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New approaches to perform efficient and selective step-wise resonance ionization spectroscopy (RIS) of
radioactive atoms in different types of supersonic gas jets are proposed. This novel application results in a
major expansion of the in-gas laser ionization and spectroscopy (IGLIS) method developed at KU Leuven.
Implementation of resonance ionization in the supersonic gas jet allows to increase the spectral
resolution by one order of magnitude in comparison with the currently performed in-gas-cell ionization
spectroscopy. Properties of supersonic beams, obtained from the de Laval-, the spike-, and the free jet
nozzles that are important for the reduction of the spectral line broadening mechanisms in cold and
low density environments are discussed. Requirements for the laser radiation and for the vacuum
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de Ljaval nozzle pumping system are also examined. Finally, first results of high-resolution spectroscopy in the supersonic
Spike nozzle free jet are presented for the 327.4 nm 3d'%s 2S,,— 3d'%4p ?P,, transition in the stable 5>Cu isotope

using an amplified single mode laser radiation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The method of laser resonance ionization spectroscopy (RIS)
[1,2] was developed at the end of the last century. Nowadays
resonance photoionization with pulsed lasers is widely used or
planned, in particular, for the production of pure beams of
short-lived isotopes at several on-line radioactive ion beam (RIB)
facilities [3-18]. In addition to the production of element-pure or
isomeric-pure beams, RIS can be used to obtain nuclear-model
independent information on the properties of nuclear ground and
long-living excited states such as nuclear spins, nuclear magnetic
dipole moments, quadrupole moments, and changes in the
mean-square charge radii from atomic spectra [19-25]. Numerous
two- and three-step ionization schemes have been proposed to
produce and investigate radioactive nuclei using resonance ioniza-
tion techniques [26]. Since the radioactive isotopes of interest are
created in nuclear reactions in very small quantities, together with
a huge background of contaminating nuclei, the RIB production
and detection methods have to be sensitive, efficient, selective,
and fast. Currently, collinear resonance ionization spectroscopy
(CRIS) in an accelerated atomic beam (>10 keV) [27-31] is one of
the most sensitive detection methods. Owing to the reduction of
the Doppler width by the electrostatic acceleration [32], a high
spectral resolution and a high selectivity can be provided for the
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detection of short-lived- and low-abundant long-lived radioactive
isotopes [33-35].

Another sensitive atomic spectroscopy and selective production
method is in-source laser resonance ionization spectroscopy. This
method has been implemented in two distinctly different ways
at isotope separator on line (ISOL) systems to produce RIBs and
to perform laser spectroscopy measurements. The two approaches
are based on resonance ionization either in a hot cavity [36-38] or
in a buffer gas cell [5-7,39]. The spectral resolution in a hot cavity
is limited by Doppler broadening as the temperature has to be
above 2000 K in order to keep the reaction products volatile and
in their atomic form. In a gas cell, additionally to the room temper-
ature Doppler broadening, the spectral resolution is limited by col-
lision broadening with the buffer gas atoms. In spite of the limited
spectral resolution in comparison with the collinear photo ioniza-
tion spectroscopy, the in-source technique is very sensitive; results
have been obtained with beams of less than 1 atom per second
[40,41], and it can be applied for the study of isotopes with a large
hyperfine splitting [42-44].

The in-gas laser ionization and spectroscopy (IGLIS) technique,
developed at KU Leuven since the late 1980s [5,6,45,46], is used
at the Leuven isotope separator on line (LISOL) facility [47] to
produce short-lived radioactive beams in different regions of the
chart of nuclides using light and heavy-ion induced fusion or
fission reactions. The basic principle of the IGLIS method can be
summarized as follows. Nuclear-reaction products are thermalized
and neutralized in the high-pressure noble gas in their ground- and
possibly in low-lying metastable atomic states (see Fig. 1a). They
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Fig. 1. (a) Layout of the in-gas-cell laser ion source for the production of radioactive
ion beams, (b) two step laser resonance ionization scheme. Py, Ty, and p, represent
the stagnation conditions of pressure, temperature, and density in the gas cell,
respectively.

are subsequently transported by the gas flow towards the exit
orifice. Shortly before leaving the gas cell, the atoms undergo
element-selective two-step resonance laser ionization (Fig. 1b).
Outside the gas cell the laser-produced ions are captured by the
radio frequency (RF) field of a SextuPole Ion Guide (SPIG) for fur-
ther transport towards the mass separator [48]. The use of a repel-
ling voltage to suppress unwanted ions and laser ionize the nuclei
of interest in an RF trap, the so-called laser ion source trap (LIST)
technique, was first proposed for the hot cavity approach [49]
and recently successfully applied in on-line conditions [50]. The
coupling of the LIST method to the gas cell approach was suggested
at Jyvadskylad [51]. In order to improve the spectral resolution and
the selectivity, the possibility of laser ionization in the free gas
jet has been investigated at LISOL with 200 Hz [52] and 10 kHz
[53] pulse repetition rate lasers. In these experiments, the ionizing
laser beams passed through the gas cell and the exit orifice to reach
the expanding free gas jet. By applying a positive potential to the
SPIG rods relative to the gas cell the ions created in the gas jet
could be separated from those created in the gas cell. Compared
to in-gas cell ionization an improved spectral resolution down to
2.6 GHz was achieved for in-gas jet ionization owing to the low
pressure and low temperature environment of the supersonic gas
jet, however, major developments were required in order to im-
prove the efficiency, selectivity, and spectral resolution to be able
to perform spectroscopic studies of the nuclei. The supersonic
gas jet can be a natural part of the target-ion-source system for
on-line mass separators. In this paper we propose new approaches
for high-resolution, efficient, and selective step-wise laser reso-
nance ionization of radioactive atoms using different types of
supersonic jets. The spectral resolution that can be reached in
the supersonic gas jet is calculated and found to be far superior
to that in the gas cell. The requirements for the laser radiation

and for the vacuum pumping system are also discussed. Finally,
first off-line results of two-step high resolution laser resonance
ionization spectroscopy in the supersonic free jet that show the
feasibility of this method are presented.

2. Brief introduction to the different jet-formation schemes

Three different approaches for gas-jet formation suitable for
resonance ionization are considered in this article and can be found
schematically illustrated in Fig. 2.

e The supersonic free-jet expansion technique, Fig. 2a, proposed
in [54] is used nowadays in different fields of research involving
cold atoms and molecules. Effective translation, rotation, and
vibration cooling of the molecules seeded into the jet allow to
perform fluorescence spectroscopy of complex molecules with
very high resolution [55,56]. Sub-Doppler resolution was
achieved with very well collimated beams, where owing to
the strong collimation only a small part of all atoms coming
out the gas cell were used. The most important advantage of
this low-temperature molecular spectroscopy consists in the
simplification of the spectra due to the compression of the pop-
ulation distribution in low-lying vibration and rotational levels.
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Fig. 2. Proposed setup layouts for the production and spectroscopy of radioactive
isotopes in (a) a free jet, and in jets produced by (b) a de Laval nozzle and (c) a spike
nozzle. The production target is here located in the gas cell and the primary beam
from the accelerator is therefore entering the cell.
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The collimated supersonic free-jet beams in a crossed-beam
geometry prepared in well-defined states are used to study
chemical reaction dynamics [57]. Studies of gas-jet formation
have been performed in preparation of the gas cell-based LIST
project [58,59].

Unlike the free-jet nozzle, the de Laval nozzle, Fig. 2b, has been
used to produce a homogeneous flow of cold molecules to
investigate ion-molecular and neutral-neutral reactions at very
low temperatures [60-64]. Continuous-flow and pulsed-super-
sonic-expansion apparatus have been developed. Carefully
designed nozzles allow to obtain a homogenous flow and a
low temperature zone of up to 30 cm in length [65]. A pulsed
de Laval nozzle has been used to study neutral-neutral reac-
tions initiated by laser photolysis and consecutive laser photo-
ionization of the product species inside a time-of-flight mass
spectrometer [64]. The uniform, supersonic, and axisymmetric
beams have been combined with a high-resolution Fourier
transform spectrometer to perform infra-red molecular absorp-
tion spectroscopy [66]. The properties of high-Mach-number
jets have been studied to better understand the behavior of
astrophysical jets simulated in an Earth Laboratory [67].

