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ABSTRACT

A data acquisition system for a low-energy electron 
spectrometer has been constructed based on the double
modulation technique of Schowengerdt and Golden (Rev. Sci. 
Instrum. 45, 391 (1974)). The method consists of applying 
square-wave potentials, 90° out of phase, on the retarding 
element and the scattering chamber of the spectrometer. 
These voltages modulate the intensity and energy of the 
beam, respectively. The output current from the device 
is connected to the input of a phase-sensitive detector 
with a reference signal one-half the (3.3 kHz) frequency 
of the modulation waveforms. The output of the detector 
is observed to be the derivative with respect to energy 
of the transmitted current and is characteristic of a 
mono-energetic beam.

The 19.34 eV peak in the helium spectrum has been 
examined with the system. A multichannel analyzer was 
then substituted for the phase-sensitive detector and the 
same peak recorded.
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Introduction
This paper describes the instrumentation component 

of a low energy electron spectrometer at Colorado School 
of Mines. The instrument is designed to study negative 
ion resonances that occur when electrons impact on gaseous 
atoms or molecules. A comprehensive review of these reso
nances may be found in Schulz (1,2).

The device has application as an analytical tool for 
determining components of low pressure gaseous samples 
and utility in studies of atomic structure. This low 
energy spectrometer can be built with modest funds and 
permits the study of a relatively unexplored topic in 
the field of particle physics.

Background of the Data Acquisition Method
Other techniques of examining negative ion resonances 

have obtained results similar to the method to be described.
High resolution in the spectrum requires a beam with 

small energy spread which can be produced by a number of 
devices. Static devices commonly use combinations of 
apertures and electric and magnetic fields to select 
electrons of a particular energy. These devices suffer 
from the tradeoff between sufficient beam current and 
acceptably narrow energy width.

A common a-c method of producing results characteristic 
of a mono-energetic beam is the retarding potential differ
ence (RPD) method (3). This approach applies a square-
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wave potential to a retarding element in order to modulate 
the beam across the peak of the Maxweliiam distribution 
of electrons leaving the cathode. The value of the 
voltage on the retarding element determines the cutoff 
energy for the device. When the transmitted current is 
fed into a phase-sensitive detector (PSD), using the 
modulation as a reference, the output is observed to be 
characteristic of a mono-energetic beam. This technique 
allows operation at relatively high beam currents (10~^ A) 
and the effective energy width of the beam is dependent 
only on the amplitude of the modulation.

Negative ion resonances have amplitudes contributing 
on the order of 17, to the .total beam current. Improved 
sensitivity to these spectra may be obtained by examining 
the derivative of the transmission current at the expense 
of obscuring the shape of the structure. A straight
forward approach to accomplish energy differentiation (4) 
is to apply a modulating square-wave potential to the 
scattering cell which modulates the energy of the electron 
beam. The beam current is fed to a phase-sensitive detector, 
as in the RPD method, but now the resultant output is the 
derivative of the beam current with respect to energy.

The approach that follows combines the effects of both 
modulation techniques in an entirely a-c device. The 
derivative of the pseudo-monochromatic beam is characterized 
by high resolution, high sensitivity, and low noise.
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Double-Modulation Technique
The double modulation method described is that of 

Schowengerdt and Golden (5). Figure 1 is a diagram of the 
spectrometer using this technique.

The procedure consists of modulating an electron beam 
at the retarding element (R) and scattering cell (SC) with 
square-wave potentials which are 90° out of phase and one- 
half the frequency of a reference square wave. The trans
mission current through the spectrometer is amplified by 
an electron multiplier followed by a preamplifier and is 
then fed into a phase-sensitive detector. The result is 
a signal which is the derivative with respect to energy 
of the total elastic cross section and is characteristic 
of a monoenergetic beam.

ARTHUR EAKES LIBRARY
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Retarding. Scattering Electron Phase-sensitive 
Cathode Element Cell Multiplier Detector

EMSC

ref. n_n_

Ramp
Gen.

