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Measurements of the total energy distributions (TED) have been carried out at high current

densities (J =106 to10~ A/cm2) for a high-work-function (@=4.5 eV) and low-work-function

(/=2. 5 eV) field emitter. At high values of J, both emitters give values of the full width at

half maximum (FWHM) of the TED which exceed the values based on Fowler-Nordheim

theory by a few eV. This deviation of the FWHM values. increases with J, is independent of
temperature, and decreases with emitter radius for a specified beam acceptance angle. The

study of these anomalous values of FWHM values extends from 84 to 1975 K. It is believed

that Coulomb interaction in the vacuum space in front of the emitter can account for these

results, although internal electron energy-broadening mechanisms cannot be ruled out.

I. INTRODUCTION

In this study, we report an anomalous broadening
of the total energy distribution (TED) of field-
emitted electrons at high current density. Previous
investigators have noted various deviations in the
TED of field-emitted electrons from clean metal sur-
faces. ' ' The deviations referred to are those experi-
mental TED results which do not follow the theory
put forth by Fowler and Nordheim6 (FN), based on
the Sommerfeld free-electron model of the solid and
later modified to include the effect of temperature. '
Such deviations observed in the TED include (i)
those due to alteration of the substrate local density
of states due to bulk band structure or surface ad-
sorption' "; (ii) relaxation processes involving elec-
tron scattering in the bulk"'"; and (iii) energy
broadening due to tunneling lifetimes. "

For the most part, the TED deviations referred to
above consist of relatively small perturbations that re-
quire sensitive electron spectrometers for their detec-
tion and have no detectable effect on the current-
voltage I( V) characteristics as analyzed by so-called
FN plots, and have little effect on the value of the
full width at half maximum (FWHM). Recently, it

was reported that a significant broadening (i.e., in-

crease in the FTHM of the TED beyond theoretical
expectation) occurred when field emitters were
operated in the thermal-field (TF) mode at high
current-density J ) 10 A/cm .' In addition, this
anomalous increase in FWHM of the TED was ac-
companied by deviations in the FN plot, which had
been observed earlier, ' and an unusual reduction in
the 1/f noise amplitude.

The purpose of this investigation was to study the
effect of such parameters as emitter size, current
density, temperature, work function, and beam ac-
ceptance angle on the FTHM of TED measurements

taken at large values of J. In order to perform TED
measurements at elevated temperatures without the
problem of unpredictable, time-dependent change of
the emitter shape due to field-induced buildup
processes, two emitters of different work function
that are known to be stable at elevated temperature
were used in this study. Both emitters were (100)-
oriented tungsten —the low-work-function one was a
zirconium-coated Zr-W(100) emitter" "'8 and the
high-work-function one was a W(100) builtup'5 " '9

emitter. These emitters are capable of high-J opera-
tion over the temperature range 78 to 1900 K, and
confine the emission to an 8' half angle. The angular
confinement occurs through selective lowering of the
(100) work function in the case of the Zr-W(100)
emitter and by local-field enhancement in the case of
the W(100) builtup emitter.

Besides the general interest in characterizing and
understanding the TED broadening phenomenon,
there is further interest regarding its effect on the use
of field-emission (FE) sources in a growing number
of microprobe applications. Both of the FE sources
investigated in this study are capable of long-lived dc
operation at angular intensities in excess of 1 mA/sr.
However, the enhanced broadening of the TED will

cause chromatic aberration to become a dominant
factor limiting the spot size of a focused beam.

