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Pulsed field emission from cold carbon-nanotube cathodes placed in a radiofrequency resonant cav-

ity was directly measured. The cathodes were located on the backplate of a conventional 1þ 1
2
-cell

resonant cavity operating at 1.3-GHz and resulted in the production of bunch train with maximum

average current close to 0.7 Ampère. The measured Fowler-Nordheim characteristic, transverse

emittance, and pulse duration are presented and, when possible, compared to numerical simula-

tions. The implications of our results to the promise of high-average-current electron sources are

briefly discussed. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927052]

Over the last decades, field-emission (FE)—the emis-

sion of electrons via tunneling effect—has led to the devel-

opment of compact electron sources that have been widely

disseminated in microelectronics,1 electron microscopy,2

and more recently as particle-accelerator sources.3 FE enjoys

a greater simplicity compared to other types of electron-

emission mechanisms: it does not require auxiliary systems

such as lasers employed in photoemission nor needs to be

electrically heated by a filament as for thermionic cathode. A

FE cathode operates with intense [OðGV=mÞ] electric fields

applied at its surface. The field bends the potential barrier of

the material and enhances the probability for electron tunnel-

ing. In practice, given the limited electric-field amplitude

sustainable in common apparatus (10–100 MV/m), the gen-

eration of large field relies on field enhancement provided by

sharp microscopic features present at the surface of the FE

cathode. Such attribute results in the local field in the vicinity

of the features Ee¼beE, where be is the enhancement

factor and E is the applied (macroscopic) field.

Consequently, the current density emitted from one of the

sharp features is governed by the Fowler-Nordheim’s (FN’s)

law4 j ¼ aE2
e exp b

Ee

� �
n̂, where a � 1:42�10�6

U exp 10:4
U1=2

� �
and

b � �6:56� 109U3=2 are constants that depend on the mate-

rial work function U (in units of eV),5 n̂ is the unitary vector

normal to the local emitting surface. FE cathodes consisting

of single field emitter have been proposed as source of ultra-

bright electron bunches.6 Conversely, FE cathodes composed

of a large number of field emitters are contemplated as high-

current electron sources that could be deployed in a variety

of contexts ranging from fundamental science along with

medical, industrial, and security settings. Finally, the appli-

cation of a time-dependent electric field results in the genera-

tion of electron bunches with finite duration.7–10 CNTs are

allotropes of carbon with a cylindrical nanostructure and

with exceptional electrical and mechanical properties. CNTs

are fibers with diameters ranging from 1 to 50 nm, coming in

either single-wall or multi-wall strands and with large aspect

ratios.11 These properties yield substantial field enhancement

factors, and—alongside with their low electrical resistance,

high thermal stability, and robustness to high temperatures—

CNTs are excellent candidates for FE cathodes. CNTs can be

synthesized as aligned field-emitter arrays (FEA) or config-

ured as randomly oriented field emitters deposited on surfa-

ces. Although FEAs are ideal for most applications,

especially in vacuum microelectronics12 and are generally

produced via chemical vapor deposition (CVD)13 randomly

distributed CNTs can be produced with simpler, fast, and

inexpensive fabrication process known as electrophoretic

deposition (EPD) which can easily be applied to large surfa-

ces non-planar.14

In this letter, we report on the experimental demonstra-

tion of stable pulsed emission from CNT cathodes with cur-

rents at the Ampère level. The achieved parameters could

permit direct injection in a radiofrequency (RF) linear accel-

erator for acceleration to MeV energies thereby producing

MW average beam powers. Such high-average power elec-

tron beams have application to high-power accelerator-based

light sources,15 electron cooling to increase the luminosity of

high energy of ion-beam colliders,16 as well as a possibility

of introducing accelerator driven nuclear waste management

and transmutation facilities. Additionally, the ionizing radia-

tion produced by MW electron beams could be used to

modify the physical, chemical, or biological properties of

materials17 in high-throughput industrial facilities.

