Low-energy helium nozzle beam
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A high-intensity supersonic nozzle beam source is described, whose beam energy can be varied
between 2 and 170 meV (helium). Experimental performance and time-of-flight measurements on
cold helium beams are reported Condensation in the free jet expansions of helium has been

studied by mass spectrometnc detection of He;" . A correla’uon between the maxnmum speed ratio

and the onset of clustering is observed.

INTRODUCTION

‘Atomic and molecular beam surface scattering has become a
powerful tool in surface science. The rapid progress in the

last decade is mainly based on the use of highly expanded .

nozzle beams with their high center-line intensity and nar-
row velocity distribution. In particular, the dynamics of in-
elastic gas-surface interaction is of increasing interest. In or-
der to observe single phonon events, i.e., annihilation or
creation processes, light particle beams of low energy should
be preferred.! High monochromaticity and intensity are still
prerequisites. A measure for the monochromaticity is the
speed ratio S = i{m/2kp T, )'/?, where m is the mass, kp the
Boltzmann constant, and T, the translational beam tem-
perature, as measured by an observer moving with the mean
flow velocity ¥ of the expanding gas. Thus, high monochro-
maticity is related to very low beam temperatures, in ex-
treme cases as low as T, = 103 K. Accordingly, even He
cluster formation becomes probable; a limitation of the mon-
ochromatlclty may be the consequence

FIG. 1. Cross-sectional view of the source assembly mounted to the differen-

tial pumping unit. (A) nozzle, (B) nozzle tube, (C) high-pressure tube, (D)

copper block, (E) copper tube helix for cooling, (F) thermocoax heater ele-

ment, (G) copper jacket, (H) radiation shield, (J) end flange, (K) O-ring-type

fitking, (L) alignment facility, (M) coolant feedthrough, (N) supporting tube,
(O) waste gas feedthrough, (P) thermocouples.
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“heater element (F), specific resistance 12.5 2m™
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We have designed a nozzle source which can be used to

’produce helium beams in the energy range of 2 to 170 meV

with speed ratios up to 180. Source design and time-of-flight
measurements (TOF) with helium free jets (stagnation tem-
perature T, = 13-300 K) are reported. The limitation of the
speed ratio due to the onset of condensation is discussed.

I EXPERIMENTAL

A. Source design

Figure 1 shows a cross-sectional view of the source as-
sembly which together with a differential pumping system is
mounted to the timé-of-flight machine described in Refs. 2
and 3. The source chamber (I) is evacuated by a 1500 1s™!
turbomolecular pump. The supersonic expansion is
skimmed by two electroplated: thin nickel skimmers* with
0.29 and 0.2-mm opening diameter, respectively, and double
differentially pumped (150 1s~' turbomolecular. pumps)
The nozzle-first skimmer distance is 18 mm.

The nozzle (A) is a commercial electron microscope ap-
erture disk made of platinum,® 2 mm in diameter and 0.25
mm thick. The aperture diameter (optical) is' 10 um. Oper-
ation at high stagnation pressures imposes severe constraints
to the mounting of the aperture disk at the end of the gas
supply tube. The aperture disk is electron beam welded to a
stainless-steel tube, 4 mm in diameter, 1.25-mm wall thick-
ness, and 80-mm length (B). The design allows also fast tem-
perature changes of the nozzle. The rear of the tube (B} is
electron beam welded to a high-pressure tube (C), which can
be attached to the gas supply system by means of a high-
pressure fitting. The tube with the nozzle on its tip is plugged
into a cylindrical copper block (D), outer diameter 12 mm,
which is enclosed in a hard-soldered copper tube helix (E).
For cooling, the helix can be supplied with liquid helium or
liquid nitrogen. Between the coils of the helix a thermocoax
!, is wound:
The whole assembly is enclosed in a tight fitting gold-plated
copper jacket (G). The evaporated helium (or nitrogen) gas is
used for the cooling of the radiation shield (H), a chromium-
plated thin-walled copper tube, which essentially reduces
the radiation and convection to the cold elements. The tem-
perature of the nozzle is stabilized to better than 1 K between
10 and 800 K by cooling and/or heating the copper block (D)

© 1985 American Institute of Physics 369



300

200

Tett [K]

100

1 ; i |
0 100 ‘ 200 300
thermocouple reading [K]

FIG. 2. Nozzle thermocouple calibration. Indicated thermocouple readings

are plotted versus the effective stagnation temperature 7,4 as determined -

from TOF analysis.

and monitored by an 1ron—constantan or gold/ 1ron—chrome1
thermocouple.

The high pressure tube (C) is attached to a flange (J) of
the vacuum system by means of a homemade O-ring type
fitting (K). The end flange (J), which is mounted to the align-
ment facility (L); has also several feedthroughs for the ther-

mocouples, electrical power, coolant liquid, and waste gas.

The coolant feedthrough (M) enables the liquid-helium
* transfer from a standard storage container into the copper
tube helix. A stainless-steel tube (N) for the radial support of
the nozzle assembly is also attached to the end flange. This
arrangement gives stable support of the nozzle tube while
allowing axial movement due to thermal contraction or ex-
pansion of the dlﬁ'erent tubes upon cooling or heating.
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FiG. 3. Comparison betweeh measured and calculated speed ratios S'in heli-
um expansions. The effective nozzle diameter is d .z = 7.6 um. The solid
curves show the moments solution data of the Boltzmann equation given by
Toennies and Winkelmann (Ref. 6). The dashed line shows the Monte-Carlo
" calculation of Chatwani (Ref. 7). Circles and squares are the data measured
in the present experiment.
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Great care has been taken to avoid nozzle clogging by
impurities. Extra-high purity helium is used (99.9999
vol %). Also 10- and 4-um poreé filters, cooled to liquid-ni-
trogen temperature, are mounted in the gas supply line.-

B. Working parameters

* For a real gas the effective diameter of the nozzle throat
is smaller than the optical diameter; a boundary layer is al-
ways present due to the viscosity of real gases. The effective
diameter can be determined from total flow rate measure-
ments; the value obtained here is d g = 7.6 um for helium.
No noticeable dependence of the effective diameter on the
stagnation pressure was observed (5 bar<p,<30bar, T0 =178
and 300 K). > :

The nozzle temperature was measured with great care.

