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An anomalous high-energy tail has been observed in the measured total energy distribution (TED)
in photofield emission from tungsten. The strength of this tail is proportional to the product of the
photofield emission current and the total emission current. Similar high- and low-energy tails in the
TED's in field emission, which have previously been reported by several workers, are also observed.
In any given measurement, the fraction of the total photofield-emission current in the anomalous
photofield-emission tail is approximately equal to the fraction of the total field-emission current in the
anomalous field-emission tail. Measurements of both the absolute strengths and energy dependences
of the anomalous tails are reported. The experimental observations are consistent with the predic-
tions of a classical calculation of the energy transfer that results from the Coulomb interaction be-
tween electrons in the vacuum near the field emitter. The various internal mechanisms that have pre-
viously been invoked to account for the tails in field-emission TED's do not appear to contribute
significantly to the anomalous distributions observed in the present work.

I. INTRODUCTION

According to the established theory of field emission, '

the total-energy distribution (TED) is expected to decrease
exponentially with increasing energy above the Fermi lev-
el. However, several investigators have observed an
anomalous tail in the energy range several eV above the
Fermi level, whose strength is proportional to the square
of the field-emission current. ' Various mechanisms have
been proposed to account for the anomalous tail, includ-
ing hole-relaxation processes in the bulk, energy
broadening due to tunneling lifetimes, ' and energy
transfer resulting from Coulomb interactions between the
emitted electrons. ' It has been shown that at high
current density the TED of field-emitted electrons is
much wider than predicted by the free-electron
theory. ' '" This broadening is due, at least in part, to en-
ergy transfer resulting from Coulomb interactions between
the emitted electrons. ' ' '

In a photofield-emission experiment, a metal surface is
illuminated with light having a photon energy smaller
than the work function, and a strong static electric field is
applied to enable photoexcited electrons to escape either
by tunneling through the surface-potential barrier or by
passing above it. In the present work it is reported that
the TED in photofield emission also has an anomalous
high-energy tail which is similar in many respects to the
anomalous tail in field emission.

Section II of this paper reports measurements of the
anomalous tails in both field and photofield emission. In
Sec. III it is shown that the data can be understood in
terms of a simple model which takes into account the
Coulomb interaction between electrons in the vacuum
space close to the tip. The relation of the present observa-
tions to previous work in field emission is discussed, and

the implications for photofield emission are considered.
Finally, in Sec. IV the conclusions of this work are sum-
marized.

II. EXPERIMENTAL RESULTS

The spectrometer used in the present experiments has
been described elsewhere. ' Electrons emitted from a
[110]-oriented tungsten field emitter are accelerated to-
wards a phosphor-coated screen, where they impact to
produce a magnified image of the tip. Electrons emitted
from a small region of the tip are selected by a probe hole
in the screen, decelerated to an average energy of —1.5
eV by means of a three-element lens, and then injected
into a double-pass 127 cylindrical energy analyzer. The
transmitted electrons are detected with a spiraltron elec-
tron multiplier. The TED of the emitted electrons can be
measured with a resolution of -60 meV full width at half
maximum.

To generate photoexcited electrons the beam of a
krypton-ion laser was focused onto the tip. The photo-
current was maximized by using 351-nm (3.54 eV photon
energy) p-polarized illumination incident at —60 from
the normal of the region of the tip being studied.

Previous work in field emission has shown that the
current in the anomalous tail is proportional to the square
of the emission-current density. With this in mind, mea-
surements in the present work are from the strongly emit-
ting (310) region of the tip unless otherwise noted.

The TED in field emission predicted by free-electron
theory is given by'

jf(c,) =Jf /d e' f(E),

and the total field-emission-current density is
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J/ ——J jJ(6)d6=(4~med /h )e

where c is the energy relative to the Fermi level, e and m
are the electron charge and mass, h is Planck's constant,
1/d = 1. 0254 ' ~ t (F,C) /F eV ', f (6) is the Fermi-Dirac
distribution function, c =0.68@ ~

v( FC) /F, t and v are
tabulated elliptic functions that account for the image-
potential rounding of the surface barrier, ' + is the work
function in eV, and F is the applied electric field in
VA

With p-polarized illumination the predominant mecha-
nism of photoexcitation is the surface photoeffect, ' and
the free-electron theory' ' predicts that the TED in
photofield emission, jz(6), has a high-energy tail with en-

'( 1/d, ~ —1/l. ~ T)
ergy dependence e ', where kz is Boltzmann's
constant and T is the absolute temperature. In the
present experiments, 1/d, z &~ 1/kz T because the final-
state energies are close to the peak of the surface-potential
barrier.