The cathodes used in our experiments were synthesized

using an EPD process and consisted of a layer of multiple

allotropes of carbon including nanotubes, buckyballs, graph-

ite, and amorphous carbon;18 see Fig. 1(a). Emerging from

this layer are a vast number of randomly oriented nanotubes.

The tubes have an average length of �3 lm with a diameter

of a few nanometers. The film thickness used for our catho-

des is a few microns. There is an interlayer between the CNT

deposition and the substrate that is a mixture of conducting

and dielectric material. The current formed by such cathodes

is I ’ Aj, where A is the effective emission area. Two

0003-6951/2015/107(3)/033502/4/$30.00 VC 2015 AIP Publishing LLC107, 033502-1

APPLIED PHYSICS LETTERS 107, 033502 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

108.89.33.218 On: Mon, 20 Jul 2015 17:40:15

http://dx.doi.org/10.1063/1.4927052
http://dx.doi.org/10.1063/1.4927052
http://dx.doi.org/10.1063/1.4927052
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4927052&domain=pdf&date_stamp=2015-07-20


cathodes were tested, a “large” and a “small” cathode which,

respectively, consisted of a 15-mm and 1.5-mm diameter

CNT-coated circular area deposited on, respectively, a mo-

lybdenum and stainless steel substrate; see Fig. 1(b).

The experimental characterization of the cathodes was

carried at the high-brightness electron beam source

(HBESL) located at Fermilab.19 The facility incorporates a

RF gun followed by a beam line instrumented with various

beam diagnostics depicted in Fig. 2. The RF gun is a 1þ 1/2

cell resonant cavity operating on the TM010,p mode at

f0¼ 1.3 GHz and is powered by a pulsed klystron capable of

producing up to 2 MW of peak power. For the experiment

reported in this letter, the klystron was operated at 1 Hz with

a pulse duration of 30 ls. The gun is nested in three magnetic

lenses (referred to as “solenoids”) that nominally control the

beam divergence and transverse emittance. The two cathodes

described above were mounted on a standard cathode-plug

holder and inserted in the RF gun. The available diagnostics

along the downstream accelerator beam line includes a

Faraday cup, several transverse-density monitors consisting

of remotely insertable Cerium-doped Yttrium Aluminum

Garnet (YAG:Ce) scintillators, and a set of capacitive elec-

tromagnetic pick-ups that can detect the transient electro-

magnetic field produced by the passing electron bunches.

Several dipole magnets are used to deflect the beam and infer

its mean momentum. Finally, the beam transverse emittance

eu � 1
mec ½hu2ihp2

ui � hupui2�1=2
can be measured using a

multi-slit method20—here, (u, pu) refers to the position-

momentum coordinate along the horizontal (u¼ x) or verti-

cal (u¼ y) degree of freedom, h:i represents the statistical

averaging over the beam phase space distribution, and me

and c are the electron rest mass and the velocity of light.

During the experiments reported below, the vacuum pressure

was in the range of [0.9, 1.2]� 10�9 torr.

The field-emission process was first characterized by

measuring the current dependence versus the applied

macrocopic-field amplitude. The current inferred from

the Faraday cup is time averaged, and its functional

dependence on the time-dependent applied field is given by

�I ¼ 1ffiffiffiffi
2p
p AaðbeEÞ5=2

exp � b
beE

� �
,21 where the axial field is

taken to be E ¼ E cosð2pf0tÞn̂. The �I � E curves display the

expected exponential dependence of the current; see Figs.

3(a) and 3(c). Furthermore, when reported on a FN diagram

½1=E; logð�IE�5=2Þ�, the data appear as lines and a linear-

regression analysis provides information on the averaged

enhancement factor and effective emission area as summar-

ized in Table I for four of the cases studied. The settings of

the three lenses were varied simultaneously and set to insure

a zero magnetic field on the cathode surface and gave rise to

an �10% relative variation in produced beam current con-

firming that a significant fraction of the current is actually

transversely captured and transported up to the location of

the Faraday cup. We found the values of the enhancement

factors to be independent of the applied magnetic field [Figs.