The third type of nozzle that will be considered in this article is
an axisymmetric spike nozzle, Fig. 2c. This nozzle also allows to
produce a quasi-parallel supersonic atomic beam with high
Mach numbers. Applications of this type of nozzle though is
currently mainly limited to the rocket design [68,69].

3. In-gas-jet laser ion source: principle of operation

Gas catchers are used in radioactive ion beam research as an
alternative to solid or liquid catchers owing to the physicochemical
limitations of the latter. Nuclear reaction products recoiling out of
a target located in the gas cell or coming from an in-flight mass
separator can effectively be stopped in a high pressure noble gas.
The buffer gas pressure needed to stop the nuclear reaction prod-
ucts is defined by the energy of the ions and their atomic mass
number. Argon at a pressure of 100-500 mbar is the most suitable
gas because of its large stopping power. Helium can also be used
for nuclear reactions with small recoil energy. Two possibilities
can be considered: one can optimize the choice of the gas and
the design of the gas cell to thermalize the nuclei in their 1% (pos-
sibly 2*) charge-state and evacuate them as such [70-74] or, alter-
natively, all parameters can be optimized in order to have the
nuclei neutralized in their atomic ground state. Fig. 3 shows the
generic layout of an in gas laser ionization and spectroscopy (IGLIS)
setup coupled on-line with an in-flight mass separator. Energetic

ions from the separator are stopped and neutralized in a well-
defined volume inside the gas cell. Argon as a buffer gas is also a
better choice for neutralization as its recombination coefficient is
one order of magnitude larger than that for helium [75,76].
Neutralized radioactive species are transported along with the buf-
fer gas towards the nozzle. In order to have only laser-ionized nu-
clei injected in the mass separator unwanted ions can be removed
from the gas flow with the aid of electric fields applied to collecting
electrodes located inside the cell upstream of the nozzle. Since the
primary beam and the reaction products create a high plasma den-
sity inside the cell, the collection of remaining ions with electrical
fields is not a trivial task [77]. To overcome this problem a dual
chamber gas cell [78] has to be used with the stopping volume
out of the direct view of a second adjacent volume, where the
remaining ions can be collected safely with electrical fields and
subsequent laser ionization can be performed either within the
gas cell or in the gas jet. In the setup depicted in Fig. 3, the dual
chamber effect is accomplished by the displacement of the laser
ionization volume relative to the axis of the incoming ion beam.
In Fig. 3, a de Laval nozzle type is used to create an axisymmet-
ric supersonic gas jet. This gas jet is characterized by a low atom
density and a low temperature, which result in a strong reduction
of the collision- and Doppler broadening mechanisms in compari-
son with those existing in the gas cell. Since the gas-flow velocity
inside the gas cell is low, laser ionization in this region should be
avoided, otherwise all atoms would get ionized and collected be-
fore they reach the jet. One should thus prevent the two laser
beams from reaching inside the gas cell. To achieve such conditions
and at the same time provide high-resolution excitation and effi-
cient ionization in the two-step laser ionization process, a special
geometry of the laser beams must be arranged. This can be realized
in a crossed-laser-beam configuration with any of the nozzles con-
sidered here, or in the case of the spike-nozzle, even using a paral-
lel beam geometry configuration. The former can be realized if the
ionization volume in the supersonic atomic beam is defined by the
crossing of the first- and second step laser beams. Usually the first
excitation step is employed for the laser spectroscopy measure-
ment. In this case the first-step laser beam is directed axially coun-
terpropagating with the supersonic atomic beam. The second step
circularly-shaped laser beam is converted by a one-dimensional
telescope in a planar beam and is directed perpendicular to the
supersonic beam, only in the region where a uniform and cold
gas flow is formed, to ionize the excited atoms. Notice that under
these temperature conditions the population of those atoms with
low-lying metastable states will be kept in the atomic ground
state. Throughout this article only two-step ionization is
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Fig. 3. Generic layout of an in gas laser ionization and spectroscopy (IGLIS) setup coupled on-line to an in-flight mass separator.
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considered but the same could also be applied to three-step laser
ionization schemes. In such a case, the third step laser beam can
be directed perpendicular or along the jet axis. The laser-produced
ions are then moved by the gas flow in the direction of the
S-shaped radio frequency quadrupole (RFQ) ion guide, where they
are confined and transported through the gas cell chamber.
Segmentation of the RFQ rods allows to use a dc dragging field to
improve the transport efficiency. Additionally, a weak electrical
field can be applied between the nozzle and the first segment of
the RFQ ion guide to attract the laser ions into the RFQ structure.
The bending of the RFQ structure allows to send the full beam of
the first-step laser between the rods. In Fig. 3 an S-shaped RFQ is
shown but a 90° bent RFQ can also be used. The laser-produced
ions are subsequently transferred to a linear RFQ, acting as a differ-
ential pumping region, that guides the ions towards the accelera-
tion region preceding the mass separator. To assure that all
atoms get ionized, the laser pulse repetition rate has to be high
enough to irradiate all radioactive atoms in the fast supersonic
jet. The following condition needs to be fulfilled to ensure that
all radioactive atoms interact with the laser light at least once in
their transit through the ionization region

Suaser = 1/(L/u), (1)

where L is the length of the ionization zone and u is the jet velocity.
For atoms moving in a supersonic argon jet with u=550m/s the
length of the ionization zone has to be 5.5 cm for a laser pulse rep-
etition rate of 10 kHz. To provide two-step ionization the first-step
laser frequency v; has to be red-shifted owing to the Doppler shift
undergone by the moving atoms, while the frequency of the second
step v, remains unshifted. We find then

Vi =vor - (1-u/c) and (2)

V2 = Vo2, (3)

where vy, and vg, are the atomic transition frequencies of the first
and second steps, respectively, and c is the speed of light. The spec-
tral resolution that can be achieved is defined by the temperature
and the atom density in the jet.

4. Characterization of the supersonic jet produced by a de Laval
nozzle

The de Laval nozzle is the most popular type of convergent-
divergent nozzle that allows to generate an axisymmetric super-
sonic flow of approximately constant temperature and density.
Here we discuss only the properties of the gas jet that are impor-
tant for selective, efficient, and high-resolution laser ionization
spectroscopy of radioactive atoms. These atoms can be considered
as seeded into the buffer gas and as such they do not have any
influence on the properties of the supersonic gas flow. Indeed, for
a total fusion cross section ~1 barn in a target of 1 mg/cm? and a
projectile beam current of 1 ppA the total production rate amounts
to about 108 nuclei/s, which is much smaller than the typical
buffer-gas flow of 10%! atoms/s. The gas moving from the cell
through the converging part of nozzle with a subsonic velocity be-
comes sonic at the nozzle throat where the cross-sectional area (S*)
is the smallest. Downstream in the divergent part, the gas expands
and the stream velocity becomes progressively more supersonic.
Provided that during the isentropic and adiabatic gas expansion
the sum of the specific enthalpy and the kinetic energy remains
constant, a very low gas temperature can be reached. The expan-
sion is axially symmetric. The shape of the divergent part has to
be designed to avoid reflection of secondary expansion waves
[63]. The flow at the exit of the nozzle is uniform with parallel
streamlines and it is characterized by the final Mach number (M),

which is defined as the ratio of the stream velocity u to the local
speed of sound g, i.e. M = u/a. The speed of sound and the stream
velocity are expressed as

\/ykT and (4)

a — s
m
2
U \/ ykToM . (5)
m(1+[(y-1)/2]M7)

where k is the Boltzmann constant, m is the mass of the buffer gas
atom, T and Ty are the gas temperatures in the jet and in the gas cell,
respectively, and y = C,/C, is the ratio of specific heat capacities,
which for monatomic gases like argon and helium equals to 5/3.
The stream velocity for argon as a function of Mach number is
shown in Fig. 4 for a stagnation gas-cell temperature Ty =300 K.
The stream velocity at M = 12 reaches 99% of its maximum value
of 558 m/s. The temperature T, the density p, and the pressure P
in the supersonic flow are related to the corresponding values
To, py and, Py in the stagnation region of the gas cell via the Mach
number as

Lo (T mey ™)
po= 1 (L) e, ®)

During expansion, the thermal energy of the atoms in the cell is
converted into kinetic flow energy. Figs. 5a and b show the depen-
dence of the temperature, the relative density, and the relative
pressure as a function of the Mach number for argon with the stag-
nation temperature T, = 300 K. The gas temperature, density, and
pressure drop very fast with increasing Mach number.