To test these predictions, a pair of TED's was recorded,
one with the tip illuminated and the other with the laser
beam blocked. Acquisition of the two TED's was inter-
leaved in time in order to reduce the effects of drift and
gradual surface contamination. The measured TED's
were severely distorted in the vicinity of the field-emission
peak, because the current at the electron multiplier was
large enough to cause saturation. To measure the TED's
in this energy range, the decelerating lens was defocused
so as to reduce the current at the multiplier, and a further
pair of TED's was recorded. The two pairs of TED's
were normalized with respect to each other using mea-
surements of the TED near c=Aco during illumination be-
fore and after defocusing. Separate tests have shown that
defocusing the decelerating lens does not significantly
alter the measured shape of a TED. Presented in Fig. 1

are the resulting TED's. The photofield-emission TED,
which is the difference between the two measured TED's,
is also included in the figure.

Both the field-emission and photofield-emission TED's
exhibit exponential energy dependences in the energy
range immediately above their peaks, as predicted by
free-electron theory. From the change in slope of the
high-energy tail of the field-emission TED upon laser il-
lumination, it was estimated that the laser-induced tip-
temperature rise was 14+3 K at an ambient temperature
of —300 K. Thus laser heating does not significantly
populate states more than 0.6 eV ( =20 kT) above the Fer-
mi energy.

The data plotted in Fig. 1 show that both the field-
emission and photofield-emission TED s exhibit high-
energy tails that extend to energies where free-electron
theory predicts negligible emission. It is useful to define

j/(6) to be the TED of the anomalous field emission, and
j~(c, ) to be the TED of the anomalous photofield emission.

Experiments were performed to determine the depen-
dence of the strength of the anomalous field-emission tail
upon the total field-emission-current density, Jj-. The
static electric field dependences of j&(1.08 eV) and j~(4.62
eV) were measured over the range 0.30—0.36 VA . As
a direct measurement of the field dependence of Jj. in this
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field range was impossible due to multiplier saturation,
measurements were made of the field dependence of Jf at
lower fields, and Eq. (2) was used to extrapolate to the
range of interest. The results, which are plotted in Fig. 2,
demonstrate that j& is proportional to J&, in agreement
with previous investigations. ' Thus the TED of the
anomalous field emission can be can be expressed in the
form

j/(6) =~(6)J/ . (3)

Determining l~(6) involves estimating the absolute value
of J&, in the region of the field emitter that is imaged onto
the probe hole. A Fowler-Nordheim analysis of measure-
ments of Jj- as a function of the screen potential gave
f3=1.02&&10 A '

(/3 is the ratio of the static electric
field at the emitting surface to the screen potential). From
this the tip radius is estimated to be' r„~=(5f3) '=2000
A. At a field of 0.32 V A ' the whole tip field-emission
current was 9.0&10 A. An examination of the field-
emission pattern showed that approximately 90%%uo of the
whole tip field-emission current comes from the neighbor-
hood of the two (310) regions, and that these regions have
a combined area of 6&&10 A . Hence Jj--1.5)&10
A A ~ Moreover, analysis of the TED measured in a
field of 0.32 V A ' gave jJ'(1.08 eV)/J/ ——5.6X 10
eV '. Using Eq. (3) to combine these results, it follows
that ~(1.08 eV)=4&(10 A A ' eV

FIG. 1. Plot of the total-energy distribution, j (c.) of electrons
emitted from the (310) region of a tungsten tip at a field of 0.34

0 ]VA . The crosses are data taken from an illuminated field
emitter, the open circles are data taken in the absence of laser il-

lumination, and the solid dots are the difference between these
two sets of data, j~(c.). The solid lines fitted in the region of the
emission peaks are the predictions of the free-electron theory of
electron emission.
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FIG. 2. Log-log plot of the dependence of the anomalous
current on the total emission current. The measured values of
j~(1.08 eV) are indicated by pluses and those of j~(4.62 eV) are
indicated by crosses. The open circles are the measured values
of j~(4.62 eV)/J~. For the purpose of comparison, lines of slope
2 are drawn through the field-emission data, and a line of slope 1

is drawn through the photofield-emission data.

Additional experiments were performed to measure
jy(E) in the range e&5.0 eV. Experimental results from
the (310) and (111) regions of the tip are plotted in Fig. 3.
It is seen that for 0.4 & 8 &4.0 eV the data exhibit -c
energy dependence, and that for c &4.0 eV the data devi-
ate progressively from this power-law dependence. It is
remarkable that even 16 eV above the Fermi level there is
a detectable current in the anomalous field-emission tail.

