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Abstract. We present a computational investigation of the photodetachment (PD) dynamics of CoH™ in
its ground, electronic 'Y state, cooled in an ion trap with He as a buffer gas. Our analysis employs a range
of PD rates from quantum dynamics, selective choices of the anion’s initial rotational state populations
as the laser is switched on, and different operational trap conditions. Our results show that a variety of
outcomes for the initial state-dependent PD process is possible by selecting different initial conditions in
the cold trap, the latter generating a dynamical interplay between the anion’s populations of rotational
states, induced by the buffer gas, and the chosen laser frequency and laser power. Specific parameter
selections during the PD process will be shown to cause different abundances of the rotational states of

the anion in the trap.

1 Introduction

A detailed understanding of the physics of electron-
molecule and photon-molecule collision dynamics is of fun-
damental importance for the general field of molecular
physics and it is indeed needed in various applications such
as the manufacturing of semiconductor devices, plasma-
driven chemical synthesis and in the modelling of atmo-
spheric chemistry and physics [1-4]. It is also an important
tool for investigating selective-state chemistry within the
low temperature conditions of cold ion traps and, in the
case of photon-induced processes, for clarifying the role of
photodetachement pathways in producing assemblies of
molecular anions with a specified internal ro-vibrational
state [5-7].

Theoretical and computational studies play an impor-
tant role both for understanding the underlying dynamics
of these processes and because they can provide quan-
titative predictions of the appropriate data. In the case
of processes involving ions and occurring in a cold trap,
where the presence of a buffer gas (usually He atoms) con-
trols the initial populations of the internal states of the
molecular ions, one needs to combine knowledge of the
scattering in the gas phase at the selected trap tempera-
tures with the modeling of the process where laser light
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interacts with the molecular anions leading to the ejection
of a single electron. In other words, one needs to combine
knowledge of the intermolecular forces for the anion-buffer
gas interactions with modeling of the kinetics of the photo-
detachment (PD) processes (e.g. see references [8] and [9]).

The dynamics of PD near threshold, i.e. when the laser
wavelength matches the positive Electron Affinity (EA)
of the molecular ion taken to be in a specific internal
ro-vibrational state, can be well approximated by mak-
ing use of Wigner’s Law [10], which is often employed to
extrapolate the size and behaviour of experimental PD
cross sections to energy threshold in the determination
of experimental electron affinities. Furthermore, photo-
detachment of molecular anions is more complicated than
for atomic PD processes due to the increasing number
of accessible pathways. Molecules exhibit a higher den-
sity of lower-lying electronic states while one must fur-
ther consider the increase in the density of states due to
the additional nuclear motion, i.e. ro-vibrational and pre-
dissociative states of the initial anion as the bound elec-
tron is moved into the continuum [11] by the laser beam.

PD of negative ions also provides an important tool
for the studies of reaction dynamics where one wants to
employ the initial anionic partner to be specifically pro-
duced in a given ro-vibrational state of its ground elec-
tronic state [12,13]. In the present report we shall present
a computational study of a variety of the operating con-
ditions in cold ion traps with the aim of producing the
photo-detaching species in some prevalent rotational state
of its ground vibrational and electronic state. In particu-
lar, we shall consider the case of trapping the CoH™ anion
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in its ground vibrational state, but in a variety of its lower
rotational states, via collisional cooling by the uploaded
buffer gas. The latter will be He in the present example,
although earlier on we have also considered the case of Rb
prepared as a cold partner by sympathetic cooling [7].

There are various reasons why we have decided to work
in detail on simulating the PD process for the present sys-
tem. First of all, actual experiments in cold traps involving
this very molecule are to be planned in our laboratory and
therefore it would be useful to provide in advance realistic
indicators of the state-selective PD features one expects to
observe. The title molecule, as we shall show below, is fur-
ther able to have a rather extended number of rotational
states to be populated in the cold trap after equilibration
with the buffer gas, a feature that will help in showing how
specific operating conditions can induce state-selectivity
in their population after the PD process and therefore pro-
vide the anions in a rotational state other than the ground
state. Furthermore, the ab initio evaluation of the inter-
action forces between this molecule and the buffer gas has
already been done and is available in the literature [14].
We have already employed that specific potential energy
surface (PES) to carry out scattering calculations for this
system in order to compare its state-changing rotational
dynamics with other similar anions [15] so that all the rele-
vant cross sections and rates are already available for us to
use in the present extension to a more detailed description
of the trap evolution. The following section will therefore
report, briefly, the general features of the known interac-
tion forces, while Section 3 will outline the formulation
of the PD cross section behaviour near threshold and the
expected relative strengths of transition moments from
specific initial rotational levels of the target anion. We
shall then discuss in Section 4 the details of the quantum
kinetics with different operating conditions and will then
present our results. Our conclusions will be reported in
Section 5.

