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The laser ion source at the IGISOL facility, Jyvdskyld, has been used to study the effects of the passage of a
primary beam through an ion guide via the dynamic time profiles of yttrium and related molecular com-
pounds. The accessibility of a neutral fraction for laser ionization is shown to be restricted to the nozzle
region in the presence of a weak plasma. The survival of this neutral fraction cannot be explained by
recombination of the buffer gas alone and perhaps indicates a suppression of the transport of ions due
to a plasma-generated electric field. The concept of a competition between the processes that create
and destroy the ion of interest is used to explain the different trends in the ratio of yttrium to yttrium
oxide following the extraction of a stopped primary beam of #Y?!* in both helium and argon buffer gases.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In our previous article we presented the first detailed off-line
studies using the new laser ion source at the IGISOL facility, Jyvds-
kyld [1]. The flexibility of the dye-Ti:Sapphire laser system was
illustrated using the laser ionization of yttrium atoms produced
in an ion guide via the resistive heating of a filament. A careful
study was undertaken to understand the effects of gas purity on
an element that exhibits strong molecular formation in the pres-
ence of impurities within the gas. In order to decouple the compe-
tition between the molecular formation process and evacuation
from the ion guide we analyzed the experimental data in the
framework of a series of molecular rate equations in order to ex-
tract time profiles of single laser shots. With good control over
the gas purification a sub-ppb level of impurities was demon-
strated. The importance of the baseline vacuum pressure in the
immediate vicinity of the ion guide was apparent after a controlled
leak was added to the IGISOL chamber. Within the experimentally
determined flight time of ~100 ps through the rf sextupole ion
beam guide (SPIG) [2], a fast redistribution of atomic ions into
molecular forms can occur after leaving the exit nozzle of the gas
cell highlighting the importance of having a clean environment
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not only within the gas cell but through which the ions are electro-
statically guided following extraction.

In this follow-up paper the results of our first set of on-line
experiments undertaken in conditions of high ion-electron density
are presented. On-line experiments pose an additional set of chal-
lenges to attaining that of sub-ppb purity conditions. One of the
most important loss mechanisms for the ion of interest on-line is
that of neutralization. This is due to the density of ionization cre-
ated either by the passage of a primary beam or via the extraction
of recoils out from the gas cell from a fixed target such as in a light-
ion induced fusion-evaporation reaction or that of a fission reac-
tion. The effects associated with the presence of a large density
of ion-electron pairs have been discussed previously [3,4]. The
resultant reduction in extraction efficiency as a function of the
implantation rate has been observed at all gas catcher facilities
[5-8] which incorporate different volumes, buffer gases, projectile
energies and electric fields. A review of the most recent results
highlighting the decline in extraction efficiency and possible solu-
tions to tolerate higher primary beam intensities can be found in
[9].

The experiments discussed in the present work continue the
studies utilizing the yttrium atomic system. As an intermediate
step towards an operational ion guide laser ion source facility it
is important to understand the competing processes occurring in
the gas cell under on-line conditions. The effects of the passage
of a primary beam through the ion guide have been studied using
the time distribution profiles of yttrium and associated molecules.
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Information has been extracted from both the equilibrated
processes and the dynamic effects, with the latter discussed using
two different models. Additionally, a stopped primary beam of yt-
trium has been extracted from the ion guide and the ratio of yt-
trium to yttrium oxide as a function of gas pressure has been
studied in both helium and argon. The ratio has been explained
using a simple model of creative and destructive processes within
the gas cell. Although our goal is not to produce detailed simula-
tions of the ion guide processes, in order to provide a more efficient
and selective means of producing low-energy radioactive ion
beams via laser ionization, a reasonable understanding of the ion
guide plasma is required. Finally, we note that in those instances
in which laser ionization has been used in the current studies,
the laser ionization efficiency is not a subject of discussion. The
choice of laser ionization scheme included a non-saturated inter-
mediate excitation step and a non-resonant ionization step. With-
out the use of Rydberg- or auto-ionization states the cross section
for ionization is reduced by a factor of ~1000. Future radioactive
ion beam production with the laser ion source will utilize the most
efficient ionization scheme.

2. Experimental set-up

The laser system used in this work has been described in detail
in our previous article [1] therefore we concentrate here on the IGI-
SOL front-end. It is informative to briefly mention the present ion
guides in regular use at IGISOL, in order to explain the differences
between these and the gas cells designed for the purpose of laser
ionization studies. There are three main types of ion guide: light-
ion ion guide, heavy-ion ion guide and a fission ion guide. The dif-
ferences between each relate to the choice of reaction kinematics
needed for a particular experiment. In addition, two other ion
guides have been developed for specific purposes. The first has
been designed for quasi- and deep-inelastic reactions [10], and
the second for the production of a low-energy ion beam of daugh-
ter products of o-emitters [11].

The light-ion ion guide has been designed for use with H and He
primary beams. In this guide the target is mounted directly in the
stopping volume of the cell as the recoil energy of the reaction
products is small. The effective stopping volume for the recoils is
~3 cm?® and with a typical exit nozzle diameter of 1.2 mm, the
extraction time can be as short as one millisecond. A typical ion
guide efficiency (ions detected in the separator focal plane com-
pared to those recoiling out of the target into the stopping volume)
varies between 1% and 10% [12].

The heavy-ion ion guide (HIGISOL) is used in heavy-ion induced
fusion-evaporation reactions. As the reaction product distribution
is forward peaked a special arrangement is needed to reduce the
strong ionization of the helium gas by the accelerator beam. The
so-called “shadow method” is employed which takes advantage
of the difference between the primary beam angular distribution
and that of the reaction products after passing through a relatively
thick target (few mg/cm?) [13-15]. The stopping volume is consid-
erably larger than that of the light-ion ion guide, typically 120 cm?.
With a similar size exit nozzle an average evacuation time of
185 ms can be estimated by dividing the stopping chamber volume
with the exit-hole conductance. Targets are installed on a water
cooled frame outside the stopping volume, with a variable distance
relative to the ion guide along the cyclotron beam axis. Recently, a
rotating target wheel was installed and used in combination with
the HIGISOL system. Ion guide efficiencies are rather low, on the
order of 1 x 1073,

Many of the experimental studies at IGISOL use the fission ion
guide. The guide has been designed for use in proton-induced fis-
sion of uranium (or other actinide) targets. A 15 mg/cm? uranium

target is mounted within the ion guide volume at an angle of 7°
with respect to the primary beam to increase the effective thick-
ness of the target to 123 mg/cm?. In order to reduce the beam-re-
lated plasma, the primary beam is shielded from the stopping
chamber with a thin foil. The volume of this chamber, 130 cm?, is
comparable to that of the HIGISOL ion guide. The separation foil
may be made of an element of choice to provide sputtered material
for use as a stable ion beam for on-line experimental calibrations.?
Although the fission fragments can be separated from the primary
beam due to the isotropic emergence from the target, an intense
plasma effect remains, generated by the fission fragments them-
selves passing through the stopping gas. Combining the recombina-
tion losses with a relatively low fission fragment stopping efficiency
of ~1% in 200 mbar helium, typical absolute efficiencies are rather
low, only a few x107%, and very often the isotope of interest is dom-
inated by less exotic, unwanted isobars. It should be noted, that the
fission rate in the target is ~2 x 10° fissions/uC. Despite this, maxi-
mum intensities of ~10° fission products per second can be achieved
with the ion guide technique.

