to 330 nm with second harmonic generation (SHG).

The Ti:sapphire (Ti:sa) laser system chosen for intercomparison
with the LISOL lasers was commissioned in a joint collaboration
between the University of Mainz and GANIL. The setup consisted
of three Ti:sa lasers pumped by a frequency doubled Nd:YAG (Pho-
tonics Industries International Inc., DM75-532) of 100–200 ns
pulse length and 10 kHz maximum repetition rate. The accessible
wavelength range of the Ti:sa crystal covers about 680–1100 nm,
however, in practice the availability of suitable mirror-sets nar-
rowed this range to about 700–940 nm. Shorter wavelengths in
the regions of 350–470 and 210–310 nm could be obtained by
multi-harmonic generation. The wavelengths of the system were
measured using a lambdameter (WS6/600, High Finesse). Owing
to the lower gain of the Ti:sa crystal as compared to the dyes, pulse
build-up times are longer and depend strongly on the laser resona-
tor cavity conditions. Accordingly, pulses of individual lasers need
to be synchronized using fast Pockels cells as resonator internal Q-
switches. For the ionization step in copper, intra-cavity frequency
doubling was used in one of the Ti:sa lasers increasing the SHG
pulse energy to about 110 lJ. A more detailed description of this
laser system can be found in Ref. [19].

The specifications of the two laser systems are summarized in
Table 1. The main differences lie in the maximum pulse repetition
rate and pulse energy, however, also the spectral linewidth as well
as the pulse duration differ by a considerable factor in the range of
two to four. All these aspects may significantly influence the ioni-
zation efficiency. Owing to the narrower overall tuning range of the
Ti:sa lasers as compared to that of the dye lasers, up to third har-
monic generation (THG) was necessary to accomplish suitable
ionization schemes for the elements under investigation. This fact
increased the gap in effective pulse energies between the two sys-
tems to nearly a factor of 100 in favor of the dye lasers.

In order to distinguish the multiple factors contributing to the
laser ionization efficiency and to allow for a quantitative compar-
ison and detailed analysis of these parameters, it was necessary
to systematically adjust the parameters of both laser systems to
provide comparable conditions. However, the repetition rate of
the Ti:sa laser system could not be seamlessly reduced to that of
the dye lasers without changing other aspects such as pulse energy
and duration, or affect the spectral linewidth. A simple control of
the pump laser repetition rate with questionable stability and
varying pulse characteristics especially below 1 kHz or, alterna-
tively, a pulse suppression using the Pockels cell in the Ti:sa was
not feasible, as the differences in heat deposited in the Ti:sa crystal
would influence the thermal lensing effect in the crystal. This in
turn would affect beam pointing or focusing. Rather than suppress-
ing pulses or reducing the repetition rate of the pump laser, a
scheme of the laser pulses desynchronization was adopted to cre-
ate a virtually reduced repetition rate for multistep resonance ion-
ization. By employing three different channels of the trigger unit
(BNC 565-8C) and the built- in duty-cycle function it was possible
to create an alternating timing signal for the individual Pockels
cells and to switch the lasers from synchronized to desynchronized
mode on a-per-pulse basis. This in effect allowed control of the
synchronized pulse repetition rate anywhere from 10 kHz to the
sub-Hz region.

To verify the proper operation and correct tuning of the Ti:sa la-
ser system a similar reference cell, as used for the dye laser system,
was mounted on the Ti:sa laser table. This reference cell used a
simple indirectly heated graphite oven to provide an atomic beam
of the element of choice, i.e. cobalt or copper, with a crossed beam
ionization geometry and a secondary electron multiplier (SEM) as
detector. Owing to the perpendicular geometry and the strong col-
limation of the atomic beam, this reference cell could also be used
as a wavelength reference to estimate line-shifts in the spectros-
copy studies performed in the gas cell and in the gas jet.

The Ti:sa laser system was placed on a laser table located in the
LISOL hall at a distance of 18 m from the laser ion source. A set of
five right-angle uncoated prisms were used to transport the (Ti:sa
and dye) laser beams up to the gas cell. Multiple partial reflections
at the surfaces of the prisms resulted in a measured 60% total
transmission. The second of these prisms was placed on a beam
splitter mount that served to choose which of the well overlapped
beams from the different laser systems were sent to the source. An
optional focusing lens (f = 1 m) was used in some cases (where
noted) to reduce the spot diameter and improve the ionization effi-
ciency of the Ti:sa laser beams. This stronger focusing of the beam
spot increased the difference of excitation volumes up to a factor of
36 between the two laser systems (see Table 1).