2 Interaction forces and anion’s rotational
spacing

A convenient representation of the interaction forces
between the partners is often given in terms of multipolar
radial coefficients from a standard expansion in Legendre
polynomials:

Amax

V(req|R,0) = > Va(req|R)Px(cos 0) (1)
A

for the case of the molecule described as a Rigid Rotor
(RR), the V) (7cq|R) terms provide a measure of the rela-
tive strength and radial extension of the angular “torque”
applied during the interaction by the impinging atom
to the rotating molecule. In qualitative, classical terms,
the PES allows pictorially to see how much, at any
given radial distance, the angular interaction can change,
thereby affecting the dynamics of state-changing collisions
by specifically coupling different rotational states within
the Coupled Channel (CC) formulation of the quantum
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Fig. 1. The left panel shows a 2D representation of the present
PES from reference [14]. The molecule is located on the hor-
izontal axis with the origin at the center-of-mass (H atom on
the positive side). Distances are given in angle-scaled Angstrom
and the energy levels in cm™'. The bond lengths for the lin-
ear CoH™ molecule [16] and coordinate definitions are also
shown as an inset. The right panel shows the rotational spacing
between the lower levels of the RR target, also given in units
of cm™!. See main text for further details.

dynamics, as further discussed below. The details of that
potential energy surface (PES) have been already pub-
lished a while ago [14] and have been discussed again by
us in another publication [15]. We will therefore refer to
those two publications for fuller details. We present in the
panels of Figure 1 some of the properties of the PES of
the present work.

The 2D mapping of the potential clearly shows the
asymmetric location of the weak attractive well: off-center
and on the direction of the C-H bond. The multipolar
coefficients, already discussed in our earlier work [15],
represent its anisotropic features and indicate the range
of action of the PES during rotationally state-changing
dynamics is directly coupling transitions with Aj = 1 and
Aj = 2 between the populated rotational states in the
cold trap, as we have already discussed in some detail in
that reference and will be further discussed below. The
right panel additionally shows the relative energy spacing
between the lower rotational levels which can be excited
by collisions for energies up to about 60cm™".

In our previous study [15] it was shown that at temper-
atures up to about 50 K, the first 7 or 8 rotational levels of
the present anion were likely to be populated during the
rapid collisional equilibration inside the cold trap. Hence,
the rotational level spacing reported in Figure 1 indicates
that excitations up to 7 = 6 can be reached from the avail-
able relative energy of about 100 cm™! during the initial
setting of the ion in the trap: this aspect, in relation to
the PD process, will be further discussed in the sections
below. In particular, we will analyze in the next section
how to estimate the relative sizes of the rotational state-
dependent PD cross sections from the relevant angular
momentum coupling schemes for the present system.
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3 Photodetachment cross sections and rates

The photodetachment cross section opp, as a function of
the photon frequency v, for a transition from a initial state
|i) to a final continuum state |f) can be expressed as [17]

opp(v) = 4’y ‘<f

C

?-7’z‘>‘2 2)

where € is the polarisation vector of the photon and d
is the dipole operator. For a diatomic molecule (or linear
rigid rotor) within the Born-Oppenheimer approximation,
the initial and final states can be written as

. 2J" + 1 "y,
i) = STD;LH,()(OK,@ 7)x"¢" (3)
27 +1 .
If) = WD}{L/,O(%@V)X/W (4)

where D,{;‘:O(a, 0,7) is a Wigner D function with the Euler
angles as arguments and J and m are the total angular
momentum and projection along the z-axis respectively. y
are eigenfunctions of the vibrational coordinate and ¢ are
eigenfunctions of the electronic coordinates.