An experiment was performed to look for a possible
low-energy tail in field emission whose strength varies as
J~. Measurements were confined to the region E& —2. 5
eV where, over the field range investigated, the free-
electron theory predicts negligible emission. The depen-
dences on static fields of j&(—5.20 eV) and j~(4.80 eV)
were measured in the range 0.32 —0.38 V A
Once again, JI was deduced by extrapolation of measure-
ments at low field. If it is assumed that j~(E)=aJ&+tIJy. ,
then a plot of j~(E)/Jy against Jy. will yield a straight line
of slope g. Figure 4 shows that the data exhibit precisely
this behavior. The low-energy tail has a significant com-
ponent that is linear in JI, which is probably due to elec-
tron scattering at the walls of the analyzer. Supporting
this interpretation is the observation that the strength of
the linear component relative to the emission current at
the peak of the field-emission TED depends on how the
analyzer is aligned. There is no significant component of
the high-energy tail that is linear in J&, whereas both the
high- and low-energy tails of the TED have an anomalous
component whose strength is quadratic in Jj-. Measure-
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FIG. 4. Plot of j~(c)/JI as a function of Jj. Data are for en-
ergies well above (upper curve) and well below (lower curve) the
Fermi energy. The slope of these curves is a measure of the
anomalous field emission.

FIG. 3. Log-log plot of the high-energy tails in field emission.
o ]

Upper curve, (310) region at 0.36 VA; middle curve, (310) re-
o o ]

gion at 0.34 VA; lower curve, (111) region at 0.36 VA
The short-dashed curve is the prediction of the tunneling-lifetime
model (Ref. 8). The long-dashed curve is the prediction of the
Coulomb-interaction model when no account is taken of the per-
turbation of the electron trajectories, and the solid curves are the
predictions of the Coulomb-interaction model including the per-
turbation of electron trajectories. For convenience of presenta-
tion, all curves have been shifted vertically by arbitrary amounts.
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ments of the slopes of the two curves in Fig. 4 give

jf( —5.20 eV)/jf(4 80. eV) =0.98+0.05. Since the ratio of
the anomalous field-emission current to the background is
typically —10 in the high-energy tail and less than 3 in
the low-energy tail, it is possible to study the high-energy
tail in much greater detail than the low-energy tail.

An experiment was performed to investigate the
inAuence of tip temperature on the anomalous high-
energy tail in field emission. Measurements were per-
formed on the (111) region at a field of 0.33 VA . The
tip was heated by means of a laser, operating at 647 nm,
focused on the shank. Two data sets were acquired, one
with the tip illuminated, the other with the laser beam
blocked. Raising the tip from 300 to 720 K increased
jf(3.18 eV) by (43 4)%, and integration of the TED's
showed that the square of the field-emission current in-
creased by (40+1)%. The consistency between these re-
sults suggests that i~(e) is independent of tip temperature.

The change in the field-emission TED that results from
laser-induced heating must be taken into account in deter-
mining the TED in photofield emission. In the energy
range of the anomalous photofield-emission tail, the only
significant field emission is that associated with the anom-
alous tail. Since ir(s) is essentially independent of temper-
ature, jf'(s) during laser illumination can be determined
from Eq. (3) by combining a measurement of jf'(c) in the
absence of illumination with measurements of Jf with and
without laser illumination. j'(E) is the difference between
the TED measured during illumination and jf'(s) during
illumination. In the majority of experiments reported in
the present work, the laser-induced change in jf(E) is less
than 5% of j~(c).

The relationship between the anomalous photocurrent
and the current density in photofield emission, Jz, was in-
vestigated. During these measurements the laser intensity
was set so that the maximum laser-induced tip-
temperature rise was = 15 K, and the electric field
strength was chosen so that at maximum intensity
Jf —60J~. A Pockels cell followed by a linear polarizer
was used to control the irradiance at the field emitter.
Both jz(4.62 eV) and j~(3.44 eV), the latter being propor-
tional to Jz, were measured as a function of the potential
applied to the Pockels cell. The resulting data, plotted in
Fig. 5, demonstrate that j~(E) is proportional to Jz when

Jf is held constant and Jf ))Jp.
The dependence of the anomalous photocurrent upon

the total current density in field emission was studied.
During these measurements the irradiance was held con-
stant so as to yield a laser-induced tip-temperature rise of
—15 K, and the electric field strength was varied in a
range such that Jf ) 10J&. The static electric field depen-
dences of both j~(4.62 eV) and j~(3.44 eV), the latter being
proportional to J~, were measured over the range
0.3—0.36 VA '. Over this range Jf increased by a factor
of -60 and Jz increased by a factor of —1.3. The re-
sults, which are plotted in Fig. 2, show that j~/Jz is pro-
portional to Jf when Jf ))Jp.

