-

View metadata, citation and similar papers at core.ac.uk brought to you byj‘: CORE

provided by RERO DOC Digital Library

Cluster cross sections from pickup measurements: Are the established
methods consistent?

J. Fedor,? V. Poterya, A. Pysanenko, and M. Farnik®
J. Heyrovsky Institute of Physical Chemistry v.v.i., Academy of Sciences of the Czech Republic, Dolejskova 3,
18223 Prague, Czech Republic

Pickup of several molecules, H,O, HBr, and CH30H, and Ar atoms on free Ary clusters has been
investigated in a molecular beam experiment. The pickup cross sections of the clusters with known
mean sizes, N &~ 150 and 260 were measured by two independent methods: (i) the cluster beam
velocity decrease due to the momentum transfer of the picked up molecules to the clusters, and
(ii) Poisson distribution of a selected cluster fragment ion as a function of the pickup pressure. In
addition, the pickup cross sections were calculated using molecular dynamics and Monte Carlo sim-
ulations. The simulations support the results of the velocity measurements. On the other hand, the
Poisson distributions yield significantly smaller cross sections, inconsistent with the known Ary clus-
ter sizes. These results are discussed in terms of: (i) an incomplete coagulation of guest molecules
on the argon clusters when two or more molecules are picked up; and (ii) the fragmentation pattern
of the embedded molecules and their clusters upon ionization on the Ar cluster. We conclude that the
Poisson distribution method has to be cautiously examined, if conclusions should be drawn about the
cluster cross section, or the mean cluster size N, and the number of picked up molecules.

. INTRODUCTION termination. One of the original motivations for cluster stud-
ies has been to investigate the evolution of certain proper-
ties or processes as a function of the system size.”> There-
fore the cluster size determination has been one of the pivotal
issues in the cluster science, which is not a straightforward
task for the neutral clusters. Generally, due to the strong frag-
mentation upon ionization of the weakly bound species, mass
spectrometry is of little help here.”>® For the small clusters
N < 10 the scattering method of Buck and Meyer”®? can be
exploited to measure the neutral cluster sizes. For the large
and medium sizes (N ~10-10%) several other methods have
been developed, e.g., electron diffraction,”®3? cluster beam
scattering by a buffer gas,® pickup of sodium atoms and
photoionization,** and helium atom diffraction on clusters.®
Here we are concerned with two methods for the mean
cluster size determination using the pickup process: (1) The
first method consists in measuring the variations of the aver-
age beam velocity with the pickup pressure.’® (2) The sec-
ond one relies on measuring the Poisson distributions of the
picked up molecules.’” Their common feature is that in order
to evaluate the cluster mean size N from the measured data,
the pickup cross section o has to be determined independently
— generally, the geometrical cross section of a hard-sphere was
assumed. We assess the two methods by inverting the proce-
dure, i.e., by preparing cluster beam with known mean size N,
evaluating the pickup cross sections ¢ and comparing them.
We utilized large argon Ary clusters with known mean
cluster sizes N = 150 and 260. The argon clusters have
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The pickup technique was introduced in mid 1980s for
doping clusters with foreign molecules.! Since then it has
been developed into a very powerful tool in the cluster sci-
ence: especially numerous experiments with large helium
clusters use this technique’®™ to study the spectroscopy of
molecules’™'? and their reactions''~3 in the cold superfluid
environment of the helium nanodroplets. Here we focus on
the pickup to argon clusters which was also exploited in
many studies, e.g., for cluster isolated chemical reactions on
large Ar clusters in the group of Mestdagh'®!” and others.'®
The pickup to argon and various other clusters was also em-
ployed for studies of photochemistry of molecules in clus-
ter environment,'*~? and in general for investigation of var-
ious mixed molecular clusters.”>?* Despite these widespread
applications of the pickup technique and the earlier studies
of this process,”™ many questions remain opened concern-
ing the mechanism of the pickup process itself, and stick-
ing, migration and coagulation of the molecules on/in the
host clusters — especially for other cluster species than helium
nanodroplets. This paper contributes to the detailed under-
standing of this technique by investigating the pickup process
of various molecules (HBr, H,O, CH;OH) and argon atoms
on large argon clusters.

The second crucial aspect of our paper concerns the
pickup cross section and the corresponding cluster size de-
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expansion conditions are well known. Further advantage of
Ary clusters is, that a fair amount of work exists on the
pickup of the present molecules in particular: HBr,*! H,0,?’
CH3OH.'® This facilitates a critical comparison of the present
data obtained by two different methods. Finally, the interac-
tion of Ar-clusters with pickup molecules and atoms can be
described by relatively simple potentials and the pickup can
be modelled by molecular dynamics and Monte Carlo meth-
ods. The theoretically calculated cross sections provide useful
references for the assessment of the two experimental meth-
ods. Surprisingly the two experimental methods delivered dif-
ferent results. We conclude that the results from velocity mea-
surements are close to the real cross sections while the Pois-
son distribution method is biased by an incomplete coagula-
tion of the host molecules on the cluster and fragmentation
pattern of the host embedded clusters upon the ionization.
Also a combination of the two methods is proposed which, in
principle, would allow to determine N and o from the exper-
imental data independently without any assumptions of their
analytical relation.

