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An investigation on the plasma-induced field emission (PFE) properties of a large area carbon

nanotube (CNT) cathode on a 2 MeV linear induction accelerator injector is presented. Experimental

results show that the cathode is able to emit intense electron beams. Intense electron beams of

14:9–127:8 A=cm2 are obtained from the cathode. The CNT cathode desorbs gases from

the CNTs during the PFE process. The fast cathode plasma expansion affects the diode perveance.

The amount of outgassing is estimated to be 0:06–0:49 Pa � L, and the ratio of outgassing and electron are
roughly calculated to be within the range of 170–350 atoms per electron. The effect of the outgassing is

analyzed, and the outgassing mass spectrum of the CNT cathode has been studied during the PFE. There

is a significant desorption of CO2, N2ðCOÞ, and H2 gases, which plays an important role during the PFE

process. All the experiments demonstrate that the outgassing plays an important role in the formation of

the cathode plasma. Moreover, the characteristic turn-on time of the CNT cathode was measured to be

39 ns.

DOI: 10.1103/PhysRevSTAB.14.104701 PACS numbers: 29.25.Bx

I. INTRODUCTION

Velvet is one of the materials for explosive electron
emission (EEE) in intense electron beam sources [1–3].
The velvet cathode generates uniform cathode plasma
during the emission process under pulsed high voltage.
Intense electron beams are extracted from cathode plasma.
The plasma expansion velocity of the velvet cathode is less
than 1 cm=�s. However, the velvet cathode has low life-
time and high outgassing during intense electron emission.
Thus, the velvet cathode is not the best option for pulsed
power applications.

Carbon nanotubes (CNTs) have been widely used due to
their nanometer scale, superior mechanical strength, good
conductance, and high thermal and chemical stability
[4–9]. The CNTs are now being investigated as field emis-
sion cathodes for a wide range of applications. Vacuum
electron devices including field emission display [10,11],
x-ray source [12,13], and electron source [14] have been
demonstrated. In the previous field emission studies, espe-
cially in the field emission display, CNTs were mainly
applied to DC electric fields. The field emission current
density only reached �A=cm2 �mA=cm2. Some studies

were focused on intense current field emission properties
of CNTs for application in linear induction accelerators
(LIAs) [15–17] and high power microwave tubes [18,19].
The field emission current density can reach hundreds of
A=cm2.
In our study, we have utilized plasma-induced field

emission (PFE) that is a little different from the EEE
process. During the EEE process [20], the gas from the
explosion vaporization of cathode material is ionized to
form cathode plasma. But in the PFE process, the neutral
gas which is desorbed from the cathode is ionized. In this
paper, we have investigated the PFE properties of a large
area CNT cathode for single pulse mode on a 2 MeV LIA
injector [21], including intense electron emission, outgas-
sing mass spectrum (OMS), and characteristic turn-on time
(CTT).

II. EXPERIMENTAL SETUP

The CNT cathode was tested on a 2 MeV LIA injector.
Figure 1 shows the schematic diagram of the experimental
setup for the cathode testing. The pulse power system
includes mainly a Marx generator and four Blumlein lines;
the system generates 250 kV, 100 ns (FWHM) pulsed high
voltage, which is loaded to the eight accelerating cavities.
The 2 MV pulsed high voltage is loaded on an anode-
cathode (A-K) gap through superposition by a cathode rod
and an anode rod. The A-K gap is adjustable from 80 to
130 mm. Six standard turbomolecular pumps, mounted on
the wall of vacuum chamber, provide an effective pumping

*shenygo@163.com

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 14, 104701 (2011)

1098-4402=11=14(10)=104701(7) 104701-1 Published by the American Physical Society

http://dx.doi.org/10.1103/PhysRevSTAB.14.104701
http://creativecommons.org/licenses/by/3.0/


speed of 3760 L=s for the vacuum chamber with a volume
of about 1550 L. Pressure and the outgassing are measured
using an ionization vacuum gauge (IVG). During experi-
ments, the base pressure is maintained within the range of
1:7� 10�4–7� 10�4 Pa. The charge coupled device
(CCD) camera is used to observe the luminescence of the
cathode plasma. The cathode current Ik is measured by a

sampling resistor inside cathode, and the anode current Ia
is collected by a Faraday cup in the anode hole.
Multiwalled CNTs, synthesized by the thermal chemical
vapor deposited process [22], are used as the field emission
cathode. The cathode of the 2 MeV LIA injector diode and
CNT cathode are shown in Fig. 2. We conduct all tests at an
11.0 cm A-K gap, under the 1.7 MV pulsed high voltage
for stable operation.