In these experiments, high-purity argon (<1 ppb) was used as a
buffer gas at a pressure of 150 mbar. Under this pressure and with
a 1 mm exit hole the evacuation time of the cell is found to be
around 80 ms. Filaments of cobalt and copper were installed in
the gas cell for production of atoms by resistive heating of the sta-
ble isotopes 59Co and 63,65Cu, respectively, to be used in the off-line
experiments. Once selectively ionized, these ions were mass ana-
lyzed and counted using a SEM detector. For the on-line run the co-
balt filament had to be removed to allow for the necessary room to
install the target holder. The CYCLONE110 cyclotron delivered a
primary beam of 3He+ (25 MeV, 1lA) to the LISOL facility that
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was used in combination with a Ni target (5 lm thick, 68% natural
abundance of 58Ni) to produce the isotope 59Cu (T1/2 = 82 s). During
the on-line studies the laser ions were mass separated and trans-
ported up to a tape station [20] for detection via their characteristic
decay radiation.
3. Results

Following the optimization of both laser systems, saturation
measurements were performed off-line along with a direct com-
parison of ionization efficiencies for the two laser setups at differ-
ent pulse repetition rates. In addition, spectroscopy studies using
the high repetition laser system were also carried out. Subsequent
absolute ionization efficiencies, isotope production, and selectivi-
ties, were compared in on-line conditions. Furthermore, relative
efficiency ratios between in-gas-cell and in-gas-jet ionization for
the high repetition laser system were also determined.

3.1. Off-line experiments

The ionization schemes employed in these measurements are
shown in Fig. 2. In addition to the wavelengths and level assign-
ments, the transition rate coefficient A are also indicated were
known [2,21]. For all schemes the ionization process was carried
out via autoionizing states.

3.1.1. Ionization of cobalt
A different scheme, three-step three-color, had to be used for

the ionization of 59Co with the Ti:sa lasers due to an unsuitable
wavelength of the second step transition in the scheme adopted
by the dye lasers. Measurements of the in-gas-cell ionization
dependency on the average laser-pulse energy were taken for this
ionization scheme with all three laser frequencies fixed on reso-
nance. The results are shown in Fig. 3. The solid lines represent
the best fit to the data points of the function [22]

N ¼ N0ð1� expð�E=EsatÞÞ;

from which one can estimate the average energy per pulse Esat re-
quired to saturate the corresponding atomic transitions. Notice that
the saturation values given in Fig. 3 (E1=2

sat ¼ Esat � ln2) represent the
average energy per pulse to obtain an excitation or ionization effi-
ciency of 50%.

While first and second steps were fully saturated, no indication
of saturation was observed for the third step. In the case of the dye
laser system both corresponding steps were fully saturated with
the available laser power.
Fig. 2. Adopted ionization schemes. For the ionization of copper the same scheme wa
transition rate coefficient A are given [2,21]. See text for details.
The production of 59Co+ as a function of the pulse repetition rate
of the two different laser systems are shown in Fig. 4 (top). The re-
sults display a linear increase of the ionization signal for the Ti:sa
lasers, while for the dye lasers the signal reaches a saturation point
at about 100 Hz, indicated by the intersection of two straight lines.
This saturation value for the dye lasers can be ascribed to an evac-
uation time of the irradiated volume in the ionization chamber of
about 10 ms [8] in combination with a sufficient energy of the
dye laser to saturate both atomic transitions. Accordingly, 100 Hz
is sufficient to irradiate all atoms and ionize the full volume cov-
ered by the lasers. For the Ti:sa lasers, however, at 100 Hz repeti-
tion rate the ionization efficiency is 200 times smaller than that
for the dye lasers. Hence, 10 kHz (a 100 times higher frequency)
are not enough to ionize all the atoms in the ionization volume
covered by the laser beams. This observed lower ionization effi-
ciency of the Ti:sa laser system at 10 kHz compared with that of
the dye lasers at 200 Hz, can therefore be attributed to the non-sat-
uration of the third step transition in the adopted ionization
scheme (cf. Fig. 3).