Il. EXPERIMENT

The principle of the experiment can be briefly summa-
rized as follows: clusters are doped with the guest molecules
in a pickup chamber and two characteristics of the cluster
beam are measured as a function of the pickup gas pressure —
the neutral beam velocity and the fragment ion mass spectra.
Our complex cluster beam apparatus was described in detail
elsewhere,*>** therefore only the parts of the machine rele-
vant for the present experiment are described here and shown
in Fig. 1.

The argon clusters were generated in the source chamber
S1 by supersonic expansion through a conical nozzle (diame-
ter d = 50 um, length 2 mm, and opening angle « = 30°). The
nozzle was cooled to a constant temperature of 7y = 223 K
and the size of the clusters was controlled by varying the stag-
nation pressure of argon pg. The resulting mean cluster size

where K = 38.4 and ¢ = 1.64 were determined from the
diffractive He atom scattering on large Ary clusters,®
K, = 1646 is a characteristic constant of the expanding gas
for Ar, and d, = m is the equivalent nozzle diameter.
The applicability of these formulas for rare gas clusters were
proved by several experiments,®>***" some of which were
done in Gottingen®® using the cluster source implemented in
the present experiments. The two values of stagnation pres-
sure applied in the present experiments py = 5 and 7 bars
correspond to the mean cluster sizes N = 150 and 260,
respectively.

The Ar cluster beam passed through a skimmer with
I mm opening before entering the differentially pumped scat-
tering chamber SC. This chamber served as a pickup cell filled
with the gas to dope the clusters with molecules. The effective
capture length was L = 17 cm.** The pressure in the cham-
ber was monitored by Bayard-Alpert ionization gauge (Varian
type 571), which was calibrated for the specific gases by com-
paring the measured pressures to the values of a capacitance
gauge pressure (Pfeiffer CMR 365). The background pressure
in the pickup chamber was <1 x 10~® mbar, and the pressure
with the pickup gas went up to 7 x 10~* mbar.

For the velocity measurements the cluster beam was
modulated by a pseudorandom mechanical chopper® (PRC)
in the next differentially pumped chopper chamber CC. The
chopper contained two pseudorandom sequences of 127 el-
ements and its rotation with frequency of 492.1 Hz corre-
sponded to a single opening time window of 8 us. After the
chopper the beam passed the flight path of 955 mm through
the photodissociation chamber PDC (not used in the present
experiments) to the ion source of a quadrupole mass spec-
trometer (QMS) with an electron multiplier detector at the
end. The arrival time to the detector was measured. The to-
tal flight time was properly corrected for the time spent by the
ion fragment in the quadrupole and for any electronic delay of
the trigger signals and converted to the beam velocity distri-
bution. The velocity distribution was evaluated from the mea-
sured data by the cross-correlation mathematical method.*

can be determined according to the empirical formulas,*>3’ Usually the quadrupole mass spectrometer was set on the ma-
N 0.85 jor ionization fragment of Ar clusters which is the dimer Ari‘r
N =K ( r ) , I = p o[mbar]d;[;; 7r5n] K., (m/z = 80 amu). The maximum velocity of the Ar clusters
1000 TH[KJ* ! (without any pickup gas) measured at the nozzle temperature
() 7 =223 K was 490 ms~" with a speed-ratio of S = 35. This
pickup gas
S1 SC o |CC PDC MSC
9
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FIG. 1. Schematic picture of the experiment.
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corresponds to the theoretical maximum beam velocity,*®

2k T,
voo = |20 V| )
m y—1

where kp is the Boltzmann constant and y is the adia-
batic index (y = 5/3 for a monoatomic ideal gas), i.e., v
=481 ms~!. The slightly higher measured beam velocity can
be due to the condensation effect which provides an additional
heating of the beam during the expansion.

In addition to the beam velocities, the fragment ion mass
spectra of the doped clusters were recorded as a function of
the pickup gas pressure. The ionizing electron energy was
70 eV. The quadrupole mass spectrometer transmittance was
calibrated using the known spectrum of mass calibrant FC-43.

lll. PICKUP DYNAMICS AND STATISTICS

Since the argon clusters have a solid-like
character,”%3? the molecules do not penetrate the cluster
upon the pickup and stay in the outer solvation shell,*’~*
and the clusters in the beam are slowed down by the pickup
due to the momentum transfer. The velocity change increases
with the number of guest molecules.

