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By favoring the L-peak emission over the bremsstrahlung part, direct quasi-monochromatic soft x-ray
emission has been obtained with a field emission (FE) x-ray source. The electron impact x-ray setup
uses an arrayed cathode of carbon nanopearl FE tips as a stable cold electron source within a vacuum
of 10−6 –10−7 Torr. The high brightness of the FE e-beam coupled with the array structure of the cold
cathode allows a smoother control of the x-ray emission intensity. The wavelength of the x-ray source
can be modified by the choice of target materials. Using Mo as the target material, the x-ray emission
shows a peak centered at 2.45 keV with a monochromaticity between 75% and 55% and a FWHM in
the range of 450 eV. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4752406]
I. INTRODUCTION

While most technologies required for the application
of x-rays in various areas – such as surface analysis,
(nano)lithography, microradiology, micro-computer tomography, or localized radiotherapy – are now well known and
available, two major challenges remain with regards to the
x-ray source. The first one: the inadequacy of one of its
most critical components, the electron source. In fact, the
thermionic emission is not efficient enough for low-powered
miniaturized x-ray tubes mainly because of the dissipation
of heat radiated from the hot filament resulting from a very
low yield for thermal electron emission. Thus, the alternate
means to generate electrons by field emission (FE) presents
many advantages. However, the potential benefits of FE for
x-ray sources can only be achieved with field emitters that
would be mechanically, chemically, and electrically robust
enough within the specific working conditions of x-ray tubes
and in particular in poor vacuum, in the range of 10−6
Torr, which induces strong cation sputtering during operation. This is the reason why conventional FE metallic tips
have not found practical application in x-ray tubes because
they were soon damaged by cation sputtering or thermal runaway due to adsorption.1 It is only recently that electron impact (e-impact) x-ray sources experienced new technological development with regards to the use of carbon nanotubes
(CNTs) for FE cathodes,2 in particular in the field of effective
miniaturization3 and high resolution imaging.4
The second challenge to overcome is the achievement of
a monochromatic x-ray source, which has not been achieved
yet in spite of numerous attempts. Amongst them are the filtration techniques which mainly include the differential filtering of the bremsstrahlung emission,5, 6 the x-ray differential
reflection from monochromating crystals or multilayers, the
production of fluorescence x-rays from secondary targets, and
the directional enhancement of characteristic peaks relative to
bremsstrahlung by thin foils.7 Nevertheless, not only the loss
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of x-ray signal intensity is important due to the filtering processes used, but the resulting x-ray spectrum still includes a
non-negligible continuous bremsstrahlung part vs. characteristic peaks, i.e., the x-ray still remains mostly polychromatic.
In this paper, we present an approach to reach directly,
i.e., without the filtering step, a quasi-monochromatic soft
x-ray source with a high monochromaticity value, by restraining the energy spectrum to the L-shell characteristic
peaks of the anode element. This approach has been enabled
by the high brightness of the e-beam of carbon nanopearl
(CNP) FE cathode8 and its stability within working vacuum
in the range of 10−6 Torr.
II. CONCEPT FOR A DIRECT MONOCHROMATIC
SOFT X-RAY SOURCE

In the e-impact process for the production of x-rays the
photon spectrum includes (1) the bremsstrahlung radiation,
which is a polychromatic part due to the deflection of incident electrons by atomic nuclei, and (2) the characteristic
lines (peaks) resulting from L- or K-shell ionization when
a bombarding electron interacts with an atomic electron and
ejecting it from its electronic shell (Fig. 1).
The probability of x-ray production by bremsstrahlung
interaction is energy dependant and the theoretical model for
thick target9 – with simplifying assumptions and without target attenuation – provides a simple relation for its intensity
between EX and EX + dEX ,
EX N (EX ) dEX = const × Z × (Ee − EX ) dEX ,

(1)

where EX is the energy of the x-ray photon produced,
N(EX )dEX is the number of x-ray photons having an energy
between EX and EX + dEX per incident electron, Z is the target
atomic number, and Ee is the electron’s kinetic energy. Taking
into account the target attenuation due to a filtration during the
photon escape through the target surface, one transforms the
linear decrease of Eq. (1) into a more complicated relation,10
with a stronger removal of low-energy photon, leading to the
well known bremsstrahlung curve with a maximum.
The production of characteristic x-rays lines/peaks from
a thick target comes from direct and indirect processes as
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FIG. 1. X-ray emission energy of the characteristic L- and K-shell lines for
Cu and Mo (left side) and the transitions that give rise to the emission lines
(right side) (from Ref. 26).

