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Beams of clusters, the latter containing about 106 nitrogen molecules, were reflected by polished met-
al surfaces, and the direction, the velocity and the composition of the reflected beams were studied as 
functions of the direction of the incident beam. It turned out that the clusters leave the reflector surface 
almost tangentially, with reduced velocity, and that besides the clusters the beams contain gaseous ni-
trogen formed during the impact. 
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1. Introduction 

Molecular beams with the majority of the molecules 
forming agglomerates ("clusters") are termed cluster 
beams. Cluster beams are generated by supersonic ex-
pansion of a gas out of a Laval nozzle and subsequent 
transfer of the beam core into high vacuum [1,2]. Such 
beams can be used for fuel injection in nuclear fusion de-
vices [3]. In this and other contexts it is of interest to 
know how the clusters behave when reflected by solid 
surfaces. 

Appropriate experiments [4-11] have shown that clus-
ter beams, when reflected by polished surfaces, still con-
sist mainly of clusters. Thus, it is possible to enhance the 
flux density of cluster beams by reflection [4,5]. The re-
flection characteristics depend on the cluster size*, the 
incident angle [4, 5], the temperature of the reflector 
[4-8] , and its surface structure [11]. Using sufficiently 
large clusters, the influence of the surface structure be-
comes negligible. 

The present paper reports on the reflection of nitrogen 
clusters which contain about 106 molecules. The reflec-
tor remains at room temperature and its surface rough-
ness should not influence the beam. The measurements 
are for the first time supplemented by momentum and heat 
transfer investigations performed at the reflector. In ac-
cordance with prior experiments [4, 5], the direction and 
velocity of the reflected beam is found to practically agree 

* "Cluster size": The ratio of the mean number of molecules n 
to the number of elementary charges z is called the cluster size. 
The cluster charge is limited to few elementary charges [14]. 
Reprint requests to Prof. H. Mayer, Fax: 0407227853. 

with the tangential component of the velocity of the inci-
dent beam. Due to the vanishing normal velocity, the flux 
density (definition: N2-molecules per time unit and area 
unit) of the reflected beam is enhanced as compared to 
that of the incident beam. The assumption of previous con-
siderations [4, 5], that the loss of kinetic energy causes 
partial evaporation of the clusters is confirmed by the size 
evaluations performed here; however, the present heat 
transfer measurements show that part of the required heat 
of evaporation is taken from the reflector. 

According to the measurements also the evaporated 
molecules leave the reflector almost without normal ve-
locity. This phenomenon can be explained by the assump-
tion that during the reflection the surfaces of the clusters 
and of the reflector form a gap out of which the gas gen-
erated by evaporation effuses mainly parallel to the re-
flector surface. 

2. Experimental 

The experimental setup is shown schematically in Fig-
ure 1.1. For measurements of the flux density it consists 
of the beam generating system, the reflector and an ion-
ization gauge tube. For velocity and size measurements 
a fast rotating chopper disk is mounted above the reflec-
tor and a mass analyzer substitutes the gauge tube. 

The beam gas used is a mixture of 20 mole% nitrogen 
and 80 mole% hydrogen. By addition of hydrogen as a 
condensation agent, being almost completely eliminated 
from the cluster beam prior to its arrival in the high vacu-
um chamber, the flux density is considerably enhanced 
[2]. Through a conical nozzle (1 mm diameter at the nar-
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Fig. 1.1. Schematic view of the experimental setup (a) for 
measurements of the molecule flux and (b) for determinations 
of the velocity and the size of the clusters. The positions for in-
cident beam measurements are represented in dashed lines. 
1 beam generating system, 2 reflector (cp. Fig. 1.2), 3 ioniza-
tion gauge tube, 4 chopper disk, 5 mass analyzer, Q{ angle of in-
cidence, 0r angle of reflection. 

Table 1. Data of the nitrogen cluster beam in front of the re-
flector. 

Flux density ji = 6,9 1019 N 2 - molecules 
cm 2 s 

Beam velocity Vj = 853 — 
s 

Cluster size [13] = 0,59-106 N 2 - molecules 
elementary charge 

Beam diameter d 
when using the 

optical reflector 3.1 mm 
pressure-sensitive 
transistor 9.8 mm 
gold-foil calorimeter 9.8 mm 

a) 

rowest cross section, angle of aperture 10°, conus length 
10 mm) and two pressure stages the beam gas expands 
from the inlet pressure pö = 8 bar into the high vacuum 
(some 10-9 bar). The nozzle is in thermal contact with a 
cryostat filled with liquid nitrogen boiling at atmospher-
ic pressure. Pulsed cluster beams of about 10 ms pulse-
duration are generated by means of a fast-acting valve. 
The essential beam data are summarized in Table 1. 

optical reflector 
1 cm 

b) 

pressure-sensitive transistor 

gold foil 

heat insulation 

c) 

calorimeter 

Fig. 1.2. Reflectors used (a) in the beam investigations, (b) in 
the momentum, and (c) in the energy transfer measurements. 