Two laser ion guides have been used in studies of laser ioniza-
tion at the IGISOL facility. The first, used in the present work and
on loan from the LISOL group at the University of Leuven, has
been described in detail in [1]. Briefly, the volume of the gas cell
can be divided into two parts, the main cell and a channel of
10 mm in diameter and 26 mm in length leading to the exit noz-
zle. The conductance of the 0.5 mm diameter exit hole for helium
is equal to 0.1121/s. The evacuation time of the whole guide is
~480 ms and that of the exit channel ~18 ms. Compared to the
ion guides described above these extraction times are consider-
ably longer due to the smaller exit hole. This is necessary in order
to achieve neutralization of the recoiling nuclei. The second ion
guide is a modified version of the HIGISOL gas cell, built for both
the laser ion source project in Jyvdskyld and standard heavy-ion
fusion-evaporation reactions. The guide has been optimized for
efficient gas flow transport, water cooling and baking capabilities
have been added and the design is modular such that filaments
and dc electrodes can be installed. The ion guide has three main
components: a gas feeding part, the main body and a removable
exit nozzle, all of which are sealed with indium. A beam window
of 48 mm in diameter can be added for standard HIGISOL reac-
tions. A schematic picture of both the LISOL ion guide and the
JYFL laser ion guide is shown in Fig. 1. The volume of the main
body of the JYFL ion guide up to the exit nozzle is ~252 cm?, al-
most a factor of five larger than the LISOL guide. The evacuation
time of the ion guide volume for an exit hole of 0.5 mm diameter
is 2.25s, and for a standard exit nozzle diameter of 1.2 mm,
390 ms.

3. Processes within the gas cell under on-line conditions

On-line experiments provide an additional set of complex pro-
cesses to those of the off-line conditions discussed in our earlier
work [1]. In this section we present an overview of processes
occurring within the ion guide, often in parallel, relevant to the
experimental results presented in later sections.

The monomer buffer gas ions B* created by the passage of a pri-
mary accelerator beam through an ion guide, or in the passage of
energetic highly-charged fragment recoils, rapidly dimerize to B;
in the three-body reaction:

B* +2B — B} +B. (1)
2 In collinear laser spectroscopy of neutron-rich fission fragments a stable

calibration is often required to connect the change in mean-square charge radii of
radioactive isotopes to stable isotopes.
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Fig. 1. Schematic view of the LISOL laser ion guide (top) and the ion guide designed
in Jyvdskyld (bottom).

At room temperature, the dimer ion becomes dominant at the
gas pressures used in typical ion guide experiments and is formed
at a rate R =k[p]?, in which p is the number density of neutral gas
atoms and the rate constant k=1.08 x 103" cm®s~! in helium
[16], and k=2.5x 103" cm®s~! in argon [17]. The lifetime for
dimerization is given by = 1/(k[p]®) and is ~0.33 ps at a helium
pressure of 200 mbar, and ~0.14 ps in the equivalent pressure of
argon.

One of the most important reactions on-line is that of three-
body recombination of the type:

X"+e +B—X+B, (2)

where X" is an ion of interest or a buffer gas ion, and B is the buffer
gas atom. Similarly, the reaction can be that of dissociative recom-
bination (a two-body process):

B, +e” — B'+B, (3)

where Bj is the buffer gas dimer ion. More generally, the rate
constant for a two-body process (X" +e~ — X+hv) is designated
as o, (cm®s™1). The three-body process of Eq. (2) has a rate con-
stant a3 (cm® s~1). The total recombination rate coefficient ool

(cm3s71), referred to later as o, is the sum of these two
processes:
Oltotal = 02 + O3 [p] (4)

and is gas and pressure dependent [16]. For He" in He at 295 K, 0otal
is given by

Oltoral = (1.12£0.05) - 1077 + (2.20 £ 0.25) - 10 “[pjem’ 5!, (5)

where the first term represents the two-body coefficient, the sec-
ond term the three-body coefficient and [p] the atomic number
density of the gas (in cm™3). In 200 mbar of helium gas at room
temperature the total recombination rate coefficient o~ 1.24 -
10~7 cm® s~ . In the case where argon is used as a buffer gas, there

is no pressure dependence on the total recombination coefficient
within the limits of experimental uncertainty [17], and o corre-
sponds only to the two-body rate constant with a value of
1.07 - 10" cm? s~!. Within the literature we have found no exper-
imental recombination rates measured for the metallic ions X" of
interest. However, Bates and Khare calculated recombination rates
for sodium ions in helium [18]. Their results indicated that so long
as the recombining ion of interest is atomic, the chemical identity
may not be very important in determining recombination rates.
They suggest that recombination rates may vary inversely with
the reduced mass of the ion and the neutral atom, therefore all
atomic ions much heavier than He* would exhibit recombination
rates ~50% of that of He" ions.

Recently, the role of impurities in the composition of high pres-
sure noble gas plasmas has been discussed [19] and calculations
have shown that trace impurities rapidly become the dominant
carrier of charge. In that work the conversion of helium dimer ions
was shown to take place via the charge exchange reaction with
nitrogen:

He; + N, — He} + N3, (6)

with a reaction rate coefficient of 1.4 x 10~° cm®s~!. The positive
charge in the plasma is determined primarily by helium ions if
the gas contains less than 1 part-per-million (ppm) of impurity.
However, above this level the positive charge is completely deter-
mined by the nitrogen. Furthermore, this type of reaction is not re-
stricted to nitrogen but applies to any impurity molecule and, as
discussed by Morrissey et al. the chemical nature of the impurity
simply depends on the operation of the gas cell [20]. Typical bimo-
lecular charge exchange rate coefficients are ~2 x 1072 cm®s~'. In
the work discussed in Section 4, performed under conditions of high
impurity levels (~0.1 parts-per-million (ppm) [1]), the mean life-
time for a He, ion can be calculated simply using Eq. (7) of [1],
T~ 1 ms. If the impurities in the gas are reduced to a level of a
few parts-per-billion (ppb) then the mean lifetime of He; increases
to T ~ 100 ms. The fate of the dimer ions strongly depends on the
impurity level within the gas cell and the extraction time from
the cell.

The initial production rate of ion-electron pairs in the buffer gas
following the passage of a primary beam is governed by the pri-
mary beam intensity I (puA), the energy loss of the beam AE
(eV) in the stopping volume V (cm?) and the mean ionization
energy needed for the production of one ion-electron pair, W
(41 eV for helium and 26.4 eV for argon) [3]. The ionization density
rate Q (ion-electron pairs cm > s~!) can be written as

2 I dE/dx

_ . 1
Q0=625-10 1w (7)

where (dE/dx) is the linear energy loss of the ion (eV/cm) and A is
the beam spot area (cm?). In our work involving yttrium filament
atoms (Section 4), the energy loss of a 30 MeV primary beam of
4He?" through the ion guide at a helium pressure of 200 mbar is
7.94 x 10° eV/cm. The beam was collimated to a diameter of
8 mm and was kept at a fixed intensity of 10 pnA. The ionization
density rate Q is therefore calculated to be 2.4 x 10" pairs/
cm®s. As the beam passes through the ion guide the charge den-
Sity 1 = Njon = Nelectron €VOlVes in time according to the expression
[21]:

dn 5
=0 —an?. 8
dt Q—an ®)
This expression has the solution:
eZt/r -1
n(t) =no 2t 11’ 9)
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in which the equilibrium density ng is given by

m—/2 (10)

and the characteristic time 7 for the plasma to reach an equilibrium
is expressed as

f:ﬁ. (11)

Using the value for Q and « given above results in an equilib-
rium density of 1.4 x 10'° pairs/cm® and a characteristic time to
reach this value of 580 ps. This is approximately a factor of two
shorter timescale than the charge-transfer lifetime of HeJ ions to
impurities under the present experimental conditions.