Let us assume an Ary cluster of a size N with an initial
velocity v; colliding with & stationary molecules in the pickup
cell which stick to the cluster. Then the momentum conserva-
tion yields for the cluster final velocity vy the equation,

Nmarv; = (Nmp; + kmx)vy, 3

where m s, is Ar atom mass and my is the mass of the guest
molecule. It assumes that no considerable evaporation of clus-
ter constituents occurs upon the pickup. This assumption has
been justified by the molecular dynamics simulations outlined
in Sec. V. The simulations also show that the molecule re-
mains on the cluster if a considerable momentum transfer
between the molecule and the cluster occurs. Thus this sim-
ple model describes the final velocity dependence sufficiently
well (see Sec. V).

The number of picked up molecules along the path-length
L in a gas at a pressure p (corresponding to the number den-
sity ng= p/kpT) can be expressed as
14

P L ’ (4)

k=n,o.L =
kgT

where o, is the pickup cross section. The measured effective
cross section o, incorporates the velocity-averaging correc-
tion factor*®%3! into the cross section o, = 0y Fyo(00, X).
Combining Egs. (3) and (4), the relative change in the cluster
velocity is directly proportional to pickup cell pressure,

AV v —vy _ my Lo,
= = Nma kgT D

v > ®)
Thus, from the slope of the relative velocity change depen-
dence on the pressure the pickup cross section o, can be eval-
uated.

Since the pickup of the kth molecule is assumed to be a
random process independent of the previous (k — 1) events,

0.05

AVIV
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FIG. 2. Relative decrease in the cluster beam velocity as a function of the
pickup gas pressure (lines, Eq. (5)) for the pickup of H>O on Ary clusters
with N = 150 and 260.

its probability follows the Poisson distribution:?

~Ekp

(6)
Thus the pickup cross section o, can be obtained by measur-
ing the dependence of a fragment ion intensity (corresponding
to, e.g., pickup of & = 1 molecule) on the pickup pressure,
and fitting this dependence with the corresponding Poisson
distribution.’

1 ¢ —orn 1 (oL \F
Pk(P) = F(GeLng) e = F k Tp e
! '\ kg

IV. EXPERIMENTAL RESULTS
A. Velocity measurements

Water H,O, methanol CH3OH, hydrogen bromide HBr,
and argon Ar were used as pickup gases. According to Eq. (5)
the relative change in the cluster beam velocity is directly
proportional to the pickup gas pressure. This linear depen-
dence is demonstrated in Fig. 2 for the pickup of H,O on Ary,
N = 150 and 260. The somewhat larger scatter of the data for
N = 150 corresponds to the smaller signals measured for the
smaller clusters. Nevertheless, both data sets can be fitted by
straight lines with high confidence, in accordance with the
previous experiments.*® Similar dependence was measured
for the other pickup species. The pickup cross sections o,
were derived from the slopes of the linear fits and are sum-
marized in Table I. The error in the velocity measurement is
smaller than 1%; however, the uncertainty due to the pressure
calibration can be up to 10%.

The quantity that is evaluated directly from the experi-
mental data is the effective cross section,

O =00 * F(IO(OO? x)a (7)

which incorporates the velocity-averaging correction fac-
tor F,9 due to the velocity distribution of the target
molecules.*>3%3! Label oo denotes the hard sphere poten-
tial approximation, and x = v;/a, where v; is the clus-
ter beam velocity and «, is the most probable velocity
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TABLE 1. Pickup cross sections for two mean Ary cluster sizes N = 150 and 260 obtained by various methods:
velocity measurements, Poisson distribution measurements, and molecular dynamics simulations. The experimental
error of o, obtained from the velocity measurements was estimated <S10%. The Poisson distribution cross section was
obtained by fitting the experimental data by P;(p), Eq. (6), and does not have a real physical meaning as argued in the
text. The corrected cross sections o were evaluated from the experimental o, obtained from the velocity measurements
divided by the velocity correction factors F,0(00, x) (see the text). Correction Ry to the hard sphere geometrical cross

section was evaluated from the simulated cross sections.

Velocity Detected ion Poisson Simulations
O, Fyo o) mass O, O, Ry
Molecule N (A?) (00, x) (A% (amu) (A% (A?) A)
HBr 150 672 1.133 593 Brt (81) 500 748 43
260 836 738 352
H,0 150 848 1.545 549 H,O™ (18) 528 928 6.1
260 1083 701 408
CH30H 150 1041 1.329 783 CH;0%* (31) 561
260 1523 1146 522
Ar 150 708 1.267 559 824 5.1
260 1080 852

in the Maxwellian distribution of the scattering gas. These
correction factors were tabulated in the literature®’>!
and are summarized together with the evaluated op in
Table I.

B. Poisson distributions

Generally the mass spectra of Ary clusters doped with
the above molecules exhibit three groups of mass peaks:
(i) the most pronounced is the sequence of Ar;" peaks; (ii) the
ion fragments of the guest molecules and ion fragments of the
formed guest clusters; (iii) in some cases there are mixed clus-
ter ions containing Ar-atom(s) and the picked up molecule or
its fragment.