The electronic dipole transition term in equation (2)
is proportional, near threshold, to a Wigner-type power
law [10] that is however modified by the presence of the
molecular dipole [18]. As a consequence the cross section
now becomes proportional to (E — Fy,)P where E is the
photon energy and Ejyy, is the threshold energy given as

By = Ega +BJ(J +1)=B"J"(J"+1) (5

where Fgya is the electron affinity and B’ and B” are the
rotational constants of the neutral and anionic molecules
respectively. The additional exponent p now depends on
the dipole of the neutral molecule and on the projection of
the angular momentum onto the molecular axis [18]. It is
essentially the new, system-specific factor which is altering
the simpler Wigner-type power law through the molecu-
lar features of the target undergoing the PD process. It
is well known that the parameter p depends on the angu-
lar momentum [ of outgoing photoelectrons. Hence, above
the threshold, p = 0.5 for s-wave photo-detachment, and
p = 1.5 for p-wave photo-detachment. The work by Jia
Zhou et al. [19] has shown that the photoelectron angular
distributions of the channel from the ground-state CoH™
to the ground-state CoH has p-wave characteristics and
also that the different exponents’ values provide at thresh-
old marked differences in size between an s-wave domi-
nated and p-wave dominated cross section. This is also
consistent with the fact that the highest occupied molec-
ular orbital of CoH™ is an s -type molecular orbital. We
shall discuss further below how sensitive the final, esti-
mated opp will be to different choices for the p parameter
discussed before. Such “sensitivity tests” will help us to
better understand how significant the initial choice of a
p-wave nature of the ejected photo-electron would be to
our model.

The PD curve, representing the total cross section as
a function of the laser frequency and for a collection of
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molecules at thermal equilibrium at the chosen temper-
ature T', has been derived in detail elsewhere [20] so we
shall not repeat it here but only give a brief outline.

In the actual trap experiments, as we shall further dis-
cuss below, we can control and select the population of the
initial anion’s rotational states by regulating the operating
temperature of the buffer gas against which the molecular
rotational states are thermalised by collision. Since they
reach thermal equilibrium in the trap before the switch-
ing on of the PD laser (see next section), we do not need
to explicitly include the Boltzmann term in equation (6).
Thus, for a specifically selected initial rotational state J"
of the molecular anion the experimental PD cross section
turns out to be proportional to the following expression:

(E — Ex,)PO(E — Ey).  (6)

Tunax ‘2

PD J0
o5 (V) g CJ“,O,l,o
J'=0

The Clebsch-Gordan coefficient given in equation (6)
enforces the selection rule AJ” = +1 for the specific PD
process under consideration. Since the rotational levels’
relative populations initially also sum to one, they have
limited effect on the relative sizes of the state-dependent
oP(v). Thus, to model the PD cross sections and the PD
curve of above, the most important factors are the selected
value for the p parameter and the actual wavelength v
of the laser source with respect to the threshold of the
specific electron-detachment process.

To make now a direct comparison with the experimen-
tal kinetics in the trap, the estimated values of o5P(v)
can be employed to model the corresponding PD rates by
introducing an arbitrary parameter «(v) as done by us in
our previous work [21] which provides a way of linking the
estimated cross sections to the scalable PD rates given by

KEP = a(v)dtP(v). (7)

The scaling parameter is meant to include the relative
role of the laser-driven features like laser-flux, spatial over-
lap, etc. with respect to the pure collisional rates that
re-populate the anion’s rotational levels via its interac-
tion with the buffer gas. This specific aspect of the model
will allow us to simulate either a “collision-dominated”
situation or a “PD-dominated” situation where the laser
strength is increased, as will be further discussed in the
next section.

We are now in a position to obtain specific relative val-
ues of the rotational state-dependent PD cross sections
for different choices of the parameter p, and for differ-
ent selections of the laser frequency with respect to the
experimental threshold given by the EA value of the anion
CoH~. We report in Tables 1 and 2 the values of o5P (v)
computed using equation (6), relative to the largest value
obtained from that equation. Our results show how the rel-
ative size of the cross sections change as a function of the p
exponent and for the two choices of photon frequencies we
are listing as examples. The rotational constants for CoH™
and CoH which are 1.39 and 1.45 cm ™! respectively [22,23]
and the electron affinity is 2.9689 eV [19]. The values of p
are chosen within the range often obtained in experimen-
tal fittings of the observed PD curves, as shall be further
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Table 1. Relative values of 657 () as a function of p for a value of v = electron affinity (EA) of: 23945cm ™" (2.9689eV).

J” 05 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
0 0.00 0.00 0.00 0.00 000 000 0.00 0.00 0.00 0.00 0.00
1 031 027 023 019 0.16 0.14 0.12 0.10 0.08 0.07 0.06
2 051 046 041 037 033 030 027 024 022 020 0.18
3 065 060 056 052 049 045 042 039 037 034 0.32
4 076 0.72 0.69 0.66 0.63 0.60 0.57 0.55 0.53 0.50 0.48
5 08 083 081 078 07 074 072 070 069 0.67 0.65
6 093 092 091 090 088 088 087 085 084 083 0.82
7 100 100 1.00 1.00 100 100 100 1.00 1.00 1.00 1.00

Table 2. Relative values of o7 (v) as a function of p for v =
EA+50cm™t.