It is generally known that ionized buffer gas can have fast
charge transfer to atoms depending on the availability of final
states of the product ions that make the reaction nearly energy res-
onant, i.e. very slightly exoergic. The two predominant charge-
transfer mechanisms in the case of helium are the thermal energy
charge-transfer reaction:

He" + X — (X*)" + He + AE, (12)
and the Penning ionization reaction:
He'(2°S) + X — (X*)" + He + e~ + AE, (13)

where X is the ground state of the atom of interest, (X")" is an ex-
cited state of the singly-ionized ion and AE is the energy defect, cal-
culated by subtracting the final energy from the energy of the
colliding system. In a similar manner to that of reaction (12), the he-
lium dimer Hej ion can charge exchange with the atom of interest
resulting in the formation of two helium atoms. Investigations of
reaction (12) have shown that the charge-transfer cross section is
largest for 0 < AE<0.4eV [22,23]. Furthermore, the authors of
[23] conclude that contrary to the case of charge-transfer reactions
there appears to be no tendency for which the energy defect must
be small in a Penning reaction. In fact, the cross section for reaction
(13) increases with the energy defect, becoming largest for the pro-
duction of the metal-ion ground state. In all cases where levels of
the product metal ion are accessible to excitation by a Penning reac-
tion, excitation occurs. The triplet metastable level is given in Eq.
(13) as it has been observed to have the highest population density
[24] and is fed rapidly from the conversion of singlet metastable
atoms via collisions with electrons [25].

Unfortunately, few charge-transfer reaction rates for metallic
ions are found in the literature and those measurements that have
been performed are primarily motivated by the study of gas dis-
charge lasers [22,24,26-33]. In Refs. [31,32] cross sections of Pen-
ning ionization and charge transfer were measured for He*-Cd and
He*-Zn, respectively. In both cases the cross sections are almost
identical to each other within a factor of 1.5. Typical charge-trans-
fer rate coefficients for resonant transitions are of the order of
10° - 107" cm?s7.

Finally, it is informative to mention the role of the metastable
atomic density within the gas cell. Following the initial ion-elec-
tron pair creation caused by the passage of the primary beam
and subsequent fast dimerization, 70% of the He; -electron recom-
bination leads to the He'(23S) metastable state via the three-body
recombination reactions [25]:

Hej + e +e — He, — He'(2’S) + He + e, (14)
and
He} + e~ + He — He}, + He — He"(2°S) + He + He. (15)

The rate coefficients for reactions (14) and (15) are k =0.7+4 x
1072°cm®s~! and k=0.7+5 x 1072’ cm®s~!, respectively. Using
the equilibrated number density of electrons (n. = 1.4 x 10'° cm3)
given by Eq. (10) and the number density of helium atoms at
200 mbar pressure (nye =5.3 x 10'® atoms/cm?) the lifetimes for
reactions (14) and (15) are calculated to be 7~ 182 ms and
T ~ 4 ms, respectively. It is most likely that reaction (15) is domi-
nant as the concentration of neutral helium atoms is ~108 times
larger than the concentration of electrons. With 70% of the He;
ions being converted to metastable atoms then the density of
metastable atoms in the buffer gas can be calculated to be
~9.8 x 10° cm~3. In the conditions of the present work, the life-
time for reaction (15) is rather similar to the survival time of he-
lium dimers against charge exchange with impurities (reaction
(6)) and therefore these processes compete with each other. On
the other hand, with a much cleaner gas cell one would expect that
the metastable formation would dominate as the main loss mech-
anism for helium dimer ions.

A variety of loss mechanisms for the metastable He;, atoms are
discussed in [34], along with associated rate coefficients. Here we
only mention the dominant loss mechanism, defined by the short-
est timescale:

He:, + He — He + He, (16)

with an associated two-body rate coefficient of k=6 x 1071°
cm®s~'. The timescale for this reaction at a helium pressure of
200 mbar is calculated to be 7 =31 ps.

In analogy with helium, there exists two argon metastable lev-
els lying close to each other, the (3p°4s)3P, level and the (3p®4s)°P,
level, at 11.55 and 11.72 eV above the ground state, respectively.
The 3P, level is stated to be populated a fraction of 10-20% of the
3P, level [35]. In the literature we have found that the metastable
levels are populated in discharge experiments either via electron
impact excitation from Ar atoms or radiative recombination of sin-
gly-charged Ar ions [34]. We have not found similar metastable
production reactions, however, to those involving the helium di-
mer ions (reactions (14) and (15)), and assume here that the equiv-
alent reactions are in fact possible for Ar; and occur on a fast
timescale. In analogy with He;, atoms, a variety of loss mechanisms
exist for the Ar, atoms [34], dominated by the three-body
reaction:

Ar, + 2Ar — Ar; + Ar, (17)

with an associated rate coefficient k=1.4 x 10732 cm®s~!. The
number density ns, of Ar atoms at a pressure of 200 mbar is
5.3 x 10'® atoms cm~ and therefore the timescale for this reaction
is calculated to be t ~ 3 ps. We note that the main loss mechanism
of the helium metastable atoms result in ground state helium
atoms, whereas in reaction (17) the formation of an excited dia-
tomic Ar molecule occurs. If we suppose that the 3P, level is the
dominant metastable state in the Ar buffer gas then the correspond-
ing diatomic molecular state is that of the Ar;(32;(0,,1,)) level
[36], with a lifetime of a few us. Because reaction (17) is resonant,
the reverse reaction is possible:

Ar; + Ar — Ar}, + 2Ar, (18)

and therefore an equilibrium level of Ar metastable atoms is
achieved.

4. On-line studies with filament-produced yttrium atoms

The results described in the following sub-sections have been
obtained using the LISOL laser ion guide. In our previous article
we discussed the first studies on gas phase chemistry using this
ion guide, performed in March 2006, following which a contami-
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nating leak was found in the gas feeding line [1]. Immediately fol-
lowing this experiment, the effects of the passage of a 30 MeV pri-
mary beam of “He?* through the ion guide, presented here, were
obtained and therefore the results also contain contaminating
impurities. In this work, an yttrium filament of thickness
3.75 mg/cm? cut into a bowtie configuration with a diameter of
3 mm at the narrowest part, was mounted in the ion guide towards
the rear. The laser light enters the guide longitudinally through a
sapphire window and the primary beam passes through the gas
cell perpendicular to the extraction axis at ~48 mm from the exit
nozzle.

4.1. Equilibrated yields - information on laser ionization, molecular
formation and recombination

In order to investigate the effect of the primary beam on both
the neutral yttrium filament atoms and the laser-ionized yttrium
ions, the primary beam and the laser beams were pulsed using a
timing sequence with TTL signals from the JYFLTRAP control pro-
gram [37]. The ion signal, detected on a set of channel plates
mounted downstream from the focal plane of the IGISOL mass sep-
arator was fed into a multichannel analyzer (MCA) with a time res-
olution of 655.36 pus per bin. The time profiles of 8°Y*, YO* and
YO*(H;0)3 are shown in Fig. 2.

A total cycle time of 4 s was employed by the control program.
The laser radiation was pulsed on from 1.5 to 3 s and again from
3.5 to 4 s. The cyclotron beam was on from 1 to 2.5 s. These periods
are represented by horizontal bars above the time axis (see figure
caption for details). Time profiles were also recorded for all the hy-
drate attachments that have been discussed in [1] (YO'(H;0),
YO*(H,0), and YO*(H,0),) however these have not been shown
in Fig. 2 to maintain clarity.

The filament was continuously heated during this work. The
structure seen in Fig. 2 just after the initial start time can be ig-
nored as it is an effect of the JYFLTRAP program and is a “wrap-
around” of the data at the end of the scan being written to the file.
Fig. 3 shows a comparison of the saturated yields of yttrium and all
associated molecules under the different conditions, namely “laser
only”, “beam only” and “laser and beam”. Additionally the effect of
the laser ionization during the primary beam period can be ex-
tracted by subtracting the yield obtained in the “beam only” period
from that of the “laser and beam” period. The sequential formation
times for the different molecules are taken from Table 4 in Ref. [1]
and are indicated on the top of the figure.
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Fig. 2. Time profiles for Y*, YO* and YO*(H,0)3 showing the influence of the primary
beam passing through the ion guide. The black (grey) line above the time axis
indicates the period when the accelerator (laser) beam was on.
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Fig. 3. A comparison of the saturated yields for yttrium and associated molecules.
The timescale associated with molecular formation is shown on the upper x axis,
taken from Table 4 of [1].