III. EXPERIMENTAL RESULTS
AND DISCUSSIONS

A. Intense electron emission and diode perveance

Figure 3(a) is the image of the background of the CNT
cathode and Figs. 3(b)–3(d), 3(f), and 3(g) show the CCD
images of PFE of the CNT cathode under diode voltages of
1.33–1.64 MV. The CCD images show the spatial distri-
bution of plasma light on the cathode surface. As shown in
Fig. 3, the luminescent zones in the images are the electron
emission sites. There are many separate emission sites on
the cathode surface. The intensity and distribution of cath-
ode plasma are not uniform under lower diode voltage, but
become uniform as the diode voltage increases. The emis-
sion intensity and the distribution determine the emission
current. As the cathode plasma is expanding, the cathode
plasma shell covers almost the whole CNT cathode sur-
face, which is observed when cathode emission current
reached 2.3 kA. Some small bright spots in the CCD
images are considered as the random noise caused by the
electromagnetic field due to the pulsed electron beams
movement. The CCD images show that the cathode plasma
is formed on the CNT cathode surface, and space-charge-
limited flow is extracted from the cathode plasma.
Figure 4 gives the typical waveforms of the diode volt-

ages and the emission currents from the CNT cathode in
six shot experiments. Figure 4(a) presents diode voltages
within the range of 1.33–1.64 MV. The anode currents and
cathode currents are indicated by the data in Figs. 4(b) and
4(c), respectively. The highest pulsed high voltage is about
1.64 MV and the highest current reaches 2.31 kA which
means a current density of 127:8 A=cm2. The cathode

FIG. 2. Cathode of the 2 MeV LIA injector diode: (a) cathode,
(b) CNT cathode and bronze subassembly.

FIG. 3. CCD images: (a) background image of CNT cathode, (b)–(g) images of PFE of CNT cathode under diode voltages of 1.33–
1.64 MV.

FIG. 1. Schematic diagram of experimental setup of the
2 MeV LIA injector. 1, 2, 3: turbomolecular pumps; 4: quadru-
pole mass spectrometer and IVG; 5: CCD camera; 6: insulator;
7: cathode; 8: anode; 9: bakeout device and CNT cathode;
10: sampling resistor; 11: pulse power system; 12: Faraday
cup; 13, 14: oscillograph; 15, 16: resistance.
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current is not equal to anode current as shown by the data in
Table I. This indicates that a large amount of electron
emission did not enter the anode hole, and so it was not
collected by the Faraday cup. There are two main reasons
which explain this. (1) With the absence of an external
guiding magnetic field, the electron beam expands radially
due to its own space charge. (2) The major factor is that the
location of bronze subassembly used to fix the CNT cath-
ode prevents focusing of the electron beam. There was no
degradation in performance of the emission current after
more than 300 shots under the same diode voltage. Table I
summarizes the diode voltages, anode currents, cathode

currents, and current densities under which the CNT cath-
ode operates.
Figure 5 shows temporal variation of the voltage-current

characteristic for the CNT cathode. The currents are pre-

sented here in the form of perveance Pd ¼ I=U3=2, where I
is the cathode current. The diode perveance grows signifi-
cantly after the current initiation due to fast cathode plasma
expansion under

Pd ¼ 4

9
"0

ffiffiffiffiffiffi
2e

me

s
�r2

ðd� vptÞ2
; (1)

TABLE I. Results of six shot experiments of the CNT cathode: U is diode voltage, Ia is anode current, Ik is cathode current, je is
current density, Pd is diode perveance, �Q is the amount of outgassing, � is ratio of outgassing and electron, and � is CTT. The dots
indicate that the data is not measured or calculated accurately.

shot U (MV) Ia (kA) Ik (kA) je (A=cm2) Pd (10�6 I=V3=2) �Q (Pa � L) � (atoms=e�) � (ns)

1st 1.33 0.12 0.27 14.9 0.18 0.06 � � � � � �
2nd 1.37 0.13 0.42 23.3 0.26 0.10 � � � � � �
3rd 1.46 0.51 1.05 58.2 0.60 0.34 350 39

4th 1.48 0.61 1.25 69.2 0.70 0.35 300 39

5th 1.61 1.12 2.31 127.8 1.13 0.41 170 39

6th 1.64 1.24 2.31 127.8 1.10 0.49 207 38

FIG. 4. Typical waveforms of the voltages and the currents: (a) diode voltages, (b) anode currents, and (c) cathode currents.
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where vp is the plasma expansion velocity, d is the effec-

tive emitter-anode gap, r is the radius of electron source, "0
is the relative permittivity ("0 ¼ 8:85� 10�12 F=m), e is
the charge of electron (e ¼ 1:6� 10�19 C), and me is the
mass of electron (me ¼ 9:1� 10�31 kg).