The radioactive atoms in the cell are in thermal equilibrium
with the buffer gas atoms and thus they move with the same flow
velocity and have the same temperature. For laser excitation not
the average velocity of the atoms but the velocity distribution
components 7; (i = x,y,z) are important because they determine
the width of the resonance lines. In the gas cell, the one dimen-
sional Maxwell-Boltzmann velocity distribution of atoms F*(v;)
is given by

th, m B mv?
F(w) = \V27mkT, exp (2/<T0)’ (9)

with m representing now the mass of the radioactive atom. The
three directions x,y, and z are equivalent. The velocity distribution
of the supersonic atomic beam in the direction of the flow (i = z)
is expressed by the shifted Maxwell-Boltzmann velocity
distribution F*
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Fig. 4. The argon stream velocity u at the exit of the de Laval nozzle as a function of
the Mach number starting with a stagnation temperature To = 300 K.
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where u is the stream velocity defined by Eq. (5). The other two
components v, and v, of the supersonic velocity distribution are
similar to Eq. (9) with the temperature T defined by Eq. (6). The
one-dimensional velocity distributions F*(z,) in the supersonic
beam for different Mach numbers and for the thermal motion in
the gas cell Fth(yi) at To = 300 K are shown in Fig. 6. The full width
at half maximum (FWHM) of these distributions for atoms with
mass m depends only on the temperature and can be written as
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Fig. 6. One-dimensional velocity distribution of *Cu atoms in the gas cell (F"(;))
and in the supersonic argon beam (F*(2,)) for different Mach numbers and a
stagnation temperature Tp = 300 K.

A(F) =2VIn2- % (11)

The mass flow through the de Laval nozzle is defined by the
throat area S*. The flow streamlines are all parallel to the nozzle
axis and the specified Mach number defines the shape of the nozzle
and its exit area S. The nozzle can be designed only for the preli-
minary defined exit temperature T, the mass flow and, the type
of gas. The relationship between the exit and the throat diameters
can be calculated using the exit to throat areas ratio

S 1/ 2 y—1 ,\]70
s (o) ()] 12

The nozzle exit diameter for a noble gas and for a throat of
1 mm in diameter results in 4.88 mm and 10.51 mm for Mach
numbers 7 and 12, respectively.

In practice, viscous and heat transfer effects from the wall of the
nozzle to the gas jet have to be considered, particularly for small-
size nozzles. This effects are usually taken into account by splitting
the flow into central isentropic core and boundary layer near the
wall [63]. The flow uniformity outside the nozzle is strongly influ-
enced by the background pressure in the gas cell chamber. Ideally
the background pressure has to be equal to the static flow pressure
defined by Eq. (8). The matching has to be done very accurately
since it will define the beam divergence that is crucial for the spec-
tral resolution and for an efficient overlap between the laser beams
and the gas jet, as is discussed in the following paragraph.

5. Laser spectroscopy in a supersonic jet and in a gas cell

In this section we shall perform a comparison between laser
ionization spectroscopy in a gas cell and in a supersonic gas jet
in view of the resulting resonance linewidth. The shape of the spec-
tral line is mainly determined by two broadening mechanisms:
Doppler broadening and collision broadening. The former is de-
fined by the velocity distribution of atoms and has a Gaussian
shape, while the latter follows a Lorentzian distribution. The
resulting shape of the spectral line will therefore be a convolution
of Lorentzian and Gaussian functions which is known as a Voigt
profile or Doppler-broadened Lorentzian.

5.1. Doppler broadening

The Gaussian contribution to the line shape associated with the
Doppler effect on the Maxwell-Boltzmann velocity distribution of
atoms as expressed in Eq. (9) is given by

(v —vg)?
G(v) = Go - exp { (vzﬁﬂ)] . (13)
01 m
The full width at half maximum of this distribution is
2kT
AVoppier = 2v/In2 V% % (14)

and can be rewritten in the following way

AVpoppler = 7.16 x 1077 vy /T/A, (15)

where vg; is the atomic transition frequency in cm~ !, Tis the abso-
lute temperature in K, and A is the atomic mass number. For exam-
ple, for the 327.4 nm 4s 251,2—> 4p 2P1/2 atomic transition in copper
(vo1 =30535.3 cm™ 1), the Doppler FWHM at T =300 K amounts to
0.048 cm™! or 1.43 GHz. In the supersonic beam the Doppler width
is diminished owing to the reduced temperature, as given by Eq. (6).
The dependence of the Doppler FWHM as a function of the Mach
number is illustrated in Fig. 7 by the solid line. It drops down to
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200 MHz for the Mach number M = 12, which corresponds to a tem-
perature of the atomic beam of 6 K. The effect of the beam diver-
gence is very important for the high Mach number atomic beams
in case of transverse direction of the laser beam used for excitation.
If the atomic beam is not parallel but has an angle 0 between the
stream velocity vector and the beam axis, then an additional
broadening

Avy = Vo u sind/c (16)

has to be added to the Doppler linewidth given by Eq. (14) owing to
the presence of the additional velocity component u -sin6 in the
direction defined by the laser used for excitation. This effect is also
shown in Fig. 6 for the angles 0 = 2° and 5°. The Doppler width is in-
creased from 200 MHz up to 260 MHz or 350 MHz for a beam with
Mach number M = 12 with divergence of 2° or 5°, respectively. The
influence of the beam divergence on the total Doppler width is
much smaller if the laser light is directed axially with the atomic
beam. In this case only the velocity components along the jet axis
u - cos 0 contribute to the additional broadening. This contribution
can be written as

AV = vor u(1 —cos6)/c, (17)

which for an atomic beam divergence of 5° results in only 6.4 MHz.
5.2. Collision and natural broadenings

Non-resonant collisions of the atoms of interest with the buffer
gas atoms cause a shift and a broadening of the spectral lines. The
natural broadening associated with spontaneous decay of excited
atoms, and the collision-induced shift and broadening are de-
scribed by a shifted Lorentzian function

1 r
Hy = Yo 2T (v — o1 + Ty)® + (T/2)% (18)
where I' = 'y + I'coy represents the FWHM, and with I'y, and Ty
being the line shift- and broadening rates, respectively. The natural
linewidth I';,,c depends on the atomic transition probability Ag; be-
tween the ground and the excited levels and can be written as

1—‘nat :AOI/ZTC- (19)

The shift ', and collision I'.,; rate parameters are proportional to
the density p of the buffer gas in the following way

oo = Veoll - P and (20)
rSh:Vsh'pv (21)
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Fig. 7. Doppler broadening (FWHM) of the 327.4 nm 45251/2 - 4p2P1,z transition in
copper as a function of the Mach number (solid line). The pointed- and dashed lines
show the increase of the linewidth for transverse excitation caused by the jet
angular divergence of 2 and 5 degrees, respectively.

where the lower case y,, and y,, represent the collision and shift
broadening rate coefficients, respectively. They are usually ex-
pressed in units of 1072° cm~!/cm~3, which approximately amounts
to 8 MHz/mbar at room temperature. For most resonant atomic
transitions yg, has a negative sign for argon and a positive sign for
helium [79]. This means that the resonance is shifted to a smaller
frequency (red shift) if argon is used as a buffer gas. For example,
the 4s%S;,,— 4p°Py ), transition at 327.4 nm in copper has a natural
linewidth T'ye = 22 MHz (Ao = 1.36 x 108 s71). The collision broad-
ening rate coefficient )., in argon for this transition has not been
measured but a close look at the literature values for similar transi-
tions seems to indicate a value of about 1.5 x 1072 cm~'/cm 3. The
Lorentzian contribution to the spectral linewidth I" in the gas cell is
mainly defined by the collision broadening and results in 1090 MHz
and 5450 MHz for the gas pressure of 100 mbar and 500 mbar,
respectively.

