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Optimization of a low-energy, high brightness electron gun for inverse
photoemission spectrometers
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Availability of a low-energy, high current electron gun delivering a well-focused spot on the sample
is essential for the inverse photoelectron spectroscopy. We have optimized an electron gun to obtain
the maximum beam current at all electron kinetic energies of relevance with a reasonably small
focus spot. Here we present the design, the procedure for the optimization, as well as the resulting
characteristics of the electron gun. @04 American Institute of Physics.
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I. INTRODUCTION of delivering high current with a small focus spot on the
sample. The production of low energy is limited by space
Many experiments require electron beam with kineticcharge effects due to the relatively low electric fields existing
energies up to 100 eV. In particular, inverse photoemissiomt the cathode surface.
spectroscopylPS) employing such low-energy electrons, in Several gun designs for IPS can be found in the
contrast to the same technique but using a high-energy eletiteraturé—2 but at the same time none of these designs sat-
tron source, has several advantages. For example, it is walifies all features required for IPS. In the present article, we
known that the cross sections of all states usually decay ra@dopt the dimensions of the gun as described by Stoffel and
idly with increasing kinetic energy of the incident electrons.Johnsof to satisfy the geometry of a low-energy electron
The high-energy inverse photoemission technique suffergun. It should be noted that the original design critetioas
particularly from a very low cross section efandp states to optimize the gun characteristics, such as the focus spot
compared tal andf states. Additionally, there can be signifi- and the extracted current, for working at a fixed electron
cant damage caused to the sample surface by a high-energpergy, namely 19 eV. The gun could also perform over the
electron beam. The combined effect of these factors makegariable energy range of 5-30 eV, but with nonoptimal prop-
the low-energy technique more suitable for studies on catalyerties; specially, the current at the low-energy end is quite
sis, surface science, most of the inorganic compounds, mosmall due to space-charge limited conditions. One of the rea-
ecules, and semiconductors. At the low incident electron ensons for these limitations is that in the design presented in
ergy, it is possible to study surfaces and adsorbates by goirfgef. 3, the potential ratio between the extractor and the cath-
below the threshold for electron stimulated desorption or deode is kept arbitrarily fixed a¥./V.=6:1 for all the kinetic
composition. Also it is possible to obtain monolayer sensi-energy. In our design, we have experimentally optimized ev-
tivity due to the shorter electron mean free path of about 5 Aery potential over the range of relevant kinetic energies by
Moreover, the high-energy technique is not at all suitable fotaking all possible combinations of potentials in all elec-
angle-resolved measurements, since it is difficult to keep thtfodes and measuring the beam characteristics at the sample
momentum defined within a fraction of the Brillouin zone at position. lon and electron optics tracing software such as
such high energies due to the scaling of the momentum urSIMION can in principle be used to get the required potentials
certainty with the square root of the kinetic energy with afor any kinetic energy; however, such programs cannot
fixed angular divergence; also, enhanced thermal scatterirfggndle the space-charge effect, making it impossible to find
and the finite momentum of the photons contribute furthefout the optimized potentials for low kinetic energies from
uncertainties. Thus, low-energy inverse photoemission spe&lich simulations alone. Moreover, the actual realization of
troscopy has become a powerful tool to study a wide rang&n electron gun is bound to have finite deviations from the
of problems. Among the two possible modes of operation fofdeal design due to various mechanical limitations. Such de-
IPS, either by fixing the detecting photon energy, also knowrYiations from the actual geometry are also expected to affect
as the isochromat mode, or by keeping the incident electrof'® gun characteristics, particularly at the low-energy end,
energy constant, the isochromat mode with bandpass photé{d cannot be accounted for in the simulation programs,
energy detectors is more common owing to its low cost andnaking it necessary to seek experimental methods to opti-
versatility. However, in this mode, it is absolutely essential toMize and characterize the specific electron gun. Our method

new electron gun design.