During the “laser only” period the relative trend in yield closely
follows that seen in the off-line conditions summarized in Fig. 11
of [1]. The main contribution to the yield comes from YO*(H,0)s3
which can be explained via the time evolving sequence of hydrate
additions to YO* and the long evacuation time of the ion guide
(~100 ms along the laser axis). In contrast, when the primary beam
is turned on the dominant molecule is shifted to YO* and the yield
drops steadily for the hydrate additions. Using the rate equations
that describe the molecular formation processes given by Eq. (17)
of [1] and the molecular formation times from Table 4 of the same
reference, we have estimated that the dominant molecule formed
during evacuation from the beam region would be YO*(H,0),,
assuming an initial condition of 100% yttrium atoms. The addition
of the primary beam complicates this picture by introducing an
ionization mechanism which is non-selective, unlike that of laser
ionization. Also, the beam-related processes are not confined to
the beam interaction region but are in equilibrium as the ion-elec-
tron pair density evolves towards the exit hole. These processes
may include a continuous break-up of hydrate molecules in the
channel of the ion guide which feeds the YO yield. Although the
beam energy deposited into the ion guide is high enough to
decompose YO' into atomic yttrium ions this is not reflected in
the “beam only” data because the reformation of YO* due to reac-
tions with impurities is too strong. A similar overall trend is ob-
served in the case when both lasers and beam are on.

The effect of the laser ionization in the presence of the primary
beam is indicated in Fig. 3 by the light grey symbols. The strongest
laser enhancement is observed for yttrium, monotonically decreas-
ing for each subsequent molecule until the yield is dominated by
beam ionization in the case of YO*(H,0),. The increase in the atom-
ic yttrium ion fraction compared to off-line conditions is associated
with an increase in the number of neutral yttrium atoms in the la-
ser beam path, most likely caused by the decomposition and
recombination of molecular species during evacuation from the
guide. From the molecular formation times indicated in Fig. 3, a
typical timescale for the effective laser ionization in the presence
of the primary beam is ~10 ms. This can be compared to the time-
scale associated with the strongest laser effect under off-line con-
ditions (in which YO* (H,0); is the main contributor), ~100 ms,
indicating the limited effective volume within which laser ions
survive in the presence of a plasma.

The dominance of recombination compared with formation of
molecular compounds via laser ionization of atomic yttrium is
highlighted in Fig. 4, which shows the time profile of YO* (H,0)3
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with and without laser ionization. The laser effect in the upper pa-
nel is calculated by subtracting the two graphs in the lower panel.
While the cyclotron beam is on, no formation of molecules via laser
ionization of atomic yttrium is observed. Approximately 50 ms
after the primary beam has been turned off, the plasma has been
evacuated and the laser ion signal starts to increase, reflecting
the survival of laser-produced yttrium ions and related molecules
against recombination. It is noticeable that the rise time of the la-
ser effect during the presence of the striking beam-related peak is
faster than that of typical off-line conditions which are represented
following the brief 0.5 s laser off period, following which the laser
is turned on again at 3.5 s. Further details in connection to such an
effect will be addressed in Section 4.3.

4.2. Dynamic processes — information from the atomic and molecular
time profiles

The saturated yields observed within the different periods of
the laser and primary beam provide information on the equili-
brated processes within the ion guide. Additionally, the time distri-
bution profiles can also be used to understand the dynamic
processes. In the initial period when the cyclotron beam first
passes through the gas cell the buffer gas is ionized almost instan-
taneously, along with the yttrium filament atoms and correspond-
ing molecules. All species reach a peak (less noticeable in yttrium)
at the same time, ~50 ms after the beam has been turned on
(Fig. 2). This common delay is associated with the gas flow evacu-
ation from the ion guide and has been simulated using a flow mod-
el based on the COMSOL software package [38]. A complete
description of the model is detailed in [39] and is only briefly dis-
cussed here. The flow of atoms in the gas is governed by the mac-
roscopic motion of the gas flow. Additionally a random diffusion
process can be taken into account according to the model de-
scribed in [40,41]. During a time step At the particle travels a dis-
tance of:

AX = v(X)At + Xp, (19)

where » denotes the macroscopic gas velocity and xp a random dif-
fusion step calculated from standard diffusion theory. From the
COMSOL software package a velocity map containing the coordinate
pair (r,z) and the velocity vector (#;,2,) in cylindrical coordinates
was imported into Mathematica [42]. With the known velocity pro-
file, a routine was written to numerically integrate Eq. (19) from a
chosen starting point within the ion guide in order to monitor the
trajectory of a single ion.
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Fig. 4. The time profile of YO*(H,0)s. The black (grey) line above the time axis
indicates the period when the accelerator (laser) beam was on. The top panel shows
the effect of the laser ionization by subtracting the two graphs in the lower panel.

In this particular instance the gas flow was inverted in the sim-
ulation, corresponding to a time-reversal according to Eq. (19). The
initial ion distribution was chosen to start from a random position
within the nozzle area of the gas cell. The time-reversed trajecto-
ries were followed for 50 ms and the final position was recorded.
Any ions that hit a wall were neglected. The result of a simulation
of 1000 ions is shown in Fig. 5. The two horizontal lines mark the
position of the beam entrance window. The typical trajectory of a
single ion track can be seen and it is clear that the majority of ions
are indeed created in the beam interaction region.

The effect of laser ionization on the time profile of atomic yt-
trium in the presence of the equilibrated plasma, seen in Fig. 2
when the lasers are turned on at 1.5 s, is shown in more detail in
Fig. 6 (filled triangles). The background due to the primary beam
has been subtracted in order to compare with the off-line data ta-
ken from 3.5 to 4 s in Fig. 2 (spheres). A delay of ~5 ms occurs be-
fore the effect of the lasers is noticeable. This is caused by a time
delay in the laser shutter and is not related to the time-of-flight
of the ions. The exponential growth curve fitted to the 3°Y* data
provides valuable information on the effective volume from which
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Fig. 5. A time-reversed gas flow simulation in which ions are randomly created in
the nozzle region of the ion guide, located at ~84 mm along the Z axis. The ions are
allowed to travel for 50 ms at which point their final position is recorded.
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presence of the primary ions from the beam (solid triangles). For comparison we
show the off-line data shifted in time from the same data set (Fig. 2) (spheres). Both
data sets are fitted using a simple exponential growth curve.
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laser-produced ions can be successfully extracted in the presence
of the plasma. A fit value of 7=1.9(1) ms corresponds to a sum
of the conversion of Y* ions to molecules and losses due to the ef-
fect of the plasma density. We can therefore estimate the time con-
stant associated with the plasma effect, Tpiasma=1/(1/T — 1/Timor) =
3.1 ms, where T,,0; = 4.9(1) ms, extracted from the fit of the off-line
data. By combining this saturation time with the conductance of
the exit nozzle (112 cm®s~') one can estimate the effective laser
ionization volume for Y* in the presence of the plasma. This is cal-
culated to be 0.35 cm?, only ~0.7% of the total volume of the ion
guide and 64% of the effective ionization volume of that calculated
in the presence of molecular formation alone. We note that studies
by the LISOL group, University of Leuven, indicated that even at
time scales around 5 ms, recombination losses of the ion of interest
start to become important once the ion-electron density is above
107 = 108 cm™3 [3].

For comparison, we also show the off-line data shifted in time
to correspond with the initial increase in the on-line data. Not only
are the different time scales illustrated, reflecting the different
effective volumes from which laser-produced ions are evacuated,
the increase in the yttrium ion yield in the presence of the effects
of the primary beam can also be seen. This has already been dis-
cussed with reference to Fig. 3.