J" 0.5 0.7 0.9 1.1 1.3 1.5

0 1.000 1.000 1.000 1.000 1.000 1.000
10997 0997 0997 0.997 0.997 0.999
2 0993 0992 0991 0.992 0.993 0.996
3 0986 0.983 0.983 0.984 0.987 0.991
4 0976 0972 0971 0973 0.978 0.986
5 0963 0.957 0956 0.959 0.967 0.979
6 0948 0.940 0.938 0944 0.955 0.972
7 0928 0918 0.917 0925 0.941 0.965

discussed below. The highest value shown in the tables
corresponds to the theoretical value of the parameter p
already discussed above.

From Table 1 the higher J” states yield higher rela-
tive values of 57 (v) at threshold (v = EA) because of the
(E — Ey,) factor in equation (6). The J” = 0 state does
not photodetach as v = hf = E = Ey, so oP(v) = 0.
From the data in the Tables we see that there is a visi-
ble variation of the relative opp values, for each chosen p
exponent, along the range of rotational quantum numbers
of the populated anion’s state with the larger values of p
giving a larger spread of relative sizes for J?P(u). From
Table 2 we further see that the o} (v) are fairly similar
in size along the sequence of J” values when the chosen
photon energies are well above the threshold: changing p
makes now little difference to the relative sizes of the cross
sections, a feature that will be significant in the discussion
of the following Section, where a range of parameters will
be employed to model the experiments. On the other hand,
we see from the previous Table 1 that for photon frequen-
cies close to the EA value the estimated opp change more
as p is changed, indicating again the additional role of
the relative residual energy of the ejected, photo-detached
electron in conditions above the threshold energy.

4 Modelling PD selectivity by changing trap
conditions

The process which we wish to analyse involves the follow-
ing steps: (i) collisional re-distribution among the popu-
lated rotational levels of the anion by the interaction with
He buffer gas at the trap temperature; (i4) switching on

the photo-detaching laser after rotational population equi-
libration and varying its wavelength to selectively depop-
ulate different rotational states of the anion; (iii) change
other operating conditions such as He buffer gas density,
trap temperature and laser power/wavelength in order to
find the best parameter choice for the present system. We
need to know beforehand the state-changing collisional
rates for the molecular anion in the trap at different oper-
ating temperatures and the kinetics of the evolution of
the rotational state populations during collisional equili-
bration, besides selecting values of the PD rates obtained
from the above cross sections as functions of the initial
rotational state. Such quantities have been already calcu-
lated before by us [15] and therefore we will not repeat
here the computational procedures. As a comment about
the calculated cross sections and rates for state-to-state
inelastic processes suffices it to say that the dominant
inelastic processes we found for this system are those for
which the state-changing values of AJ” = +1,2 and for
which the rates at a temperature of 15K are of the order
of 1.5 x 10710 in units of cm3s~!. As a comparison, the
corresponding Einstein spontaneous emission coefficients
are about from 1072 to 10~° smaller than the collisional
rates cited above for this system [15]. The computational
method for the present quantum dynamics calculations
will be further mentioned below.

4.1 The kinetics scheme in the trap

Once the state-to-state inelastic integral cross sections are
known, the rotationally inelastic rate constants k;_,; (1)
can be evaluated as the convolution of the cross sections
over a Boltzmann distribution of the relative collision
energies. In equation (8):

1/2 oo
8 _
b (1) = (W) /o Eojy(E)e P/*TdE,

(8)

The above rates were therefore obtained from a direct
evaluation of the state-changing rotationally inelastic
cross sections using a multichannel, Coupled-Channel
(CC) quantum treatment of the dynamics driven by the
PES briefly described before and pictorially shown in
Figure 1. The computational procedure involved the use
of our in-house code ASPIN previously described many
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times in the literature: e.g. see references [24,25], thus we
will not repeat here its computational details.