Square wave
f J 2 ref

Square wave 
fref/2

Square wave 
f ref

PSD

Figure 1. Simplified schematic of the spectrometer using 
the double-modulation technique. After Schowengerdt and 
Golden (5).
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The transmitted current is a function-of the energy 
distribution of the electrons leaving the cathode, F(E'), 
and the cross section function

g(E') = e_a(E')nx (1)
where. a(E') is the total scattering cross section(cm^)

_ 3n is the gas density in the scattering cell(cm ) 
x is the path length in the scattering cell(cm).

With modulation amplitude AE for the scattering cell, 
and E2 “E^ for the retarding element, the transmission 
current to the electron multiplier may be expressed:

I, = f F(E' -E) g (E ')dE' , (2)
E + E 2

I- = f  F(E'-E-AE)g(E')dE' which, by
je+e2+ E

a change of variables may be written

I3 -

CO

F(E ' -E) g (E ' +AE)dE ' , (3)
e+e2
CO

F(E'-E-AE)g(E')dE' ,
E+E-l+AE

=  f  F(E'-E)g(E'+AE)dE' , and (4)
JE+E1

F (E' -E) g (E ' ) dE' . (5)
E+Ei

ARTHUR CAKES EIBRARY
COLORADO SCHOOL oi MINES

GOLDEN, COLORADO 8Q4QI
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Figure 2 shows the electron energy distributions at 
the scattering cell and the electron multiplier output 
currents.

The time-averaged output from the phase-sensitive 
detector is

Xout = X1 + X2 + X3 + X4
which may be expressed as

f E+E«F(E’-E)g(E’)dEt + I z F(E’-E) g (E *+AE) dE '
J F-4-TT _I . out E+E0 J E+E-

Z (7)
by substituting equations (2) through (5).

Equation (7) may be rearranged to yield
rE+E

I . = AE out 2 F (E * -E) g (-E-  S-CS-M dE
E+E-j AE

For small AE, the output current is seen to be 
proportional to the derivative of the cross section function 
with respect to energy. Simultaneously, small E2 ~E^ will 
ensure that the output is characteristic of a monoenergetic 
beam. In other words, for small modulation amplitudes,
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F(E') E+E-
E+E„+AE--rf

E+E, +AE
E+E, — >

-1

EM

R

SC

Ref.

AE

4 V

Figure 2. Energy distributions, output current, and 
modulation waveforms. The envelopes on the diagram of F(E1) 
are the Maxwellian distributions of electrons leaving 
the cathode. The non-shaded areas represent those portions 
that have sufficient energy to pass the potential barrier 
at the retarding element. After Schowengerdt and Golden (5).
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Data Acquisition Systems
Figure 1 is an illustration of the basic analog data 

acquisition system. The output of the phase-sensitive 
detector is fed to the Y-axis input of an X-Y recorder 
while the X-axis is driven by the output voltage of the 
negative-going ramp generator in the cathode circuit.

The double-modulation method is ideally suited to 
digital data acquisition systems using a multichannel 
analyzer (MCA) as illustrated in Figure 3. Figure 4 shows 
the. results of gating the output of the spectrometer so 
that the digital approach' results in the same output as 
before, but now the EM output is viewed instead as a count 
rate. Multichannel analyzers not equipped with separate 
add and subtract inputs must be gated between add and 
subtract modes of operation.

Figure 5 shows the present device at Colorado School 
of Mines as designed by Dr. Schowengerdt. An electrostatic 
velocity selector was originally incorporated in the con
struction and design, but has been removed to facilitate 
testing of the remaining, entirely linear device. The 
velocity analyzer, when replaced, will provide information 
on the energy dependence of the elastic or specific inelastic 
cross sections at various angles of observation (6) . _
Such information is useful in determining the position, 
width, and configuration of particular resonances.
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K R SC EM Preamp Gate
add