In Sec. II, the FE sources and method of measure-
ment are described in further detail. Secs. III and IV
describe the experimental techniques and results. In

t

Sec. V, a discussion of the results and possible
mechanisms explaining the enhanced TED are
presented. We conclude that a possible mechanism
involves collective Coulomb interaction between the
emitted electrons similar to that proposed by
Loeffler, Zimmerman, ' and others to explain the
TED broadening noted by Boersch at beam cross-
overs. Ho~ever, certain electron energy-broadening
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mechanisms occurring in the bulk cannot be ruled
out as contributing to the anomalous TED broaden-
ing reported here.

lr. METHOD OF APPROACH

Based on the Sommerfeld model of metals, the
TED of field-emitted electrons is given by

t

l (e) = —
)

- 1f (e) ~
D ( W) d W

h3

where ~=E —EF is thc total electron energy relative
to the Fermi level EF, and W is the kinetic energy as-
sociated with thc component of momentum perpen-
dicular to the surface. The term f (e) is the Fermi
function

f (e) =1/[1+exp (e/kT)]

while D( W) is the one-dimensional transmission
function which is obtained from 4

(2)

in which g and F are the work function and electric field.
W'hcn TED measurements are made at low tcrn-

peratures and examined in an energy range extending
no more than a few tenths of an eV on either side of
thc Fermi level, then it may be adequately represent-
ed by the simple expression

r

J(e) = (Jo/d) f (e) exp(e/d) (3)
I,6

I I I I I I I I I I I I

range of the variables T, F, and $. Equation (5) is
the result of performing the integration of Eq. (6) at
T =0.

Equations (1) and (6) were evaluated at @=2.5
and 4.5 eV using the numerical integration tech-
niques described elsewhere. 2' These are the work-
function values appropriate for the Zr-W(100) and
W(100) builtup emitters investigated in this study.
Figures 1 and 2 give the relationship between the
F%HM and F. The arrows on the ordinate indicate
thc electric-field range applicable to the respective
cmitters. Thc origin of thc maxima in the FTHM
curves is as follows: at high fields, emission is dom-
inated by emission from the vicinity of the Fermi lev-
el, whereas at low fields, it is confined to the top of
the work-function barrier. On the other hand, at in-
termediate fields, comparable emission occurs in the
region of the Fermi level and the top of the work-
function barrier 1eading to the maxima in Figs. 1 and
2 curves. The maxima in Figs. 1 and 2 curves are
largest for the high work-function emitter; however,
except for T & 1800 K, they lie outside the field
range of interest.

Wc thus conclude that in the field and temperature
range of interest for the two emitters investigated in
this study, the FTHM should not exceed —1 eV.
Previous studies by Gadzuk and Plummer" and oth-
ers" have shown that for low-field strengths and a
temperature range extending from 78 to 1500 K, a
tungsten emitter gave TED results in agreemcnt with
theoretical expectations, except for the well-known
structure in the W(100) TED that occurs at e = —0.35
and —0.70 cV,

d = teF/2(2m&)' t(y)

and Jo is the 0-K FN relation

e'F' t —4(2m'')'t'v(y) I

Jo =--, exp—,(5)
Sn Apt' 3teF

where v(y) and t(y) are tabulated correction terms
due to the image potential, and are explained in de-
tail elsewhere. ~

The approximate expression for J(e) given in Eq.
(3) is accurate for p = kT/d ( 0.7. However, for
p & 0.7 the approximations used in deriving Eq. (3)
break down and the TED must be evaluated by nu-
merically integrating Eq. (1). EI-Kareh, Wolfe, and
Wolfe" have carried out the numerical integration of
Eq. (1) over the complete temperature-field and
work-function range; in addition, they along with oth-
ers' performed the integration

J(T,F) =„~ J(e)de, (6)

which gives the current density over the complete
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FIG. 1. Plot of theoretical values of F%HM for the energy

distribution of field-emitted electrons as a function of
electric-field F at various temperatures; work function is 2.5 e~.
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III. EXPERIMENTAL

Two retarding potential analyzers were used in this
study, one of which has been described earlier' and
involves focusing the emitted electrons to a crossover
at the center of a retarding hemisphere; the other
analyzer employed was a noncrossover retarding
analyzer in which the electrons are retarded along ra-