The observations reported above suggest that if
J~ ))Jf, then j~ will be proportional to J~. A search for
this effect was performed at a field of 0.22 V A ', and us-
ing illumination at close to the maximum available power
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FIG. 5. The anomalous photofield-emission current plotted
0 ]

against total photocurrent density J~ at a field of 0.34 VA
under conditions where Jf ))J~. The best-fit straight line pass-
ing through the origin is also shown.

density ( —1 GW m ). Under these conditions,
J~ =40Jf. A Pockels cell was used to control the polar-
ization of the laser and, hence, Jz. ' An increase of Jz by
a factor of 5.1+0.1 was accompanied by an increase in
j~(fico+2. 10 eV) by a factor of 4.9+0.3. The consistency
between these results suggests that there is a component
of j~ proportional to Jz. Combining this conclusion with
those of the two preceding paragraphs suggests that the
TED of the anomalous photofield emission may be ex-
pressed as

j~(E)=a(utica)J~ [@(c,)Jf .+—1~p(s)J~) (4)

The term involving y(E) includes two contributions, one
arising from photofield-emitted electrons shifted in energy
as a result of scattering by field-emitted electrons, and the
other arising from field-emitted electrons shifted in energy
as a result of scattering by photofield-emitted electrons.
These two contributions cannot be distinguished by exper-
iment.

The ratio y~z /y was determined at a fixed energy. The
irradiance at the tip was close to the maximum available,
and a Pockels cell was used to control J . The polariza-
tion dependence of j'(4.62 eV) was measured at an ap-
plied electric field of -0.28 VA ', as were TED's in the
energy range of the peaks. Equation (4) predicts that a
plot of j~/(J~Jf) against J~/Jf will be a straight line,
from which y~~/y can be deduced. Representative data
plotted in Fig. 6 are consistent with this prediction. The
average of several measurements showed that, for emis-
sion from the (310) region, y~~ (4.62 eV)/y(4. 62
eV) =1.50+0.08, while for emission from the (111) region,
@zan(4.62 eV)/y(4. 62 eV) =0.93+0.13.
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FIG. 6. The dependence on J~ of the anomalous photocurrent
under conditions where J~-Jf. Equation (4) predicts that the
data will fall on a straight line. From the plot the value of
y~~/y may be determined. The upper curve is for the (111) re-
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FIG. 7. Plot of the experimentally observed energy depen-
dence of y at a field of 0.30 VA and y~~ at a field of 0.23

0

V A . Data are of the emission from the (310) region with p-
polarized illumination. The energy dependences calculated from
Eq. (15) are shown as solid lines. The curves are shifted vertical-
ly by arbitrary amounts.

The energy dependence of y(E) from the (310) region
was measured at a fixed applied field. Combining Eq. (3)
with Eq. (4), it follows that

j~(E) Jf(TO)
y(s)= (5)

jf ( E —fico; To ) J& I Jf ( T i ) + [y» ( E ) /y ( E ) ]J, I

where To is the ambient temperature and TI is the tip
temperature during illumination. Measurements were
made to determine both jf(E) and j~(E). For the purpose
of data analysis, it was assumed that y~~/y is indepen-
dent of energy and equal to 1.5. Under the experimental
conditions Jf -50J&, so that any errors introduced by this
assumption are likely to be small. The results, plotted in
Fig. 7, show that y depends only weakly upon energy.

Accurate determinations of y(4.62 eV) were made for
the (310) region using p-polarized illumination and for the
(111) region in both s and p polarization. In all cases
measurements were made of jz (4.62 eV) and jf (4.62

eV fico; To), and the T—ED's were measured in the vicini-

ty of the peaks with and without laser illumination. Dur-
ing the course of each measurement, the drifts in J~ and

Jf were less than 1.5%. The values of y obtained using
Eq. (5) are reported in Table I. For the purpose of
analysis, the measurements of yzz(4. 62 eV)/y(4. 62 eV) re-
ported above were used. For the measurement in s polar-
ization it was assumed that y~z/y=1. As in this mea-
surement Jf =250J~, the error resulting from this assump-
tion is likely to be small. yzz may be found by combining
the values of y with the measurements of y~~/y. The re-
sults are also reported in Table I.

The energy dependence of yz~ was measured. It is
shown above that y and y~~ are of the same order of
magnitude, so if experiments are performed in conditions
where J~ &&Jf, it follows from Eq. (4) that

y~z( )~Ej~ ( )/E( icEfico). A measurement of j~ (E) was
made at a field of 0.23 VA, and with Jz-30Jf. As the

TABLE I. Comparison of the measured values of y(4.62 eV) and y~~(4.62 eV) with the predictions of
0

the Coulomb-interaction model. Data were taken at a field of -0.31 VA and with a photon energy
Ace= 3.536 eV.