- However, the temperature gradient along the nozzle tube,

the radiative heating by surrounding walls, etc. may give rise
to a difference between the measured nozzle temperature
and the effective stagnation temperature which ultimately
enters the beam parameters. In order to determine this dif-
ference, we compared the measured nozzle temperature with
the effective stagnation temperature 74 obtained from TOF
analysis. The ideal expansion relation .

_.'f‘_‘zz_ 14 ~ ‘ (1)

kp T,
2 -y

where m is the He mass and ¥ the ratio of specific heats, '

enables the evaluation of T when the average velocity  is
known. Pseudorandom TOF measurement as described in

. detailin Refs. 2 and 3 is used (the flight path is increased here -

to 790 mm). In ng. 2, T4 values as determined from TOF
data via Eq. (1) are plotted versus the nozzle temperature
obtained from thermocouple readings. It appears that within
the experimental errors of the.present experiment the ther-
mocouple reading of the nozzle temperature coincides with
the effective stagnation temperature.

" Il. BEAM CHARACTERIZATION

The beam monochromaticity is the result of the large
number of collisions in the hydrodynamic expansion of a

. gas: the larger the number of collisions, the higher the speed -

ratio S. Accordingly, high monochromaticity is obtained by
using highvalues of p,d.; and/or low stagnation tempera-.
tures. The latter increases the number of collisions because,
at low relative velocities, the collision cross section of atoms
increases. Due to quantum effects this increase is particular-
ly pronounced for helium. In Fig. 3 speed ratio values are
plotted versus p,d.; at two stagnation temperatures

(T, = 300 and 78 K). The data were obtained for He with the

beam system described above. The full lines are theoretical
dependencies due to Toennies and Winkelmann® who solved
the Boltzmann equation by a moments solution. The dashed
line corresponds to the Monte-Carlo solution obtained by
Chatwani’ by using the same collision cross sections as in
Ref. 6. At 300 K, the data plots favor the Monte-Carlo solu-
tion, while the earlier data of Brusdeylins ez al.® rather meet
the moments solution. At 78 K, our data coincide with the .

- earli¢r ones®: Below pyd.sor12 mbar cm they follow the.
. theoretical curve while above a marked deviation is obvious;

" Hellum nozzle beam , . © 870,



the stagnation conditions for which thespeed ratio collapses.
They were deduced from curves like those in Fig. 5. In all
cases the stagnation conditions correspond to a dimer i ion

- fraction of about 2104 (at a background signal of about
4x 10“’) Thls shows directly that the appearance of con-

‘densation limits the speed ratio increase. A ¢luster concen-

 tration’ corresponding to this dimer ion fraction appears to
heat up the beam suﬂiclently to cause a breakdown of the
speed ratio. ; ~

ACKNOWLEDGMENTS

- Itis a pleasure to acknowledge the sk111ed techmcal as-'

. sxstance of Karl Veltmann. Helpful -discussions with G.
" Brusdeylins, M. Faubel, R. Minuth, and J. Pick from the
Max-Planck-Institut fiir Strdmungsfroschung, Géttingen
are likewise acknowledged.

f

372 Rev.Scl. Instrum, Vol. §6,No. 3, March 1985~

AR

I H. Wearc, J. Chem. Phys. 61, ;900(1974)

?G. Comsa, R. David, and B. J. Schumacher, Surf. Sci. 85 45 (1979) :
3G. Comsa, R. David, andB J. Schumacher, Rev. Sci. Instrum. 82, 789
(1981).

“Beam Dynamics. Inc., Mlnne&poli& MN.

3Siemens AG, Munich, West Germany. :

5J. P. Toennies and K. Winkelmann, J. Chem. Phys. 66, 3965(1977)

7A. U. Chatwari, Rarefied Gas Dynamics (AIAA, New York, 1977), p. 461,
8G. Brusdeylins, H. D. Meyer, J. P. Toennies, and K. Winkelmann, Rar-
efied Gas Dynamics (AIAA, New York, 1977), p. 1047,

. W. Stephens and J. G. King, Phys. Rev. Lett. 81, 1538 (983).

19The question of the existence of a bound van der Waals molecule He, has
long since been discussed. Recent results favor a very ‘weak bound state
withe = — 4.3 107K (Ref. 11), respectively € = — 8.3X 10~*K (Rcf
12). Howcver, no mass spectrometric evidence is found that the He,"-ion
originates from a helium dimer. Regardless of that, the He;" formed by

"~ fragmentation, can be used asan mdlcator for the abundant cluster specxes

formed in the expansion. -

UR. Feltgen, H. Kirst, K. A. Kohler, H. Pauly, and F Totello J. Chem.
- Phys. 76, 2360 {1982),

Y. H. Uang and W. C. Stwalley, J. Chem Phys. 76, 5069 (1982)

Hellumnozziebeam . . .. ...~ ) 872