The flux density is measured by a Pitot tube method. 
A modified ionization gauge tube (Leybold-Heraeus, 
Köln) is used [12]. The distance of its orifice from the 
point where the axis of the incident beam hits the reflec-
tor is 81 mm. By rotating the gauge tube around this point 
in the plane containing the axis of the incident beam and 
the normal of the reflector face (indicated by arrows in 
Fig. 1.1a) the angular distribution of the reflected flux 
density in this plane is obtained. The angle of incidence 

can be varied by tilting the reflector. The position of 
the reflector and of the gauge tube for measurements per-
formed on the incident beam without reflection is pre-
sented by dashed lines in Figure 1.1a. 

The beam velocity is determined by a time-of-flight 
measurement using the chopper disk. The cluster size 
is evaluated by an acceleration-field time-of-flight 
method [13]. The clusters are ionized by an electron 
beam normal to their path. By subsequent electrical ac-
celeration of the clusters in the direction of their path a 
mass-dependent reduction in the time-of-flight is ob-
tained. For reasons of apparatus design, the range of 9{ 

is limited to 45° ^ 9 ^ 90° in the time-of-flight meas-
urements. 

The various reflectors are shown in Figure 1.2. In the 
investigations performed on the reflected beam, the re-
flector is an optical stainless steel plate (X5CrNi 18-9 
"Supra", Zeiss, Oberkochen) with a polished area 
(40 x 16) mm2 and a roughness depth of about 50 |im 
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Fig. 2. (a) Output signal of the pressure sensitive transistor us-
ing a pulsed cluster beam of about 20 ms duration. The oscil-
lations at the end of the pulse are caused by the closing of the 
valve (time base 5 ms). 
(b) Output reading of the calorimeter using a miniature ther-
mistor for the temperature measuring. The cluster beam gives 
rise to a cooling down of the reflector. Since the rise time of the 
calorimeter used exceeds the duration of the cluster beam 
(about 20 ms), the minimum of the temperature is reached af-
ter the cluster beam pulse is finished (time base 0.2 s). 

(Figure 1.2. a). For 0° ^ ^ 85° the cluster beam hits the 
reflector. 

In the momentum transfer measurements carried out at 
the reflector, the stainless steel plate is replaced by the 
diaphragm of a pressure-sensitive transistor Stolab Pi-
tran PT-L2 (Figure 1.2b). The diaphragm consists of a 
Cu-Be-alloy, its surface being gold-plated. The diameter 
of the circular diaphragm is 4.75 mm. The transistor is 
sensitive in the direction normal to its surface. The pres-
sure-sensitive transistor is used like a usual npn-transis-
tor in common-emitter circuit with temperatur-stabilized 
operation point. A pressure difference between the upper 
and the bottom side of the diaphragm gives rise to a pro-
portional output voltage. Due to the measuring of pres-
sure differences, the influence of the absolute pressure in 
the high vacuum chamber is negligible. So, the pressure-
sensitive transistor measures the momentum transfer nor-
mal to its surface during the cluster beam pulse. To elim-
inate the influence of a locally differing sensitivity, the 
active area of the transistor is completely covered by the 
cluster beam (Table 1). The reflector surface viewed by 
the beam and, hence,the impinging flux of molecules j 

are therefore proportional to the cosine of the angle of 
incidence 6 

j = jo cos©; (1) 
with jQ being the molecule flux at normal incidence 
(0i = O°). 

The output voltage of the transistor is amplified 
(10... 60 dB) and transmitted to the input of a digital aver-
ager (Data Lab. DL 102 S) with a capacity of 200 chan-
nels and a time resolution of 2 fis per channel. The aver-
ager is triggered by the valve of the cluster beam gener-
ating system. To compensate variations of the flux den-
sity, the averager produces a mean signal of eight clus-
ter beam pulses. Figure 2 a shows a typical output signal 
of the digital averager represented by an oscilloscope. 
For the evaluation, the height of the almost rectangular 
signal is taken from the oscillogram as a function of the 
angle of incidence. Therefore, the length of the cluster 
beam pulse is insignificant. 