Region

(310)
(111)
(111)

Polarization

S

(expt. )

0.74(2)
0.65(2)
0.62(8)

(theor. )

0.74
0.67
0.65

1.11(7)
0.60(8)

(theor. )

1.42
1.28
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anomalous field-emission current at this field is very
small, the energy dependence of x(E—Ace) was deduced
from the anomalous field emission at 0.30 V A '. The re-
sults, plotted in Fig. 7, demonstrate that yz~ depends only
weakly upon c. This validates the assumption made
above that

ypp /y is almost independent of energy.
No attempt was made to detect a low-energy anoma-

lous tail in PFE. If such a tail exists, and its strength is
similar to that observed at high energy, then its detection
would be masked by both the field-emission TED and by
photofield-emitted electrons scattering off the analyzer
walls.

test
electron

P field
electron

III. DISCUSSION

Anomalous tails have been observed in the TED's mea-
sured in both field and photofield emission. As the frac-
tion of the current present in the tails depends only on the
total current density, it seems likely that their origin lies
outside of the field emitter. The possibility that the tails
are a consequence of the instrumental response function is
ruled out because it implies that the anomalous current in
field emission would be proportional to Jf, whereas it is
found experimentally that the anomalous current is pro-
portional to Jf.

It was first observed by Boersh that the energy distri-
bution in an electron beam may reach a width of several
electron volts even if thermal agitation at the source
amounts to only a fraction of an electron volt. At the
source, thermal agitation results in an isotropic velocity
spread —(kii T/m)' . When the electrons are accelerat-
ed to a mean velocity V, the energy spread remains unal-
tered if collisions are neglected. This means that the axial
velocity spread is reduced to —[kii T/(2m V)], while the
transverse velocity spread remains constant. Hence the
accelerated electron beam has an anisotropic distribution
of velocity components. Collisions between the electrons
will eventually mix the velocity-spread components and
yield a velocity distribution that is isotropic in the moving
frame. The resulting axial energy spread is
—( —', ) ( 2k' T X —,'m V )', which may be very much
larger than the initial thermal energy spread -kz T.

An additional source of energy broadening arises in the
vicinity of beam crossovers (i.e., in regions where the
beam is brought to a focus). In these regions, collisions
can transfer transverse kinetic energy into axial kinetic en-
ergy. For essentially the same reasons as outlined above,
this can lead to substantial energy broadening. ' ' '

Knauer' has argued that the steady Coulomb repulsion
between electrons in the vicinity of the field emitter can
also lead to substantial energy broadening. In what fol-
lows, this effect will be discussed on the basis of the
geometry illustrated in Fig. 8. The total change in the ki-
netic energy of the test electron as a result of its Coulomb
interaction with the field electron as it passes from the tip
to the screen is given by

bE = I/(4~so) f '
e /b cosPdz . (6)

Z{j

The spectrum of energy transfers will be calculated by as-
suming that the electrons are emitted uniformly in space

FIG. 8. Illustration of the geometry used to calculate the en-
ergy distribution resulting from the Coulomb interaction between
electrons in the vacuum region close to the tip.

and randomly in time from the surface of the hemispheri-
cal field emitter, and that the emission-current density is
sufficiently low that, on the average, only one Jleld elec-
tron plays a significant role. It will also be assumed that
the electrostatic potential is radially symmetric, so that in
the absence of interactions the trajectories are straight
lines. Initially, it will be assumed that the emitted elec-
trons are monoenergetic, and that the trajectories diverge
so rapidly that the Coulomb interaction between electrons
does not affect their trajectories.

An analytic solution for the energy transfer is readily
obtained' if it is further assumed that the external poten-
tial is constant, so that the electrons travel with a constant
velocity u, and the time interval At between the emission
of the two electrons is suKciently small that the approxi-
mation b, t «r„~/u is valid. An integration over P gives

e r„~ sinPo —1
AE =

47reo b O2 cosgosingo
(7)

For a pair of electrons with ho=100 A and go= 135', Eq.
(7) gives bE= 1.68 eV, a value that is typical of the ener-
gies associated with the anomalous emission tails. It
should be noted that the transferred energy measured at
the screen is very much larger than the potential energy of
interaction between two electrons separated by 100 A
( —0.14 eV).

Consider field electrons having a given initial angle $0
with respect to the test electron. It follows from Eq. (7)
that, for such electrons,
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Bbo
( bE) —3/2

BEE

The probability of a field electron being at an initial dis-
tance bo from the test electron is given by

dlV = 2rrnb Odbosingodgo, (9)

where n is the particle density, and where it is assumed
that bo &&r„„, so that the spatial variation of n is unim-
portant. By combining Eqs. (8) and (9), it will be seen
that

ax
Bbo

(10)

It follows that the emitted electrons will have an energy
distribution of the form

Bc%

BAE

Thus the energy distribution follows a AE law, ir-
respective of the angle Po.

