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Società Italiana di Fisica
Springer-Verlag 2000

The internal energy of small ammonia clusters in a supersonic
beam and after scattering off LiF(100)

C. Menzela and H. Zachariasb

Physikalisches Institut, Westfälische Wilhelms-Universität, 48149 Münster, Germany

Received 18 October 1999 and Received in final form 10 December 1999

Abstract. The photoionization efficiency (PIE) of neutral ammonia clusters is studied as a function of
photon energy. From these curves the internal energies of clusters in the incident supersonic beam and of
clusters surviving after scattering off a LiF(100) surface are derived. A supersonic expansion of ammonia
seeded in He produces small clusters of various size but with uniform kinetic energy of about 285 meV per
monomer molecule. The mass distribution of clusters in the jet and of the scattered particles is measured
in a reflecting time-of-flight mass spectrometer by single photon photoionization using vacuum ultraviolet
(VUV) laser radiation tunable between λ = 142.5 nm (hν = 8.7 eV) and λ = 126.5 nm (hν = 9.8 eV). In
the incident beam the internal energies of clusters up to n = 15 do not vary significantly and amount to
an average of about (65± 3) meV. After scattering off LiF(100) the internal energy of clusters up to n = 4
increases with fragment size and amounts to about half a monomer binding energy.

PACS. 36.40.Sx Diffusion and dynamics of clusters – 68.45.Da Adsorption and desorption kinetics;
evaporation and condensation – 82.65.Pa Surface-enhanced molecular states and other gas-surface
interactions

1 Introduction

The collisional dynamics of the interaction of neutral clus-
ters with single crystal surfaces has attracted consider-
able interest in recent years. The unique feature of this
scattering event is the rapid redistribution of kinetic en-
ergy over many constituents and degrees of freedom. Ex-
perimental investigations have mostly been performed for
weakly bound van der Waals clusters [1–3] and a few for
more tightly bound hydrogen-bonded clusters like ammo-
nia [4,5], water [6–8] and ethanol [9]. The total kinetic
energy even of comparatively slow neutral clusters in a
molecular beam is significantly higher than the binding
energy of individual constituents. The energy redistribu-
tion then leads to a break-up of the cluster into mostly
small fragments. Insight into the dynamics may be gained
from measurements of the angular, velocity and internal
energy distributions of scattered fragments and a compari-
son with theoretical model calculations. Molecular dynam-
ics simulations have been carried out for the scattering of
small and large rare gas [10–14] and water [15] clusters.
A thermokinetic model has been proposed by Vach et al.
[3,16], which describes the observed angular and veloc-
ity distributions of monomers from weakly bound clusters
quite well. These distributions differ considerably from
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those known in monomer scattering. The kinetic energy
distribution of monomers evaporated from large rare gas
clusters is often close to Maxwellian at the critical temper-
ature of the species. For hydrogen-bonded ammonia clus-
ters, however, a bimodal velocity distribution of the am-
monia monomer fragments has been observed recently [5].

The internal energy distribution of clusters and clus-
ter fragments yields important information for the under-
standing of the microscopic dynamics in cluster-surface
scattering. This degree of freedom has, however, largely
been neglected in experimental and theoretical studies. In
the pioneering work on nitrogen cluster scattering from
metal surfaces Holland et al. [1] reported rotational dis-
tributions of N2 monomer fragments obtained from elec-
tron beam induced fluorescence. Recently, N̊ag̊ard and
Pettersson [9] derived from the temperature dependent
fragmentation pattern of ethanol in a quadrupole mass
spectrometer the internal energy of monomer fragments
from ethanol clusters scattered off graphite. Using (2 + 1)
REMPI De Martino et al. [17] studied the dependence of
the rotational distribution of N2 fragments from nitrogen
clusters scattered off graphite on the scattering angle and
the surface temperature. They found a cold (∼ 75 K) and
a hot (∼ 375 K) component which displayed the same tem-
peratures at all scattering angles. The relative fraction of
the cold component, however, significantly increased from
about 10–20% to 50–60% when the detection angle was in-
creased from ϑf = 30◦ to 80◦. Extending the information
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about internal energies to the primary subject we present
in this paper results for the internal energy distribution
of ammonia clusters in the incident beam and of small
clusters scattered off a LiF(100) surface.