When methanol is introduced into the pickup cham-
ber characteristic peaks at m/z = 31 amu (CH,OH™) and
29 amu (COH™) appear in the mass spectra. At elevated
methanol pressures new peaks raise due to the methanol
cluster generation on Ar cluster: 33 amu ((CH3;OH)H™) and
63 amu (CH3OH-CH,OH™) which can be generated from
the methanol dimer and larger clusters (CH3OH)y, k > 2;
65 amu ((CH;0H),H™) and 95 amu ((CH;OH),-CH,OH™)
which indicate the presence of k > 3 host clusters; and 97
amu ((CH;OH);H™) fragmenting from k > 4. There was
no evidence for Ar,(CH;OH),," fragments. Similar spectra
were measured for methanol pickup on Ar clusters in other
experiments.'®

From the earlier studies of hydrogen bonded clus-
ters, it was found that a fast proton transfer reaction fol-
lows the cluster ionization. Thus the major ionization chan-
nel results in the protonated fragments with the abstraction of
one or more monomer units. The ions below the monomer
mass are usually expected to originate from the ionization
of a single molecule on the cluster. The intensities of the
following ion peaks were plotted against the pressure in the
pickup chamber and analysed with the Poisson statistics, see
Fig. 3: COH" and CH,OH™ monitoring the pickup of k = 1
molecule; (CH;OH)H' and (CH;OH)CH,OH™ monitoring k
= 2 pickup, and (CH;OH),H" for k = 3. This assumes the

52-55

coagulation of molecules upon pickup on the cluster and the
following fragmentation upon ionization:

CH3;0H — COH™, CH,OH™,
(CH3;0H), — (CH;0H)H*, (CH;0H)CH,OH™,
(CH3OH)3 — (CH3OH)2H+,

i.e., no population of these fragments from larger clusters. We
argue in the discussion that our data indicate that these as-
sumptions are not fulfilled completely.

The capture of water molecules results in the observation
of peaks at m/z = 18 amu (H,O") and 58 amu (Ar-H,O")
presumably from the monomer; 19 amu (H;0™") and 59 amu
(Ar-H30%) which can originate from k > 2; and 55 amu
((H,0);H™) from k > 4 (the fragment (H,O),H" at 37 amu
indicative of k > 3 was obscured by the nearby strong Art
peak at 40 amu). It is interesting to note that here, unlike in
the methanol case, the ion fragments containing Ar are ob-
served. Again we measure the pickup pressure dependence of

5 ' k=2 |:'| CHO'(29)

m CH,0H'(31) .
® (CH,OH)H'(33)
O (CH,OH)CH,0H’(63) ]
A (CH,OH),H'(65)

Intensity (10°s™)
N

R
~

27 k=2~ng T
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FIG. 3. Intensity of fragment ion peaks in the mass spectra as a function
of pickup pressure of CH3OH. The lines correspond to the Poisson fits Py,
Eq. (6). Detected ions (mass in amu): COH™ (29) and CH3;0H™ (31) fitted
with k = 1; (CH;OH)H™ (33) and (CH3;OH)CH,OH™ (63) fitted with k = 2;
and (CH30H),H™ (65) fitted with k = 3.
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FIG. 4. Intensity of monomer fragment ion peak (m/z = 18 amu) in the mass
spectrum as a function of water pressure in the pickup chamber. Solid line
represents the Poisson distribution fit (Eq. (6)) with k = 1 and o, as a fitting
parameter (= o, = 528 A2). The dashed line corresponds to the Poisson
distribution with o, = 848 A2 obtained from the velocity measurement.

H,O™ to monitor k = 1 pickup and (HO)H™ for k = 2, and fit
these dependencies with the corresponding Poisson statistics.
Finally for HBr pickup the necessity of a higher mass
resolution (to resolve various fragments with °Br and ' Br
isotopes) limited the monitored mass range of our quadrupole
below the mass of 150 amu. Due to this reason the HBr cluster
ion peaks were not measured. However, an appreciable signal
from H¥'BrH* at m/z = 83 amu manifests the presence of
(HBr)x clusters with k > 2. We have monitored 8'Br for the
molecule k = 1 pickup and H¥'BrH* peak for k = 2 capture.
The intensity at 81 amu has been corrected for a contribu-
tion from H’’BrH*. This could be done since the 3'Br:”’Br
= 0.973 ratio is known and the 3'HBrH* peak was measured.
The experimental data can be illustrated by the example
in Fig. 4 which shows the H,O" ion intensity dependence
on the water pickup pressure. The solid line corresponds to
the Poisson distribution fit to the data using Eq. (6) with
k = 1 and o, as a fitting parameter. However, the obtained
cross section o, & 528 A? is significantly smaller than 848 A2
obtained for the same clusters from the velocity measure-
ments. If the later value was used for Poisson fit with k
= | (dashed line in Fig. 4), the experimental data could not be
fitted adequately. Similar results were obtained for the other
picked up molecules and the obtained cross sections are sum-
marized in Table I. They will be further discussed in Sec. VI.
Figure 5 shows several examples of pickup data for HBr
(top) and H,O (bottom) molecules. Here the data are fitted by
a sum of Poisson distributions with constant cross section o,
(Eq. (6)) fixed to the value obtained from the velocity mea-
surements. The fitting parameter was the number m of added
P(p), k =1,..., m. This is further discussed in Sec. VI.