In the supersonic jet with Mach number M = 12, the buffer gas
density drops down to 0.003 of the stagnation value p, (see
Fig. 6 and the collision broadening I'.,; for a stagnation gas pres-
sure Py = 500 mbar equals to 16 MHz. This value is smaller than
the natural linewidth I',, = 22 MHz, however, estimating the col-
lision effect we assumed that the collision broadening rate coeffi-
cient )., is the same as at T=300 K. In reality, y,,, has a power-
law dependence on the temperature of the form

Yo = T" with (22)
_ -3
"Sap-1y )

where p characterizes the type of interaction of the lower and the
upper atomic levels with the noble gas [80,81]. For the long-range
attractive van der Waals potential (p = 6) the temperature depen-
dence of the pressure broadening coefficient has the form of
P.on ~ T*2. In some cases the repulsive part (C;,R'2) of the Len-
nard-Jones potential (p = 12) correctly describes the temperature
dependence of the collision-broadening coefficient as 7, ~ T**! .
This dependence is a more realistic power law for the broadening
by light perturbers such as helium, while the T°* relation is more
suitable for heavier perturbers like argon. Experimental values of
the temperature dependence index n vary between 0.2 and 0.5 for
different spectral lines and can be used as a very crude approxima-
tion for the extrapolation of the measured coefficient towards lower
temperatures [82]. Fig. 8 shows the T" dependence of the collision
broadening coefficient for n = 0.3 and n = 0.41. One can safely con-
clude that by reducing the gas temperature the collision-induced
broadening coefficient can only be smaller than that at T=300 K.
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Fig. 8. Normalized collision-broadening coefficient (at T=300K) as a function of
the temperature for two temperature dependence indexes of 0.3 and 0.41.
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5.3. Comparison of the spectral resolution in the gas jet and in the gas
cell

The half width of the Voigt profile, which is the convolution of
Gaussian and Lorentzian functions, cannot be expressed by an ana-
lytical formula. The FWHM of the convoluted shape can be esti-
mated using the following expression [83]

Avoige ~ 0.5346T + /0.2166T2 + AV, ... (24)

For the 327.4 nm transition in copper the Voigt FWHM in the gas
cell at To=300K results in Ay = 2110 MHz and 5830 MHz for
100 mbar and 500 mbar, respectively. In the supersonic gas jet
(M = 12) the Voigt FWHM results in 220 MHz and consists mainly
of the Doppler contribution. The different components that contrib-
ute to a single spectral line are shown in Fig. 9a and b for the gas cell
at two different buffer gas pressures and in Fig. 9c for the super-
sonic gas jet with a Mach number M = 12. The spectral linewidth
of the laser is also displayed in all figures.

For laser spectroscopy with pulsed laser beams a well suitable
way to produce a narrow laser linewidth is by amplification of
the light from a continuous wave (CW) single mode laser in a
pulsed amplifier. For a Gaussian time profile of the pump laser
pulse with a length of 7, the spectral line profile is the Fourier
transform and has also a Gaussian shape with a spectral FWHM
dser that can be calculated as

5laser = 441/Tpulse 5 (25)

with Tpye given in ns and djr in MHz. A laser pulse of 5 ns length
has therefore a spectral bandwidth of 88 MHz, which is smaller
than the Doppler width of the M = 12 supersonic beam (Fig. 9c).

This spectral bandwidth can, however, still provide excitation of
the essential part of the atoms in the beam resulting in a high
ionization efficiency at resonance. In our example of the excitation
of copper atoms the laser pulse length is shorter than the lifetime of
the upper level (7.4 ns), and in a first approximation the saturation
of the atomic transition is defined by the photon fluence (photons/
cmz) and can be calculated as @, = 1/(20), where ¢ is the atomic
transition cross section. However, to ensure the excitation of all
atoms in the beam, power broadening has to be involved and the
transition has to be oversaturated by a factor of 4.3 [1] to excite
all atoms in the inhomogeneous-broadened Doppler line profile.
This will cause Loreantzian tails but the resolution will still be
defined by the Doppler width (see Section 8 for more details). The
contribution of different broadening mechanisms to the spectral
line broadening in the gas cell and in the supersonic gas jet with
Mach numbers 7 and 12 are summarized in Table 1.

During the gas expansion of heavy atoms along with the lighter
noble gas atoms the translational energy of the first exceeds by
tenfold their thermal energy in the gas cell. For example, atoms
with atomic mass number A = 100 expanding in a helium jet have
an energy of 1.64 eV. Although in collinear photonization spectros-
copy much higher energies are used, this acceleration would al-
ready affect the line shape [32,84,85] and would cause an
additional artificial isotope shift [27] that has to be taken into con-
sideration while measuring the chain of radioactive isotopes. In
contrast to standard collinear spectroscopy where the energy of
all isotopes remains constant, in the case of supersonic expansion
the velocity of all isotopes is constant. This monokinetization dur-
ing the gas expansion assures that no additional kinematic isotope
shift is produced. A difference between the velocity of the particles
under investigation and the buffer-gas velocity, the so-called
“velocity slip” effect, has been observed in the supersonic free jet
expansion for heavy particles with a big mass difference and seems

(@) B T0L300K1 77J > 71* Lii L‘orept-z‘ian ] to be not important for heavy isotopes of the same element [86].
— Py=500 mbar i \ collision |
Ji \ 5.4. Formation of clusters and chemical reactions
/ \
i / \\ The expansion of the buffer gas through the nozzle results in a
_—"| Gaussian ] Laser —~ substantial cooling and consequently in small relative atom
D°P‘P'e’ / AN velocities, hence the interaction between atoms in the beam can
\ w cause formation of dimers, trimers, and even clusters. The dimer
-5000 -4000 -3000 -2000 -1000 O 1000 2000 3000 4000 5000 formation requires three-body collisions in which the third particle
(b) [ [ removes the excess of energy of the collision complex. The dimers
- Ty=300K // \\ serve as condensation centers for further growth of clusters. This
- P=100 mbar /8 B\ can happen only in the beginning of the expansion part of the
J/H R\ nozzle close to the throat, where the three-body collision probabil-
/ 1 \\ ity is high enough. In principle, formation of multimers consisting
VA \ only of noble gas atoms does not play an essential role for the laser
excitation. However, this process can be important if the
i ,/ i \ i concentration of clusters is increased so much that it changes the
/ T \ Table 1
(© L Jet M=12 /7TN\. P-T parameters and contribution of different broadening mechanisms to the
L T=6 K //II \\ 327.4 nm single spectral line in copper for the gas cell and for the supersonic gas jet.
F p:0;003p o ]L*I = ‘Laser T Gas cell Gas jet
— Dl : ! —_ / ‘\: \ ‘Loren‘tzian Mach 7 Mach 12
‘°pp e‘r // / <\//‘(\ | | Temperature (K) 300 17.3 6
\ = 77 TSN S ‘ | Doppler FWHM (MHz) 1430 344 202
-500 -400 -300 -200 -100 O 100 200 300 400 500 Eiiegzgsﬁ;al(:;ﬁ;%?)z) i 10 386 108 382 10
Frequency (MHz) Collision broadening FWHM (MHz) 1086 15 3.3
Natural Broadening (MHz) 21.7 21.7 21.7
Fig. 9. Gaussian, Lorentzian, and laser contributions to the shape of a spectral line Lorentzian FWHM (MHz) 1108 37 25
in (a) the gas cell Py = 500 mbar, To=300K, (b) in the gas cell P, = 100 mbar, Voight FWHM (MHz) 2110 364 214

To=300K, and (c) in a supersonic gas jet of Mach number M=12, T=6K, and
p =0.003 p,.

2 Corresponding with a stagnation pressure Py = 100 mbar.
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properties of the gas jet. This nucleation process is related with the
van der Waals interaction. The noble gas cluster formation has
been studied extensively in many laboratories [87-91]. The clus-
tering effect is determined by the temperature T and the pressure
Py in the gas cell, the shape and the size of the nozzle [92], and the
strength of the interatomic bonds. The onset of clustering and the
size of created clusters in a free jet can be described by an empir-
ical scaling parameter G* known as the Hagena parameter

0.85

G*:nml’o, (26)
0

where d is the nozzle diameter in pm, T, is in Kelvin, Py in mbar,
and 5 represents the condensation parameter related to the bond
formation that results in 3.85 and 1650 for helium and argon,
respectively. The dependence of the Hagena parameter as a function
of the gas pressure is shown in Fig. 10 for argon and helium and for
a throat diameter of 0.5 mm and 1 mm. The clustering starts when
the Hagena parameter G* > 300 [93], in such case the average num-
ber of atoms per cluster N, is increased very fast from several atoms
at G* =300 up to 1000 atoms per cluster at G* = 2000. Only for
large values of the nozzle diameter a high pressure can cause clus-
tering during the jet formation. The number of atoms per cluster N,
scales as N. ~ G**°725 and is extremely sensitive to the gas temper-
ature in the cell N, ~ T,°. Consequently, a small increase of the gas
temperature in the case of argon can prevent the formation of big
clusters without essentially influencing the Doppler resonance
width.