Numerical techniques were used to treat more realisti-
cally the effects of the Coulomb interaction. The potential
was assumed to be that of an isolated sphere,

V (r) = V, (1 —r„p/r), (12)

where V, is the potential difference between the screen
and the tip. The high-energy tail of the distribution re-
sulting from a tip of radius 2000 A with V, =3000 V was
calculated, and was found to be

j '(bE) =I(bE)J/,
where

(13)

I(bE)=(1.9X10 )bE A ' A eV (14)

j(e)=JI f de'[j/(e')+ j~(s')]l(e —e')

+J~ f de'[j&(c.')+g'j~(c')]I le —e'), (15)

and AE is in eV. In practice, the Coulomb repulsion be-
tween the electrons will perturb the electron trajectories,
thereby reducing the transferred energy. A further calcu-
lation showed that, for bE &4.0 eV, Eq. (14) describes
I(bE) for the resulting perturbed distribution to within
3%, that l(8 eV) was 70% of that given by Eq. (14) and
that I(12 eV) was 18% of that given by Eq. (14). Addi-
tional calculations showed that increasing the energy of
the test electron in the calculation by 3.5 eV resulted in
changes in I(bE) of less than 0.5% for 0.2 & bE& 7.0 eV,
demonstrating that the average energy transferred as a
consequence of the Coulomb interaction does not depend
significantly on the energy difference between the elec-
trons involved.

On the basis of these considerations the measured TED
is expected to be of the form

where j(e) is the TED which would be measured in the
absence of the Coulomb interaction, and g is a numerical
factor that allows for possible fluctuations of the photon
flux in the laser beam. The dominant contribution to the
integral in Eq. (15) comes from the energy range close to
the peaks of the TED where the approximation j(e)=j(e)
holds to high accuracy, so the application of Eq. (15) is
straightforward. As I(bE) is much wider than the peaks
in the TED predicted by the free electron theory, far from
the peaks the Coulomb scattering tails may dominate the
observed emission.

The probability of finding a pair of photons in the laser
beam within a short time interval z, expressed relative to
the square of the mean photon flux, is represented by the
two-photon correlation function g(r) =—(I(t)I (t + r) ) /
(I(t)), where I is the beam intensity and ( ) denotes an
average over time. The strength of the two-photoelectron
tail, expressed relative to the square of the photoelectron
current, will be proportional to g(r). For significant
Coulomb interaction to occur between a pair of photoelec-
trons, the two photons must be absorbed within a time in-
terval of the order of 10 ' s. If it is assumed that the
laser beam is a superposition of N interfering longitudinal
modes whose relative phases vary independently and ran-
domly in time then the short time limit of g is equal to
(2 —I/X). In the present experiments, the laser beam
consists of approximately 30 longitudinal modes separated
in frequency by —150 MHz. Thus intensity fluctuations
are expected to enhance the strength of the two-
photoelectron tail, expressed relative to the square of the
photoelectron current, by a factor g =2.

Energy transfer between electrons due to Coulomb in-
teraction will be most significant in those regions where
the electron density is high. Model calculations reveal
that the electron density in the vicinity of the field emitter
is a factor of 2&&10 times larger than it is at the first
beam crossover in the electron-energy analyzer, and that
in all other regions of the analyzer the electron density is
negligib1y small. As a result, the vast majority of the col-
lisions which transfer significant energy between electrons
will occur near the field emitter, and Eq. (15) should de-
scribe the net effect of Coulomb interactions.

The predictions of Eq. (15) can be compared with the
experimental data. Since j/(s) is proportional to J&, it fol-
lows that in the absence of illumination jj'(c) will be pro-
portional to J/, in agreement with experiment. Since j~(s)
is proportional to J, j'(e) will be proportional to JIJ~
when Jf ))J~ and proportional to Jz when J~ )~J&, also
in agreement with experiment. Plotted in Fig. 3 are the
results of evaluating Eq. (15) for two models of I(AE).
The calculation which considers perturbations of the tra-
jectories due to interaction describes with reasonable accu-
racy the energy dependences of the anomalous tails.

The Coulomb interaction model predicts both high- and
low-energy tails in the TED s. A numerical integration of
Eq. (15) gave j/( —5.20 eV)/j&(4. 80 eV)=0.84, which is
slightly smaller than the experimentally observed value of
0.98+0.05. A numerical integration of Eq. (15) over the
field-emission distribution measured at 0.32 VA ' yield-
ed sc(1.08 eV}=1.6&&10 A A ' eV '. Bearing in mind
the crudeness of the theoretical model and the large ex-
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perimental uncertainty in estimating the absolute current
density, this result is in reasonable agreement with the ex-
perimental value ~=4& 10 A A ' eV

The Coulomb interaction model as expressed by Eq.
(15) can be used to calculate the energy dependences of y
and yzz. The comparison in Fig. 7 shows satisfactory
agreement with experiment. In Table I the calculated
values of y and y~~ for various conditions are compared
with the experimental results. The calculation accurately
predicts the strength of the one-photoelectron tail, but
significantly overestimates the strength of the two-
photoelectron tail.