0 - t t/2 SQ Wave 
fref/2

SQ Wave 
fref/

_I sub I___

n_n_
MCA

SQ Wave 
fref

Figure 3., Digital data acquisition system. This config
uration differs from that of Figure 1 in that a multi
channel analyzer and gating circuit have replaced the 
phase-sensitive detector.
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Count Rate: 
Preamplifier

Add Input

Subt. Input

Reference

Figure 4. Digital data acquisition system waveforms. The 
multichannel analyzer fulfills the same function as the 
phase-sensitive detector: The in-phase component of the
signal is reduced by that out of phase with the reference waveform.
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Electron Gun
The various elements of the electron gun, cathode 

through second Pierce lens as shown in Figure 5, operate 
as follows: a TV CRT cathode emits electrons from its 
oxide coating which are accelerated by the anode potential. 
The first Pierce lens helps form the electrons into an 
axial beam impinging on the hole in the anode. Lens 1 
and lens 2 provide field symmetry about the retarding 
element (R). The monoenergetic effect caused by the 
modulation of the beam at the retarding element is dependent 
on the degree to which the beam can be kept perpendicular 
to the plane of R. The second Pierce lens helps maintain 
this parallel beam on into the scattering cell. The effort 
is to insure a narrow, well-collimated beam throughout the 
device.

The Pierce geometry, a conical surface 67.5° about the 
beam axis, is found to provide the best collimation of 
electrons into a parallel beam within the shortest path 
length. The design geometry considers the maximum space 
charge of the electron beam, a very significant factor 
at the low energies' involved in this device.

The spectrometer and vacuum chamber were constructed 
of non-magnetic materials to minimize deflection of the 
low energy electron beam. A single pair of Helmholtz 
coils is used to reduce the magnetic field of the earth 
and surrounding structure to approximately 1 milliguass.

ARTHUR CAKES LIBRARY
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Circuit Descriptions
Preamplifier. An integrated circuit operational 

amplifier with a field-effect transistor (FET) input is 
used in a current-to-voltage converter configuration in 
Figure 6. Due to the very high input impedance of the 
opamp, we may ignore input current to the opamp and may 
therefore express the output voltage

^out ~ ^feedback x 1input *

The input signal appears as a current source due to
othe high resistance (approximately 10 ohm) of the electron 

multiplier. The signal has a characteristically fast 
rise-time with a long decay tail. In order that the 
individual pulses (electron bursts coming out of the 
EM) be resolved for the digital method of data acquisition, 
their rate must be less than approximately 10^/second.

A resistive voltage-dividing network fixes the bias 
voltages for the electron multiplier and Faraday cup 
collector. The a-c current collected from the Faraday cup 
is coupled through a high-voltage disc ceramic capacitor 
to the amplifier input.
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Shorting plug

10+3kV feedback
+12 V.01

To Faraday 
Cup Output

.100k
-12 VTo EM high -1 2 10k

,3.79 M

To EM low

,100k

Figure 6 . Preamplifier circuit. Several types of FET-input 
are directly interchangeable in the circuit. Type 740 was 
used initially but was superseded by type 536 due to lower 
cost. Due to the high input impedance of the system, the 
amplifier is easily destroyed by any transient voltages in 
the system that may appear at the input. A shorting plug 
is provided for grounding the input when the system is not 
being used or when adjustments might cause voltage transients.

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES
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Ramp Generator. A conventional ramp generator usually 
consists of a current source charging an integrating 
capacitor at the input of a high impedance amplifier (7).
An alternative approach is to add increments of charge to 
the integrating capacitor resulting in a "staircase" output 
(8 ). The design to be described combines both approaches.

The integrating capacitor may be charged in increments 
by periodically discharging a small capacitor across 
it by means of an "analog switch." The analog switch 
is a complementary-metal-oxide-semiconductor (CMOS) device 
that provides "ON" resistances of several hundred ohms, and 
"OFF" leakage currents of approximately 10 picoamperes.

The following description refers to the block diagram, 
Figure 7, and the circuit schematic, Figure 8 .