3.1.2. Ionization of copper
For these measurements both laser systems could use the same

ionization scheme (see Fig. 2) making a direct comparison between
their performances possible. Saturation of both atomic transitions
was obtained by the dye lasers, while for the Ti:sa lasers the avail-
able average energy per pulse of about 6 lJ of the frequency tripled
light for the first step transition was insufficient to reach satura-
tion. Fig. 5 illustrates the results obtained for the ion signal as a
function of the available pulse energy for the two laser systems.
Differences in saturation energy for the second step in the two la-
ser systems can be explained by a significant deviation of the laser
spot size, which was measured to be around a factor of two to three
larger in diameter for the dye lasers.

As previously, ion production was measured as a function of the
repetition rate for both laser systems. The results are shown in
Fig. 4 (bottom). Again, the available power of the dye lasers
(440 lJ and 3.9 mJ for the first and second transition, respectively)
provided saturation behavior since a single irradiation of the ioni-
zation chamber was sufficient to ionize the full volume covered by
the laser beams with a 120 Hz repetition rate. The increase to
120 Hz in the required pulse repetition rate compared to the
100 Hz observed in the ionization of cobalt (Fig. 4 (Top)) can be
attributed to the weaker saturation of the first step transition in
the atomic scheme of copper with respect to that of cobalt. For
the Ti:sa lasers operated at 120 Hz the ionization signal is once
again around 200 times smaller than for the dye lasers at the same
repetition rate, consequently the ionization of all atoms in the laser
s used by the two laser systems. Wavelengths (in air), level assignments, and the
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ionization volume at the maximum repetition rate of 10 kHz was
also impossible here. This results in the linear trend observed in
Fig. 4 (bottom), predominantly caused by the lack of available laser
power to saturate the first step transition.

To better understand the linear behavior shown by the Ti:sa la-
sers one can try to reproduce the experimental results by using a
simple model, accounting only for the duty cycle efficiency, to rep-
resent the total laser ionization efficiency �tot as a function of the
pulse repetition rate prr . If laser ionization is performed with a gi-
ven efficiency per pulse �p, after a first irradiation of the ionization
volume the fraction of neutrals present will be 1-�p. If owing to the
higher repetition rate this volume is irradiated a number of times
k ¼ prr � se, given by the product between the pulse repetition rate
and the evacuation time (se ¼10 ms) of the ionization chamber,
one can estimate the total efficiency for a given repetition rate
beyond 1=se as follows (for smaller values of prr a linear depen-
dence is assumed):

�tot ¼ 1� ð1� �pÞk; ð1Þ

Fig. 6 displays the results after applying Eq. (1) for a number of
laser settings differing in pulse ionization efficiency �p. By compar-
ing these results with those from Fig. 4 one could explain the ob-
served linear trend in the Ti:sa lasers to be caused by a low
efficiency per pulse, which according to the measured factor of
200 between total ionization efficiencies for the two laser systems,
could be considered to be about 0.5%. In this calculation we have
assumed a total efficiency of 100% for the dye lasers at a repetition
rate of 100 Hz. This assumption is only true for the volume covered
by the laser beams, approximately 6 mm in diameter, which only
represents around 40% of the total volume of the ionization
chamber.

3.1.3. An attempt to laser spectroscopy with the Ti:sa laser system
Frequency scans of the first step transition in copper were taken

with the Ti:sa lasers in three different locations (reference cell, gas
cell, and SPIG) in order to directly observe the benefits on the spec-
tral resolution of in-gas-jet laser spectroscopy. With a fundamental
linewidth of more than 5 GHz, the Ti:sa laser system did not poses
the wavelength resolution required to resolve the hyperfine struc-
ture (HFS) of copper. In a first scan of the HFS of 63Cu only a single
peak was visible, indicating a linewidth of more than 15 GHz for
the frequency-tripled light that masked the hyperfine structure
completely. To reduce the laser bandwidth a dichroic mirror of un-
known reflectivity was installed into the cavity of the Ti:sa laser as
an additional etalon for wavelength selection. With the new con-
figuration, scans were taken in the reference cell, gas cell, and SPIG
(in the gas jet). Though the accuracy with this method certainly
was not enough to determine the A and B coupling constants of
the hyperfine structure with satisfying precision, relevant informa-
tion about line widths and shifts due to the Doppler effect and to
the argon pressure was gained.