To further continue modelling the rotational popula-
tion time evolution dynamics, the master equations are
solved using the collisional thermal rates at each chosen
trap temperature and selected He density:

dnd;t(t) :an(t)cji(T) —m(t)ZPij(T). (9)

J#i 7]

Here the P;;(T') are the rates for the destruction of level
i, while its formation rates are given by the Cj;(T') coef-
ficients. During the collisional step, i.e. before the laser is
switched on, the coefficients are given as:

Pij(T) = nuecki—;(T) (10)
Cji(T) = nuekj—i(T). (11)
This describes the“collision-driven” time evolution

process of thermalising the relative population of the
rotational levels of the anion at the selected buffer gas
temperature for a given density 7 in the trap. Once
the thermalisation process is reached and the PD laser is
turned on, one needs to modify the master equations by
including the PD rates discussed in the previous section
and linked to the PD cross sections:

dncz-t(t) _ ;nj(t)cji(T) —n;(t) ;Pij (T) + KPP

(12)
where KPP is the additional destruction rate of the
selected level ¢ caused by the PD laser. The set of rates
KPP is critical in the experiment and for the numerical
simulation because they drive the destruction of both the
population of one specific rotational level ¢ and of all the
molecular ions which have been populating that specific
state. In the experiments of this study these rates depend
on the laser photon flux and on the overlap between the
laser beam and the ion cloud within the trap. Since these
parameters, as well as the absolute values of the state-to-
state PD cross sections, are presently unknown for the title
molecular anion, we have introduced a scaling parameter
according to the relation given by equation (7). If one now
employs the relative values of the corresponding 05}? (v) as
a function of the exponent p defined in equation (6), and
further selects the specific energetics for the laser wave-
length presented in Tables 1 and 2, it becomes possible to
test the modelling using different values of the PD cross
sections needed in equation (7). The specific results we
have obtained from the present calculations will be dis-
cussed in the following subsection.

4.2 Results from present calculations

An example of such calculations is reported by the panels
shown in Figure 2. The figure presents in its four panels
the computed fractional evolutions of the rotational state
population of the anion under different choices of the cold
trap’s parameters. The rotational populations at ¢ = 0
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Fig. 2. Different selections of the trap parameters during the
PD kinetics and corresponding evolution of anionic fractional
populations. Buffer gas densities and laser wavelengths are
reported in each panel. The trap temperature is set to 5K
in all panels.The parameter p is chosen to be 1.5. See main
text for further details.

are chosen as those at 50 K. The lower two panels select
the laser wavelength equal to the EA value of the anion
in its J” = 0 rotational state, while the buffer gas den-
sities vary by one order of magnitude from left to right
panels. The two upper panels show the same process but
employing instead a laser wavelength which delivers an
energy above the EA threshold by 50cm™!, as shown in
the earlier tables reporting the PD cross sections.

It is interesting to note the following from the evolu-
tionary kinetics reported in Figure 2:

(7) if one looks at the rotational state populations dur-
ing the stage preceding the laser action (left parts in
all four panels) we see the purely collisional step of re-
populating the relevant states of the molecular anion
under the driving action of the buffer gas. Hence, when
going from the left to the right panel we see that the
increase of the buffer gas density makes the thermalisa-
tion to the gas temperature (in these examples: 5K) of
the molecular population faster: in the left-side panels this
is achieved within about 1-2sec., while in the panels on
the right less just about 0.1sec. is sufficient to bring the
rotational state populations to equilibrate with the 5 K
temperature of the trap;

(#i) as given in the previous sections, equation (6) indi-
cates that the PD cross section increases from threshold
through an exponential factor in relation to the specific
system and operating conditions, by fitting the experi-
mental PD function through the modified Wigner-type
law. Since no experiments are as yet available for the title
molecular anion, in our present modelling we have cho-
sen the exponent p to vary over a range of values which
have been obtained and employed by the experimental fit-
tings of earlier measured cross sections on similar systems
[9,21]. Table 1 therefore indicates that values of p from
0.5 to 1.5 provide relative values of the PD cross sections
which differ from each other as J” changes [9]. The model
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Fig. 3. Computed kinetics behaviour in the cold trap under different conditions from those of Figure 2. The trap temperature
is here 15 K, while all other parameters are explicitly reported in each panel. See main text for further details.

calculations of Figure 2 have therefore been obtained using
a test value of p = 1.5, and the different cross section rel-
ative values of Tables 1 and 2. The scaling value employed
to get the rates from equation (7) was taken to be o = 1.0
in Figure 2. In other words, our present model calculations
acknowledge the presence of a p-wave dominant electron
emission and vary both gas density and PD laser wave-
length in the panels of this figure;