The classical model for the Coulomb interaction be-
tween electrons just outside the emitting surface gives a
generally satisfactory account of the experimental data.
This conclusion is consistent with that of Bell and Swan-
son, ' who demonstrated that gross departures from the
predictions of the free-electron theory occur in field emis-
sion at current densities —10 times greater than those
used in the present work, and who suggested that these
are caused by Coulomb interactions close to the tip. At
the largest current densities used in the present work, the
probability of a given electron being emitted sufficiently
closely in time and space to another to yield an energy
transfer in excess of 0.5 eV is —10 . The corresponding
probability of a given electron being emitted close to two
other electrons is of order (10 ), so that Coulomb
scattering involving interactions between three or more
electrons is relatively unimportant. By contrast, an
analysis of the data of Bell and Swanson requires a con-
sideration of these higher-order contributions. '

Gadzuk and Plummer have suggested that the high-
energy tails in field emission are caused by cascade pro-
cesses initiated by the injection of "hot" holes (corre-
sponding to the removal of electrons by field emission)
into the metal. In this model a J~ dependence occurs for
0&@((4, where 4 is the work function, because the
number of holes generated is proportional to JI and the
probability of tunneling of the decay products is propor-
tional to J&. The cascade model predicts that the anoma-
lous current at v=4 will vary as —Jg, with g=2 ~ =2.8,
in contrast to the J~ dependence observed experimentally.
The cascade model also predicts that the anomalous tail
in the TED will vary as c. , which is significantly
different from the -c dependence observed experi-
mentally. Further, the cascade model offers no explana-
tion for the success of Eq. (15) in describing the relative
strengths of the anomalous field- and photofield-emission
tails. It is concluded that hole-cascade processes are not
responsible for the anomalous tails.

Several authors have discussed the role of the uncer-
tainty principle in field emission, and have considered in
some detail the tunneling lifetime of field-emitted elec-
trons. ' According to the ideas outlined in Ref. 8, the
energies of the electron states from which field emission is
observed are broadened by an amount 6 =6/~, where ~ is
a tunneling lifetime. This leads to a measured TED of
the form

j(e)=(1/~) f dc'j(e')b(e')/[(e —e') +b(e') ],
(16)

where j(c.) is the TED calculated without taking into ac-
count the tunneling lifetime. It was suggested that
b,(e)=b,oeI '+' "', where c and d are defined as in Eq.
(2), and where b,o is a weak function of energy. The dom-
inant contribution to the integral in Eq. (16) comes from
the energy range close to the peaks of the TED where the
approximation j(e)=j(e) is accurate. The energy depen-
dence of the field-emission tail at 0.36 VA ', calculated
from Eq. (16), is included in Fig. 3. For the field-
emission experiments performed at a field of 0.32 VA
one obtains, from Eq. (10) of Ref. 8, r(e'=0)=2X10
s, from which it follows that Doe '=3&10 . A numer-
ical integration of Eq. (16) over the corresponding field-
emission TED gives an estimate of j(c= 1.08
eV)/1& ——1.1X10 eV ', which is approximately 2% of
the value observed experimentally. In contrast, at c.=17
eV the anomalous current predicted by the tunneling-
lifetime model is approximately 50 times larger than the
measured current.

The Coulomb-interaction model is superior to the
tunneling-lifetime model in its predictions of the magni-
tude and the energy dependence of the anomalous current
in field emission. The Coulomb-interaction model also
accounts quantitatively for the observations in photofield
emission. It is not yet known whether the photofield-
emission data can be understood in terms of the
tunneling-lifetime model. In the range c= 17 eV the
Coulomb-interaction model predicts the anomalous
current to within a factor of 4, while the tunneling-
lifetime model predicts an anomalous current that is too
large by a factor of 50. This implies that the value of the
tunneling lifetime to be used in applying Eq. (16) must be
at least 50 times longer than that suggested in Ref. 8.

There are two significant discrepancies between the pre-
dictions of the Coulomb interaction model and the experi-
mental data. The discrepancies between the calculated
energy dependence and the experimental data (Fig. 3)
could be a consequence of the simplified geometry as-
sumed in the model calculation. However, this explana-
tion cannot account for the discrepancies in the values of
y~~. The discrepancies in yz~ could be caused by correla-
tions in the phases of the longitudinal modes in the laser,
which would invalidate the assumption (=2. Measure-
ments using a single-mode laser should be carried out to
eliminate this source of uncertainty in the interpretation
of the data.

