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High-flux beam source of fast neutral helium 
D. W. Fahey, L. D. Schearer,a) and W. F. Parks 

Physics Department. University of Missouri, Rolla. Missouri 65401 

(Received 15 November 1977; in final form. 27 December 1977) 

A high-flux beam source of fast neutral helium has been constructed by extending the designs 
of previous authors. The source is a dc or pulsed electric discharge in an expanding gas 
nozzle. The beam produced has a flux on the order of 1015 atoms/ssr and a mean velocity on 
the order of 107 cm/s. The composition of the beam has been determined by the use of 
particle detectors and by the observation of the excitation of certain target gases. An upper 
bound of 3.7X 10-5 has been estimated for the He(23SI)/HeeSo)beam density ratio and a value 
of 0.2 found for the He+ /He(1ISo) beam density ratio. 

INTRODUCTION 

The construction of high-flux metastable beam sources 
has been previously reported in this journal by J. Q. 
Searcy I and E. L. Leasure et al. 2 Both designs used 
an expanding gas nozzle and skimmer arrangement with 
a continuous high-voltage dc discharge in the expanding 
gas. In both designs, the sources produced helium 
metastable atoms with a total flux of less than 1012 

atoms/s sr and with energies lower than 5 e V. 
In this article we report the design, construction, 

and characterization of a source which produces a dc or 
pulsed beam of predominantly helium ground state 
neutral atoms at energies of approximately I ke V and 
fluxes exceeding 1015 atoms/s Sf. The high beam densities 
considerably simplify the observation of optical emis
sion resulting from the collision of the fast neutral 
helium atoms with impurity species in the interaction 
region. Time-of-flight measurements, pulsed excitation 
of the source, and the observation of optical emission 
spectra from strontium as a target gas, are used to 
characterize the source. The characterization of the 
source by optical detection of reactions with impurities 
is thought to be a significantly more decisive test for 
the presence of metastables than the use of particle 
multipliers or total scattering measurements. 

I. SOURCE DESIGN 

The source is essentially a high-voltage discharge 
maintained between a sharp needle and a cone-shaped 
anode with a small hole at the apex. The discharge 
exists across a substantial pressure gradient created by 
differentially pumping a gas nozzle. The needle tip was 
in the pressure range of 40-80 Torr while in front of 
the anode the pressure was maintained in the vicinity of 
2.5 X 10-4 Torr. In the region behind the anode (the 
reaction region) the background pressure was less than 
5 x 10-6 Torr. 

Our source design is shown in Fig. I. A Cajon Ultra
Torr fitting is mounted in a vacuum chamber wall and 
seals around a 7-mm-o.d. Pyrex glass tube (a) that 
extends several centimeters into the chamber. A 
machined piece of boron nitride (b) forms a cap 

for the end of the glass tube and a small hole drilled 
in this serves as the nozzle. The skimmer is a cone
shaped piece of stainless steel (c) with a small hole at 
the apex. Behind the nozzle, inside the glass tube is a 
common nickel plated sewing needle (d) supported to lie 
along the axis of the tube. The skimmer piece is 
attached with nonconducting epoxy to a vacuum wall 
to allow differential pumping of the source. This created 
two independently evacuated regions that will be re
ferred to as the source and reaction region, respec
tively. A relatively slow 300-Vs diffusion pump was 
attached to the source region. The positive high voltage 
needed to initiate and sustain the discharge was pro
vided between the needle (anode) and the skimmer 
(cathode). Research grade helium was metered into the 
glass tube behind the nozzle by a micrometer leak 
valve. Absolute nozzle pressure measurements were 
made with a Wallace and Tieman dial gauge. A triode 
ionization gauge was used as an indirect measure of 
the nozzle pressure and a means to alter the pressure 
reproducibly. 

Our source was capable of being operated by creating 
either a dc or pulsed discharge in the expanding gas. 
The dc discharge used a conventional Fluke 410B high
voltage power supply (0-10 k V, 0-10 rnA) with over
current protection. The pulsed mode used a 5C22 
hydrogen thyratron to transfer the energy in a 0.012-JLF 
low-inductance capacitor to the discharge region. 

The operation of the discharge was quite simple. 

I H.V. 
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FIG. I. Beam source schematic indicating Pyrex tube (a), boron 
nitride nozzle (b), skimmer (c), and needle (d). 
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After obtaining an initial high vacuum in the chamber, 
helium was allowed to bleed into the region behind the 
nozzle by opening the leak valve. At a nozzle pressure 
of SO Torr, a dc voltage above 4 kV initiates and 
sustains the discharge. In the same pressure range, a 
S-10 kV charge on the capacitor in the pUlsing circuit 
would consistently initiate the discharge at each pulse 
with a repetition rate up to 200 Hz. The upper limit on 
the repetition rate was primarily determined by the 
power limitations of the circuit components. 