V. MOLECULAR DYNAMICS AND MONTE CARLO
SIMULATIONS

In order to support the experimental data we have per-
formed molecular dynamics (MD) and Monte Carlo (MC)

HBr pick-up on Ar_clusters

Intensity (10* s™)
o

4
H,O pick-up on Ar_clusters
— ——
[ ] H20+, N =150 AN HZO+, N =260
r u
10} + = .
| ¥ k=1
2 k=1
\ N 3 .2
R T
LIZ - NN - ,’,»,.g.’»'g. A
s ST M- 2,720\~
0 el n brt " |
0 2 0 4

Pressure (10"(mbar)

FIG. 5. Intensity of monomer fragment ion peaks in the mass spectra as a
function of the pickup chamber pressure. The detected ions were Brt (m/z
= 81 amu) and H,O™" (m/z = 18 amu) for HBr and H,O pickup, respectively.
The solid lines represent the fits to the data with a sum of Poisson distribu-
tions (see Eq. (12)).

simulations of the pickup process. The simulations were per-
formed in the coordinate system in which the cluster is ini-
tially at rest and the projectiles were shot at the cluster with
the mean velocity corresponding to the experimental cluster
beam velocity (490 ms™'). The simulations were performed
for the Ary cluster size N= 150 for three projectiles: Ar, HBr,
and H,O.
The Lennard-Jones (LJ) potential of the form

- (7)o

has been used for the description of Ar-Ar, HBr-Ar, and H,O-
Ar interactions. The parameters ¢ and p of the potential are
listed in Table II. The parameters for Ar-Ar interaction have
been obtained in Ref. 49 by fitting the correct pairwise po-
tential of Aziz and Slaman.”® It has been shown, that the LJ
parameters usually used for simulation of liquids and solids
cannot be used for simulations of cryogenic clusters.*’ Both
HBr and H,O were represented as united atom. The parame-
ters for HBr-Ar potential were obtained in Ref. 48 by averag-
ing the three body potential of Hutson’’ over all possible HBr
orientations. The isotropic potential for H,O-Ar has been suc-
cessfully used to model argon-water ice collisions.”®>’ The
parameters for H,O-Ar potential were taken from Ref. 58.
The use of isotropic potential is a relatively crude approxi-
mation; however, it has been applied previously for MD sim-
ulation of pickup of hydrogen halides on rare gas clusters and
yielded good agreement with experiments.*”-*® As seen be-
low, the present simulations agree very well with the exper-
iment also for the HyO-Ary system, which justifies the use
of the isotropic potential also in this case. Because of the rela-
tive complexity of the CH3;OH molecule, the simulation of the
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TABLE II. Lennard-Jones potential parameters used for molecular dynam-
ics simulations.

P e
&) (K)
Ar-Ar 3.35 143.2
HBr-Ar 3.55 174
H,O-Ar 3.0 174

methanol-Ary collisions is beyond the scope of the present
mostly experimental paper.

We have used the Verlet’s algorithm with a time step of
1 fs to integrate Newton’s equation of motion. Simulation of
one trajectory went as follows: The icosahedral structure of
Arys0 cluster was assumed with coordinates taken from Cam-
bridge cluster database.®” The temperature of the cluster was
assumed to be 32 K (Ref. 29) and the cluster was equilibrated
for 10 ps. Then the cluster was randomly oriented and the
projectile was shot at the cluster with a certain impact pa-
rameter. The impact velocity was sampled from the Maxwell-
Boltzmann distribution of projectile gas at 300 K centered
around 490 ms~'. For each trajectory, the simulation lasted
for 1 ns. After the simulation was finished, it was determined
whether the projectile remained on the cluster, how many ar-
gon atoms were evaporated from the cluster, and the velocity
of the cluster after the collision.

In order to calculate the pickup cross section, 2500 pro-
jectile trajectories were generated with random impact pa-
rameters and the cross section was evaluated from the ratio
of sticking to nonsticking trajectories. This approach is illus-
trated in Fig. 6. The normally constant maximal impact pa-
rameter at which the collision is sticking has been diffused
by the fact, that the projectiles have also transversal veloci-
ties sampled from the Maxwell-Boltzmann distribution. The
pickup cross sections obtained from these simulations are
listed in Table I.