Il. DESIGN
dAuthor to whom correspondence should be addressed. Also at Jawaharlal

Nehru Center for Advanced Scientific Research, Bangalore, and Center for .The d?Sign of the gun is SChematica||y shown in Fig. 1.
Condensed Matter Theory, 11Sc; electronic mail: sarma@sscu.iisc.ernetinVhile designing, one of the requirements for the gun was
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that it should be as light as possible without compromisingv,, V¢, andV,, can be independently tuned froml25 to
the mechanical strength as the gun has to be mounted witl 125 V through the programmable power supply. In the pro-
the help of three long stainless steel rods of 4 mm diametegrammable power supply, we have used high-voltage opera-
from a flange with an electrical feedthrough. All the elec-tional amplifier(OPAMP) 3583 of Burr Brown in the invert-
trodes are machined from a pure copper rod as copper is ofigg mode. This OPAMP has a wide range of voltage supply
among few metals that do not poison the BaO-based cathodfom =70 to =150 V and a maximum output current of 75
used as the electron source in the electron gun. The totaha with Ig=20pA and thermal shutdown protection. This
length of the electron gun is about 38 mm. The distancedpAMP is supplied with+125 V asV,. and —125 V as
between the front face of the electron gun and the sample is v/__. The gain is adjusted by the ratio of resistors used in
20 mm. We have used a 3.4-mm-diam plane BaO dispensefe circuit; in our application, we sé®,/R; to 12.5. The
cathod8 as the electron emitter. The cathode operates at gyt voltages to all the four programmable power supplies
low temperature, about 900 °C, errglttmg electrons with a nargre sypplied from four independent computer-controlled 12
fow energy distribution(0.25 eV).> As described in the p; gigital-to-analog converter outputs, each of which has a
Iltera_ture, the_e_lectrons emerge from the anode apertl_Jre, afhaximum range of-10 V. The use of independent program-
pearing to originate from a point source placed behind the, pe nower supplies for each of the electron gun segments
apertu(rje Zt, a d|stancr:]e equallto three Sm;ashthe acl:tual catho%ein contrast to previously reported designs where fixed ra-
to anode distance; the angular spread of these electrons can- ;
tains both the thermal ang geompetrical contributions. b between all the four potentials, naméy, .V?' .Vf’ and

The front surface of the BaO cathode is situated 1 mn}\:‘” were assumed. As we shall show Iat_er, it is important to

ave independent voltage controls, particularly for the low-

behind the extractor. The BaO cathode is supported by tun%]ergy(S—lS eVJ range, in order to overcome the limitations

sten wires, as tungsten does not cause poisoning of the Ba
) imposed by the space-charge effects.

cathodé® All the electrodes are separated by ceramic spacers ) .
We used a cross wire, made of a 2.5-mm-wide and

machined from machinable ceramic$he design of the ex- . i :
Ja-mm-thlck copper strip, on akY Z sample manipulator to

tractor, focusing, and output electrodes are made in such ! }
Jneasure the beam profile and the spot size. The total current

way that no electron can see the ceramic parts used as sp h : h I g | |
ers; otherwise, ceramic spacers tend to be charged up I} (Ne Sample stage was, however, collected on a larger plate

low-energy electrons and distort the electric field profile in-9rounded through a microammeter. In order to optimize the
side the gun. All the electrodes are held together by thre@€rformance of the electron gun, we first measured the beam
nonmagnetic stainless steel rods, resulting in a compact arf#"ent taking all possible combinations of potentials in ex-
mechanically stable structure. The gun is mounted on a CHactor, focusing, and output electrodes at a particular elec-
40 UHYV flange with multi-pin electrical feedthrough and the ron kinetic energy which is determined b¢. We scanned

CF 40 flange is mounted onZashift assembly, which allows the three voltagesy,, V¢, andV, over reasonably wide

adjustment of the gun under the UHV condition. ranges with small steps using three nested loops in the con-
trol program of the power supply. To start with, we recorded

typically 17 000 data points on a coarse grid\gf, V;, and

V, for any given kinetic energy. In Fig. 3 we show the mea-
The electronic circuits needed for the operation of elec-sured beam current as a function of sequence of data points,

tron gun are described in Fig. 2. All the potentials for cath-each point denoting the unique sample current for a specific

ode, extractor, focusing and output electrodes, naigly  setting ofV,, V;, andV, for a 10 eV electron kinetic energy

Ill. CHARACTERIZATION
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FIG. 2. (a) The electronic circuit diagram for power supply to all electrodes of the gun@nithe required gain in our programmable power supply.