2 Experimental

Ammonia clusters are detected by single photon pho-
toionization with vacuum ultraviolet (VUV) laser radia-
tion tunable between λ = 142.5 nm (hν = 8.7 eV) and
λ = 126.5 nm (hν = 9.8 eV). The VUV laser radia-
tion is generated by two-photon resonant difference fre-
quency mixing in Kr [17]. Frequency doubled radiation
(λuv = 212.55 nm) of a dye laser (Spectra Physics, PDL 3)
pumped by the third harmonic of a seeded Nd:YAG laser
(Spectra Physics, GCR 230) is tuned to the (5p[1/2, 0]←
4p) two-photon resonance in krypton. This UV radiation
is focussed (f = 560 mm) into a cell containing pure Kr
at a pressure of about 10 mbar. The tunable output of
an optical parametric oscillator (OPO) (GWU, type A)
is directed into the conversion cell and overlaps with the
UV laser radiation. This OPO is also pumped by part of
the third harmonic of the same Nd:YAG laser. Using the
signal beam of the OPO, tuned between λ = 418.8 nm
(hν = 2.96 eV) and λ = 666.6 nm (hν = 1.86 eV), yields
VUV laser radiation tunable between λvuv = 142.5 nm
and 126.5 nm. The spectral width of the resulting VUV
laser radiation is determined by that of the OPO sig-
nal wave which varies between ∆λ = 2.5 nm at about
650 nm and 0.25 nm at 425 nm. Thus, the spectral
width of the generated VUV radiation varies between
about ∆ν̃ = 15 cm−1 (h∆ν ∼ 2 meV) at 142 nm and
∆ν̃ = 57 cm−1 (h∆ν ∼ 7 meV) at 126 nm. In the entire
tuning range the third-order susceptibility of the krypton
gas is nearly constant [18]. Thus upon tuning the optimum
pressure does not change and the generated VUV intensity
remains nearly constant. Figure 1 shows the VUV output
intensity for a single mirror set of the OPO in the range
from 130.5 nm to 140 nm. Shorter and longer VUV wave-
lengths are covered by a “red” and a “blue” mirror set of
the OPO.

The resulting VUV laser radiation is separated from
both fundamental beams by a 30◦ LiF prism and focused
into the ultrahigh vacuum (UHV) interaction chamber
with a LiF lens (r = 130 mm). The VUV beam can en-
ter the interaction chamber at two different levels. Insert-
ing under vacuum two parallel aluminium mirrors into the
beam path the VUV beam crosses the incoming supersonic
molecular beam at right angle. The direct VUV beam tra-
verses the interaction chamber 25 mm above the molecu-
lar beam in order to ionize the scattered particles. For all
scattering events described here the clusters impinge on
the LiF(100) surface at ϑi = 45◦ while the scattered frag-
ments are detected at an exit angle of ϑf = 65◦. Since the
velocity distributions of scattered fragments show their
maximum at an exit speed of about 500 ms−1 [5] scat-
tered particles with this velocity are selected in the present
study. The experimental setup used for the scattering of
neutral ammonia clusters off LiF(100) has been described

Fig. 1. Normalized VUV intensity for the signal output of the
OPO using the “green” mirror set. For visible wavelengths be-
low about 455 nm and above about 578 nm the OPO signal
wave is produced by the “blue” and “red” mirror set, respec-
tively. The signal output power is about the same for all three
mirror sets.

in detail earlier [4,5]. Ammonia clusters are produced in
the expansion of a 1:3 mixture of NH3 and He through
a 0.5 mm diameter and 5 mm long nozzle into the vac-
uum. The stagnation pressure of the mixture was 4 bar.
Clusters of different size are produced in this supersonic
molecular beam with the same mean kinetic energy of
〈Ekin〉 = 285 meV per ammonia molecule and an energy
spread of ∆Ekin = 32 meV [5].