2.0—
I I I I I I I I I I I I I

The two emitters chosen for this study, besides
their capability of being operated at temperatures up
to 1900 K, can also be operated at very high values
of current density. The latter feature arises from the
fact that both emitters confine the emitting area to
less than 10% of the normal state. The Zr-W(100)
emitter confines the emitting area by a thermally-
stable adsorbed layer of ZrO which specifically lowers
the work function of the (100) crystal plane. '7'8 In
contrast, the W(100) builtup emitter causes a similar
confinement of the emitting area, but by a local-field
enhancement due to a field-induced faceting of the
(112) and (1 loj planes. """The thrust of our study
was to measure the FTHM values of the TED
curves obtained from these two emitters and compare
the results with Figs. 1 and 2 predictions. In particu-
lar, we measured the TED curves obtained from
these two emitters for higher values of J than have
heretofore been examined.

TABLE I. Spherical retarding analyzer electrode

specification based on Eq. (7).

Electrode

Inner

Radius (mm)

Aperture

Diameter (mm)

Relative

Voltage

A

8
C
D

F.

3.96

10.54

14.10

20.27

30.38

3.05

0.71

0.71

0,71

3.81'

1.0
0.264

0.164

0.060

0.0
'Covered by 1000-lines/in. copper mesh.

dial paths by concentrically-arranged spherical elec-
trodes. A cross.section of the latter analyzer is dep-
icted in Fig. 3 and Table I gives the radii and relative
operating potentials of the electrodes. Electrode po-
tentials were determined according to

1

V(r) R rp=1 — 1 ——
V(rp) R /'p r

, 3S THICK

where ro is the inner-sphere radius and R is the
outer-sphere radius. In practice, the best resolution
was obtained if the potential of electrode D was 0.03
V(rp) and electrode E was operated at 3 V. A nega-
tive sweep potential was applied to the emitter in ord-
er to display the retarding current-vol&age characteris-
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FIG. 2. Plot of theoretical values of FWHM for the energy

distribution of field-emitted electrons as a function of
electric-field F at various temperatures; work function

is 4.5 eV.

FIG, 3. Diagram of the electrode configuration for the non-

crossover retarding electron energy analyzer. Dimensions

in mm.
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ties. The selecting electrode (E) contained a 1000-
line/in. platinum-coated copper mesh through which
electrons were transmitted into the Faraday collector
(F). The emitter was mounted on a glass-bellows ar-
rangement in order to align it with the spherical elec-
trodes. For best resolution, the emitter was posi-
tioned 0.56 mm behind the center of symmetry of
the hemispherical electrodes. A fluorescent screen
on electrode (8) was provided for pattern observa-
tion. The resolution of this analyzer was —50 meV,
as determined from the leading edge of the TED tak-
en at an emitter temperature of 78 K.

Both electron energy analyzers directly yielded the
integral of the FE current with respect to the electron

energy; this was differentiated electronically to pro-
vide the TED. At elevated temperature, the extent
to which the TED measurements could be carried out
along the low-energy tail was limited by beam noise.
Temperature control of the emitter was accomplished

by the well-known 4-lead emitter assembly where two

small diameter (-0.1 mm) leads sample the emitter

filament resistance. Temperature calibration for
T & 1000 K was performed using an optical pyrome-

ter, while temperature calibration for T ( 1000 K was
accomplished by using the resistivity-temperature
dependence relationship for pure tungsten.

The two electron energy analyzers were mounted
on bakable, high-vacuum systems capable of attaining
a pressure & 8 & 10 ' Torr. Because of the high
total-electron-current levels used in this study,
electron-stimulated desorption of absorbed gases on
the anode limited the effective pressure at the em-
itter. This problem could be reduced to a tolerable
level by operating the emitter for several hours at
high current level prior to taking TED measurements.