beam. The plot exhibits an approximately periodic behaviorFig. 3, at which point the sample current is only 7% lower
Each of these peak structures in the beam current correghan the maximum achievable witi.=50V (see Fig. 3.
sponds to a specific value Wf,; for example, the first struc- This minor decrease in the sample current is acceptable in
ture is forVe=50V and the last one fov,=20V with the  view of the ease of operation in this mode. Interestingly,
sample current varying as a function\¢f andV, for a fixed = however, we find that the sample current maxima do not
V. within each region. We find that the beam current maximashow a monotonic behavior witti, for kinetic energies be-

is a slowly decreasing function &f,, exhibiting a total re- low 10 eV. Therefore, we have chosen the spedificvalues
duction of about 15% for a change ¥ from 50 to 20V. that maximize the sample current for K&O eV. In order to
Since our power supply is limited to a maximum of 125 V maximize the sample current with respect to the other two
and we wish to have an approximately constant relationshipotentials,V; andV,, we inspect on a coarse grid the de-
between the kinetic energy anfl,, we choose/.:V. to be  pendence of the sample current on these two potentials for
1:3 over the entire range of operation, 10seKE<40 eV. the choserV,, as shown in Fig. 4 for KE10 eV. As seen
This implies operating the gun ®,=30V for KE=10 eVin  here, the sample current shows a broad, but clear maximum.
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FIG. 3. The beam current as a function of sequence of data points, eact
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point denoting the unique sample current for a specific setting.ofV; ,
andV, for a 10 eV electron kinetic energy beam.

We then carry out a fine grid search to maximize the beam
current as a function o¥; andV,. Table | gives the opti-

mized potentials and in Fig. 5 we plot these optimal choices ]
of Ve, V¢, andV, as a function of kinetic energy. We have

Sample Current @A)

FIG. 4. The optimal potentials for; andV,, for 10 eV kinetic energy beam.

Low-energy electron gun 1023
TABLE I. Optimized potentials for different kinetic energies.

KE V. Ve V¢ V,
(eV) (Volts) (Volts) (Volts) (Volts)

5 -5 25 -2.8 21.8

8 -8 28 -4.5 22.0
10 -10 30 -6.5 21.0
15 -15 45 -12.1 7.8
20 -20 60 —16.9 0
25 —-25 75 -21 0
30 —-30 90 -25.2 0
35 —-35 105 —29.4 0
40 —40 120 —33.6 0

also shown the approximate analytical forms of these opti-
mized potentials as a function of kinetic energy and the cor-
responding continuous theoretical curves by solid lines.
These analytical forms then allow us to decide on the opti-
mal set of gun potentials for any arbitrary kinetic energy.
Since the gun power supply has four independently con-
trolled programmable power supplies, it is straightforward to
set the potentials as obtained here.

In order to fully characterize the electron gun operating
with these optimized electrode potentials, we have measured
the total beam current as a function of kinetic energy at dif-
ferent filament currentgFig. 6). In the low-energy range
(5-15 eV}, the current increases rapidly and then becomes
almost constant for higher kinetic energies; the constant cur-
rent levels at higher kinetic energies are 2.5, 4.5, angu®0

V, (volts)

V= -0.05243 +[22.10992 +0.05243) /[1 + exp{(x - 14.19767) / 1.32383}]

V,=-1.0135+0.05411 x-0.08771 x+0.00291 x-3.15733*10° ¥’

V.=29.48324-2.49386 x+0.35525 X-0.00957 £'+9.15159*10° x'
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FIG. 5. The
energy.

Kinetic Energy (K.E)

optimal choices of, V;, andV, as a function of the kinetic
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FIG. 7. (a) and(b) Beam profile of 20 and 10 eV kinetic energy at different
Kinetic Energy (eV) filament currents.

FIG. 6. Total beam current as a function of kinetic energy at different fila- ) _ o ) )
ment currents. spread is contributed by the finite width of the collector strip.