In order to normalize the measured intensity of each
mass signal the intensity of the ionizing VUV beam is
monitored by a vacuum photodiode (ITL, TF 1850) with
a CsI cathode and a MgF2 window. This photodiode is
mounted outside the UHV chamber. The space between
the LiF exit window of the vacuum chamber and the MgF2

entry window of the photodiode is purged with nitrogen.
In addition we used a tracing technique to record the
photoionization efficiency (PIE) spectra of ammonia clus-
ter ions. The gas mixture of NH3 and He is doped with
about 625 ppm of m-xylene by using a partial pressure of
2.5 mbar m-xylene in the 4 bar expansion. This concen-
tration showed to be low enough to avoid the creation of
m-xylene or mixed clusters and high enough to yield an
intensity of the m-xylene monomer comparable to that of
the ammonia cluster ions. For each spectrum the intensi-
ties of the detected clusters are normalized to the intensity
of the detected m-xylene ions. The PIE curve of m-xylene
is measured separately using the photodiode to normalize
the VUV laser intensity, corrected for the effective trans-
mission of the LiF exit and the MgF2 entrance window of
the photocathode tube. The PIE spectrum of m-xylene in
the cluster beam is shown in Figure 2 together with earlier
results from a gas phase measurement [19]. Both curves
are normalized to one another at 9.8 eV. There are signif-
icant differences between the two measurements with the
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Fig. 2. Comparison between PIE spectra of m-xylene in the
gas phase at room temperature (open circles) taken from ref-
erence [19] and in the seeded molecular beam (filled circles)
obtained with the present experimental setup.

Fig. 3. Time-of-flight mass spectrum of ammonia clusters in
the incident supersonic beam obtained at a photoionization
energy of hν = 9.8 eV. The intensity scale is normalized to
one for (NH3)3NH+

4 ions which appear at about 18.8 µs. The
expected position of NH+

4 ions is marked by an arrow.

beam results showing a pronounced structure in the PIE
curve of m-xylene.

3 Results

Figure 3 shows a typical TOF mass spectrum of the in-
cident supersonic cluster beam, in this case obtained at
a photon energy of hν = 9.8 eV. The intensity scale is
enlarged by a factor of ten, and arbitrarily normalized to
one at the mass of (NH3)3NH+

4 . Starting with (NH3)+
2 at

a flight time in the reflectron of about 13 µs homogeneous
and protonated cluster ions are observed, and shown in
the figure up to n = 16. Remarkably, NH+

4 ions are vir-
tually not observed, which are expected to appear at a
flight time of 9.6 µs, despite a recent literature value for

Fig. 4. PIE spectra (solid squares) of three small neutral clus-
ters in the molecular beam. For data below the ionization po-
tential, which is taken from reference [20] and marked with
an arrow in each panel, the solid lines show the results of an
exponential fit. The values for the internal energies obtained
from these fits are indicated in each panel and are summarized
in Table 1.

the appearance potential of 9.54 eV [20]. The signal at
the NH+

4 position is lower by at least a factor of 200 com-
pared to that of (NH3)3NH+

4 . For ionizing radiation with
hν = 10.5 eV photon energy (λ = 118 nm) the intensity of
the NH+

4 signal amounts to about 18% of the (NH3)3NH+
4

signal for the same expansion conditions [4,5].
In Figure 4 are shown in a semi-logarithmic plot typical

photoionization efficiency curves for small ammonia clus-
ters in the incident supersonic beam, in particular for the
homogeneous (NH3)+

2 and for clusters detected as proto-
nated NH3NH+

4 and (NH3)2NH+
4 . It should be noted that

the protonization reaction occurs only after the absorp-
tion of the VUV photon by the neutral cluster. This pro-
tonization is accompanied by the ejection of a NH2 radical.
Molecules measured as (NH3)nNH+

4 in the reflectron thus
originate from neutral (NH3)n+2 clusters [25]. The pho-
toionization efficiency curves obtained for the protonated
clusters thus reflect the ionization of the corresponding
neutral clusters. In all cases the PIE curves display over
up to five orders of magnitude a smooth and at low photon
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Table 1. Average internal energies Eint of neutral clusters
in the incident seeded supersonic beam. (The homogeneous
cluster ions (NH3)+

n origin from neutral (NH3)n clusters of the
same size, protonated (NH3)n−2NH+

4 origin also from neutral
(NH3)n clusters.)