Frequency scans of the first step transition for the Ti:sa system
in the three different locations are shown in Fig. 7 with a summary
of the results obtained. For the frequency scans, and later on for the
on-line comparison between the two lasers, an additional focusing
lens was installed at the entrance of the gas cell vacuum chamber,
thus reducing the beam spot of the Ti:sa lasers to about 1 mm in
diameter. As a sample of natural copper was employed in the ref-
erence cell, a sum of two hyperfine structures weighted with the
natural abundance of 63–65Cu and separated by an isotope shift of
0.977(21) GHz [10] was used in the fits. For the results in the gas
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cell and the SPIG, a pure 63Cu HFS was assumed as the ion beam
was filtered in the mass separator. The vertical line indicates the
center of gravity (CoG) for the reference cell scan with a value of
1227 458.9(1) GHz, which was found to be in reasonable agree-
ment with the literature value of 1227 462(3) GHz [23]. Owing to
the high laser bandwidth, the limited statistics, and considering
that errors do not include any systematic calibration errors of the
wavemeter (High Finesse WS/6) no quantitative analysis of this va-
lue was attempted.
The resonance linewidth in the gas jet is practically dominated
by the laser bandwidth, as can be seen by comparison with the res-
onance in the reference cell, however, additional residual Doppler
and power broadening could also be present in both spectra.

For the resonance in the gas cell a clear effect of pressure broad-
ening along with a pressure shift with respect to the reference cell
are observed. The shift seems to be in the opposite direction to that
previously measured in [12] with the dye laser system. The errors
are relatively large, compared to the small shift, but there is a plau-
sible reason behind this irregular shift. As the Ti:sa system is
strongly focused, the ionization is likely to occur in the center of
the laminar gas flow stream close to the exit hole, where the flow
velocity could already be high enough for the Doppler effect to
counteract the pressure shift. In fact, by measuring the relative
shift of the gas cell signal with respect to that in the reference cell
one can estimate a value for the velocity of the atoms in the irradi-
ation volume to be vgc = 220(80) m/s. To determine a total relative
shift of 0.9(3) GHz we have used the expected pressure shift of Cu
atoms irradiated in the gas cell filled with argon at a pressure of
150 mbar, which amounts to �0.30(15) GHz [12]. A better study
of these effects would require a much narrower laser, found e.g.
in an injection locked Ti:sa laser [24] or by amplification of a con-
tinuous wave laser, operated with a precise frequency control
using a Fabry–Perot-Interferometer or similar devices [25].

According to the frequency shift observed in the gas-jet reso-
nance of 2.5(3) GHz the velocity of the atoms in the gas jet can
be determined to be vjet ¼ 600ð50Þm=s, in agreement with previ-
ous results using the dye lasers [12].

3.2. On-line experiments

A comparison of the performance for in gas cell ionization be-
tween the two laser systems was also carried out under on-line
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conditions using the short-lived 59Cu isotope. The isotope of inter-
est was produced in the nuclear reaction 58Ni(3He-25 MeV,
np)59Cu, with a calculated cross section of 120 mb [26]. The ex-
pected isotope yield was calculated after considering the energy
loss of the primary beam in the different intersecting surfaces
and gas volume up to the back of the target. The remaining energy
resulted in an effective target thickness of 0.32 mg/cm2 and in an
expected yield of 1.7 � 106 atoms/plC of 59Cu that recoiled from
the target to the gas cell volume.

As mentioned above a focusing lens (f = 1 m) was employed for
the on-line comparison between the two lasers. With this lens the
beam spot was reduced and the saturation of the first step transi-
tion was significantly improved for the Ti:sa lasers to the detri-
ment of a better spatial overlap.

A problem with the excimer pump lasers during the on-line
experiments reduced the performance of the dye lasers and ham-
pered the direct comparison between the two laser systems. As a
consequence of this problem a laser power reduction by a factor
of four (down to 100 lJ per pulse) and three (1.3 mJ per pulse)
was measured for the first and second step transitions, respec-
tively, compared to the working conditions during the off-line
experiments. As illustrated in Fig. 5, a pulse energy reduction down
to 1.3 mJ for the second step laser does not alter the ionization effi-
ciency. For the first step, however, the power reduction is signifi-
cant and its effect on the ionization efficiency can be estimated
from the saturation curve to be about 40% of the ionization effi-
ciency in saturation conditions, as measured during the off-line
experiments. In order to properly quantify the performance of
the dye lasers a proportionality factor of 2.3 was applied accord-
ingly to the data obtained in the on-line run.