Formation of van der Waals molecules between the atoms of
interest and the noble gas atoms causes a reduction of the effi-
ciency. This molecular formation can only happen in the beginning
of the expansion, where the three-body collision frequency is high
enough. The amount of molecules formed depends on the conden-
sation parameter # related to the interatomic bond formation. The
formation of weakly-bound complexes of laser-produced radioac-
tive ions with noble gas- or impurity atoms plays a very important
role in the case of laser ionization in the gas cell. Gas purity at the
ppb (part per billion) level is required to minimize the reaction rate
of the investigated species in ionic form with the impurity mole-
cules [94]. In most cases the weakly-bound complexes can be
decomposed by an electrical field applied between the gas cell
and the RF structure. For in-gas-jet ionization, however, only the
loss of the investigated species in atomic form is important. Since
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Fig. 10. Hangena parameter G as a function of the gas-cell pressure Py for helium
and argon at a stagnation temperature To = 300 K and a throat diameter of 0.5 mm
and 1 mm. The dashed line at G* = 300 indicates the beginning of fast growth of
clusters.

the chemical reaction rate for atoms with the impurity molecules
is much smaller than that for ions, the requirements on the gas
purity can be relaxed. Furthermore, the loss of laser-produced ions
due to molecular formation in the jet is smaller than that in the gas
cell owing to the low gas density and the short interaction times.

5.5. Requirements for the pumping system

To ensure a homogeneous flow of the supersonic gas jet, the
pumping system has to be able to provide the required background
pressure in the gas cell chamber. The pressure in the gas cell is de-
fined by the amount of gas needed to stop the energetic reaction
products. The gas throughput of the nozzle will then define the
transit time of the radioactive atoms in the gas cell and could lead
to decay losses for short-lived nuclei. The amount of gas that has to
be pumped out depends on the throat area, the pressure, the tem-
perature in the gas cell, and the type of noble gas. As mentioned
before, the larger the Mach number one aims for, the smaller the
background pressure should be. The volume flow rate of the buffer
gas Q (in 1/s) with atomic mass number A and stagnation temper-
ature in the gas cell Ty (in K) is given by

Q = 0.052 dz\/%7 (27)

with the throat diameter d given in mm. The background pressure
in the gas cell chamber P as a function of the required Mach number
is obtained using Eq. (8), and is shown in Fig. 11a for an stagnation
argon pressure Py = 100 mbar and 500 mbar. To provide this re-
quired pressure, the pumping speed of the vacuum system W (in
1/s) should fulfill that

W:Q%, (28)

The dependence of the pumping speed as a function of the Mach
number is shown in Fig. 11b for a throat diameter of 0.5 mm and
1 mm. Supersonic beams with a Mach number in the range 5-15 re-
quire a gas cell chamber background pressure in the range between
2 and 0.001 mbar for a gas cell pressure of 500 mbar (see Fig. 11a).
The combination of roots- and big turbo molecular pumps can pro-
vide the required pressure range.

To avoid decay losses of the radioactive nuclei, the transit time
in the gas cell should be smaller than their half-life. For example,
isotopes of 1°°Sn produced in the reaction *®Ni + “6Ti - 1°°Sn + 4n
and separated by an in-flight mass separator enter the gas cell with
an energy of 88 MeV. They can be stopped in 500 mbar Ar gas at a
distance of 12.3 mm relative to a 4 pm Mo entrance window with a
longitudinal straggling range of 2.8 mm, see Fig. 3. The cross
section of the '°°Sn beam is about 3 by 4 cm?. The volume of the
stopping compartment of the dual chamber gas cell, downstream
from the position of the stopped nuclei, together with the laser ion-
ization volume V. is about 60 cm?>. In this case the transit time T,
of nuclei through the cell can be estimated as Ty = V/Q , where
Q is the volume flow rate defined by Eq. (27). For an exit orifice
diameter of 1 mm, T, amounts to 0.42 s, which is smaller than
the half-life of '°°Sn (T;,;=0.94 s).

6. Laser ionization in the jet produced by an axisymmetric spike
nozzle

The other type of jet that can be used for laser resonance ioni-
zation spectroscopy is the one provided by an axisymmetric spike
(or plug) nozzle. The geometry of the spike nozzle is shown in
Fig. 12a. As mentioned earlier usage of this type of nozzle, other
than in the field of rocket design, cannot be found in the literature.
The reason for this might well be in the manufacturing difficulties
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Fig. 11. The required (a) pressure P in the gas-cell chamber as a function of the
Mach number M for a gas cell P = 100 mbar and Py = 500 mbar at To = 300 K and
(b) pumping speed W as a function of the Mach number M for a nozzle throat
diameter of 0.5 mm and 1 mm.

to provide the tolerances required in smaller scale nozzles to those
employed in propulsion engine applications. As an example, the
width of the ring slit in a nozzle of 8 mm in diameter giving a
throughput equivalent to the 1 mm converging-diverging nozzle
would be only 31 um. Unlike the de Laval nozzle, the configuration
of the spike nozzle allows directing both laser beams for the two-
step ionization along the nozzle axis as the laser beams cannot
penetrate inside the gas cell. This fact enables excitation and ioni-
zation of atoms outside the cell only, where the gas flow is super-
sonic. Furthermore, in this beam configuration one avoids the use
of the laser beam expander, which reduces the laser energy den-
sity. This can be important if the second step transition is weak
and is difficult to saturate with the available laser power. However,
to get a high spectral resolution the ionization should be per-
formed only in the region where a low gas temperature is reached.
It should be noted here that this fact could favor the use of a
crossed laser beam geometry as well for this kind of nozzles.

In the spike nozzle the gas from the stagnation region is accel-
erated to sonic speed while moving between two opposite walls,
which are coming closer to each other. At the point where one wall
ends and the gas expands around its edge, the other wall forms the
spike contour. The design approach for the contour of the spike
nozzle is based on a Prandtl-Meyer expansion fan around a cowl
lip. The optimal contouring of nozzles has been studied by several
groups [95-99]. In order to get the gas flow with the Mach number
M to be parallel to the nozzle axis at its exit, the thruster angle
0(M) has to fulfill that
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Fig. 12. (a) Shape of the spike nozzle and a possible laser beam arrangement for
laser ionization and spectroscopy, (b) the Prandtl-Meyer expansion fan angle as a
function of the Mach number, and (c) the exit- to the throat area ratio as a function
of the Mach number for monoatomic gases (y = 5/3).

oM) = , /3 - 1 arctan | /% (M*—1)—arctan VM2 —1.  (29)

This Prandtl-Meyer function is shown in Fig. 12b for the ratio of
specific heat capacities y = 5/3. Similarly as for the de Laval nozzle,
the exit- to the throat areas ratio S, /S, for the desired Mach number
M should be fulfilled (see Eq. (12)). The required ratio of areas as a
function of Mach number is shown in Fig. 12c for y = 5/3. The throat
and the exit areas are defined as

_m(rg—r?)
A = —cosh and (30)
A =712, 31)

with r, and r, representing the radii of the throat and the cowl lip,
respectively. Since the Prandtl-Meyer equation is valid only for a
planar plug nozzle configuration with a one-dimensional inflow,
the method of characteristics is applied for the plug contour defini-
tion of the axisymmetric nozzle [100,101]. Despite of the technical
limitation found presently to construct a spike nozzle with the suit-
able dimensions to be used in conventional laser laboratories the
authors look forward to the future technological progress that will
allow the use of such nozzles in laser spectroscopy experiments.
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7. Laser ionization in a free jet