IV. EXPERIMENTAL RESULTS

Measurements of the TED curves were carried out
as a function of T, F, P, and beam-aperture angle.
The field factor P = F/ V was determined in the usual

way from the slope of the low-temperature FN plot
[i.e., ln(l/V2) vs 1/Vj by assuming the previously
stated P values. The beam acceptance angle was the
solid angle (0) subtended at the emitter by the
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FIG. 4. Solid lines are the experimental TED curves for a

W(100) builtup emitter taken at the indicated electric fields

and temperature; dashed lines are the corresponding

theoretical curves using $ =4.5 eV, and normalized to the

peak heights and Fermi-level E~ of the respective experi-

mental curves. Horizontal dashed lines indicate the experi-

mental FWHM values. Crossover analyzer with A =0,14

msr used for these results.

FIG. 5. Solid lines are the experimental TED curves for a
%(100) built-up emitter taken at the indicated electric fields
and temperature; dashed lines are the corresponding
theoretical curves using P =4.5 eV and normalized to the
peak heights and Fermi-level EF of the respective experi-
mental curves. Horizontal dashed lines indicate the experi-
mental FWHM values. Crossover analyzer with 0 =0.14
msr used for these results.
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FIG. 8. Solid and dot-dashed lines are the experimental
values of transmitted current (upper figurc) and FWHM
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values of transmitted current (upper figure) and FWHM
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Figs. 6 and 7 data. Dashed lines (lower figure) are theoreti-
cal values of FWHM.
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FIG, 11. Experimental values of FTHM vs beam angular. intensity for the '+(100) builtup emitter at various values of beam

acceptance angle A. Values for 0 =0,97 msr are obtained from the noncrossover analyzer; other values of 0 are taken from

crossover analyzer. Dashed lines are theoretical curves for the 84- and 1685-K data.
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FIG. 12. Experimental values of the F%HM vs beam angular intensity for a %(100) builtup emitter at the indicated tempera-

tures using the noncrossover analyzer.
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FIG. 13. Experimental values of FWHM vs beam angular
intensity for the Zr-W(100) emitter at two values of beam
acceptance angle Q. Data obtained from crossover
analyzer. Dashed lines are theoretical curves for 84- and
1600-K data.

for both the builtup and Zr-W(100) emitters at two
values of angular intensity and using the crossover
analyzer with 0 =0.54 mrs.

V. DISCUSSION OF RESULTS

A. Low-temperature results

Because of the extraordinarily high values of field
attainable for the W(100) builtup emitter, a relatively
large energy range below the Fermi level (noted on
the abscissa by EF) was accessible to the retarding
analyzers used in this experiment. For example, the
bulge in the TED due to bulk band-structure ramifi-
cations occurring at ~ =——0.8 eV, observed previously
by Plummer and Gadzuk for emission from the
W(100) plane of a thermally-annealed W emitter, is
also observed in these studies as shown in Fig. 4. It
should be emphasized, however, that in the present
case, the (100) crystal plane contains a pyramidal
structure" with a very small (less than 20 A) (100)
crystal plane at the tip of the pyramid. Apparently,
for the latter reason, the surface-sensitive peak in the
trailing edge of the TED normally occurring at

E = —0.35 eV, ' and believed to be due to surface
states, does not appear.

Figures 4 and 6 results show that both emitters
give experimental TED curves at 84 K, whose devia-
tion from the theoretical curves increase with increas-
ing field. An increase occurs in both the high- and
low-energy tails similar to that observed by oth-
ers, except here the increase is at much higher

12, 13

values of J and with a significant effect on the
FWHM values as shown in Figs. 8 and 9. Of further
significance, is the fact that the experimental values
of FWHM increase almost linearly with probe current
for both emitters.

The range of fields over which the TED results are
obtained is much lower for the Zr-W(100) emitter
because of its lower value of work function. Based
on Eq. (5), it follows that the current-density range
for the Zr-W(100) TED results is 1 & 10 to 6 x 10'
A/crn, while in the case of the higher-work-function
W(100) builtup emitter results we have J =4 x 10' to
4 X10 A/crn . Thus, the TED broadening occurs in
a much lower range of J for the lower-work-function
emitter.