The sweep output is proportional to the voltage across 
the integrating capacitor C-̂. In the continuous mode of 
operation, the difference current between two opposing 
current sources is applied to the integrating capacitor.
The FET current sources (Q-̂, Ĉ ) are each biased relative 
to the. voltage across in order to minimize the effects 
of any non-linearity.

The incremental sweep mode periodically applies a 
charge increment to the integrating capacitor. Capacitor 
C2  is alternately charged to 1 0  volts below and discharged 
into the integrating capacitor. This cycle is accomplished 
by using a pair of CMOS analog switches driven alternately
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by an oscillator (1 ^) and a one shot pulse generator (l̂ g) - 
The voltage across the integrating capacitor is fed 

into an FET-input (10^ ohm input impedance) opamp (Î ) 
in a voltage-follower configuration, and then into a voltage- 
doubling (nominally) opamp (1̂ ). Provisions for rapid 
exponential slewing and manual output adjustment have been 
incorporated into the unit.

Linearity of the ramp generator is not critical to the 
system as the derivative of the beam current is plotted 
directly against beam energy (ramp output plus a constant). 
However, the design has provided good linearity after careful 
adjustment of the biasing opamps.

Figures 9 and 10 are sample output plots of the contin
uous modes, respectively.
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L70

6C\

L40

r30

L2 0

RT NO. 445-17

Figure 9. Plot of sweep generator in continuous mode. The settings were: Continuous: 518, Null: 627.
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COLOIL’IDO SCHOOL ol MINES' 
GOLDEN, COLORADO 8CMQ3



T-1949 20

-70

-60

50

-30

- 2 0

CHART NO. 445-17HIGAN

Figure 10. Plot of sweep generator output while operating in the incremental mode. The rate setting is 300.
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Modulator and Gate. A 556 integrated circuit timer 
is wired as a multivibrator which serves as the system 
clock. The output is fed into a 7470 J-K flip-flop which 
changes state on every other clock pulse resulting in a 
reference square-wave output. The reference signal may 
be patched directly to the reference input of the PSD for 
analog data acquisition. Otherwise, normal and inverted 
outputs of the flip-flop are used to gate the spectrometer 
signal for adding and subtracting MCA inputs as shown in 
Figure 11.

The reference signal also is used to drive the double
modulator portion of the circuit. The reference square 
wave is fed to the clock input of a D-type edge-triggered 
flip-flop (SN7474) an inverted signal is fed to another 
D-type flip-flop. The outputs of these flip-flops are 
square waves at one-half the reference frequency and 90° 
out of phase. These modulated waveforms are passed through 
Schmidt-trigger buffers and into transistor drivers for 
the retarding element and scattering cell. Modulator 
coupling to the retarding element is shown in Figure 5.
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Velocity Selector and Helmholtz Coil Drivers. Maxi
mizing current at different beam energies may require 
adjustment in the driving voltages of the velocity selector 
and Holmholtz coils. The velocity analyzer will have to 
be swept linearly with the beam energy in order to study 
peaks in the spectrum at a particular energy. Ideally, the 
Helmholtz coils should require no adjustment, but stray 
magnetic fields, such as those associated with the welds on 
the vacuum chamber, may cause a non-uniform field within 
the instrument. The drivers allow these two components 
to be swept linearly as a function of the cathode poten
tial allowing a correction to first order of the optimum 
settings.

Both circuits use relatively high-valued coupling 
resistors at the non-inverting inputs to the opamps resul
ting in "ADD" circuits as shown in Figure 12. Potentio
meter dividers on the signal sides to the inputs provide 
adjustments for the slope; potentiometers between ground 
and supply voltages provide and intercept adjustment. 
Adjustments are made by first plotting the parameter, either 
velocity selector voltage or HeImholz coil current, at the 
value that maximizes beam current a number of different 
cathode potentials. Hopefully, the relationship will be 
found linear and the corresponding adjustments for the 
driver performed by repeated trials.