In addition to the pickup cross section, the simulations
addressed two questions that justify evaluation of the exper-
imental data according to Eq. (5): (i) Are collisions with the
gas in the pickup cell elastic or inelastic? (ii) Does the colli-
sion lead to an effective evaporation of cluster constituents?
The bottom panel of Fig. 6 shows the histogram of simulated
final cluster velocities for sticking and nonsticking collisions.
The plot demonstrates that a considerable momentum trans-
fer between the projectile and the cluster occurs only in the
case of sticking collisions, i.e., in inelastic events. Also, the
mean value of the final cluster beam velocity distribution is
in excellent agreement with Eq. (3). No evaporation from the
cluster was observed on the timescale of the simulation (1 ns).

We have addressed one more question using the simula-
tions: If two HBr molecules are picked up on the Ar;sg clus-
ter, what is the probability that they coagulate, i.e., form the
HBr dimer? The simulation was done as follows: the first HBr
projectile was shot at the cluster with a random impact param-
eter (within the sticking range) and the system was simulated
for 500 ps. Then the second HBr projectile was shot at this
cluster with a random impact parameter and the system was
simulated for 1 ns. The distance between the two HBr atoms
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FIG. 6. Results of MD simulations for Arso-HBr collisions. Top: Map of
sticking and nonsticking trajectories used to evaluate effective cross section.
Bottom: Histogram for cluster velocities after the collisions. In the simula-
tions the HBr projectiles were shot at the cluster initially in rest with the
velocity corresponding to the experimental velocity of the cluster beam. The
vertical arrow indicates the velocity shift according to Eq. (3) in excellent
agreement with the simulations.

was monitored and if the average distance was less than 5 A
the coagulation was considered to occur (in all cases when the
dimer was formed it did not dissociate till the end of the sim-
ulation). Total 2500 simulations were run and the coagulation
occurred in 22.6% of cases. The mean time of dimer forma-
tion was 93 ps after the impact of the second projectile on the
cluster.

The HBr-HBr interaction has been approximated by
the isotropic hard-core Lennard-Jones (HCLJ) potential of
Hurly,®!

12 6
p—2a p—2a
Vicrs(r) = 4de — 9
r—2a r—2a
with the parameters ¢ = 533.45 K, p = 3.44 A, and a

= 0.526 A. This potential approximates the HBr dimer by
a diatomic-like molecule with isotropic interaction. We are
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aware of the crudeness of such approximation — the present
results do not properly describe the behaviour of two HBr
molecules on Ar cluster. A proper interpretation of the sim-
ulation is that it describes the behaviour of two picked up
atom-like objects that have the same binding energy as the
HBr dimer. Nonetheless, results of such simulation — coagu-
lation only in about 23% of cases — are helpful to understand
the discrepancy in the experimental methods (see the discus-
sion in Sec. VI A).

VI. DISCUSSION
A. Capture cross sections

The major point to be discussed here is the comparison
of the pickup cross sections summarized in Table I. First, we
focus on the effective cross sections o, evaluated from the
velocity measurements which are in a good agreement with
the simulated ones: in all cases the calculated cross sections
exceed the measured ones by about 10% for HBr and H,O
and by 14% for Ar. The agreement between the velocity mea-
surements and simulations suggests that the cross sections de-
termined by this method are close to the real values.

It is interesting to note that oy is consistent for all the
molecules except methanol; i.e., op ~ 570 A for N = 150
with all the values within 4%, and oy &~ 775 A? for N
= 260 with all the values within 10%. For methanol signif-
icantly larger oy were obtained which could be caused by
the fact that velocity correction factors corresponding to the
hard sphere potential approximation is not valid for this large
molecule with internal structure and many degrees of free-
dom. It should be also noted that the simulated cross sections
were calculated in a way that mimics the experiment, thus
they correspond to the effective cross section o, i.e., the ve-
locity correction factors F,o are implicitly included. Both, in
the experiment and simulations the cross sections are obtained
on the assumption, that the projectile is a point-like particle,
i.e., the size of the incoming molecule is neglected, or more
precisely included in the obtained o,. This may add a small
relative shift, especially for molecules like methanol.

We also compare the obtained cross sections to the sim-
ple geometrical cross sections. To determine the cluster mean
size N by any of the two methods exploited here a certain an-
alytical relationship between the cross section o and N had to
be assumed. Both Cuvellier ez al.>® and Macler and Bae,’ as-
sumed a geometrical pickup cross sections when introducing
their methods for the mean cluster size determination, i.e.,
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where a = 5.34 A is the lattice parameter of Ar clusters.” The
geometrical cross sections corresponding to the present mean
cluster sizes N = 150 and 260 are o, = 390 A2 and 560 A2,
respectively. Cuvellier et al.*® used collision dynamics sim-
ulations to account for a more realistic attractive interaction
of the molecule with the cluster and modified the geometrical
cross section formula to

040 = T(Ry + Ro)’. (11

The value Ry = 3 A was determined by the simulations of Ar-
Ariys system. This yields the geometrical cross section o,
= 620 A? and 840 A2 for the present mean cluster sizes N
= 150 and 260, respectively.