3(a) and 3(b)] and to be qualitatively similar for the two

cathodes used during our experiments; see Figs. 3(c) and

3(d). It should be noted that the effective area A is much

smaller than expected for the small-area cathode. Assuming the

same CNT density for both cathode, we would anticipate the

effective emission area associated to the small cathode to be

(1.5/15)2¼ 10�2 while a factor �[10�10–10�8] is observed. A

post-experiment inspection of the cathodes indicated some

damages (dark spots) on the small cathode attributed to multi-

pacting occurring due to the favorable secondary-emission

yield of the stainless-steel substrate (strong multipacting emis-

sion was observed during operation of the small cathode). The

small cathode also consistently degraded with time when

operated at high field. The large cathode did not show any per-

formance degradation despite being exposed to atmosphere for

�4 weeks between two subsequent tests.

The beam temporal structure of the electron beam

formed by the large cathode was characterized using an elec-

tromagnetic pick-up located 30 cm from the cathode. The

transient voltage induced by the bunches was detected by a

capacitive coupler and recorded on a 12-Gs oscilloscope; a

typical trace is displayed in Fig. 4(a). The detected signal

can be factored as VðtÞ ¼ eðtÞ
PN

n¼1 Kðtþ nf�1
0 Þ, where e(t)

is the signal envelope and K(t) / i(t) is the signal induced by

one bunch. The amplitude of the fast-Fourier transform

(FFT) of V(t) provides the bunching factor b(f) which is

enhanced at harmonics of the bunch repetition frequency f0

FIG. 1. Micrograph of CNT cathode surface (a) and photograph of the CNT

cathode on its molybdenum substrate (b).

FIG. 2. Top-view schematics of the ex-

perimental setup of the HBESL facil-

ity. The “X’s” label indicates the

location of diagnostics, “FC,” “IG,”

and “GV,” respectively, stand for

“faraday cup,” “ion gauge,” and vac-

uum “gate valve.” Only beam-line ele-

ments pertinent to the experiment are

shown.
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as shown in Fig. 4(b). The relative amplitudes b(f)/b(f0) at

harmonic frequencies f¼ nf0 (with n� 2) provide an upper

bound for the bunch duration. Analysis of the data presented

in Fig. 4(b), assuming the electron bunch follows a Gaussian

temporal distribution, gives an rms bunch duration of rt

’ 67 6 25 ps at an applied field E 2 [5, 12] MV/m. The

electron-bunch duration is expected to scale as rt /
ffiffiffi
E
p

(Ref. 9) at the cathode. The bunch length increase with E0 is

supported by the observed increase of the b(2f0)/b(f0) [see

Fig. 4(c)], but due to the limited resolution of our pulse-

length-measurement technique and the complicated dynam-

ics in the RF gun, the functional dependence rt(E) could not

be characterized. In spite of these limitations, the measured

pulse duration agrees reasonably well with particle-in-cell

simulations performed with the Warp framework22

which includes a self-consistent field-emission model;23 see

Figs. 4(b) and 4(d). The FE parameters used in the simula-

tions are the one reported for the large cathode (solenoid off)

in Table I.

An important figure of merit of the field-emitted beam is

its transverse emittance. The horizontal emittance of the full

bunch train was characterized for the small cathode. The

multislit mask located a position X3 was inserted, and the

transmitted beamlets were observed at location X5. A mea-

surement of the beamlet root-mean-square (rms) size at X5

provides information on the beam intrinsic divergence r0u at

X3. Together with a measurement of the rms transverse

beam size ru at X3, the divergence yield the value of the

transverse normalized emittance as eu ¼ bcr0uru, where u
2[x, y] refers to one of the transverse degrees of freedom and

b � ð1� c�2Þ1=2
where c is the relativistic Lorentz factor.

An example of measurement with reconstructed phase space

appears in Fig. 5. The measurement indicates a transverse

horizontal emittance of ex¼ 2.64 6 0.8 lm for the small

TABLE I. Inferred enhancement factor be and effective emission area A for

the four operating cases considered in the text. The values are written as

Aþu
�v6w, where A is obtained for a nominal work function value U¼ 4.9 eV

while the upper and lower uncertainties u and v are, respectively, evaluated

for U¼ 5.4 and 4.5 eV. The error bar w is propagated from the uncertainty

on the linear regression.