In the heat transfer measurements, a circular gold foil 
is used as reflector, having a thickness of 3 pm and a di-
ameter of7.21 mm (Figure 1.2c). It is mounted on a heat 
insulation and gives, together with a miniature thermis-
tor (K19, Siemens), a sensitive calorimeter with a heat 
capacity of about 0.4 mJ/K. The heat insulation and the 
very thin wires of the thermistor with a diameter of 
0.025 mm minimize heat leakages. The resistance of the 
thermistor is measured using a Wheatstone bridge, the 
output of which is almost proportional to the heat released 
from the calorimeter. Figure 2 b shows the output signal 
of the Wheatstone bridge as a function of time. The min-
imum of the temperature of the calorimeter is reached af-
ter the cluster beam pulse is finished. This is caused by 
the time characteristics of the calorimeter, the rise time 
of which exceeds the length of the cluster beam pulse. 
Analogous to the pressure measurements, the output 
readings of the calorimeters are averaged using eight 
pulses, in each case. Thus, variations of the flux density 
of the incident beam are almost eliminated. In the heat 
transfer measurements the impinging flux is proportion-
al to the cosine of the angle of incidence, as well (cf. (1)). 

3. Results 

3.1 Beam Measurements 

3 .1 .1 A n g u l a r D i s t r i b u t i o n of the F lux 
D e n s i t y 

On a stepwise increase of the angle of incidence 6{ 

from 20° to 85°, the flux density shows a strong maxi-
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Fig. 3.1. Beam velocity vr of the reflected beam in units of the velocity V; of the incident beam as a function of the angle of in-
cidence 0;. The function sinÖj represents the normalized tangential component vit/vj of the velocity of the incident beam. 
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Fig. 3.2. Cluster size* (nlz\ of the reflected beam divided by the cluster size (nlz\ of the incident beam versus the angle of in-
cidence 6,. The dashed line represents the "reflection coefficient" (cf. **) taken from a previous paper. A secondary fraction is 
observed at an angle of incidence 0j = 45°. 
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Fig. 4.1. Normal momentum flux m transferred to the reflector in units of the value m0 for normal incidence (9{ = 0) versus the 
angle of incidence 6>. The flux of the impinging molecules is proportional to cos 

mum at a "most frequent" angle of reflection 0 r — 88°. 
Thus, independent of the angle of incidence, the 
clusters leave the reflector almost tangentially. In 
other words, resolving the velocity vr of the reflected 
beam into the components tangential and normal to 
he reflector surface vrt and vm, respectively, this means 
that 

Vrt = v
r, (2) 

while the normal component nearly vanishes: 
vm = 0. (3) 

3 .1 .2 B e a m Veloci ty M e a s u r e m e n t s 

The beam velocity was always determined for the most 
frequent angle of incidence 0 r = 88° only. The time-of-
flight is measured for the maximum of the time-of-flight 
distribution, and the corresponding "most frequent" beam 
velocity is determined. In Fig. 3.1 the most frequent ve-
locity of the reflected beam vr = vrt, divided by that of the 
incident beam V; = 853 ms-1, is plotted versus the angle 
of incidence 0,. The solid curve shows the function sin0, 
representing the normalized tangential component of the 
velocity of the incident beam vit/vj. The approximate 
agreement of the measuring points with sin 0; proves that 
the tangential component is nearly maintained: 

vrt - vit. (4) 

3 .1 .3 C lus t e r Size M e a s u r e m e n t s 

The cluster size of the incident beam is determined 
by the acceleration-field time-of-flight method to be 
(n/z)i = 0.59 x 106 N2-molecules/(elementary charge). 
Figure 3.2 shows in a logarithmic scale the cluster size 
of the reflected beam (n/z)T divided by (n/z)j as a func-
tion of the angle of incidence 0,. While for great angles 
of incidence the cluster size of the reflected beam near-
ly agrees with that of the incident beam, a strong decrease 
is observed when the angle of incidence is reduced. More-
over, at 0j = 45° a splitup of the reflected beam into two 
fractions is found, the flux density ratio of which is about 
4:1. The velocity of the main fraction nearly agrees with 
the tangential velocity of the incident beam, while the ve-
locity of the secondary fraction is by roughly 50% high-
er than that of the main fraction. The cluster size of the 
secondary fraction is about 20% of that of the main frac-
tion. The dashed line in Fig. 3.2 represent the previous-
ly determined reflection coefficient**, which follows 
qualitatively the curve of the cluster size. 