The on-line studies started with a comparison of the recorded
number of b counts as a function of the primary beam current.
The results of these measurements are shown in Fig. 8(a). One
can observe a significant improvement in the ionization efficiency
with the Ti:sa lasers due to the implementation of the additional
focusing lens. Contrary to the results obtained in the off-line tests
(see Fig. 4) the relative ionization efficiency of both laser systems
was found to be comparable. On top of that, the linear trend ob-
served in the figure indicates no influence of high plasma density
or gas impurities on the ion production, as expected from using a
dual-chamber-type gas cell.

Fig. 8(b) shows the results obtained on the dependence of the b
activity on the pulse repetition rate. From these results one can in-
fer that the Ti:sa lasers complement the low available power and
small beam spot with their higher repetition rate. Accordingly,
the ion production by the two laser systems is comparable. Notice
here that saturation of the ionization signal for the dye lasers is not
observed owing to the reduced laser power caused by the problem
with the excimer lasers. On the other hand, the lack of saturation
for the improved ionization signal of the Ti:sa laser with respect
to that in off-line conditions can be understood owing to the strong
focusing of the lasers on a volume of high atom density in the prox-
imity of the exit hole, as mentioned above. In this small volume
with the atoms moving at a high velocity, a repetition rate of
10 kHz still is well below the value required to produce saturation.

Measurements of ion production off- and on-resonance were
carried out with both laser systems for different (on/off) ion collec-
tor settings. The pulse repetition rate of the Ti:sa lasers was fixed at
10 kHz and that of the dye lasers at 150 Hz. With the obtained val-
ues for the production of ions, ion selectivities were calculated and,
along with the expected yields, absolute production efficiencies
determined. The results of these measurements are summarized
in Table 2. As expected from the aforementioned on-line results
the ion production with both laser systems was found to be very
similar, with the same on-resonance production efficiency of
0.6%. A background count rate of about 0.5 Hz was registered in
the b-detector during the measurements, which was subtracted
to obtain the production rates reported here. Values for selectivi-
ties of about 450(50), for ion collector off, were also found to be
comparable between both laser systems.

A key point during the on-line run was to check the capabilities
of the high repetition lasers for in-gas-jet ion production and
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Fig. 8. (a) Activity of 59Cu registered as a function of the cyclotron beam current for the Ti:sa lasers at 10 kHz and for the dye lasers at 150 Hz. The count rate using the dye has
been corrected for the laser-power reduction (see text). (b) On-line comparison of the dependence of the b activity on the pulse repetition rate.

Table 2
Summary of the on-line results obtained when comparing the two laser systems (first column) in the ionization of 59Cu in the gas cell. Second and third columns specified the
lasers and ion collector settings, respectively. Deduced productions along with the statistical errors are given in the third column and total production efficiencies in the last
column.

Laser system Lasers Ion col. P (at/s) � (%)

Ti:sa Lasers Off Off 26(2) 1.5 � 10�3

On (@10 kHz) Off 10,630(40) 0.6
Off On 1(1) 1 � 10�4

Dye Lasers Off Off 21(2) 1.2 � 10�3

On (@150 Hz) Off 10,000(40) 0.6
Off On 1(1) 1 � 10�4
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compare it to that within the gas cell. The selection of in-gas-jet
ionization signal was performed by applying a positive bias voltage
Vdc between the gas cell and the SPIG rods (see Fig. 1). Prior to the
measurements of in-gas-jet ion production a series of measure-
ments were performed to determine the proper blocking bias volt-
age, which was found to be around 40 V (see Fig. 9(a)). Notice that
for in-gas-cell ionization (Fig. 8) Vdc is set to �180 V for an opti-
mum extraction of the ions from the gas cell. Applying the blocking
bias we studied the ionization signal as a function of the pulse rep-
etition rate. With the Ti:sa lasers operated at maximum repetition
rate a fairly high ionization signal was obtained (see Fig. 9(b)),
resulting in an ion production of 165(6) at/s. This value, 60(3)
times smaller than that obtained by in-gas-cell ionization, results
in an absolute in-gas-jet ionization efficiency of 0.01%.