A supersonic free jet can be obtained in the expansion of gas
through a round orifice from a high-pressure gas cell into a low-
pressure gas cell chamber. The term “free” refers to the absence
of external surfaces that restrict the gas expansion, as e.g. in the
de Laval or spike nozzles. The properties of free jets have been
investigated in detail [102-104]. During the gas expansion two
types of shock zones are developed, see Fig. 13a. A barrel shock
is formed around the center line of expansion starting from the exit
orifice. This expansion terminates at the second shock zone, re-
ferred to as the Mach disk, which is perpendicular to the centerline
of the beam. Currently there exist many techniques based on
electron beam-induced fluorescence [105,106] and light-induced
scattering- and fluorescence [107-109] techniques that allow visu-
alization of the free-jet shock structures. Fig. 13b illustrates the
visualization of an argon jet in a helium background with a pres-
sure ratio of Po/Py; = 1600 and a terminal Mach number M = 32.
The analysis of images obtained through electron beam-induced
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Fig. 13. (a) Supersonic free jet expansion in vacuum and a possible arrangement of
the laser beams. (b) Visualization of an argon jet by the electron beam-induced
fluorescence method [106] using helium as background gas at the pressure ratio of
Py /Py = 1600 (courtesy of the Department of Aerospace Engineering of the
Politecnico di Milano). (c) Mach disk position Zy for a background pressure in the
gas cell chamber of 0.1 mbar and 0.05 mbar, and the location Z; of the terminal
Mach number as a function of the argon stagnation pressure in the gas cell for an
orifice diameter d = 0.5 mm and T, = 300 K.

fluorescence permits accurate density measurements that are
important for detailed studies of the barrel shock and Mach disk
morphology [110]. The location of the Mach disk depends only on
the ratio between the stagnation gas cell pressure Py and the
background pressure Py, in the gas cell chamber. The Mach disk dis-
tance expressed relative to the orifice diameter d can be written as

Zu P,
o= 067, /PT,g‘ (32)

Notice that Zy is not sensitive to the ratio of specific heats y. The
thickness of the Mach disk is of the order of the local mean free path
and depends on the background pressure. The diameter of the Mach
disk is more difficult to correlate since it depends on both Py/Py,
and 7. For an argon jet it is of the order of 0.45Z), [111]. The position
of the Mach disk for an orifice diameter of 0.5 mm and a stagnation
temperature Ty = 300 K is shown in Fig. 13c as a function of the ar-
gon stagnation pressure Py for the background pressure 0.05 mbar
and 0.1 mbar. The core of the expansion, limited by the barrel-
and the Mach disk shocks, is isentropic and its properties do not de-
pend on Py,. The expanding gas can be considered as ideal and heat
conduction and viscous effects can be neglected. In the beginning of
the expansion, where the flow is continuous, the gas temperature,
pressure, and density are described by the same equations (Egs.
(6)-(8)) as for the Laval nozzle. The gas undergoes isentropic
wall-free expansion and the collision rate, responsible for the cool-
ing, falls rapidly with increasing distance from the jet orifice. At
some point in the expansion the collision rate is too low to provide
continuum flow and the transition to a free-molecular expansion
begins. At this point the axial velocity distribution and the Mach
number is getting frozen. This terminal Mach number M, is defined
by the total number of collisions that atoms undergo during the
continuum expansion and can be calculated for argon as [112,113]

M; = 3.32(Pyd)™*, (33)

where Py is the stagnation gas cell pressure in mbar and d is the ori-
fice diameter in mm. The distance in the orifice diameters at which
this terminal Mach number is reached can be calculated in first
approximation as

Z M 15
5= (325) - (34)

This distance is also shown in Fig. 13c as a function of the argon
pressure Py for d = 0.5 mm and T, = 300 K. Since the distance Z;
does not depend on the background pressure it is possible to in-
crease the difference Zy; — Z; to allow laser ionization in the so-
called 'zone of silence’ [104]. In this case a minimum in the Doppler
broadening can be obtained. In the example of Fig. 13c the terminal
Mach number M; amounts to 21 at the stagnation pressure of
200 mbar and Zy —Z; = 13 mm. The temperature corresponding
to M = 21 is equal to 2 K and the Doppler broadening at this tem-
perature is much smaller than that associated with the divergence
of the supersonic beam. To estimate the influence of the divergence
on the spectral linewidth one should know the flow-field properties
of the free jet.

The variation of the centerline Mach number M as a function of
the distance from the exit orifice z/d for z/d > 2.5 is given by the
following formula [111,114]

M= B(Z*Zo)?’*l _B% (%) (35)

d G

This equation describes the expansion as spherical with streamlines
starting as a point source located at z,/d. A better fit of the central
line Mach number at smaller distances can be performed using the
following formulas [115,104]
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M:1.0+D(§>72+E<§>3 for 0<§<1.0. (37)

Fig. 14 shows the dependence of the central line Mach number
as a function of the distance from the exit orifice as given by Egs.
(36) and (37). Already at the distance of 6 exit orifice diameters a
Mach number greater than 10 is reached. The parameters used in
Eqgs. (35)-(37) are given in Table 2.

The atom density distribution for directions perpendicular to
the jet axis is given by

% = cos? 0 - cos? (%) and Zég—g = cos? (g-g), (38)

where tan§ ={ and R? = 22 + y2. The dependence of the centerline
atom density as a function of the distance from the exit orifice is
shown in Fig. 15a and the off-axis atom density distribution at dif-
ferent distances from the orifice in Fig. 15b. The off-axis distance is
also defined in units of the orifice diameter. The inset in Fig. 15b
displays the full width at half maximum of the atom density distri-
bution as a function of the distance from the orifice. From this linear
dependence one can determine the angle of the jet relative to the
central beam axis to be equal to 30.5°. This angle is obviously much
larger than that obtained using the de Laval nozzle. Nevertheless, by
using the axial direction for the first step laser beam one can obtain
a reasonable spectral resolution as given by Eqn. (17). In Fig. 16 the
contributions of the jet divergence (0 = 30.5°) to the resonance
width and of the total Doppler broadening for the 327.4 nm line
in copper are shown as a function of the Mach number. For
M =11 the contribution due to the divergence results in about
225 MHz, while the total Doppler broadening amounts to 440 MHz.

8. Requirements for the laser system

To ensure an efficient excitation and subsequent efficient ioni-
zation of radioactive atoms the laser system should provide tem-
poral and spatial overlap of the pulsed laser beams with the
radioactive atoms in the supersonic jet and, in addition, the laser
energy density should be high enough to saturate both transitions.
These conditions can be fulfilled more easily for the de Laval and
the spike nozzles because they can produce long and well-
collimated jets. A full temporal overlap is guaranteed if the laser
pulse repetition rate is high enough to irradiate all atoms in the
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Fig. 14. Mach number in the free-jet expansion for a monoatomic gas (y = 5/3) as a
function of the distance from the exit orifice measured in units of the exit orifice
diameter.

Table 2
Parameters employed in the calculations of the centerline Mach number for the
axisymmetric free jet flow in Egs. (35)-(37).

b Zo/d B C1 Cz C3 C4 D E
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Fig. 15. (a) The centerline atom density in the supersonic free jet normalized to the
density in the stagnation region is shown as a function of the distance from the exit
orifice. (b) Atom density in the direction perpendicular to the jet axis normalized to
the density in the stagnation region as a function of the distance from the jet axis,
the inset shows the FWHM of the atom-density distribution as a function of the
distance from the exit orifice. All distances are give relative to the exit orifice
diameter and the value of the parameter ¢ in Eq. (38) amounts to 1.365 for y = 5/3.

continuous atomic jet; for this to happen the condition given by
Eq. (1) should be fulfilled. For the spatial overlap the dimensions
of the laser beams should not be smaller than the size of the gas
jet. For two-step ionization processes via a short-lived auotioinizig
state or through the continuum, the duration of the laser pulses of
both steps and the time delay between them should be shorter
than the relaxation time of the population of the intermediate
level. At the same time, to get ionized the maximum fraction of
atoms, the energy fluence (photons/cm?) of the pulse ®;, ®, must
satisfy respectively the conditions

D) > O = (204,) ' and (39)
O, > O =), (40)

with &, 6o and @3, 0y, representing the saturation energy
fluence and cross sections for the excitation and ionization steps,
respectively [1]. The saturation energy fluence for the resonant
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Fig. 16. Total Doppler broadening in the supersonic free jet of the 327.4 nm 4s°S;,
» — 4p®Py» transition in copper. The contribution to the total broadening caused by
the divergence of the jet is also shown.