Assuming the intrinsic electron spot to have a Gaussian pro-

file, the measured profile is approximately given by the con-
for filament currents of 0.80, 0.81, and 0.82 A, respectivelyvolution of a rectangular function representing the effective
In order to characterize the electron beam, not only in termsvidth of the collector and the Gaussian function representing
of total beam current shown in Fig. 6, but also in terms of thethe spot profile. Thus, we have fitted all the measured pro-
spot size on the sample, we have used the thin strip of coppdites in Fig. 7 by the convolution of the rectangular function
to collect the current. The current collected this way is meaof known width and a Gaussian function whose FWHM was
sured while moving the copper strip along a line perpendicuvaried to obtain the best fit to the experimental data within a
lar to the gun axis, such that the electron beam traversdsast-squared-error approach. The resulting best fits shown
across the width of the collector as a function of the positiorby the solid and dashed lines are overlayed on the experi-
of the copper piece. We plot the measured current as a funecrental data points. We have also shown the corresponding
tion of the position of the collector for three different fila- FWHMSs of the Gaussians that provide quantitative estimates
ment currents and two different kinetic energies in Figa) 7 of the spot sizes obtained with this gun under the optimal
and 71b). The electron current profiles clearly show an in- condition of usage.
crease of the spot size with increasing beam current arising It should be noted that the performance of the gun has
from an enhanced filament current at any given kinetic enbeen optimized to deliver the maximum current, while inte-
ergy by the enhanced spread of the profiles. This is easy tgrating the total current over a large area. Of course, the
understand in terms of space-charge effects, since this factoesults in Fig. 7 show that spot sizes under the optimized
becomes more manifest with increasing total current. Addivoltage conditions are reasonably small; however, it does not
tionally, we notice that the spot size is larger at the lowerestablish the optimized voltage conditions to be necessarily
kinetic energy of 10 eV compared to that at the higher kineticalso optimal from the spot-size considerations. In order to
energy of 20 e\[see Figs. @) and 7b)] for a fixed filament  obtain the optimized voltage conditions for the smallest spot
current; this is also understandable in terms of the spacesize, we carried out a large number of independent studies to
charge effect. We find that the spot size does not dependetermine the spot size as a function of the various voltages.
appreciably on the kinetic energy for larger kinetic energiesWe show in Figs. 8 and 9 the spot size variation as a function

It should be noted that the actual spot size cannot bef V¢ andV, keeping the extractor voltagé, constant for 20

directly estimated from the spread or the full width at halfand 10 eV kinetic energies, respectively. Figuréa) &nd
maxima(FWHM) of the current profiles in Fig. 7, as the total 9(a) show the profile of the beam at a few selected settings.
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FIG. 8. (a) Stability of beam at 20 eV kinetic energy arth) the beam

current and spot size for different combination &f (V). FIG. 9. (a) Stability of beam at 10 eV kinetic energy arib) the beam

current and spot size for different combinations 9§ (V).

o - rom 0.72 to 1.35 mm for a change in the perveance from
Itis clear that the centroid of electroriologs to 0.08uperv for 20 eV electron kinetic energy. Simi-
larly for 10 eV electron kinetic energy the beam width
hanges from 0.75 to 1.54 mm for the change of perveance
rom 0.07 to 0.14uperv. As our gun is lightweight and gives
required current also at the low kinetic energy end, it satisfies
all the requirements for experiments using inverse photoelec-
dyon technique.

From these figures,
beam moves by-0.4 mm[Fig. 8a] and =0.2 mm [Fig.
9(a)] from its mean position due to different potentials at the
focus and output electrodes, thereby illustrating the overal
stability of the beam position under different operating con-
ditions. Figures &) and 9b) show the spot size for different
combinations of ¥;,V,); in the same plot we also show the
total beam current obtained at these settings. It is clear fro
the figures that for f[he.hlghest optimized \{alue of the .bean}l\CKNOWLEDGMENTS
current, the beam size is also the smallest in both the figures.
This establishes that the present procedure simultaneously This work is funded by the Department of Science and
optimizes both the beam current and the spot size over théechnology and the Council of Scientific and Industrial Re-
relevant range of kinetic energy. search, Government of India.

These considerations suggest that this design provides a
well focused and reasonably high intensity electron beam;;-C\-/ SEirTépson an(fji Ecggusf/ag Reg/. _Slci- ItnSérBLBg,éGigé%&
over the entire range of kinetic energies for which it is de- " Sorell? T & SOt M e o s Phys. Resaa
signed. In terms of perveancB,,,=|mna/V"* indicates the 230(1995.
maximum current ,,, Which can be provided before space- “procured from Spectra-Mat, Inc., 1240 Highway 1, Watsonville, Califor-
charge effect either prevents further current increase or nia 95076.

: : : : 'W. Franzen and J. H. Porter, Adv. Electron. Electron PB§s73 (1975.
causes undesirable EﬁeCtS. n the. beam. An increase in DEE,J_ L. Cronin, IEE Proc., Part I: Solid-State Electron Devide28 19
veance causes the beam size to increase due to space-charggygy).

effect. From Fig. 7, we find that the beam width changes’Machineable ceramics, Procured from MDC, UK.
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