** "Reflection coefficient": If the flux density distributions are 
integrated over the solid range in which the readings of the Pi-
tot tube are outside the limit of error and then divided by the 
incident flux, dimensionsless numbers are obtained, called re-
flection coefficient in [4], 
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Fig. 4.2. Amount of heat Q released from the reflector in units of the value Q0 for normal incidence versus the angle of inci-
dence 6,. The flux of the impinging molecules is proportional to cos 

3.2 Reflector Measurements 

3 .2 .1 M o m e n t u m T r a n s f e r 

Figure 4.1 shows the readings of the pressure-
sensitive transistor as a function of the angle of incidence 

The fluxes m of the normal momentum are related 
to the flux mQ at normal incidence (0t = 0°). The meas-
uring points approximately agree with the function 
cos20j: 

m/m0 = cos20j. (5) 

Due to the coverage of the reflector, the impinging 
flux of molecules is proportional to cosfy (cf. (1)). 
The momentum transferred to the reflector per mole-
cule is, therefore, proportional to cosö, and, hence, to 
the normal component of the velocity of the incident 
beam: 

vin = vjcos0j. (6) 

3 . 2 . 2 H e a t T r a n s f e r 

Upon impingement of a cluster beam pulse, the gold 
foil reflector is remarkably cooled down. In Figure 4.2 
the amount of heat Q released per beam pulse is plotted 
versus the angle of incidence The curve of Q normal-

ized to Q0, the value for normal incidence (6{ = 0°), is 
well fitted by the function 

QlQo ~ cosöj. (7) 

Since the reflector is completely covered by the cluster 
beam, the molecule flux to the reflector is proportional 
to cosöj. Therefore (7) indicates that the thermal energy 
q transferred per molecule is independent of the angle of 
incidence within the limit of error. For the gold foil re-
flector, the measured value q is about one third of the 
evaporation heat of macroscopical solid nitrogen per 
molecule. 

4. Discussion 

The determination of the angular distribution of the 
flux density and of the velocity of the reflected beam 
shows that during the reflection process nitrogen cluster 
beams largely lose the normal component of velocity, 
while the tangential component is almost preserved. This 
means that the clusters are reflected "inelastically". The 
tangential velocity of the clusters is insignificantly small-
er than that of the incident beam, possibly be caused of 
friction processes. 

The momentum transfer measurements reveal that the 
momentum flux normal to the reflector increases with 
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the cosine square of the incident angle; the momentum 
transferred per molecule, therefore, is proportional to the 
normal velocity of the incident beam. It can be seen from 
both the previously determined reflection coefficient and 
the mean cluster size measured here that with almost 
grazing incidence practically all the material hitting the 
reflector is found again in the reflected beam. Since the 
clusters leave the reflector almost tangentially, each 
molecule transfers only its simple normal momentum. 
So, the momentum fluxes measured here correspond to 
the inelastic component. For small angles of incidence 
with the clusters evaporating to a large extent, the meas-
ured values follow the same cosine square curve. That 
implies that even for the evaporated molecules being not 
detected in the reflected beam, the scattering process is 
inelastic in its character. This phenomenon could be ex-
plained by the assumption that during the reflection pro-
cess the evaporated molecules form a gas layer between 
the base of the cluster and the reflector surface and ef-
fuse out of this gap, as out of a nozzle, mainly parallel to 
the reflector surface. According to this concept, the sec-
ondary fraction of small and fast agglomerates found at 
an incident angle of 45° could be formed by cluster frag-
ments dragged by escaping molecules and accelerated in 
the direction of propagation. 

Measurements of the cluster size show that the mean 
size of the agglomerates decreases monotonously with 
decreasing angle of incidence and, therefore, agrees qual-
itatively with the curve of the reflection coefficient. So, 
the reduction in the angle of incidence does not give rise 
to a more significant loss of whole clusters due to an in-
crease in the visible extension of the mechanical defects 
of the reflector surface or a splitup of hitting clusters but 
rather causes a uniform diminution of all the clusters; 
however, the appearance of a secondary fraction at 0; = 
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45° points out that cluster-splitup here takes place. The 
rough agreement of the molecule flux density ratio with 
the cluster size ratio indicates that the main fraction and 
the secondary fraction contains approximately the same 
number of agglomerates. 

The fact that both the reflection coefficient and the 
cluster size decrease more than would have been expec-
ted from the mere conversion of kinetic energy of the 
clusters is explained by heat transfer from the reflector. 
The amount of heat released per molecule is independent 
of the incident angle within the limit of error, though it 
cannot be determined in the boundary case of grazing in-
cidence because here the error limit approaches infinity. 

The fact that the reflection coefficient exceeds the clus-
ter size points out that in the evaluation of the reflected 
flux a portion of uncondensed molecules is measured, as 
well. This concept is supported by previous reflection 
measurements [4, 5] showing that the elevation of the 
background pressure in the high vacuum chamber caus-
es a reduction of the reflection coefficient. In accordance 
with the momentum measurements, this implies that the 
evaporated molecules leave the reflector not isotropical-
ly but preferentially parallel to the reflector surface since, 
isotropic evaporation assumed, the molecules would 
not be detectable with the Pitot tube used. (For the broad-
ening of the beam after its reflection in the direction nor-
mal to the plane of incidence and reflection cf. [4, 5]). 
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