Cluster, measured as Eint [meV] Tcluster [K]

NH+
4 – –

(NH3)+
2 52 28

NH3NH+
4 77 27

(NH3)+
3 80 28

(NH3)2NH+
4 65 17

(NH3)+
4 48 12

(NH3)3NH+
4 52 10

(NH3)+
5 50 10

(NH3)4NH+
4 51 9

(NH3)+
6 44 7

(NH3)5NH+
4 52 7

(NH3)+
7 58 8

(NH3)6NH+
4 66 8

(NH3)+
8 76 9

(NH3)7NH+
4 67 7

(NH3)+
9 57 6

(NH3)8NH+
4 68 7

(NH3)+
10 75 7

(NH3)9NH+
4 67 6

(NH3)+
11 83 7

(NH3)10NH+
4 76 6

(NH3)+
12 76 6

(NH3)11NH+
4 81 6

(NH3)12NH+
4 76 5

(NH3)13NH+
4 71 5

energies an exponential increase with increasing photon
energies. The only exception being the ammonia dimer,
where between hν = 8.7 and 9.3 eV deviations from an
exponential rise is observed, which may possibly be caused
by the internal vibrational structure of this molecule. The
sensitivity of the experiment does, however, presently not
permit a definite assignment of this structure to specific
vibrational modes. In each panel a recent literature value
[20] of the appearance potential is indicated by an arrow.
At photon energies below this value the PIE spectrum is
fitted with an exponential Boltzmann distribution. The
mean internal energies of the clusters derived from such
fits are summarized in Table 1 for dimer to n = 15 clus-
ters together with their protonated companions. It can be
noticed that the internal energies of the detected cluster
ions do not vary significantly with cluster size. Pairs of
homogeneous and protonated detected cluster ions, like
(NH3)+

5 and (NH3)3NH+
4 , which nominally origin from

the same neutral cluster, show about the same internal
energy. When all internal energies of all clusters measured

Fig. 5. Same as Figure 4, but for neutral cluster fragments
scattered off the LiF(100) surface (ϑi = 45◦, ϑf = 65◦). The
flight time of neutral clusters between the surface and the ion-
izing laser beam was 50 µs. The low signal-to-noise ratio due
to the low particle density in the scattered flux did not permit
to obtain data at photon energies below 9.0 eV.

are averaged one arrives at 〈Eint〉 = (65 ± 3) meV. A
cluster temperature can be derived when the measured
internal energy is divided by the number of internal de-
grees of freedom, 3n−3. For the detected protonated clus-
ters the ejection of a NH2 radical upon ionization has to
be accounted for by increasing the degrees of freedom by
nine when the temperature of the originally neutral clus-
ter is determined. Again, the temperatures of the neutrals
derived from pairs of homogeneous and the protonated
cluster ions are very similar. These temperatures decrease
with increasing cluster size down to about 5–6 K, for the
expansion conditions of the present experiment.

Figure 5 shows PIE spectra for three different clus-
ter fragments, NH+

4 , (NH3)+
2 and NH3NH+

4 , scattered off
LiF(100). Due to the lower particle density in the scat-
tered flux measurements of the PIE could not be obtained
with sufficient signal-to-noise ratio for photon energies be-
low hν = 9.0 eV. Again the internal energy is obtained
from a Boltzmann fit to the data points at photon en-
ergies between hν = 9.0 and 9.3 eV. Table 2 lists the
results for all scattered cluster fragments observed. The
internal cluster temperatures Tcluster are obtained in
the same way as for incident clusters and are listed also in
Table 2. It should be noted that in the scattered flux NH+

4
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Table 2. Average internal energies of neutral clusters scattered
off LiF(100).

Cluster, measured as Eint [meV] Tcluster [K]

NH+
4 143 79

(NH3)+
2 79 40

NH3NH+
4 100 37

(NH3)2NH+
4 142 37

ions could now be detected in the photon energy range
from 9.0 to 9.8 eV. The internal energy of this species
amounts to about Eint = 143 meV. For larger clusters the
internal temperature is about 37 K and does not change
much with cluster size. This translates into an increasing
internal energy with increasing cluster size, as far as the
limited data set suggests.

4 Discussion

The central result for clusters in the incident beam is the
approximately constant internal energy of about 65 meV.
This correlates with a constant velocity of all clusters in
this beam which was observed in an earlier experiment [5].
Both features suggest that the clusters are formed in an
early part of the expansion, and after formation still ex-
change energy and momentum with the He carrier gas. For
larger clusters the final cluster temperature decreases since
the floppier intermolecular vibrations in larger clusters can
be cooled more effectively in the propagating expansion.
This phenomenon has been earlier observed in the expan-
sion of various monomers [21]. It should be kept in mind,
however, that our analysis is based on the assumption of
a constant Franck-Condon factor for the ionization of var-
ious internal vibrations of a specific cluster. On the other
hand this assumption is supported by the single exponen-
tial decrease of the photoionization yield with decreasing
photon energy.