In terms of the practical considerations as an elec-
tron source, it should be pointed out that for a given
angular intensity (i.e., I/O), the built-up emitter, be-
cause of its inherently smaller emitting area, operates
at a higher J that the Zr-W(100) emitter. This can be
seen in Fig. 15 where the angular intensity versus J is
compared for the two emitters with similar values of
p. Thus, for similar values of p and angular intensi-
ty, the respective values of the FWHM turn out to be
nearly identical for the two emitters (See Fig. 14.)

It is instructive at this juncture to inquire as to the
cause of the substantial broadening of the TED
curves with increasing current. Two mechanisms put
forth previously to explain an enhancement of the
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IO'

IO'

leading edge of the TED observed for a low-
temperature 8'emitter at much lower values of J are:
(i) multiparticle tunneling in which the "hot" holes
created by the emitted electrons can decay by
Coulomb interaction with a conduction electron lead-
ing to a secondary hole and excited electron which
has an increased tunneling probability'2'3; and (ii)
lifetime broadening by which the tunneling level
width is A(e) =—k/r, where r is the tunneling time
for the bound electron. ' A level width of the form

A(e) = b, e'" (8)
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FIG. 16. Experimental values and indicated theoretical
curves (dashed lines) of J(~)2d/Jo vs current density for

the W(100) builtup emitter at T =84 K and the indicated
values of e using the crossover analyzer where we have
0 =0.14 msr.

FIG. 15. Curves show the current density J vs angular in-

tensity for the indicated emitters at T =84 K, where we

have P =—1.1 x 10 cm ' for both emitters.

was proposed where 40 is a constant and we have
c =0.68 @3 2v(F, $)/F, where $ and F are in units of
eV and V/A, respectively.

The two theories readily predict the ratio of the
TED amplitude J(e)/J(a =0) [where according to Eq.
(3) we have J(a=0) = Jo/2d] which can then be
compared with experimental results. Table II gives
selected theoretical and experimental values of
J(e)2d/Jo for each emitter at the indicated values of
current-density Jo [calculated from Eq. (5)] and e.

In attempting to compare the experimental results
with the two theoretical models, it was found that the
lifetime-broadening theory, while failing to agree with
the Zr-W(100) emitter TED results using a reason-
able value of ho, does agree with the W(100) builtup
results at e =0.2 eV using 50=0.35 eV. The agree-
ment between experiment and theory as shown
graphically in Fig. 16 is somewhat poorer at ~ =1 if
50=0.35 eV is used. According to Eq. (8) one ob-
tains a reasonable A(e =1) =0.27 eV for the indicat-

0
ed value of 50 when we have F =0.79 V/A and

@=4.5 eV.
According to Table II, the cascading multiparticle

tunneling model, which has no adjustable parame-
ters, " fails to agree with the builtup emitter results.
This model does exhibit agreement with the Zr-
W(100) emitter results at a=0.2 eV. However, this
model is inadequate for the following reason: Fig-
ures 4 —7 clearly show that TED broadening occurs
on both the high- and low-energy sides of the TED.
A similar result was obtained by Gadzuk and Plum-
mer' at lower values of J. The multiparticle tunnel-
ing model involves a Coulomb interaction between
the "hot" holes formed by electron emission and
conduction-state electrons, such that the latter are,
scattered to higher-momentum states prior to tunnel-
ing. Thus, this model fails to predict the broadening
of the low-energy side of the TED curves. We there-
fore conclude that another broadening mechanism
must be operative in order to explain the Zr-W(100)
results and the discrepancy between the lifetime
broadening theory and experiment at J(e= 1) for the
builtup emitter. Before examining other mechan-
isms, we shall review the high-temperature results.