(#i1) if we now compare the loss rates reported in the
right-hand side of all panels after the laser is switched on,
we see clearly that when the chosen wavelength matches
the EA value (two lower panels) the laser produces decay
rates which are slower than when the energy of the laser
source is increased above the EA threshold by a test value
of 50 cm~!. Thus, the upper panels of Figure 2 show now
much faster loss rates than in the calculations in the lower
panels;

(iv) as in previous comments, we further note here
that, after the laser is switched on, the populations of the
anion’s rotational states at 5K are larger for molecules
in the 5 = 1 state than those in 7 = 0 and 7 = 2,
while higher levels are negligibly present within the equili-
brated rotational population in the cold trap. The relative
populations of the anion’s rotational levels under steady-
state conditions are given by Figure 6 and indicate around
5K the same population differences seen in Figure 2. We
should also note here that the PD rates chosen are describ-
ing collision—dominated operating conditions in the trap,
thus explaining the similarity of behaviour.

Operating conditions have been further changed for the
results in Figure 3: to underline the importance of the
actual strength of the KEP selected in the experiments.
The following considerations can be had by looking at
those results:

(7) the trap temperature has been increased to 15K,
to model the more usually achieved trap temperatures in
experiments [7]. We see from these data that the colli-
sional thermalisation step on the left-hand-side of all pan-
els, includes now a larger number of rotational states with
significant population: J” = 1 and J” = 2 are by and
large the top two levels in terms of relative abundance,
while the J” = 3 level shows the same abundance as the
ground-state rotational state. This is due to the features
of the stationary population of rotational levels as shown

in Figure 6. We further see different changing rates of the
populations from the initial loading of the ion in the trap
to reach the steady-state populations at the trap tem-
perature. This is due to the different relative size of the
state-changing rates which drive the equilibration process;

(7) the loss rates in Figure 3 after the laser is switched
on, report in the three panels the changes when the expo-
nent p is increased from 0.5 up to 1.5. Although we know
that the physically realistic choice for the p value is that of
a dominant p-wave for the ejected electron [19], it is still
interesting to gauge the model sensitivity to modifications
of that parameter;

(#it) we see in the data from the center and right panels
in that figure, where the a parameter of equation (7) has
been kept to the same value of 1.0, that the loss rates
decrease more slowly when the exponent increases from
the left to the right panel. For the largest p value selected,
the one expected to be the closest to the theoretically
suggested value, the losses of the two highest populated
levels after 10s are more than twice smaller than for the
p=0.7 value of the central panel. This is in keeping with
the results shown in the previous tables, where the relative
PD cross section values are seen to decrease, for the same
rotational state, as the parameter p is increased;

(tv) in the left panel of the same figure the factor a(v)
employed for scaling the PD rates has now been increased
to 5.0, while the parameter p has been kept at 0.5. We
now see that the loss rates are much faster for all the
levels. We are not any more under “collision dominated”
conditions as in the previous panels and therefore the
strength of the laser is now driving the decay rates from
the various levels more than the state-dependent colli-
sional repopulation step. These data also show that the
threshold law employed for the ejected photo-electron is
becoming less significant as we leave the “collision- domi-
nated” regime and move to a “photon-dominated” regime
where a more powerful laser would mask the differences
among collision rates in driving the anion’s rotational
state populations once switching the laser on. The role
played by differences between PD cross sections shown by
our model in the columns of Table 1 is also reduced by
the increased laser power so that the populations of all
levels in the trap decay faster and more similarly to each
other.
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Fig. 4. Computed PD kinetics by selectively photo-detaching the electron from anions in different rotational states. See main
text for further details. In all the panels the trap temperature is 15 K and the buffer gas density is 10'° cm™3. The K f)? values
are selected for the exponential parameter p = 1.5 (see Tab. 1) while the a(v) parameter of equation (7) is set to 1.0.
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Fig. 5. Same type of calculations as those reported by Figure 4, but in this figure using different threshold rotational levels for
the PD laser frequency. The key for the states is the same as in earlier figures. See main text for further details.

In conclusion, the results from a variety of parame-
ters of the trap operation indicate here that changes in
buffer gas densities alter the speed at which the anion’s
rotational states achieve equilibration at the chosen trap
temperature, but have largely no effect on the ensuing
kinetics of the PD step (laser power on in the trap) when
the interplay between collisional re-equilibration and laser
strength controls those decay rates. The differences in
the collisional state-changing rates alter state populations
during the detachment step by collisional re-equilibration
between the populations of different levels. The differ-
ences are however reduced as one moves to the “photon-
dominated” regimes where the laser power is increased
(i.e. the individual K%P values are larger) and there-
fore the relative differences between state-dependent PD
cross sections (see Tabs. 1 and 2) become less significant,
showing similarly rapid losses largely independent of the p
choice (see left panel in Fig. 2). Further aspects of the PD
process in the present system will be shown and discussed
in the following section.