In the direct beam interaction region the evolution of the ion-
electron pair density is governed by Eq. (8). When the beam is
turned off, or in this case, when the gas flow moves the ion-elec-
tron pairs out of the beam region towards the nozzle, the ion-elec-
tron density is no longer in equilibrium. Recombination becomes
the dominant process and the density of ions and electrons evolve
in time as

Mo
n(t) = T omot’ (20)
where g is the initial density (given by Eq. (10)). The evacuation
time of a 6 mm cylinder along the ion guide axis (the laser
ionization zone) from the beam region to the exit nozzle is
~50 ms. During this time the ion-electron density reduces from
an initial value of 1.4 x 10'° pairs/cm® to a value of 1.6 x 10%
pairs/cm® according to Eq. (20). If we assume that the time con-
stant Tpiesme determined from the increase in the 39Y* signal when
the lasers are turned on (Fig. 6) is due to recombination caused by
the electron density in the nozzle region, then we arrive at a
contradiction. The electron density needed to satisfy the value of
Tplasma = 3.1 ms is 2.2 x 10% cm~3, a factor of ~14 higher than that
estimated from the direct beam-related density transported by gas
flow.

We have considered additional sources of electrons in order to
explain the discrepancy, for example via metastable-metastable
collisions or non-resonant photo-ionization from vacuum-ultravio-
let (vuv) photons which are created as a charged particle loses its
energy as it passes through the gas. In the latter case, we have
explicitly shown that the non-resonant ionization cross section is
too small for direct ionization [39]. Additionally, due to the low
metastable densities in the nozzle region it is very unlikely that
we have a source of electrons with a density considerably higher
than that associated with the plasma density.

On the other hand, it is possible that laser ionization is indeed
working deeper within the ion guide however the photo-ions are
not effectively transported to the nozzle region due to the plas-
ma-generated field within the gas cell. This effect could explain
the fast saturation time seen in Fig. 6 and the difference in rise
times in the YO*(H,0); profile of Fig. 4. It is important to note that
we are not discussing the effects of adding an external electric field
in the gas cell. The motion of the produced plasma in an ion guide
system is governed mainly by ambipolar diffusion and gas flow.
The electric field associated with the plasma can be described as

In(n) ~ —kB#Vln(n), (21)

:D,»fDeV
.ui+:ue

where u and D are constants for the mobility and the diffusion of
the electrons and ions (He" and Ar” in our case), respectively, and
T. the temperature of the electrons. Earlier work calculating the
electron energy distribution functions (EEDF) has shown that the
temperature of the bulk electrons in helium gas remains at 300 K
even at very high beam intensities (up to 10'® He™ pps cm™2)
[43]. On the other hand, if Ar is used as a buffer gas, only at low
beam intensities (less than 10'2 pps cm~2) is a similar electron tem-
perature maintained. For beam intensities exceeding this value, the
primary projectiles transfer a sufficient amount of energy to the
electrons such that the bulk temperature increases, approaching
0.4 eV at 10'® pps cm 2,

As an example, in the following we discuss the geometry of the
LISOL laser ion guide evacuation channel (10 mm in diameter,
26 mm in length) using a simple approach to determine the ion
transport in a tube. We note that the exit hole itself is not dis-
cussed due to uncertainties arising from the plasma density distri-
bution and the need for additional gas flow modeling. The plasma
density in the channel is defined by the recombination process of
Eq. (20) and the gas flow velocity which follows the v= 7o(1 — (r/
10)?) rule, where u; is the gas velocity on the axis of the channel
and ro the channel radius. For simplification we ignore the role of
diffusion of the plasma distribution. We can then write the expres-
sion for the plasma density n(z,r) as

E

No Uo(r% — r2)
Vo (13 — 12) + angzrd’

n(z,r) = (22)
where ng is the plasma density in the primary beam area.

From Eq. (21) and (22) we calculate the electric field produced
by the plasma flow in the channel, assuming an electron tempera-
ture of 300 K. Fig. 7 illustrates the radial component of the electric
field as a function of the radial position across the channel at an
extraction axis position of z=1.5 cm. As a function of the extrac-
tion axis (z), the radial component is rather constant between
z ~ 0.2 cm and the exit nozzle, decreasing rapidly close to the pri-
mary beam area. The knowledge of the electric field and gas veloc-
ity allows one to calculate trajectories of individual ions under
study. For illustration, the plasma density distribution and a sam-
ple of calculated ion trajectories are shown in Fig. 8. We note that
these ion trajectories refer to the species of interest, rather than the
buffer gas ions themselves. It is of interest to estimate the effect of
the electric field on the ion velocity in comparison to the gas flow
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Fig. 7. The radial component of the plasma-generated electric field as a function of
radial position from the extraction axis of the LISOL ion guide channel. Within the
channel the component is rather constant as a function of the extraction axis z.
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velocity. For an ion moving along the extraction axis at a radius r of
2 mm, the velocity due to gas flow is ~130 cm s~ . The electric field
at this radius is ~0.076 V.cm™!. By combining this with the ion
mobility in 100 mbar helium pressure (~200 cm?/Vs) one can cal-
culate the velocity to be ~15 cm s~'. Therefore, the effect of the
generated electric field is ~10% of that due to the gas flow.

The transmission efficiency € of the exit channel was estimated
from the ratio of the transmitted ions to the total number of ions
injected along the cross sectional area of the channel entrance
(z=0cm). For a continuous beam the transmission as a function
of initial plasma density is illustrated in Fig. 9, comparing the
behaviour for He and Ar. Following the discussion of gas cell pro-
cesses in Section 3 we fix the recombination coefficient of an ion
of interest to be 5 x 1078 cm? s, ~50% of the recombination coef-
ficient for the He" ion. The evacuation efficiency in He for an initial
density of 10'° pairs/cm® is calculated to be €=0.043 without
recombination, decreasing to € = 0.011 including recombination.

The essential difference in the behaviour of the transmission
efficiency in the He and Ar channel can be explained by the larger
neutralization coefficient and lower gas velocity of Ar compared to
He. The neutralization process of the Ar plasma occurs primarily in
the beginning of the plasma travel in the channel and the plasma
density gradient is high only close to the beam region. The plasma
in most of the channel has a relatively low density and, as a result,
the neutralization of the studied ion is not very probable. In the
case of He, the gas flow rate is higher and the neutralization rate
of the plasma is lower, thus a higher density of plasma is delivered
deeper in the channel towards the exit nozzle. The high neutraliza-
tion rate of the studied ion (see the difference in Fig. 9 with and
without neutralization) is an indication of the higher density of
electrons further from the direct beam area. We briefly note that
the role of impurities can further complicate such a picture
depending on the impurity level within the gas cell (see Eq. (6)
for an example of a charge exchange process). If the impurity level
is high then the buffer gas ions can transfer their charge to the
impurity atoms. A complex plasma arises if it is composed of more
than one species which has different ion mobilities.

The transport efficiency and evacuation time for ions with ran-
domly distributed starting positions inside the channel can also be
estimated. This corresponds to the situation in which laser ioniza-
tion occurs in the presence of the beam-generated plasma. The ini-
tial positions of successfully transmitted ions illustrates the
effectively evacuated volume as shown by the scattered points in
Fig. 8. It is clear that close to the nozzle region, a larger cross sec-
tional area of the channel is accessible. It is of interest to simulate
the response of the ion count rate to the laser ionization process.
Fig. 10 compares the count rate as a function of time for the case
without any beam-related plasma, a plasma density of 10'°
pairs/cm?® and the same density but including the effect of recom-
bination of the transported ions (Eq. (20)). It should be noted that
we ignore the losses due to molecular formation. A strong reduc-

Beam area Evacuation channel

Fig. 8. Plasma density distribution in the evacuation channel (dashed lines) and ion
trajectories for different initial radial positions (solid lines). The randomly scattered
points are the starting positions of those ions which are successfully transmitted
through the channel, moving from the left towards the right in the figure. The gas
flow velocity is illustrated by horizontal bars and corresponds to 7p=155cms™"
and an evacuation flow rate Q=81 cm>s~!. The pressure in the simulation was
P =100 mbar.
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Fig. 9. The laser ion guide channel transmission efficiency as a function of initial
plasma density for an ion of interest in He and Ar buffer gases. Also shown is the
effect of neutralization of the ion of interest.

tion of the count rate in the presence of the plasma occurs, directly
attributed to a reduced transmission efficiency of ions to the exit
nozzle region. The effect of recombination reduces the transport
efficiency (and thus count rate) but not as strongly as the effect
of the plasma-generated field in the gas cell. The rise times of
the simulation data in Fig. 10 can be qualitatively compared to
the experimental data shown in Fig. 6, in which the presence of a
plasma results in a shorter time needed to reach saturation.