3362 A. E. BELL AND L. W. SWANSON

TABLE II. Experimental values of J(e)2d/Jp for the T =84 K results are compared with pred-

ictions of the two theoretical models of TED broadening.

Emitter F (V/A) J (A/cm ) e (eV) Exp

J(.)2d/J,
Lifetime

Broadening'

Electron

Cascade

Zr-W(100)
Zr-W (100)

W(100) buildup

W(100) buildup

'Using hp =0.35 eV.

0.207

0.207

Q.79

0.79

3.2 x 105

3.2 x 105

8.0 x 107

8.0 x10

1.0

0.2
1.0
0.2

5.9 x 10

0.55

6.7 x 1Q 3

0.16

2.9 x10 5

7.7 x10 4

9.4 x10 4

0.13

1.0 x 10

0.34

0.19

50.0

B. High-temperature results

The high-temperature TED results given in Figs. 5

and 7 for the two emitters show a much larger devia-
tion of the high-energy tail from FN theory. The
Zr-W(100) results show a substantial deviation from
theoretical expectations on both the high- and low-

energy sides of the TED, whereas the W(100) built-

up emitter shows a predominant deviation on the
high-energy side. As in the case of the low-

temperature results, the value of FWHM at elevated
temperature increases almost linearly with current as
shown in Figs. 8 and 9. The increase of FWHM with
beam current is shown dramatically in Figs. 10 to 13
for the two emitters. Figures 12 and 13 show that
the near-linear increase of FWHM with beam current
is independent of temperature. Even the low-

temperature FWHM values approach the high-
temperature values at sufficiently high values of
beam current (See Figs. 11 and 13).

The Fig. 10 results show that the FWHM values
decrease with decreasing P for a specified value of
angular beam intensity I/O. Curiously, Figs. 11 and
13 show that, for a constant value of p and I/O, the
FWHM values for both emitters increase with in-
creasing value of beam acceptance angle. For exam-
ple, in Fig. 12 where we have 0 =0.97 msr, a
FWHM value approaching 4 eV was measured at 0.9
mA/sr more than 3 eV above the theoretical expecta-
tion!

In addition to the variation of FWHM with 0, we
note that FWHM values for the W(100) builtup em-
itter shown in Fig. 14, also decrease significantly with
increasing emitter radius. Although only one value
of FWHM for the Zr-W(100) emitter was obtained in
Fig. 14, its value agrees closely with that of the
W(100) builtup emitter. According to Fig. 15 at a
given value of P and I/O, the value of J is consider-
ably larger for the higher-work-function builtup em-
itter. Thus, the near-identical values of FWHM for
the two emitters, as observed in Fig. 14 at a given P
and I/O, occur at widely differing values of J as well

as F. It may be concluded that for a given angular
intensity, the higher values of Jobtained for the
builtup emitter do not lead to higher values of
FWHM when compared to the lower-work-function
Zr-W(100) emitter, presumably due to a compensat-
ing factor such as the increased electric field.

The fact that the builtup emitter exhibits lower
values of I/O than the Zr-W(100) emitter for the
same J, is probably due to the larger beam divergence
(i.e, high magnification) from the pyramidal-shaped
structure of the builtup emitter.

C. External beam interactions

1.44 x 10 '
~ ( V)

0,'prp
(9)

where o.p is the beam half angle in radians, and rp is
the radius in cm of the crossover; A. is the axial elec-
tron density given by

X = 1.053 x 10"I/ Vo
~' (cm ') (10)

where .~p is the beam voltage and I is the current in
amperes at the crossover. Calculation of lens proper-
ties of the crossover analyzer indicates that Vp is ap-