4.3 Possible selectivity effects from laser frequency
changes

The calculations reported by Figures 4 and 5 change the
PD step in that they introduce a form of state-selectivity
from the chosen wavelength of the electron-detaching laser.
In other words, different rotational levels (see right-hand

panel in Fig. 1) of the trapped anion are used as starting
reference energy for the laser, so that for the case of, say,
“jo threshold” the K%7P values for J” = 0 and J” =1
are taken to be zero and the electron-detaching process
starts with a lower laser frequency than that required by
matching the EA value at the J” = 0 initial level of the
anion. This model requires a re-scaling of the PD rates,
following the procedure outlined in the previous section,
to the largest one of the remaining PD rates which are not
set to zero in this trap condition. The p exponent has been
chosen to be that of a dominant p-wave electron emission.
The o parameter of equation (7) has been chosen as 1.0
in the experimental modelling of Figures 4 and 5, where
all levels above the stated thresholds are undergoing the
PD process.

The differences in behaviour between the loss rates
reported in three panels of Figure 4 indicate the dynamical
interplay between collisional re-populations of the rota-
tional levels of the anion in the trap and the loss rates
induced by the laser power features, as outlined before. In
all the calculations the trap temperature has been fixed
to 15 K in order to bring more rotational states into play.
The buffer gas density has also been fixed at the lower
value of 10'% cm™3. The operating conditions also reflect
collision—dominated situations by fixing the a(v) param-
eter to 1.0.

When the J” = 0 rotational state is used as thresh-
old, i.e. when we essentially employ a laser frequency that
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Fig. 6. Computed steady-state populations of the rotational
levels of the title molecule over a range of temperatures similar
to those expected in a cold ion trap experiment (adapted from
Ref. [15]).

coincides with the experimental EA value, we obtain the
same results shown by the centre panel of Figure 3 and the
loss rates involve the dominant populations of the J” =1
and J” = 2 levels, followed by similar but lower popula-
tions for the J” = 0 and J” = 3 levels. The J" = 4 level
then comes next in lower relative population. In other
words, the “collision-dominated” regime applied during
state preparation is also followed during the anion’s decays
as the laser is switched on.

As the selected KYP values are taken to exclude photo-
detaching the electron from anions in the J” = 0 (cen-
tre panel), we see that the loss rates after switching the
laser on change only very slightly their behaviour: the col-
lisional re-populations of the anions in the J” = 1 and
J’ = 2 states is still active from the presence of the
state-changing collisional rates involving the J” = 0 and
J” =1 levels which in turn are not depleted fast enough
by the photo-detaching laser and therefore still are the
more abundantly present in the trap. Once we move to
the situation depicted by the right-side panel in the figure,
we further exclude the J” = 1 states from the photo-
detachment process. Hence, both the J” =1 and J” = 2
states decay more slowly in comparison with the data in
the left panel of that figure and the same effect occurs
for the J” = 0, J” = 3 and the next higher states. In
other words, to employ a frequency-selected laser allows
one to change in the trap the relative interplay between
collisional re-population and photon-induced population
losses.

The data we report in Figure 5 extend the model by
changing the laser frequency to start from different thresh-
olds, thus excluding from the PD process different anion’s
states present in the trap after the thermalisation step. To
better clarify this point, it may be useful to look first at the
data reported by Figure 6, where we show the steady-state
population of the anion’s rotational states at temperatures
around those discussed in the present study.