4.3. Possible origins of the primary beam-related spikes

Perhaps the most striking feature of the time profile data of
Fig. 2 are the two pronounced primary beam-related peaks, seen
most evidently in YO*(H,0)3, which are correlated to the period
when the primary beam is first turned on and again when it is
turned off. Apart from atomic yttrium, these peaks are also
strongly apparent in the profiles of all other molecules, albeit to
a somewhat lesser extent than that of YO*(H,0)s. This is illustrated
in Fig. 11 in which the time profile of Y and all molecules are
shown individually. It is rather interesting to note that unlike the
similar arrival time of the atomic ions and molecules from the
beam region after the beam has been turned on (50 ms), the peaks
associated with the turning off of the primary beam do not arrive
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Fig. 10. The time profile associated with the response to the beginning of the laser
ionization process. The data sets correspond to the expected profile without plasma
(spheres) and a plasma density of 10'° pairs/cm?® with and without recombination
of the transported ions (open circles and solid squares, respectively).
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at the same time. In each case however there is an approximate
period of 50 ms following turn off of the beam at 2.5 s while the
count rates remain in equilibrium. This agrees with the evacuation
time of the plasma from the beam region. The time structure de-
scribes a transition from a regime dominated by on-line conditions
in which the YO* molecule is most abundant, to that of off-line
conditions dominated by molecular formation and laser ionization
in which the most abundant molecule is that of YO*(H,0); [1].

The origin of the beam-related spikes is not a simple matter to
address and firm conclusions cannot be made with the limited
available experimental information. However, in the following
we present two independent approaches in order to illustrate that
such phenomena may be qualitatively reproduced. In the first ap-
proach, a detailed effort has been made to simulate the time evo-
lution of the ion densities within the gas cell, incorporating
several processes that lead to the creation and destruction of the
atomic and molecular ions during evacuation from the gas cell.
In the following we provide only an outline of the simulation
which highlights the competition of different processes within
the ion guide.

Fig. 12 illustrates the basic framework of the simulation in
which the ion guide is treated as three separate volumes, A, B
and C. Volume A represents the feeding volume of atoms, molecu-
lar atomic species and impurities into volume B, the beam interac-
tion zone. For a heated filament evaporating yttrium atoms, the
saturation number density in volume A is estimated and converted
into a feeding rate towards volume B via the evacuation time of A.
This is estimated to be ~380 ms via the conductance of the exit
nozzle. The feeding rate determines the atomic saturation density
in volumes B and C before the primary beam is turned on. The
dimensions of the ionization region of volume B are defined by
the diameter of the collimator (8 mm). A gas flow simulation in
the manner of that discussed in Section 4.2 has been performed,
taking an initial distribution of ions along the two boundaries of
the beam interaction region. Including diffusion, the evacuation
time of volume B is estimated to be tey,c ~44 ms. lons are finally

Exit of ion guide

Q=0

Beam

Q=0 A

He gas

Filament atoms

' H,0 N, O,
Fig. 12. Schematic of the gas cell separated into three volumes. Volume A feeds
atoms, molecules and impurities into volume B which is defined as the beam

interaction zone. The ions are finally evacuated from the ion guide after passing
through volume C.

extracted following evacuation through volume C in a timescale
of ~55 ms.

In order to estimate the production rate of yttrium atoms from
the filament an off-line measurement was performed within a bell
jar filled with 200 mbar of helium. A filament of equivalent thick-
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Fig. 11. Time-of-flight profiles for Y" and all associated molecules when the primary beam is pulsed on at 1 s and off at 2.5 s. Note that the laser is turned on at 1.5 s.
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ness as that used in the ion guide was resistively heated at the
same current (4A) and was weighed before and after. In 1080 s
the foil lost 0.1 mg, a rate of 6.3 x 10'* atoms/s. By including the
volume of the ion guide, ~54 cm®, a normalized production rate
of 1.2 x 10" atoms/cm® s is calculated. The initial saturation den-
sity of yttrium atoms within volume A can be estimated as follows:

k’[M] = (1 . e—(k‘[M]Jr/‘.)r).

In this equation, n is the production rate of yttrium
(1.2 x 10'3 atoms/cm? s), k' (cm?® s~) is the molecular reaction rate
coefficient for the atom (not to be confused with k which has been
defined in Eq. (6) of Ref. [1] as the reaction rate coefficient for the
ion), A (s7!) is the inverse of the evacuation time of volume A, and
[M] and [Y] are the impurity and yttrium atom concentration,
respectively. The solution of Eq. (23) defines an upper limit to
the yttrium concentration as losses through diffusion are not taken
into account.

The impurity level in the March 2006 off-line experiment was
estimated to be ~0.1 ppm [1]. However, we did not have access
to a certified admixture of impurities in the bottle of high-purity
helium gas (grade 6.0, 99.9999%) and therefore a similar admixture
as discussed in [44] has been used, scaled to match our off-line
impurity level measurement. By including only water and oxygen
contaminants, an overall impurity level of 0.06 ppm in 200 mbar
of helium results in an impurity concentration [M] of ~3.2 x 10!
atoms/cm>. The reaction rate constants for neutral atom-molecule
bonding are approximately two orders of magnitude lower than
for ions and thus the timescale for the formation of an atom-
molecule adduct will be two orders of magnitude longer [45].
Following the discussion in our earlier work [1], the reaction rate
coefficient k' for the neutral yttrium atom-molecule formation
and subsequent hydrate additions is therefore assumed to be
41 %102 cm3s7.

The initial saturated densities of neutral YO and associated hy-
drate additives are estimated in a similar manner. All densities of
interest are subsequently converted to feeding rates into the ioni-
zation volume. The feeding rates become the initial production
rates of all species in volume B, and the differential equations are
solved once more to provide the initial estimates of all densities
within the ionization volume prior to the “beam on” period. When
the primary beam enters the gas cell the processes discussed in
Section 3 start to play an important role, including molecular ion

n

Y] (23)
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formation as discussed in [1]. The primary beam is a non-selective
ionization mechanism and therefore can ionize all neutral species
within the ion guide.

The simulation follows a set of differential equations represent-
ing competing processes (note these are not exhaustive, for exam-
ple we do not include Penning ionization or laser ionization). In
this manner, the evolution of an ion X" within the helium gas can
be studied as follows:

diX]

ar — T alHe ]X] + b[H;07][X] + ¢[0;][X] — X" ][e]

— k[H20)[X™] = K'[02][XT] = ZevacX™]. (24)

The first four terms in Eq. (24) create the ion of interest. These
include direct ionization from the primary beam and charge ex-
change with buffer gas ions and molecular impurity ions. The coef-
ficients a to c represent the reaction rates of the charge exchange
processes, which are estimated to be of the order of 1072 — 1010
cm?/s as discussed in Section 3. The ions can be lost via three-body
recombination with a buffer gas atom and an electron (the rate
defined by o of Eq. (2) if X is He), molecular formation with buffer
gas impurities and ion guide evacuation, Zeyac. It is simple to add
further reaction processes if necessary.

For an ion of interest, a molecule, a buffer gas atom or an elec-
tron, the simulation output provides an evolution of the number
density (ions/cm?) as a function of time in volume C of Fig. 12.
The absolute number density does not represent the number of
mass-separated ions/s detected on the channel plates downstream
of the focal plane of the IGISOL mass separator, however it can be
used to understand the competitive processes in the ion guide and
the sensitivity to the various coefficients. One example of the out-
put of the simulation is given in Fig. 13 which illustrates the sen-
sitivity of the time profiles of Y*, YO* and YO'H,O to the
production rate of yttrium atoms from the filament.