The discharge was easily visible to the eye as a 
pinkish-orange glow between the nozzle and skimmer 
in both the pulsed and dc mode of excitation. The 
discharge activity was confined under normal conditions 
to a cylindrically shaped volume extending from the 
nozzle to the skimmer hole with a perceived radius of 
several skimmer hole diameters. Behind the nozzle 
inside the glass tube the discharge was more intense 
and confined between the needle tip and nozzle hole. 

The intensity of the discharge seemed to be given 
by the product of pressure and voltage, where the 
intensity would be a qualitative measure of the ionizing 
activity outside the nozzle. For nozzle pressures near 
80 Torr and above and for dc or pulsed voltages of 
9-10 k V, the discharge would become unstable as evi
denced by arcing between the nozzle and ground walls 
and by the ignition of a weak discharge in the entire 
source region. The highest stable intensity that the 
source could maintain was essentially determined by the 
pumping speed in the source region. At all values of the 
source parameters for which arcing to ground would not 
occur, the output of the source as measured by particle 
currents was extremely stable and reproducible for both 
the pulsed and dc modes. 

II. BEAM DIAGNOSTICS 

To properly characterize the source, it was necessary 
to determine the different component species of the 
beam and their respective velocities. Since the interest 
in our laboratory is in both the metastable and 
ground state neutral helium, our primary effort was to 
analyze the beam for these two species by two basic 
methods. 

A. Particle detection method 

In the first method, a Faraday cup and a particle 
mUltiplier were used. Specifically, the Faraday cup was 
a 2.S-cm-diam by 2.S-cm-deep thin-walled stainless
steel cup with a coarse nickel mesh bias grid. In this 
arrangement, the cup was capable of a nearly absolute 
measurement of the charged components of the beam, 
assuming the ions were singly charged. With the proper 
bias the secondary electron current from the neutral 
beam flux was also measured. In general, since the 
coefficient of electron ejection is easily determined only 
for atomically clean surfaces, absolute measurements of 
the neutral flux were precluded although relative meas
urements were still valid. 
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The particle multiplier used was an EMIIGENCOM 
960312B windowless electron multiplier. As a general 
rule the multiplier is not sensitive to particles with 
less total energy than approximately 20 e V for helium. 
This implies that helium metastables of negligible 
translational energy would be detected since they pos
sess approximately 20 e V internal energy while helium 
ground state neutrals would be required to have at least 
20 e V in kinetic energy corresponding to a velocity of 
3.1 x 106 cm/s. The threshold for efficient photon de
tection is lower and would include wavelengths on the 
order of 200 nm or less. 

The usefulness of both detectors was enhanced by 
the simultaneous use of electrostatic sweep plates which 
permit the removal of any charged component from 
the beam and the ratio of charged components to 
neutral components to be determined. 

B. Optical emission spectra from elemental impurity 

The second method of particle detection was the 
observation of the excitation produced by the beam in 
an elemental impurity whose vapor was titrated into the 
beam path. Optical signals were monitored as evidence 
of target excitation. This method was crucial in deter
mining the metastable flux since their principal reaction 
with elemental impurities is through the Penning ioniza
tion reaction which yields only ionic states of the 
impurity. These reactions have been well studied in 
flowing afterglow experiments and the characteristic 
spectra recorded for various elements. 3•4 In this work, 
the class of group II elements, primarily strontium, 
were used as targets since their characteristic Penning 
spectra have been measured in our laboratory. 4 The 
characteristic neutral and ion emission from the target 
impurities was identified using the Charlotte Moore 
tables of atomic energy levels.;; 

The high flux yield of the source permitted simple in
tegration techniques to observe the emission spectrum 
of the target in both the dc and pulsed operating 
modes. The optical detection apparatus consisted of a 
quartz lens and a 0.2S-m Jarrell-Ash monochromator 
using a 9783B EMIIGENCOM photomultiplier mounted 
outside the vacuum region chamber at 90° with respect 
to the beam axis. The effective solid angle of the 
detection system was 2.1 x 10-3 sr. The impurity vapor 
was introduced into the beam path by resistively 
heating a small crucible of the element inside the 
vacuum region in close proximity to the beam. 

The optical emission from a strontium target excited 
by the beam is shown in Fig. 2. As seen in the sam
ple spectrum for the beam interaction with strontium, 
the optical emission is dominated by two lines of wave
length 407.9 and 460.9 nm. From the table of atomic 
energy levels, these lines correspond to transitions in 
the ion and neutral species of strontium, respectively. 
The ratio of ion excitation to neutral excitation is seen 
to be approximately 0.2S. The charged component of 
the beam, presumably He+, produced approximately 
SO% of the ion emission and made a negligible con-
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FIG. 2. Partial emission spectrum of strontium excited by the source 
yield of neutral ground state helium atoms. 

tribution to the neutral strontium emission. The con
clusion is made that the neutral components of the 
beam excite the neutral levels of strontium at a 
rate approximately 8 times greater than levels of the 
strontium ion. 