The data in that figure provide indications on the
steady-state population in a trap depending on the
selected temperature of the uploaded buffer gas. In
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the example chosen for the present analysis, our trap tem-
perature is taken to be, in Figures 4 and 5, of 15 K. From
the data of Figure 6 we therefore see that levels J = 1,2
and 3 have higher populations than the J” = 0 state, with
the J” = 4 state just below in size. Since the collisional
state-changing rates are largest for AJ” =1 and AJ" =2
transitions, after thermalisation in the trap and during the
PD process (laser switched on) the re-populations by colli-
sions involve dominantly all the states populated the most
according the data of Figure 6. Thus, when we prevent the
PD process to involve the first three lower levels, as indi-
cated in the left panel of Figure 5, we see that we now
have an even larger fractional population of anions which
are in their J” = 1 and J” = 2 states, and even anions
in the J” = 3 state are comparable in relative popula-
tion to the J” = 0 state. In other words, the selective PD
process not involving the first two rotational states allows
them to participate more efficiently to the collisional re-
population of the lower levels, thereby markedly delay-
ing loss rates from those levels. This effect is even more
clearly seen from the data reported in the next two panels
of Figure 5. The panel in the centre of that figure shows
our calculations when the laser frequency is just enough
to photo-detach the extra electron from anion’s molecules
which are in their J” = 4 rotational state. In other words,
the K?P values are set to zero for PD processes from
molecules in the lower rotational states: it means that re-
populations between those levels and from those levels to
the higher rotational states is only controlled by the colli-
sional dynamics with the buffer gas. The molecular anions
in the J” = 1 and J” = 2 states are leaving the trap
much more slowly than before and their relative popula-
tions are also much larger. We also see that the selective
role of collisional re-populations between states, driven by
the different sizes of the state-to-state collisional rates in
the trap (see earlier in this Section), is bringing up the
residual population of the J” = 3 state, which is now
even larger than that of the J” = 0 state.

The slowing down of the loss rates in the trap are also
evident from the calculations presented in the right panel
of the same Figure 5. The PD threshold of the laser has
been now moved up to the J” = 5 level. It means that
all the lower five rotational states are not undergoing laser-
induced losses while only the residual states from J” = 5
to J” = T are depopulated by the laser frequency switched
on in the trap. We therefore see that the relative popula-
tion losses in the trap are now less affected by the pres-
ence of the laser than in the other examples shown by previ-
ous figures: the more relatively populated rotational states
remain those in which collisions have populated the J” = 1
and J” = 2 rotational states, which are now more abun-
dant in the trap and decay more slowly than before. Their
initial fractional populations during the PD time consid-
ered remain about twice that with the J” = 0 state.

5 Conclusions

In the present work we have endeavoured to anal-
yse the possible occurrence of state-population enhance-
ments during PD processes in a cold ion trap under the
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presence of a buffer gas with which the molecular anions
can modify by collisions the relative populations of their
rotational states before the PD laser frequency is switched
on. Thus, after the thermalisation step in which the
trapped anions are brought to have their internal (i.e.
rotational and translational) temperatures in line to that
provided by the buffer He gas, we have analysed different
trap parameters to see what effects they would have on the
final anion’s populations after photo-detaching the molec-
ular anion’s excess electron. We have therefore shown
effects coming from changing the laser frequency from
being exactly that of the experimentally known EA value
for the molecular anion, to being well above that thresh-
old. We have also modeled the PD process using Wigner’s
threshold law, we have shown that a laser frequency that
matches the EA value causes slower loss rates and allows
individual rotational states of the molecular anion to be
kept longer in the trap.

We have also shown that increasing the buffer gas den-
sity does not affect on the PD step but does accelerate
the thermalisation step of the relative rotational popula-
tions driven by the collision-induced repoplulation of those
states. Such behaviour turned out to be particularly effec-
tive when the PD operating conditions were chosen to
be in a “collision dominated” environment, i.e. without
selecting a powerful laser source. When that condition is
chosen instead, we have shown that one should expect
the rate losses to be very fast and to be largely unaf-
fected by the differences between state-changing collisional
rates within the trap kinetics.The PD process therefore
becomes essentially not state-selective. Under “collision
dominated” choices of trapping parameters, we showed
the effects of detaching the excess electron from a spe-
cific energy threshold associated with a selected rotational
state. In other words, we have re-run the trap kinetics
with laser frequencies less than the EA threshold value,
thereby excluding photo-detaching electrons from molec-
ular anions in rotational states lower than the one selected
by the laser frequency. This study has indicated that the
relative population decay rates of the PD excluded rota-
tional states can be altered by modifying the operating
conditions, thus producing different abundances of anions
in different rotational states from those given by its pre-
laser switching situation.

The present calculations have shown that it would be
possible, for molecular anions with a large number of
rotational states collisionally populated in the trap, to
remain significantly present in the cold trap after the
laser-on step, and to selectively control the relative pop-
ulations of some specific rotational states by an interplay
between laser frequency/power changes and the collisional
re-populations of the molecular states through the action
of the buffer gas.

Such an analysis can obviously be extended to different
systems and can help to guide the experimental choices of
parameters during optimisation of PD parameters at the
low temperatures of cold ion traps.
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