For all three values of n simulated in Fig. 13, the time profile of
Y* shows an initial peak. On the other hand, for the molecular spe-
cies two peaks are seen. The creation of the first peak is strongly
coupled to the evaporation rate of yttrium atoms from the filament
and the initial saturation density in the beam region. In order to
have the two peaks of YO* approximately the same amplitude
(matching more closely the experimental time profile in Fig. 11)
the production rate should be lower than the estimated value.
The YO'(H,O) time profile suggests a delayed second peak,
following an initial decrease of the equilibrated number density.
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Fig. 13. Simulation time profiles of Y*, YO and YO*(H,0) as a function of the initial production rate n from the filament. The primary beam is turned on at 1 s and off at 2.5 s.
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Although the drop is not seen experimentally, the second peak is
reproduced.

In a similar manner to the experimental observations, when the
primary beam is turned off, the yttrium ion density decays
whereas the molecular species show a pronounced increase prior
to decay. This occurs in the simulation as a result of the competi-
tion between some of the different processes which are being mod-
eled: charge exchange, three-body neutralization, two-body
recombination, molecular formation and evacuation. Fig. 14 shows
the sum evolution of all creative and destructive processes as a
function of time following the turn off of the primary beam at
2.5s to illustrate the difference between the profiles of Y* and
YO*(H;0). In the case of yttrium, there is no dominant positive pro-
cess when the beam is turned off, the negative processes are the
major contributor to the time profile and a peak is not created.
On the other hand, a peak is created in YO*(H,0) because the bal-
ance of the processes initially favours those of ion creation (ion
survival). A maximum is reached when the balance between the
“positive” and “negative” processes is momentarily equal, then
the loss processes become the dominant factor and thus the count
rate drops. All competing processes are in equilibrium when the
count rate is saturated.

Similar studies have been performed on technetium and bis-
muth which, unlike yttrium, are very insensitive to molecular for-
mation. Additionally, such studies have not only been performed in
helium buffer gas but also in argon, and suggest that the chemical
nature of the ion of interest and the buffer gas-type are important
parameters in understanding the experimental data. A more de-
tailed publication discussing the above competitive process model
and related experiments will be submitted in the future.

In the second approach to explaining the origin of the beam-
related spikes we have considered the effect of the electric field
generated by the plasma as discussed in Section 4.2, in the case
of a pulsed primary beam. Previously, we showed how the contin-
uous primary beam can affect the transport efficiency and evacu-
ation time of the ions through the evacuation channel of the LISOL
laser ion guide. Fig. 15 illustrates the time structure of the ions
created in the beam area (a volume of ~3 cm® in the left hand
side of the channel shown in Fig. 8) during a 1 s beam pulse fol-
lowed by transportation through the channel. As the plasma den-
sity increases a well-pronounced peak occurs at the beginning of
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Fig. 15. Simulated time profiles of evacuated ions created in the beam area for an
initial plasma density of 10'®cm~3 (black) and 10® cm~2 (light grey). The recom-
bination of the transported ions was not included in the simulation.

the time profile. In this instance, the count rate increases during
the time in which the plasma has yet to fully develop in the chan-
nel. After ~100 ms the number of counts starts to reduce reflect-
ing a fully developed plasma and a reduced transmission
efficiency. The second peak corresponds to the evacuation of
residual ions from the beam area after the suppression effect of
the plasma has disappeared.

Quantitative comparisons with the experimental data have not
been performed and this approach only serves to illustrate that
the plasma-generated field can generate similar structures as seen
in the experimental data. Other effects not discussed here include
the role of diffusion of the plasma, realistic beam and gas flow
distributions and the different mobility of the studied ions and
plasma ions. It is encouraging however, that even in a relatively
simple model we can recreate some of the features of the ion
transport. We expect that similar features will be seen in other
gas cell geometries involving an inhomogeneous ionization of
the gas media by the primary beam. Time profiles containing
beam-generated spikes have been observed using the HIGISOL
ion guide and the light-ion ion guide. On the other hand, such fea-
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Fig. 14. The sum of the positive and negative processes following turn off of the primary beam at t=2.5 s for Y* and YO*(H,0) as a function of time.
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tures have not been observed in the fission ion guide (albeit only
12Rh* and '?°Xe* time profiles have been studied [46]) and if
seen, would be more likely to be associated with competition pro-
cesses between creative and destructive reactions, rather than to
the ionization density which is homogeneous due to the isotropy
of the fission fragment distribution.

Finally, we note that in rather different environments to that
of the ion guide discussed here, the formation of so-called “after-
peak” pulses are common occurrences observed in the afterglow
of pulsed discharges. The role of Ar; ions and dissociative recom-
bination has been identified as important mechanisms [47,48]
giving rise to such effects. Similarly, electron cyclotron resonance
(ECR) ion sources can be operated either in a continuous mode or
in an afterglow mode. In the latter mode, when the microwave
power heating the electrons on the resonance is switched off,
the intensities of highly-charged ion beams increase [49]. This
peculiar phenomenon can be exploited by pulsing the micro-
waves.

5. Evolution of a stopped primary beam of 39y2*

Several gas catchers have successfully stopped and extracted
energetic beams, degraded in energy before entering the gas cell,
in order to probe the stopping and extraction efficiency as a func-
tion of the incoming beam intensity [5-8]. In this section we dis-
cuss the stopping in the LISOL ion guide of a primary beam of
89y21* of energy 623 MeV (~7 MeV/u), delivered from the Jyviskyld
K-130 cyclotron. The dependence on the extracted yttrium yield as
a function of the ionization-rate density has been previously dis-
cussed by Moore [9] in connection with the JYFL laser ion guide
and will not be presented here. Rather, we highlight the count rate
dependence of the stopped yttrium as a function of gas pressure
and buffer gas-type, compared to the corresponding yield of YO*
which is formed during the extraction of the stopped Y*. The trend
of the ratio of Y*/YO" is discussed in a simple framework involving
some of the competing processes presented in Section 4.3 - in this
instance the stopped fraction of yttrium, the buffer gas purity, the
different recombination coefficients and the different evacuation
times due to the exit nozzle conductance.

A rotating nickel degrader foil of thickness 12.5 pum was in-
stalled ~80 mm upstream from a collimator of 6 mm in diameter
attached to the side of the ion guide used to optimize the primary
beam tuning. At 0° the energy of the primary beam is reduced to
~235 MeV. The thicknesses of the degrader and Havar window
were accurately determined by measuring the energy loss of « par-
ticles emitted from a 2*'Am source [39]. The result was cross-
checked with a SRIM simulation [50]. Fig. 16 shows the results of
the mass-separated ion yield when the degrader angle was tuned
to 45°, a thickness of 17.7 pm, as a function of both helium and ar-
gon buffer gas pressure. The cyclotron beam intensity was 17 and
100 enA during the measurements with helium and argon, respec-
tively. A clear maximum is observed when using argon at a pres-
sure of ~385 mbar, whereas over the available pressure range of
helium a peak is not observed.

Fig. 17 shows the ratio of Y*/YO" as a function of the respective
gas pressure. A strikingly different behaviour in the dependence of
the ratio is observed at pressures below ~250 mbar following
which a convergence to a value of ~1.5 is reached. The time evolu-
tion of Y* and YO" ions in the buffer gas is described in a simple
manner as follows:
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Fig. 16. Mass-separated yields of stopped °Y* in both helium and argon buffer
gases. The molecular formation of YO* is shown for comparison.
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Fig. 17. The ratio Y'/YO" as a function of pressure for helium and argon buffer gas.
The dashed line represents the function obtained using Eq. (26) for Ar, the dot-
dashed line for He and the dotted line following a reduction of a factor of 2 in the
dissociative recombination coefficient f for YO* in He (see text for discussion).