Clearly the simple hard sphere cross sections o,
(Eq. (10)) are strongly underestimated. Adopting the ap-
proach of Cuvellier et al.*® we can modify o, by the con-
tribution R due to the interaction between the cluster and the
projectile to 049 (Eq. (11)). Thus from comparison of the sim-
ulated cross sections with o, the parameter R, can be evalu-
ated (Table I). Note, that the comparison was made with the
calculated o, value which implicitly includes also the veloc-
ity dependence (F,g) thus Ry is in principle velocity depen-
dent. Since this parameter is due to the interaction between
the species, it should correlate with the potential parameters
in Table II. It is interesting to note that R increases with the
decreasing parameter p of LJ potential.

The most striking observation is the significantly smaller
cross sections evaluated from the Poisson distributions. The
Poisson statistics is frequently used to determine the number
k of particles picked up by the cluster.>”'%!” Generally the
good quality of the Poisson distribution fit to the experimen-
tal data is regarded as the justification for using such analysis
to obtain k, N, or o values. The present measurements show
that, although high quality fits could be obtained, the evalu-
ated cross sections still differ significantly from the real val-
ues. An indication that the o, values are wrong is the fact that
they are larger for the smaller clusters in all cases.

Also the second order k = 2 Poisson distributions
were fitted to the corresponding signals for all three stud-
ied molecules, e.g., at masses m/z = 19 amu [H,OH™"],
33 amu [(CH3;O0H)H*], and 83 amu [HBr®'H*]. However,
even smaller cross sections were obtained from these fits
than from the k = 1 fragments. The quality of these fits was
somewhat worse with evident broadening in the high pressure
region.

Below several factors are addressed that complicate the
emergence of the Poisson statistics and could explain why the
analysis yields the lower cross sections. We argue that some
of these factors (i.e., non-sticking collisions, evaporation, and
scattering from the beam) do not contribute to present discrep-
ancy, while other factors (i.e., coagulation and fragmentation
upon ionization) can contribute.

The first possible reason for the discrepancy could be
the non-sticking collisions. If the sticking coefficient of a
molecule is s < 1, only a fraction of the total number of col-
lisions will actually result in the capture of the molecule on
the cluster. On the other hand, the cluster can be slowed down
even in an inelastic collision, which does not result in com-
plete momentum transfer and the sticking of the molecule
to the cluster. However, as is demonstrated in Fig. 6, the
simulations suggest that the measured velocity decrease is
caused almost exclusively by the sticking collisions, and thus
the cross sections obtained by both methods should be the
same.

Further effect can be an evaporation of the Ar clus-
ter atoms due to the energy transfer in the sticking col-
lision. This effect would lower the cross section for each
subsequent pickup event, since o o« N*/3. The molecular
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dynamics simulations did not show any evaporation within
1 ns after the pickup. The large clusters are efficient thermal
baths for energy dissipation and a significant evaporation on
longer timescale is not expected. The following energy argu-
ments can be also used. For the binding energy of a single
Ar atom to the Ary cluster N = 150 a model calculation® as
well as our estimate based on the LJ potential yield ~80 meV.
The binding energy of an HBr molecule to the cluster can
be estimated from the Ar-Ary binding energy and the com-
parison of the LJ potentials for Ar-Ar and HBr-Ar interac-
tions (Table II), i.e., the HBr-Ary energy would correspond to
~100 meV. Upon the pickup of a single HBr molecule this
binding energy plus the heat due to collision inelasticity
(~100 meV) are transferred to the cluster, i.e., total about
200 meV which would be sufficient to evaporate only two Ar
atoms. This effect could not explain the observed cross sec-
tion decrease.

The scattering of clusters on molecules in the pickup cell
can deflect the smaller clusters out of the beam to a greater
extent than the large ones, and thus shift the mean cluster size
to a larger value. This effect could make the observed capture
cross section larger which, however, is not the case.”® Addi-
tionally, this effect would influence both experimental meth-
ods simultaneously.

One explanation of the observed difference concerns the
coagulation of the embedded molecules. It was discussed in
detail for He clusters,”™ however, the present case of solid-
like argon clusters might differ significantly from the super-
fluid helium nanodroplets. The coagulation on Ar clusters
will be controlled by a competition between the polariza-
tion forces attracting the molecules towards each other and
the forces binding the molecules to the cluster and hindering
their diffusion on the surface. This issue has been also ad-
dressed with our MD simulations (Sec. V) for two HBr-like
objects picked up by the cluster. The coagulation (i.e, the for-
mation of HBr dimer on the cluster surface) occurred only in
22.6% out of 2500 simulations. If the picked up molecules
do not coagulate, even the pickup of k > 2 molecules will
contribute to the signal assigned to the monomer. This sig-
nal is, however, fitted with k = 1 distribution P(p). Thus
the ion signal dependence corresponding to the monomer
will be a composition of several independent events where
k = 1,2,... molecules are picked up by the cluster. Figure 5
shows the experimental data fitted with a sum of Poisson
distributions,

P(p)= Aoy _ Pup).

k=1

12)

In the nonlinear least-squares fit procedure the number m
of Py distributions (Eq. (6)) was varied while the parameter
o was fixed to the value obtained from the velocity experi-
ment. From these fits it would follow that Ar clusters of size
N =150 can accommodate up to m = 3 water molecules
without coagulation. The distribution for larger clusters is
even broader with up to m = 6 water molecules. This would
imply very poor migration of the guest molecule on the Ar
cluster.