The neutral beam may contain both the ground state 
helium atoms as well as metastable components. The 
intensity ratio found above may now be used to provide 
an upper limit on the density of the metastable com
ponents. Since helium metastable atoms can only Pen
ning ionize the impurity, the observation of strontium 
neutral emission must be attributed to excitation by 
collisions with helium ground state neutral atoms. The 
excitation of the observed level at 21 698 cm- I in 
strontium requires a minimum helium atom velocity of 
1.1 x 106 cm/s. 

Using experimental values for related Penning ioniza
tion cross sections and a value for the cross section 
for neutral excitation by fast neutrals, a value for the 
ratio of metastables to fast ground state neutrals in the 
beam can be estimated. The values for the Penning 
ionization cross sections for zinc and cadmium are 
known from pulsed afterglow experiments. 6 The average 
value of these cross sections of 3.7 x 10-15 cm2 is used 
as a good approximation to the strontium cross section. 
In the case of neutral excitation, the cross section for 
excited target emission at a specific wavelength is ex
pected to be smaller than the relatively large Penning 
cross sections. Kempter has reviewed neutral-neutral 
collisions and compiled estimated absolute emission 
cross sections for various systems. 7 The neon emission 
cross sections for He on Ne at 920 eV were thought to 
closely represent similar cross sections for He on Sr at 
800 eV. Therefore, as a first approximation a value of 
1.1 x 10-18 cm2 was chosen to represent the neutral 
excitation cross section. Thus, using the cross-section 
ratio and the ratio of observed optical signals, the 
metastable to neutral ground state flux ratio is calculated 
to be 3.7 X 10-5

• This value most importantly repre
sents an upper bound on the flux ratio which is clearly 
much less than unity. 

A search for source conditions that would enhance the 
ion excitation over the neutral excitation was unsuc
cessful. The source was characterized as varying con-
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tinuously with its parameters, the most important of 
which would be the nozzle pressure, anode voltage, 
pumping speed, and the relative spacing of the nozzle 
components. Variations over the range of useful values 
resulted primarily in a change in overall intensity of 
the beam and not in the character of the output as 
measured by the excitation ratio. As a representative 
example, Fig. 3 shows the level of neutral excitation 
as a function of anode voltage at a typical operating 
pressure. The related group II elements calcium and 
cadmium were also used as the impurity with the result 
that a characteristic neutral line was also populated over 
a characteristic ion line by the same ratio observed 
in strontium. 

c. Particle flux and velocity measurements 

The particle multipliers were used for time-of-flight 
analysis and particle flux measurements. In computing 
values for the beam flux, two assumptions were made. 
First, it was assumed that all ion excitation not due to 
charged components would be attributed to the met
astable species and that the resultant value for the 
metastable flux would represent an upper limit. Implicit 
in this assumption is the fact that the photon con
tribution to ion excitation is being neglected. This fact 
is supported by the absence of a significant photon peak 
in the time of flight analysis and the relatively lower 
cross section. Second, the threshold of 20 eV for the 
multiplier was thought not to exclude the detection of 
relevant particles because charged components were 
likely to have energies on the order of the anode voltage, 
metastables have 20 e V of internal energy, and neutrals 
were assumed to have been formed from energetic ions. 
This assumption is self-consistent since the neutral flux 
was measured to have an average energy of 800 eV. 

U sing the particle multi pier , 20% of the beam in the 
pulsed and dc mode was found to be charged. To avoid 
using a value for the mUltiplier gain, the biased 
Faraday cup was used to get an absolute value for 
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FIG. 3. Strontium neutral emission at 460.9 nm due to neutral 
ground state excitation as a function of source anode voltage. 
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the charged current. A typical value of 5 x 10-8 A for 
the charged current yields a value of 1.56 x 1012 par
ticles/s for the total flux incident on the multiplier. Using 
the effective solid angle of 4.9 x 10-4 sr, the total 
particle flux is determined to be 3.2 x 1015 particles/s sr. 

A velocity measurement by time of flight was made 
with the multiplier which could be moved under vacuum 
as much as 60 cm and therefore avoided the difficulty 
of determining a zero in time. The measurement was 
made by noting the shift in the leading edge of the 
particle signal for an in situ displacement of the multi
plier. In the pulsed mode, the width of the particle 
pulse was 0.5 x 10-:1 s with an average velocity of 2 
x 107 crnls corresponding to an energy of 800 eV for 
helium. In the dc mode a chopper wheel or a voltage 
pulse to the skimmer were used to effectively pulse the 
beam for the velocity measurement. It was not possible 
to measure accurately the distribution of velocities in 
the beam with either simple chopper or pulsed tech
niques due to the extremely short flight time of the 
particles for the maximum multiplier displacement. The 
observations did indicate however that there were no 
particles, either ions, metastables, or neutral ground 
states, with energies below 100 eV. 

506 Rev. Sci. Instrum., Vol. 49, No.4, April 1978 

The optical excitation signal from the impurity. which 
would be observed simultaneously with the particle 
mUltiplier signal, was always seen to have the same 
pulse shape and same position in time as the particle 
signal. This allowed one to confidently conclude that the 
particles causing the excitation were indeed the particles 
detected by the multiplier. 
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