Configuration be A� 1016 (m2)

Small cath., B field off 468:1þ73:4
�69:864:7 5:15þ0:15

�0:2260:10

Small cath., B field offa
504:6þ79:2

�75:265:1 1:57þ0:05
�0:0760:03

be A� 108 ðm2Þ
Large cath., B field off 395:3þ62:0

�58:964:0 10:18þ0:29
�0:4468:98

Large cath., B field on 468:1þ73:4
�69:864:7 0:56þ0:02

�0:0260:21

aData taken 2 weeks later than data on previous line.

FIG. 4. Voltage detected from the electromagnetic pickup (a), corresponding

bunching factor (b) and evolution of the bunching factor evaluated at

f¼ 2.6 GHz as function of E0 (c). In (b), the data points are FFTs of different

traces obtained for different values of E0, the dash line represents a fit con-

sidering to a Gaussian bunch distribution (the shaded green area accounts

for the uncertainties in the fit), and the solid thick line corresponds to the

simulated bunch distribution using the Warp program shown in (d).

FIG. 5. Emittance measurement snapshots showing the beam transverse dis-

tribution at X3 (a), the transverse distribution of the beamlets transmitted

through the multislit mask observed at X5 (b) with associated horizontal pro-

jections (red traces). Image (c) shows the reconstructed horizontal ðx; x0 �
px=pzÞ trace space at the location of X3 from processing of images (a) and

(b). These measurements were performed for the small cathode.

FIG. 3. Measured average current �I as a function of applied macroscopic

field ((a) and (b)) and corresponding Fowler-Nordheim plots ((c) and (d)).

The upper and lower rows, respectively, correspond to the large and small

cathodes. The dashed lines in ((c) and (d)) represent linear polynomial fits.

For plots ((b) and (d)), the blue and red symbols, respectively, correspond to

data taken just after installation of the small cathode and 2 weeks later.
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cathode. Measurements for the large cathode were compro-

mised by the large energy spread.

Finally, the stability of a high-current electron source is

crucial for some applications. We consequently tested the

current stability for a few hours and confirmed that the

cathodes under test were able to sustain the production of

high-average currents with very low jitter; see Fig. 6(a). A

statistical analysis also indicates that typical relative rms

fluctuation of r�I � h�I
2i1=2=h�Ii ’ 2% was achieved over

six-hour periods and independently of the mean operating

current h�Ii; see Figs. 6(b) and 6(c).

In summary, we have demonstrated the operation of a

CNT cathode in the pulsed regime and produced bunch trains

with operating average current up to �I ¼ 0:65 A and duration

of rt ’ 70 ps, implying a charge per bunch Q ’ �I=f0

’ 0:50 nC corresponding to a single-bunch peak current

Î ¼ Q=ð
ffiffiffiffiffiffi
2p
p

rtÞ ’ 3 A. The explored cold-cathode technol-

ogy coupled with a superconducting resonator could lead to

the development of high-average current quasi-continuous-

wave electron sources. The main challenge toward such an

endeavor remains the temporal control of the emission pro-

cess as electrons field-emitted at unfavorable times are most

likely to hit the resonator wall. Such collisions could result

in secondary electron emissions and possible multipacting

(as observed in some of our experiments) or could ultimately

result in a superconducting quench of the cavity. Therefore,

the development of gating schemes aimed at shortening

the electron-bunch durations and preventing the back-

propagation of electrons is crucial. A dual-frequency gun24

supporting a fundamental and harmonic frequencies could

effectively gate the emission of the CNT cathode to the

proper phase of the accelerating RF wave. Since the CNT

cathodes have a distinct threshold voltage, unlike thermionic

cathodes, the bunch duration could be made much shorter,

eliminating the need for a bunching structure before injection

into a subsequent accelerator. In such a scenario, it should be

possible to reach � 10-ps bunch durations.
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