The missing observation of NH+
4 at photon energies

up to 9.8 eV is in contrast to earlier photoionization mea-
surements, which derived appearance potentials of 9.59 eV
[22] and 9.54 eV [20]. It is, however, in accord with the
results of a study using electron impact ionization. There
an appearance potential of 9.95 eV was reported [23]. In
both photoionization experiments PIE curves of ammonia
clusters from expansions of neat ammonia were recorded,
whereas in the electron impact study as well as in the
present work ammonia clusters were formed in the pres-
ence of excess He carrier gas. It thus might cautiously be
concluded that the results of the earlier photoionization
studies were derived from ammonia clusters with consid-
erable internal energy.

The internal energies of cluster fragments scattered off
LiF(100) are higher than in the incident beam, but lower
than might be expected for clusters arriving at the surface
with a normal kinetic energy of about Ekin,⊥ = 200 meV
per monomer constituent. However, the internal energy

measured represents the remaining part of the initial in-
ternal energy of scattered clusters detected after a flight
time of about 50 µs between the scattering event and
the ionizing laser pulse. This long time favors the pro-
cess of evaporative cooling [24] while the fragments are
leaving the surface. Thus the detected internal energy is
that part which is not sufficient to desorb another ammo-
nia monomer from the cluster. Due to statistical reasons
the mean energy remaining in the cluster fragments then
should be of the order of half the monomer binding energy
for the given cluster size. The values listed in Table 2 are
in accord with this estimation.

Even the comparatively high value for NH+
4 together

with the low internal energy of (NH3)+
2 can be explained

this way. Taking into account that no NH+
4 could be de-

tected in the molecular beam at the same experimental
conditions, the NH+

4 ions detected in the scattering flux
must origin from those dimers or larger fragments scat-
tered off the surface which carry a large amount of inter-
nal energy. On the other hand the detected homogeneous
dimer ions (NH3)+

2 have been neutral dimers before ab-
sorbing the ionizing photon. Due to the exothermic na-
ture of the internal proton transfer reaction hindered only
by a small activation barrier of about 100 meV [25] the
probability for detecting a (NH3)+

2 ion is only significant
for neutral dimers with low internal energy. Highly ex-
cited neutral dimers are favored to be detected as NH+

4
ions. Thus, for an ensemble of scattered neutral ammo-
nia dimers with a given internal energy the PIE spectrum
of the detected NH+

4 ions is expected to show a higher
internal energy than the PIE spectrum of (NH3)+

2 ions.
In molecular cluster scattering internal energies have

only recently been reported by N̊ag̊ard and Pettersson [9]
for evaporated ethanol monomers from ethanol clusters
and by De Martino et al. [17] for N2 from nitrogen clus-
ters impinging on graphite surfaces. The internal temper-
ature of ethanol was determined from the temperature
dependent fragmentation pattern in a quadrupole mass
spectrometer. Up to a surface temperature Ts of about
550 K the internal temperature of ethanol was accommo-
dated to the surface, but at higher Ts up to 1 400 K it
leveled off at about 600 K. This behaviour resembles that
of monomer scattering from various surfaces [26]. These
temperatures are significantly higher than those reported
in this work for the remaining internal energy of surviving
cluster fragments. In the case of N2 the rotational popu-
lation distribution was determined by (2 + 1) REMPI. A
bimodal distribution which can be described by rotational
temperatures of Trot = 75 K and 375 K was found. While
these temperatures did not vary systematically with the
scattering angle, the fraction of the cold distribution in-
creased significantly when the scattering angle increased
from ϑf = 30 to 80◦ [17]. The internal energies of ammo-
nia clusters scattered off LiF(100) are probably reduced
by evaporative cooling to the low values observed in this
study. This conjecture is supported by the fact that only a
few, small clusters are observed after scattering. For more
elucidating information the flight time of clusters between
the scattering event and the detection should be signifi-
cantly reduced. Meanwhile, investigations of the internal
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energy of evaporated NH3 monomers, which can be deter-
mined with internal state selectivity via (2 + 1) REMPI,
may thus yield more direct information about the dynamic
processes during cluster scattering.
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