transition is very low and can be easily obtained. For the excitation
cross section in the range of 107'°-10"'2cm™2 it is found to be
between 3 and 300 nJ/cm? (/; = 330 nm). Eq. (39) is valid for a laser
bandwidth Jy, of the first step smaller than the homogeneous-
broadened spectral line I, (Eq. (19)). If the laser bandwidth given
by Eq. 25 is bigger than I',, the saturation energy fluence should
be increased by a factor Jgser/I'ner. The width of the resonance in a
supersonic jet is mainly determined by the Doppler broadening
(Egs. (14, 15)). The ideal condition for the first excitation step would
be the equality of the laser and the Doppler width. For the Doppler
linewidth shown in Fig. 9c this condition can only be satisfied for
Mach numbers greater than 20, see Fig. 7. The only way to excite
all atoms in an inhomogeneous-broadened Doppler line for smaller
Mach numbers is to oversaturate the transition by increasing the
energy fluence. The disadvantage of this is the presence of
Lorentzian tails in a power-broadened spectral line. The energy
fluence condition for the second step (Eq. 39) is more easily fulfilled
for the ionization via an autoionization level owing to the higher
cross section in comparison to non-resonant ionization into the con-
tinuum. The laser bandwidth should be smaller than the linewidth of
the autoionizing transition, which is usually bigger than 1 cm™~". For
a second-step transition cross section of 1 x 10~"° cm~2, the satura-
tion energy fluence results in 0.4 mJ/cm? (4, = 500 nm).

9. Experimental proof-of-principle of laser spectroscopy in a
free jet

The proof-of-principle for the in-gas-jet laser ion source using a
free jet has been demonstrated at the Leuven isotope separator on-
line (LISOL) in a series of off-line experiments. In order to perform
these tests, the front end of the mass separator had to be modified
with the incorporation of a 90° bent RFQ to allow for the possibility
of using a cross laser beam geometry with one of the laser beams
counterpropagating to the atomic jet, see Fig. 17a. In previous
experiments [52,53] either the laser beams passed first through
the gas cell or were both sent transversally to the jet, thus limiting
the performance of the technique.

9.1. Experimental setup

In these tests the standard LISOL gas cell for fusion-evaporation
reactions [39] was placed in the gas cell chamber, see layout in
Fig. 17b. Argon as buffer gas was supplied into the cell after
additional purification to sub-ppb level in a getter-based purifier.
Copper atoms from a resistively-heated filament were seeded into
the argon gas. Argon expanded from the gas cell into the gas-cell

chamber through the nozzle, which consisted of a sharp-edged
orifice of 1 mm in diameter with a flat surface at the outer side
of the nozzle flange and a spherical surface of radius r = 5 mm at
the gas cell side.

The segmented 90° bent RFQ ion guide has an entrance- and
exit linear parts, and a curved part with a central radius of
60 mm and an inter-rod spacing (inscribed diameter) of 12 mm.
The rod segments are 9 mm long, 12 mm in diameter and are sep-
arated by 1 mm gaps in the axial direction. The distance between
the exit orifice and the first segment of the entrance part of the
RFQ is 8 mm. The design of the RFQ ion guide allows to send the
first step laser beam between the rods counterpropagating with
the supersonic gas jet. Four of the segments in the curved part
are especially shaped to let the full laser beam interact with the
jet. A laser beam diameter of up to 8 mm can be inserted through
these segments towards the ionization region, see Fig. 17a. The
second step laser beam was sent perpendicular to the jet axis.
The crossing of the two laser beams and the gas jet defined the
zone of selective laser ionization. After the 90° bending the ions
were transferred into a smaller RFQ structure (inter-rod spacing
of 4 mm, length of 4 mm, and diameter of the segments of
4 mm) acting as a pumping barrier that transported the ions into
the extraction chamber Fig. 17b. The combination of the LISOL
pumping system [47] with the differential pumping element pro-
vided by the extraction RFQ resulted in a pressure suppression fac-
tor between the gas cell chamber and the extraction chamber of
three orders of magnitude. Finally, the extracted ions were acceler-
ated to an energy of 40 keV and transported to a dipole magnet,
where those ions with an A/Q = 63 were mass selected and subse-
quently detected by a Faraday cup or by a secondary electron mul-
tiplier (SEM). The background pressure in the gas cell chamber,
which defines the size of the jet, could be precisely adjusted to a
value of 0.1 mbar by changing the pumping capacity of the roots
pump system by means of a movable shutter.

The copper atoms in the supersonic free gas jet were ionized in
a two-step process according to Fig. 18a. The ground state 3d'%4s
251/2 atoms, excited by the 327.4 nm first step laser beam to the
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Fig. 17. (a) 3D view of the laser beams defining the ionization region and of the 90°
bent RFQ ion guide. (b) Layout of the experimental setup employed at LISOL for the
high-resolution laser resonance ionization spectroscopy measurements performed
in the supersonic free jet with a crossed laser beam (L1 and L2) geometry.
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intermediate 3d'°4p 2Py, level, were further excited by the
287.9 nm second step laser beam to the 3d%4s5s D5, autoionizing
state leading to ionization. The laser setup employed is similar to
that described in [6] with the only exception that for these tests
a narrow- band laser was used for the first excitation step. To
accomplish this, a single mode tunable laser beam of 654.8 nm
delivered by a continuous wave (CW) diode laser (Ta-pro, Toptica
Photonics) was amplified in a two-stage pulsed dye amplifier. To
get the required radiation at 327.4 nm, the amplified light was fre-
quency-doubled in a second-harmonic generation unit. The pulse
length of the 327.4 nm radiation was 5 ns, which resulted in a
spectral bandwidth of 88 MHz (Eq. (25)). The first-step laser beam
directed to the jet was additionally attenuated to avoid power
broadening of the atomic transition. The second-step laser light
at 287.9nm was produced by frequency doubling of the
575.8 nm (0.15 cm~! bandwidth) radiation from a dye laser (Scan-
mate, Lambda Physik). The amplifier and the dye laser were
pumped by two time-synchronized XeCl excimer lasers (LPX
240i, Lambda Physik) with a pulse repetition rate of 50 Hz. Both la-
ser beams were transported a distance of 15 m to the front end of
the mass separator. The first- and second-step laser beams had a
diameter of about 3 mm in the jet region and the center of the sec-
ond step beam crossed the gas jet 6.5 mm away from the exit ori-
fice, thus copper atoms in the region between 5 and 8 mm were
ionized. The jet at this distance was about 7.5 mm in diameter
(see inset in Fig. 15b).

(a) 3d°4s5s Dy, Autoionizing state
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65260.1 cm 62317.4 cm!
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Fig. 18. (a) The two-step ionization scheme of copper atoms (not to scale) used in
these experiments, (b) ion signal from 53Cu in the gas jet (purple) and from the
copper sample of natural abundance in the reference cell (black). Points represent
experimental values, while the solid lines are the best Gaussian fits to the
experimental data in order to determine the total FWHM (see Table 3). The dashed
line is the contribution of the line a of 5°Cu to the line b of %3Cu in the reference cell.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

In the reference cell, located in the laser hut, a collimated atom-
ic beam of copper atoms with a natural abundance (%3Cu = 69%,
55Cu = 31%) was produced by resistive heating of a graphite cruci-
ble at a temperature of 1250 K. The residual pressure in the refer-
ence cell was 1 x 107® mbar. Atoms from the crucible entered the
laser ionization zone through a collimating orifice of 3 mm in
diameter. The collimation ratio of the atomic beam in the setup
amounts to 1/12. About 5% of the laser power was directed towards
the reference cell. The first and the second step laser beams were
parallel to each other and crossed the atomic beam at 90°. The la-
ser-produced ions were pushed out the ionization zone by an elec-
trical field and detected by a SEM. No mass separation was
available in the reference cell. The ion signals from the gas jet
and from the reference cell were recorded simultaneously as a
function of the first-step laser wavelength. The wavelength was
measured by a lambda meter LM 007 (ATOS).

9.2. Results

The results presented here were taken at a stagnation pressure
Py = 200 mbar (pressure in the gas cell) and background pressure
Pp; = 0.1 mbar (pressure in the gas cell chamber), hence resulting
in a pressure ratio of 2000. The stagnation temperature was esti-
mated to be Ty = 300 K. The measured ion signal as a function of
the frequency of the first step laser, given in wavenumbers, for
the %3Cu isotopes in the gas jet and for the natural copper in the
reference cell are shown in Fig. 18. The displayed frequency range
covers two resonances corresponding to transitions from the
ground state, with a total angular momentum F = 1, to the first ex-
cited state, with F =1 and F =2, denoted in Fig. 18 by a and b,
respectively. In the reference cell, the b line of ®3Cu is mixed with
a small contribution from the a line of the lower-abundant copper
65Cu isotope, illustrated by a dashed line. The centroid of line a of
55Cu is 60 MHz away from the center of line b of ®*Cu towards
higher wavenumbers and the contribution of this line to the width
and the position of the ®3Cu b line is not more than 10 MHz.