Unfortunately we could not perform a direct comparison of the
ionization in the gas jet between the two laser systems owing to
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Fig. 9. (a) Ions signal measured with the Ti:sa lasers as a function of the bias voltage appl
ions from the gas cell and select only those ionized in the gas jet with optimal conditions
different pulse repetition rates.
the mentioned loss in laser-power of the dye lasers, which at this
point in time were inactive as no reliable performance could be as-
sured. In any case, the spatial overlap in the gas cell is a factor of
about 36 larger for the dye laser due to the difference in laser spot
diameters, which leaves a smaller amount of available neutrals for
the ionization in the gas jet. On the other hand, the temporal over-
lap between lasers and atoms in the gas jet is a factor of 50 smaller
owing to the difference in pulse repetition rate. These two facts
make the expected reduction factor to be significantly larger for
the dye lasers.

In previous results obtained with the dye lasers [12] a reduction
factor of 450(20) was found between the ionization in the gas cell
and in the gas jet. A comparison between the performance of the
two laser systems using this result is meaningless as the data
was taken in a completely different gas cell geometry to that of
the dual chamber.
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ied between the gas cell and the SPIG rods. A voltage of 40 V is sufficient to block the
for laser spectroscopy studies. (b) In-gas-jet ionization signal using the Ti:sa lasers at
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4. Summary and conclusions

Stable Co and Cu isotopes were ionized in the gas cell by two
different laser systems in off-line experiments showing favorable
results for the dye laser system given the sufficient available laser
power to saturate all atomic transitions. A stronger focusing of the
Ti:sa laser beams could be used to increase the low ionization effi-
ciency per pulse observed in off-line conditions resulting in a
comparable performance of both laser systems in the on-line
measurements.

Primary limitations experienced in previous tests that con-
cealed the overall capabilities of in-gas-jet laser ionization and
spectroscopy studies could be partially mitigated after the experi-
ments reported here owing to the significant improvement of the
time-overlap efficiency using the Ti:sa lasers, which provided a
reasonable ionization efficiency in the gas jet. Unfortunately, these
data could not be directly contrasted with the performance of the
dye lasers in these experiments or with previous ones, in which a
different gas cell geometry was employed. Furthermore, the fact
that the ionization in the gas cell using the Ti:sa lasers was per-
formed on an unknown volume very close to the exit hole made
an estimation of a reduction factor considering the spatial and
temporal overlap efficiencies impossible.

The departure from unity of the measured reduction factor
(60(3)) cannot only be attributed to geometrical restrictions as
the Ti:sa lasers were strongly focused and the laser beams were
not limited by the gas cell exit hole, which could result in a similar
interaction volumes in the gas cell and in the gas jet. The reduction
of ionization rate observed in the gas jet points towards the impor-
tance of using a different exit hole geometry to assure a better spa-
tial overlap. Calculations of the atom density distribution of a free
jet expanding out of the gas cell [27] indicate that the effective ion-
ization length within the RF structure is less than 10 mm. Instead
of requiring a laser system with a pulse repetition rate well above
10 kHz to fully optimize the ionization efficiency in the gas jet, a
more feasible solution would be to use a de Laval nozzle, or another
type of nozzle geometry in the gas cell exit hole. The former kind of
nozzles have proven to be able to produce collimated gas jets of a
few centimeters in length [28].

In addition, frequency scans were performed in the gas jet using
the high repetition rate Ti:sa laser system. These measurements
showed a well resolved hyperfine splitting of the ground and
excited states of 63Cu, only limited in resolution by the intrinsic la-
ser bandwidth and possible residual Doppler broadening. Along
with the corresponding optimization of temporal and spatial over-
laps these results show the promise of in-gas-jet laser ionization
becoming a powerful tool for future spectroscopic studies at on-
line facilities making use of gas-cell-based laser ion sources. Open
questions regarding the limitations of this method for laser spec-
troscopy experiments will be addressed by future studies employ-
ing higher resolution laser systems such as the injection-locked
Ti:sa lasers developed at the University of Mainz [24] or the ampli-
fication of continuous wave single mode radiation in a pulsed dye
amplifier currently under investigation at LISOL [25].
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