B. Outgassing

The IVG has been modified to monitor the vacuum
chamber pressure. The analog output voltage signal of
the IVG is directly observed by the oscillograph. There is
a logarithm relationship between the output voltage VðVÞ
and the vacuum pressure pðPaÞ:

V ¼ 6:25þ 0:326� lnp: (2)

In experiments, a pressure jump of the IVG is clearly
observed after discharging. That is to say that the gases
come from the CNT cathode and (or) anode materials with
pulsed high voltage being loaded on the A-K gap for the
single pulse mode, as shown in Fig. 6. In Ref. [23], 316 L
+N stainless steel, oxygen-free high-conductance Cu and
Al are reported to mainly desorb H2 due to electron in-
duced gas desorption. In our case, the Faraday cup is made
of tungsten. Based on the observer pressure rise, we deduce
that tungsten mainly desorbs H2 due to charged particle
bombardment. But in our study [24], the mass spectrum of
the outgassing showed that most of the desorbed gas is
CO2. Therefore, the gases come from the CNT cathode,
rather than anode materials. Then, the amount of outgas-
sing from the CNT cathode is calculated:

�Q ¼
Z
ðpt � p0Þ � Sedt; (3)

where �Q is the amount of the outgassing in units of
Pa � L; p0 is the base chamber pressure, pt is the chamber
pressure changing in real time after diode discharging, the
unit is Pa; and Se is the effective pumping speed in units of
L=s.

Figure 6 gives the waveforms of the pressure with the
temporal variation in different diode voltages. Figures 6
and 6(b)–6(f) correspond to Figs. 3(b)–3(g) and 1st–6th
shots in Table I. The amount of outgassing is estimated to
be 0:06–0:49 Pa � L by numerical integration of Eq. (3). At
low pressures, the ideal gas law may be stated as pV ¼
nRT; thus, the number of atoms can be calculated:

Na ¼ 10�3 �Q

RT
NA; (4)

where n is the amount of outgassing in mole; R is the molar
gas constant (R ¼ 8:31 J=ðmole � KÞ); T is the room tem-
perature (T ¼ 300 K); and NA is Avogadro’s constant
(NA ¼ 6:02� 1023 mole�1). Also, the number of elec-
trons could be estimated by numerical integration:

Ne ¼
R
Ikdt

e
: (5)

The highest outgassing reaches 0:49 Pa � L correspond-
ing to 2.31 kA cathode current. The ratio of outgassing and
electron (� ¼ Na=Ne) is roughly calculated to be 207
atoms per electron. This large outgassing per electron
indicates that the cathode plasma is weakly ionized. For
comparison in Table I, the ratios � of the 3rd and 4th shots
are seen to be larger than the 5th and 6th shots, because the
PFE is the space-charge-limited flow process; the ability of
extracting electron beams is weak due to the lower electric
field of the 2 MeV LIA injector diode. Larger outgassing
could bring about higher cathode plasma density, but very
few electrons could be extracted due to weaker extracting
ability of the diode.
Furthermore, in order to study the effect of the outgas-

sing during the PFE process, the effect of vacuum bakeout
of the CNT cathode on the emission currents is investi-
gated. A bakeout device is installed behind the CNT cath-
ode, which heats the cathode by radiation. The temperature
of the CNT cathode is about 450–550 K after bakeout. The
CNT cathode desorbs gases with the temperature increas-
ing. Thus, the electron beams are less intense due to
decreasing gas density.
Figure 7 shows the effect on the emission current after

vacuum bakeout of the CNT cathode; the cathode current
and anode current are less than the emission current before
vacuum bakeout. The results indicate that there has been
obvious influence on the emission currents, and the emis-
sion currents have decreased 10%–20% after vacuum ba-
keout. As shown in Fig. 7(b), the cathode current does not
rapidly increase with electric field increasing, as a result of
desorbed gases that are pumped by the turbomolecular
pump after vacuum bakeout. There are not enough gases
for forming cathode plasma during the PFE process.
Therefore, the experiments illustrate that the outgassing
plays an important role in the formation of cathode plasma.
The OMS during intense electron emission of the CNT

cathode was investigated by using the quadrupole mass

FIG. 5. Temporal variation of the voltage-current character-
istics for the CNT cathode. Conditions: U ¼ 1:61 MV, Ik ¼
1:9 kA.
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FIG. 6. Temporal variation pressure in different diode voltages: (a) U ¼ 1:33 MV, (b) U ¼ 1:37 MV, (c) U ¼ 1:46 MV,
(d) U ¼ 1:48 MV, (e) U ¼ 1:61 MV, and (f) U ¼ 1:64 MV.