In these two rate equations, Ny refers to the production rate of
the Y* ionic state by, for example, laser ionization or stopped pri-
mary beam, k represents the molecular reaction rate constant
[51] (it is correct to assume that the rate constant for Y* reacting
with O, is within the same order of magnitude as that for YO*
reacting with H,O [1]), and the two-body dissociative recombina-
tion coefficient =3 x 1075 cm3s~! [45]. The other parameters
have been defined in Section 4.3. At time t =0, yttrium ions are
present within the beam region in an equilibrium balance and dur-
ing evacuation the only processes modeled are neutralization and
molecular formation. The model is very simple and does not take
into account losses to the walls of the ion guide due to diffusion.
However, for the ratio of Y'/YO" neither the actual feeding rate
nor eventual loss mechanisms are of importance as they effect both
ionic species in a similar way.

Eq. (25) can be simplified because the characteristic time t for
the plasma to reach equilibrium (Eq. (11)) is far smaller than the
evacuation time from the beam region, t.y.c.. Hence, the ion-elec-
tron density n(t) of Eq. (20) can be written ~1/oteyac. Note that with
this approximation, information on the plasma equilibrium density
np is no longer required. In the case of a steady-state equilibrium,
Eq. (25) =0 and can be solved for Y*/YO",
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Y" KM+ f/otevac
YOt k(M)

_ k[M] B
= KM T KMjoten (26)

The first term in the final expression describes the ratio of the
molecular loss rates of Y" and YO* and is dominant at high pres-
sures for both gases, where the effect of recombination can be ne-
glected in comparison to molecular formation. The second term
has an explicit pressure dependence due to the molecular reaction
rate k[M]. This simple formula can be used to reproduce the gen-
eral trend of the experimental ratios of Fig. 17. When using Ar buf-
fer gas, both the recombination coefficient and the evacuation time
are larger than for helium and the second term can be neglected,
thus Eq. (26) becomes a constant. In helium, Eq. (26) describes a
decrease of the Y*/YO" ratio as a function of pressure.

The values for o and f are fixed, as is the evacuation time of
the gas cell from the beam region in both helium and argon.
The time scales for molecular formation in helium to a first
approximation have been extracted from Table 4 of Ref [1]. The
loss rate of yttrium to yttrium oxide is therefore defined by a
molecular formation time of 9 ms while the loss of yttrium oxide
in the reaction with water, 14 ms. In argon we simply assume an
increase of a factor of 10 in the impurity level compared to he-
lium according to the grade of the gas bottle. Fig. 17 additionally
compares the result of the simulation to that of the experimental
data, the simulation represented by dashed and dot-dashed lines
for Ar and He, respectively. It is clear that although the simulated
ratio does not fit the experimental data well, the general trend
can be reproduced, showing a steady decline of the ratio in He
gas and a constant level in Ar. Note that as the pressure P — oo,
the simulated ratio converges to ~0.65, independent of the buffer
gas used. This simply reflects the ratio of the two molecular time-
scales given above. The strength of the slope of the fit in helium is
defined by o and p. The value for g is suggested to be an upper
limit for molecular recombination [45] and if reduced by a factor
of 2 then a better agreement with the data is obtained (dotted
line in Fig. 17).

We can provide an estimate of the impurity levels of oxygen
and water by fitting to the ratio data in helium gas and following
the assumptions made in Section 3.2 of Ref. [1]. The fit function fol-
lows the form of the final expression in Eq. (26), Y'/YO" =A + BJP.
The two constants A and B represent the first and second term
(excluding the explicit pressure dependence) in Eq. (26), respec-
tively. The errors on the experimental ratios in Fig. 17 have only
been estimated from the square root of the count rates in Fig. 16.
After scaling the errors according to the square root of the reduced
chi-squared of the fit, the results for A and B are 1.09(2) and
107(53), respectively. The size of the error on B reflects the uncer-
tainty of the fit at the lowest pressures. Nevertheless, using the ob-
tained constants one can extract an estimate for the impurity
levels of oxygen and water during the conditions of this experi-
ment, ~0.5 ppm for each contaminant, respectively. These num-
bers can be compared with those extracted from the March 2006
off-line data of Ref. [1], 73 and 101 ppb, respectively. At first glance
it may seem that the conditions in the present work, undertaken
several months after March 2006, are even more impure. However,
if the value for g is smaller than assumed here then the extracted
impurity levels also reduce (for the same fitting constants A and
B). Additionally, the errors on the fitting have been ignored for
the present discussion. By the second set of off-line experiments
in March 2007 the impurity level had been improved to sub-ppb
conditions. If the measurements described here were undertaken
in such pure conditions then we may not have had the opportunity
to study the processes described in this section.

Finally, we note that it is not our intention to extract detailed
numbers from this simple model but to provide an explanation
for the behaviour of the ratio of Y*/YO" in different buffer gas

environments. We have shown that using only a few parameters
including the impurity concentration in the two buffer gases,
the evacuation time from the gas cell and the recombination
coefficients, the different trends in the data sets can be
understood.

6. Conclusions and outlook

A series of experiments have been performed in order to gain a
better understanding of the processes occurring within a gas cell
under on-line conditions. This is particularly important for future
work with an on-line laser ion source as the optimum conditions
of the IGISOL technique are not the same as those required to ac-
cess a neutral fraction with selective laser ionization. In a continu-
ation to our earlier work on the studies of molecular formation
processes with yttrium, a particularly chemically active ion, we
have added additional complexity to this picture by introducing
a primary beam into the gas cell. Studies of time profiles of yttrium
and associated molecules have provided insight not only into the
saturated yields but also the dynamic, competing effects involved
when the primary beam is operated in a pulsed mode. During
the evacuation of an ion from the gas cell a number of creative
and destructive processes occur which determine the final state
of the ion, whether neutral, ionic or in a molecular form. Often, sur-
prising dynamic effects have been seen which are closely linked to
the chemical nature of the element.

The introduction of resonant laser excitation and ionization has
been discussed in terms of an effective volume for laser ionization,
probed with and without the presence of a primary beam. Off-line,
the volume defined by the presence of molecular impurities can be
increased significantly by reducing the level of impurities within
the gas cell [1]. However, the accessible neutral fraction in the
presence of a primary beam has been shown to be restricted to
the nozzle region, an effective volume only ~0.7% of the total vol-
ume of the ion guide which is evacuated within ms. We have
shown that recombination of the buffer gas alone cannot explain
the survival of a neutral fraction close to the exit nozzle. A variety
of processes in the gas cell have been discussed, including molec-
ular formation, recombination, the role of impurities and charge
exchange leading to ion creation, and the generation of a plasma
field within the gas cell. All of these processes are competing for
ion creation, ion survival and ion destruction. In order to under-
stand why the neutral fraction accessible to laser ionization is
restricted close to the nozzle it is possible to rule out several of
the processes discussed in this article. The complexity of the plas-
ma-generated electric field may indicate the suppression of ion
transportation in the gas cell and thus could be suggested as a
mechanism which restricts the effective volume. However, pres-
ently we do not have sufficient information to confirm such a
mechanism.

It is clear that laser ionization needs to be applied in a zone
where the ion-electron pair density is low enough for the laser-
produced ions to survive. At the same time, under circumstances
in which the laser ionization scheme is non-optimal resulting in
a lower probability of re-ionizing in a single laser shot, it is impor-
tant to increase the effective volume for re-ionization such that the
atoms can be interrogated by multiple shots. In order to address
these issues the laser ionization zone should not be visible to the
accelerator beam path or to the trajectories of recoils or scattered
particles. One such ion guide design has recently been developed
by the LISOL group and consists of separated stopping and laser
ionization chambers [52]. The first tests of this new concept have
shown that recombination of laser-produced ions can be avoided.
A similar gas cell has been constructed at the IGISOL facility, JYFL,
and first tests will be reported in the future.
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