The fact that anomalous broadening of the TED
occurs in data from two different kinds of energy
analyzer, one with a high-current density crossover
and one without, tends to eliminate analyzer artifacts
as a source of the broadening. Since most of the ex-
perimental data were obtained from the crossover
analyzer, it is worthwhile to estimate the well-known
energy broadening which occurs in an electron-beam
drift region or at a beam crossover. " ' Loeffler'
has calculated a quantity Op as a function of A. rp, and
presented the results in graphical form where Ap is
related to the beam energy spread AE, due to the
crossover according to
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proximately 0.2 V at the crossover o;0 0.1 rad; and
ro —. 10 cm. Hence we have, AE -0.014QO and
~ =2.35 "10 cm ', i.e., pro=2. 35. Loeffler's curves
show that at this value of Xro, we have 00 —15 so
that we have AE -0.21 V, which, while significant,
is still below the experimental values observed in
both the crossover and noncrossover analyzers.

While the previously mentioned internal mechan-
isms of TED broadening can account for a portion of
the observed effect, we conclude that an additional
mechanism involving electron interaction immediate-
ly in front of the emitter is operative. Zirnmerman '

describes a mechanism by which a beam of charged
particles, whose initial distribution of velocity
between transverse and axial components is changed
due to acceleration when viewed in the center of
mass coordinate system can undergo collective in-
teractions at a subsequent crossover or drift space.
The latter interaction, which tends to "thermalize" or
restore the initial equipartition of velocity com-
ponents, when viewed in the laboratory frame of
reference, leads to a substantial broadening of the in-
itial total energy distribution.

Loeffler' has calculated this energy broadening at
a beam crossover, as discussed above, and points out
that the "electrons contributing most to the energy
spread. are those that stay closely behind or in front
of the reference electron and move almost parallel to
it or on only slowly-diverging trajectories. " Clearly,
the field-emission source itself falls into this category
at high values of angular intensity. In his calcula-
tions of energy spread, Loeffler assumes a beam
crossover with electrons moving through the cross-
over at constant energy Vo whereas at the field-
emission source, the electrons are rapidly accelerated-
from a virtual crossover so that acceleration and ther-
malization occur simultaneously near the emitter.
However, it has been found" that the same function-
al relationship derived by Loeffler for a beam cross-
over holds for the more realistic model of an electron
beam accelerated from a spherical source of radius ro'

by a distant anode at Vo. Thus, according to
Loeffler, the energy broadening AE due to external

interactions expressed in terms of beam angular in-

tensity I'= I/O is

'g = ~ I k(g/0')(I'/ro')'~2' &I4

where k(h. ro') is a slowly-varying logarithmic function
of X and ro'. We can see that 4E is only weakly
dependent on Vo, but more strongly dependent on
the ratio I'/ro'. The experimental dependence of AE
on I', according to Figs. 12 and 13, supports the
square-root dependence predicted by Eq. (11);also,
the experimental dependence of hE on P CC 1/ro' ac-
cording to Fig. 14, conforms with the expectations of
Eq. (11).

At constant angular intensity I' Eq. (11) does not
predict an increase in AE with beam aperture angle,
as observed experimentally. Such an effect could be
a result of the nonhomogeneous-space-charge poten-
tial that decreases with o.'0, thereby imparting a

greater transverse velocity to those electrons emitted
at larger 0,'0. Since transverse velocity is converted to
axial velocity for the field-emitter geometry, the to-
tal energy distribution will be broadened by accepting
electrons emitted with larger no. The fact that a
space-charge effect occurs at the high values of J em-
ployed here is confirmed both by the deviations ob-
served from the FN equation, ' ' and an increase in
the angular divergence of the electron beam with ap-
plied voltage "18

In conclusion, we note that the broadening of the
TED FWHM values measured in this study can be
explained by a combination of an internal lifetime
broadening mechanism and collective Coulomb in-

teractions, involving transformation between
transverse and radial velocity components in the re-
gion exterior to the emitter. A knowledge of the ex-
act contributions of the two energy-broadening
mechanisms at various values of current density must
await further theoretical development, although the
results of this study indicate that the external
mechanism dominates for J & 106 and 10' A/cm'
where $ =2.S and 4.5 eV, respectively.
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