Yet another important issue is the fragmentation of the
host molecule or cluster upon the ionization. The assumption
that we measure the Poisson distribution for the pickup of k
molecules X can be only valid if we detect a fragment which
corresponds exclusively to the ionization of Xy species, i.e.,
for P; distribution we have to choose the fragment which cor-
responds exclusively to the monomer ionization and not to
the ionization of an X;-, cluster. However, the fragmentation
dynamics can be more complicated and affected by the Ar
cluster. For example, the accepted fast proton transfer reac-
tion as a main fragmentation channel for the hydrogen bonded
clusters after ionization can be quenched by the cluster envi-
ronment as observed for the methanol clusters on larger Ar
clusters.'® Thus, even if the molecules coagulate and form the
dimer, upon ionization the dimer fragment can contribute to
P, distribution and the fit will yield erroneous result for the
cross section.

In summary, due to incomplete coagulation and ioniza-
tion fragmentation dynamics the pickup of k > 2 molecules
can still contribute to the measured intensity of the fragment
assigned to the pickup of a single molecule. The dependence
of the fragment intensity on the pickup pressure will thus
extend to higher pressures which will result in smaller fit-
ted o, if the fit with a single Poisson (k = 1) distribution is
used. It ought to be mentioned that in some cases dependen-
cies with clearly enhanced intensity at higher pressures have
been measured. Thus the pickup cross section evaluated from
the Poisson distribution fit will be smaller than the real cross
section.

B. Implications for cluster size determination

Two methods for the mean cluster size determination
based on the pickup process were examined in our study.*®3’
Since the cluster mean size N and the pickup cross section &
cannot be determined independently by these methods, both
methods assumed a certain analytical relationship between
these two quantities which was the geometrical cross section
of a hard sphere. Our original motivation for these measure-
ments was that by combining Eqs. (5) and (6), both quantities
o and N could be determined by simultaneous measurements
of velocity and Poisson distributions. This would present a
new method for determining the mean cluster size in a beam
without the geometrical cross section assumption.

However, as seen above, in the course of our pickup
measurements we have discovered that the two methods ac-
tually provide inconsistent results. The reason is that in the
Poisson distribution measurements, incomplete coagulation
of molecules on the cluster surface and their fragmentation
patterns complicate the fitting procedure. Since these pro-
cesses are not always obvious, it has to be cautiously exam-
ined which species are actually detected in the Poisson dis-
tribution measurements, if the cluster size or cross section
are to be determined from such data. In other words, if the
mean cluster size or cluster cross section is based solely on
the Poisson distribution P;(p) measurement of a certain frag-
ment after the pickup process, the result can be wrong, unless
the measured fragment ion is assigned unambiguously to the
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pickup of k£ molecules and any contribution from pickup of
more than k£ molecules is excluded.

VIl. CONCLUSIONS

We report here the capture cross sections o, for pickup of
several gas molecules (HBr, H,O, CH3;0OH) and Ar atoms on
Ary clusters of the mean sizes N &~ 150 and 260. Two differ-
ent methods proposed in the literature’®3” were employed in
the present measurements and o, was evaluated from

1. the decrease in the cluster beam velocity due to the mo-
mentum transfer of the picked up molecules;

2. the Poisson distribution fit of a selected cluster fragment
ion intensity dependence on the pickup pressure.

In addition, the pickup cross sections were calculated
with molecular dynamics and Monte Carlo simulations. The
simulations support the results of the velocity measurements.
On the other hand, the Poisson distributions yield significantly
smaller cross sections, which are also inconsistent with the
dependence on the cluster size. The reasons for the incon-
sistency of the results based on the Poisson distributions are
discussed in terms of (i) an incomplete coagulation of guest
molecules on the argon clusters when k > 2 molecules are
picked up, and (ii) the fragmentation pattern of the embedded
molecules and their clusters upon ionization on the Ar cluster.

The general message from this paper is that the Poisson
distribution method has to be cautiously examined, if conclu-
sions should be drawn about the cluster mean size N, or the
cross section o, or the number & of picked up molecules.

It is also important to note that both the velocity measure-
ments as well as the MC simulations show that the simple ge-
ometrical cross sections are significantly smaller than the real
values and therefore not a good approximation for the cluster
pickup cross section.
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