Other possible sources of discrepancy are errors in the
assumption that the emission of electrons is uniform in
space and random in time. Consider the assumption that
the emission is uniform in space. The model calculation
shows that if more than 1.1 eV of energy is transferred be-
tween electrons as a result of the Coulomb interaction,
then at the tip the distance between the electron trajec-
tories must be less than 85 A. Hence only electrons emit-

0
ted within approximately 85 A of the region of observa-
tion contribute significantly to the observed scattering.
Visual observations indicate that in both field and
photofield emission the current density is uniform to
better than 10% within 120 A of the (ill) and (310) re-
gions. Since the diameter of the region of the tip which is
projected onto the probe hole is -80 A, these results sug-
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gest that the probe hole current is a reasonable measure of
the current density that is responsible for the Coulomb
scattering in both field and photofield emission. Thus if
nonuniform emission is responsible for the discrepancy
between the observed and calculated values of y, it can
only be due to nonuniformities on a length scale smaller

0

than the -30-A resolution' of the field-emission micro-
scope.

The form of the Coulomb-scattering tail in the field-
emission TED's provides information about the electron-
emission process on a timescale of 10 ' s. When the
emission-current density is 1.5/10 ' A A, the aver-
age time interval between the emission of two successive

0

electrons from a region of radius 100 A on the tip is
3 & 10 " s. Consider the possibility that 1 part in 10 of
the emission current is due the emission of correlated
pairs of electrons, such that the initial distance between
the electrons is random but less than 100 A, and that the
time interval between the emission of the two electrons is
random but less than At =5&10 ' s. Numerical calcu-
lations show that strength of the anomalous tail would be
enhanced relative to that predicted by the random-
emission model by a factor of 3 at c.=1 eV and by a fac-
tor of 12 at v=8 eV. The corresponding enhancements
for At =4)&10 ' s would be by factors of 2.5 and 3, re-
spectively. Clearly, both the shape and strength of the
anomalous tail are very sensitive to departures from spa-
tial and temporal randomness in electron emission. Nev-
ertheless, the reasonable agreement between experiment
and the predictions of the random-emission model sug-
gests that, in tungsten, departures from random emission
are small.

Various effects may lead to a correlation in the time be-
tween the emission of electrons on very short timescales.
One possibility is the occurrence of multiple-electron tun-
neling. ' ' Another possibility is suggested by the fol-
lowing semiclassical argument. Immediately after an elec-
tron escapes into the vacuum, the effective height of the
surface-potential barrier for the electrons remaining inside
the metal increases momentarily because of the potential
of the escaping electron. The momentary fractional
reduction in the electron-emission probability will be
larger in field emission than in photofield emission, be-
cause field emission occurs via tunneling while photofield
emission occurs primarily via emission at energies close to
the peak of the surface potential barrier. As a result the
interaction between photofield-emitted electrons will be
greater on average than that between field-emitted elec-
trons. This suggests that the experimental value of y /y
will be larger than that predicted on the basis of random
emission. By contrast, the measurements give values of
y~z/y smaller than that predicted on the basis of random

emission. It is not yet clear whether this semiclassical
idea will be supported by a fully quantum mechanical
treatment.

The existence of Coulomb-scattering tails has important
practical implications. Below a certain energy level (2 eV
or so below Ef ) the field-emission current will be masked
by the low-energy Coulomb-scattering tail. Moreover, the
PFE current will be masked by the high-energy tail, par-
ticularly at relatively large applied electric fields. In these
cases, the photofield-emission TED is, to a good approxi-
mation, equal to the difference between a distribution
measured with the tip illuminated and a distribution mea-
sured in the absence of illumination. Finally, in the con-
ditions of the present experiments a significant current of
photoelectrons is observed at energies greater than 1.5fico
above the Fermi level, the emission current being propor-
tional to J . In this regime, photofield emission followed
by Coulomb scattering in the vacuum is the dominant
two-photon process.

IV. CONCLUSIONS

An anomalous high-energy tail has been observed in the
measured total-energy distribution (TED) in photofield
emission from tungsten. The current in this tail is very
nearly proportional to the product of the photofield-
emission-current density and the total-emission-current
density. Similar high- and low-energy tails in the TED's
in field emission, which have previously been reported by
several groups, are also observed. The absolute strength
of the anomalous field-emission tail was measured, as
were the energy dependences of the high-energy anoma-
lous tails in both field and photofield emission. The
strength of the high-energy field-emission tail was com-
pared both to the low-energy field-emission tail and to the
photofield-emission tail.

The experimental observations are generally consistent
with the predictions of a classical calculation which con-
siders the energy transfer that results from Coulomb
scattering of electrons in the vacuum near the field
emitter. It is pointed out that the Coulomb interaction
acts as a probe of the correlated emission of electrons on
the time scale of 10 ' s. Over the range of emission
current densities studied in the present work (10 —10
A m ), no significant role is played by the various inter-
nal mechanisms that have previously been proposed to ac-
count for the anomalous field emission tails.
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