The measured hyperfine splitting (the distance between the
lines a and b) of 995(30) MHz both in the gas jet and in the refer-
ence cell is in agreement with the literature values of
1013.2(20) MHz [116] and 960(30) MHz [117]. The resonances in
the jet are shifted to lower wave numbers relative to those in the
reference cell owing to the counterpropagating direction of the
first step laser with respect to the atomic beam. This Doppler shift
amounts to 1830(30) MHz and results, using Eq. (2), in a stream
velocity in the ionization region of u = 599(10) m/s. Applying Eq.
(33), the terminal Mach number M, is found to be 28. However,
this value is only reached at a distance of 25 mm from the orifice.
At the position of the second-step laser beam of 6.5 mm, the Mach
number is equal to 11, see Fig. 14. At this Mach number, the stream
velocity reaches almost the maximum value (see Fig. 4) and it can
be used to estimate the gas temperature in the cell (see Eq. (5)). If
the temperature in the cell is 300 K, the stream velocity should be
552 m/s, which should correspond to a Doppler shift of
AVpoppler = 1683 MHz. The measured shift points to higher gas cell
temperature of 355 K and can be explained by the additional heat-
ing of the gas caused by the glowing filament. Collisions in the free
jet shift the spectral line position to smaller wave numbers. The
shift-rate coefficient ), is usually smaller than the collision-broad-
ening coefficient )., [79]. The shift rate I'y; (EqQ. (21)) is estimated
to be not more than 8 MHz, which gives the maximum error on the
jet velocity of 2.6 m/s and on the gas cell temperature of about 3 K.

A key point in these studies was to find the answer to the
question of what spectral resolution can be obtained by using a
combination of axial excitation and transverse ionization in the
supersonic free jet. The measured width (FWHM) of the resonance
was found to be 450 MHz for both lines. Calculated contributions
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of different broadening mechanisms to the 327.4 nm spectral lines
(F=1,F =1,2) in copper in the ionization region of the super-
sonic free gas jet and in the reference cell are given in Table 3. In
the jet ionization region, the main contribution to the total Voigt
line profile with a FWHM of 420 MHz is due to the Gaussian con-
tribution with FWHM of 402 MHz. The Gaussian width is defined
by the residual Doppler broadening with FWHM of 242 MHz at
the jet temperature of 8.6 K, the additional broadening due to the
divergence of the jet is estimated to be 150 MHz, and the laser
bandwidth amounts to 88 MHz (5 ns laser pulse length). A Lorentz-
ian FWHM of 30 MHz is mainly given by the natural linewidth of
22 MHz, resulting in a much smaller contribution due to the colli-
sion broadening. The experimentally found FWHM (450 MHz) is
very close to that estimated (420 MHz). A smaller Doppler width
can be obtained in the case of performing the ionization farther
from the exit orifice, where larger Mach numbers can be reached.
The essential contribution to the linewidth comes from the jet
divergence. This contribution was reduced in the experiments to
150 MHz by restricting the ionization volume. If all atoms in the
jet would undergo laser ionization the additional broadening
would be 225 MHz and the total FWHM close to 500 MHz. Hence
the gas jet divergence is the limiting factor for high-resolution
spectroscopy in the free jet.

In the reference cell the Doppler FWHM of the spectral line
AVhoppter Was found to be 249 MHz. It was calculated using the
expression Avp, .. = AVpoppler - SIN €, Where Avpoppier is the Doppler
FWHM at the crucible temperature of 1250 K (15) and sin € is the
collimation ratio [118]. Taking into account the laser width of
88 MHz, the total FWHM of 260 MHz is close to the experimentally
obtained value of 300 MHz.

10. Conclusions and outlook

Different approaches for selective two-step laser resonance ion-
ization that can be used for high-resolution spectroscopy of radio-
active isotopes produced in nuclear reactions have been considered
in various types of supersonic gas jets. Although the efficiency of
the total ionization process was not determined in this study, it
will be low due to the low repetition rate of the lasers (50 Hz)
and to the limited overlap of the laser beams with the gas jet. An

Table 3

Conditions in the stagnation region (gas cell) and contributions of different
broadening mechanisms to the 327.4nm spectral lines in copper (3d'%4s 2Sy,
> — 3d"%p 2P,)) in the ionization region of the supersonic free gas jet and in the
reference cell.

Free jet Reference cell
Stagnation temperature Ty (K) 355
Stagnation pressure Py (mbar) 200
Mach number M 11
Jet temperature T (K) 8.6
Stream velocity (m/s) 599
Doppler FWHM (MHz) 242
Divergence broadening (MHz) 150
Laser bandwidth (MHz) 88
Gaussian FWHM (MHz) 402
Atom density (cm™>) 1.8 x 1016
Collision broadening FWHM (MHz) 8
Natural broadening FWHM (MHz) 22
Lorentzian FWHM (MHz) 30
Voigt FWHM (MHz) 420
Experimental FWHM (MHz) 450
Temperature of the crucible (K) 1250
Doppler FWHM?® (MHz) 2920
Collimation ratio 1/12
Doppler FWHM (MHz) 249
Total width,FWHM (MHz) 260
Experimental FWHM (MHz) 300

¢ For a temperature T= 1250 K.

improvement of the spatial overlap will be possible when the de
Laval or spike nozzles are used. A better collimation of the gas
jet by these two types of nozzle will allows to obtain a much more
efficient overlap with the laser beams over a much longer distance.
The cylindrical shape of such jets can be made easier to match with
the shape of the laser beams. Since the radial size of the de Laval
and the spike nozzle beams can be kept smaller than the radial size
of the free-jet beam, a higher laser-energy density will be available
to saturate the atomic transitions. In addition, optimum temporal
overlap will be provided by high-repetition rate pulsed lasers of
typically 10 kHz, that will enable irradiation of all isotopes in the
well collimated fast-moving gas jet.

The crossed first- and second-step laser beams interacting
with the supersonic jet are critical to select the ionization region
with cold atoms when a high spectral resolution is needed. Here,
it has been shown experimentally that a spectral resolution
ov/v=4.9 x 1077 can be obtained using laser ionization in a
supersonic free-gas jet. In this jet the resolution is limited by the
intrinsic divergence of the atomic beam. The spectral resolution
can be further improved up to 2.3 x 107 by using better collimated
supersonic jets produced by the de Laval- or by the spike nozzles.

The IGLIS technique combining laser ionization in a gas cell orin a
gas jet, is especially adapted for production and spectroscopy of rare
radioactive isotopes (see Fig. 3). Broad resonance structures can be
first investigated using in-gas cell laser ionization and the obtained
Z-selective beams can be mass separated and sent to the typical
experimental setups developed at ISOL facilities. When maximum
selectivity and resolution is needed, repelling fields can be used to
eliminate all contaminating ions and laser ionization might be per-
formed in the gas jet. This will allow high-resolution and high-sensi-
tivity laser spectroscopy studies in different exotic regions of the
nuclear chart and also the production of purified-isomeric beams.

The gas-jet properties that are important to achieve an
optimum spectral resolution were described without taking into
account the influence of mechanical structures (such as the RFQ)
on the gas flow field. For the final design of the set-up, 3D fluid
dynamics flow calculations will be needed. Efforts in this direction
are underway and prototypes will be validated. Moreover, optimal
conditions to perform high-resolution spectroscopy with
collimated supersonic beams and with high repetition rate lasers
will be investigated in a new off-line laboratory that is being com-
missioned at KU Leuven. As a next step for the on-line studies,
high-resolution spectroscopy of *®Cu will be performed at LISOL.

An optimized IGLIS setup to perform laser ionization spectros-
copy in the gas cell and in the gas jet, including high repetition la-
sers, will be installed at the Super Separator Spectrometer (S3),
which will be coupled to the superconducting linear accelerator
of the SPIRAL2 facility at GANIL [119].
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