The Helmholtz coils are driven by power transistors in 
a Darlington-pair configuration. The series resistor and
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a variable power supply adjusted to the minimum voltage 
necessary to drive the current-regulated system minimize 
the power dissipation of the driver transistors.
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System Performance
Analog Data Acquisition System. Figure 13 shows the

system transmission curve without gas in the chamber, and
Figure 14 is a portion of this curve with helium in the
scattering cell. The transmission peak at 19.34 eV is
seen when the cathode potential is approximately -21.3 V,
the difference being due to the work function of the cathode.

2 2This resonance, designated (ls2s ) S (9,10,11) corresponds
to a decrease in the transmission current of approximately
1 0 % and is the major feature of the low-energy helium
curve. This spectrum is obtained by modulating the beam
with only the retarding element and using this waveform as
reference for the phase-sensitive detector. The pressure
of helium in the vacuum chamber for this and the following

—  6case is 2-4 x 10” torr. Pressure in the scattering cell 
is estimated to be approximately 3 times that of the vacuum 
chamber.

Figure 15 is the same peak in Helium using the double
modulation technique as shown in Figure 1. The sweep rate 
used was approximately 0.2 v/minute. Figure 16 shows the 
arrangement of equipment and operating voltages.

Digital Data Acquisition System. Figure 17 is a 
transmission spectrum using the digital equipment. There 
are approximately 500 counts in each channel from a pulse 
rate of approximately 8  kHz from the single-channel 
analyzer (SCA). Figure 18 shows the derivative of the peak
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Current

(arbitrary
units)

-3.67 V-23.57
Cathode Potential

Figure 13. Transmission curve for the instrument using 
the analog instrumentation. The parameters were:

Pressure = 1 x 10  ̂ torr
Lx = 13.9 V
R = 4.6 + .025 V
L2  = 11.5 V
P = 9.4 V 
A = 55 V
Voltages are relative to the cathode
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Current
(Arbitrary

units)

-21-22-23
Figure 14. 
with 2  x 1 0  

element.

Cathode voltage 
Transmission curve using the analog arrangement
-6 torir He and 50 mV modulation on the retarding
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dl
dE

^Arbitrary
Units)

f trtrenti'aT

Figure 15. The derivative of the transmitted current usingtransmitted current usingthe analog data acquisition system. The parameters were:
Pressure (He) - 3.6 x 10~^ torr

L-̂ = 9 V (voltages relative to K) 
R = 4.6 + .030 V 
L2  = 8  V 
P = 9 V 
SC = 120 mV 

Helmholtz coil — 0.52 ampere
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Current
(counts per 

channel) 
500 -

v.

-19 -20 -21 -22 V
Cathode Voltage

Figure 17. Transmission current as examined with the digital 
data acquisition system with helium in the chamber.



T-1949 32

1000

dldE
counts 

per channel

0

22 V21
Cathode Potential

Figure 18. The derivative of the transmission current 
with respect to energy using the double modulation method 
on the digital data acquisition system.
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when the double-modulation technique is employed. The 
arrangement of equipment is shown in Figure 19 where it 
differs from that of the analog system of Figure 15. The 
digital approach to the spectrometer data acquisition is 
much more elegant than the analog method, however, it 
requires an expensive piece of equipment, the multichannel 
analyzer. The MCA will give output in numerical form, and, 
perhaps, in a manner compatible with a computer.

Conclusions. On the basis of these preliminary data, 
the overall system must be considered viable. Some careful 
work will be required to reduce the high levels of 60 Hz 
and transient impulse noise now present in the system.

Some slight modifications or refined adjustments of 
the electron gun may provide a better beam shape. This is 
indicated by the fact that the Helmholz coils require 
adjustment at different beam energies. Also, maximum 
beam intensity is obtained when lens 1 and lens 2 are at 
different voltages ,which causes asymmetry in the field about 
the plane of the retarding element.

Once the system has demonstrated a degree of reliability, 
the velocity selector should be reinstalled giving the 
spectrometer an added degree of flexibility.
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