FIG. 7. Emission current before and after bakeout of the CNT cathode: (a) anode current, (b) cathode current.
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spectrometer. Figures 8(a)–8(c) show the OMSs before
discharging, on discharging, and after discharging.
Results show that most gases are H2O and a fragment of
water (HO) in the vacuum chamber. But the obvious char-
acteristic current, Ich, of the CO2, N2ðCOÞ, and H2 are
observed after discharging. Most of the desorbed gases

come from cathode materials. The desorbed gases of
CO2, N2ðCOÞ, and H2 play an important role during the
PFE process.

C. Characteristic turn-on time

A CTT � needs to be reached before the electron emis-
sion is observed from the CNT cathode during the PFE
process reported in this paper. The CTT has been easily
measured by comparing the diode voltage and cathode
current. The sampling resistor is installed near to the
CNT cathode. The measurement error due to the displace-
ment current is small compared to the cathode emission
current. Thus, the amplitude of a 10% falling edge is
regarded as the reference point (refer to the definition of
the rise time), and the delay between the diode voltage and
the cathode current could be considered as the CTT. In the
experiments, the CTT of the CNT cathode is measured to
be 39 ns, as shown in Fig. 9.

IV. CONCLUSIONS

In this study, the PFE properties of the CNT cathode
under pulsed electric field have been investigated for single

FIG. 8. OMSs of the CNT cathode: (a) before discharging, (b) on discharging, and (c) after discharging.

FIG. 9. CTT of the CNT cathode is 39 ns.
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pulse mode. The cathode is characterized as having intense
electron beam emission and gas desorption. Intense elec-
tron beams of 14:9–127:8 A=cm2 are obtained from the
cathode at the pulsed electric field of 121–149 kV=cm and
pulse duration of �100 ns. The effect of the cathode
plasma expansion on the diode perveance has been ana-
lyzed. The CNT cathode desorbs gases, and the amount of
outgassing is estimated to be 0:06–0:49 Pa � L correspond-
ing to a ratio of outgassing and electron emission of
350–170 atoms per electron. The effect of the outgassing
during the PFE process has been observed at vacuum
bakeout, and the mass spectrum of the outgassed material
under intense pulsed emission of the CNT was studied. In
conclusion, the outgassing plays an important role during
the PFE process. Furthermore, the CTT of the CNT cath-
ode is found to be 39 ns. All these results demonstrate that
the CNT cathode is able to emit intense electron current
and is suitable for high power vacuum devices.
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[23] J. G. Goñi, AT-VA Technical Note No. 94-16, CERN,
1994.

[24] Y. Shen, H. Zhang, X. Liu, L. Xia, and A. Yang, Acta
Phys. Sin. 60, 080702 (2011).

PLASMA-INDUCED FIELD EMISSION STUDY OF CARBON . . . Phys. Rev. ST Accel. Beams 14, 104701 (2011)

104701-7

http://dx.doi.org/10.1063/1.368567
http://dx.doi.org/10.1063/1.1625411
http://dx.doi.org/10.1063/1.1625411
http://dx.doi.org/10.1063/1.1337924
http://dx.doi.org/10.1063/1.1337924
http://dx.doi.org/10.1126/science.270.5239.1179
http://dx.doi.org/10.1126/science.270.5239.1179
http://dx.doi.org/10.1038/41972
http://dx.doi.org/10.1063/1.1429300
http://dx.doi.org/10.1063/1.1429300
http://dx.doi.org/10.1063/1.1412590
http://dx.doi.org/10.1098/rsta.2004.1437
http://dx.doi.org/10.1098/rsta.2004.1437
http://dx.doi.org/10.1016/S0169-4332(99)00059-8
http://dx.doi.org/10.1016/S0169-4332(99)00059-8
http://dx.doi.org/10.1063/1.121493
http://dx.doi.org/10.1063/1.121493
http://dx.doi.org/10.1063/1.1492305
http://dx.doi.org/10.1063/1.1492305
http://dx.doi.org/10.1063/1.2345829
http://dx.doi.org/10.1063/1.118978
http://dx.doi.org/10.1063/1.118978
http://dx.doi.org/10.1088/0022-3727/40/11/029
http://dx.doi.org/10.1063/1.3313944
http://dx.doi.org/10.1063/1.2722227
http://dx.doi.org/10.1109/TPS.2004.835519
http://dx.doi.org/10.3788/HPLPB20112303.0775
http://dx.doi.org/10.3788/HPLPB20112303.0775