described below
IK,L = IK,L (direct) + IK,L (indirect),

(2)

where IK,L (direct) is the contribution from direct Coulomb
interaction ionization and IK,L (indirect) from the photoelectric ionization induced by the bremsstrahlung. A combined
theoretical and experimental study of L-shell peaks by
electron impacts from threshold energy to 30 keV11 gives an
empirical formula detailed thereafter
IL = 1.3 × 10−7 × Z 1.3 (UL − 1)1.46 × 0.938[ln(UL −1)] ,
2

(3)
which can be approximated near the threshold energy by the
relation
IL ∝ (UL − 1)1.67 ,

(4)

where UL > 1 is the ratio of Ee to the L-shell ionization energy. For a short penetration distance, the characteristic x-ray
production increases with depth to a maximum, attributed to
the escape of backscattered electrons, followed by a decrease
as the electrons loose energy when they penetrate deeper into
the target.12
Finally, one shall consider the definition of the
monochromaticity M of an x-ray peak signal as being the following ratio:7
 pkmax
S(EX )dEX
pk
M =  Emin
,
(5)
max
S(EX )dEX
0
where S(EX ) is the source spectrum and the integral in the
numerator is limited to the interval of the characteristic peak-i
[pkmin –pkmax ]i , whereas the integral in the denominator covers
the whole energy range of the spectrum.
Currently, in order to obtain monochromatic x-rays from
e-impact process one can use a filtering technique which
implies a post differential attenuation of the x-ray spectra
through a filter. In Fig. 2, for example, the pre- and postfiltered spectra produced at 26 keV e-impact energy on Mo
anode target illustrated the modification of the x-ray spectrum
after a filtration with a Mo 30-μm foil thickness.13 It shows a

FIG. 2. Mo-anode x-ray spectra produced by an electron energy impact of
26 keV. With and without 30-μm Mo K-edge filtering.13

drastic attenuation of x-ray energies above the 20-keV K-edge
of Mo, concomitant to a significant reduction of intensity at
lower energies. Recently, in order to enhance the characteristic lines of e-impact x-ray source, several authors7, 14 suggested to use the property of polar dependence of the atomic
bremsstrahlung cross-section by observing x-rays from thin
foil targets with thickness in the μm range and in a direction anti-parallel to that of the incident beam. However, the
substrate where the thin foil should be deposited produced a
non-negligible contribution to bremsstrahlung that limits the
monochromaticity of the resulting photon spectrum.
In the approach proposed in this article, the monochromaticity of the x-ray signal is obtained by limiting the values
of Ee to only obtain the first characteristic peak of photon.
This can be reached by restraining the x-ray spectra to the
L-shell characteristic peak, which are in general a cluster of
the Lα ,β,γ emission lines, as illustrated in Fig. 1 for Cu and
Mo, for instance. The values of Ee result from a trade-off between the lowest values for Eq. (1) and the highest values for
Eqs. (3) and (4).
Concomitantly, the beam quality is evaluated in terms of
the FWHM of the energy peak. As the L-shell lines get closer
to each other, experimentally, they will merge into a single
peak, named L-peak, with a FWHM which turns out to be as
important as the number and energy interval between the farthest merging. As an example, for Cu one can assume that the
resulting L-peak will be located at ∼0.94 keV with a FWHM
in the range of 20 eV. In the case of Mo, with five L-shell lines
between 2.29 and 2.62 keV one can assume that the L-peak
will be centered at ∼2.45 keV with a FWHM in the range
of 350 eV which is the interval of energy occupied by those
Lα ,β,γ lines.
III. EXPERIMENTAL SETUP
A. The field emission x-ray setup

Figure 3 is the schematic representation of our experimental FE x-ray setup. The cubic vacuum chamber (12
× 12 × 12 cm3 ) has previously been emptied by a 70-l
turbomolecular pump to a working vacuum of 10−6 –10−7
Torr. This vacuum can be maintained by an 8-l ion pump,
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FIG. 4. Carbon nanopearl tip. (a) The carbon nanopearl (CNP) tip is obtained by covering a metallic tip with a layer of carbon nanopearls. (b) Carbon
nanopearl emitter surface. (c) A field emission gun-SEM close view of carbon
nanopearls. The carbon nanosphere diameter is ∼100 nm. (d) HRTEM image
of the surface of a nanopearl. The orientation of the fringes and the FFT near
the surface (inset) indicated a concentric disposition of wavy nanoflakes.

unlike thermionic emission, there is no heat required to obtain
electrons to tunnel through the surface potential barrier. The
main specificities of the FE cathodes are the following:

FIG. 3. Experimental arrangement of the FE x-ray setup. (a) Target chamber.
(b) Details of the FE gun.

allowing the turbo-pump to shutdown when the working pressure is reached.
The base of the counter-anode is a bulk rod of Cu
(2.54 cm diameter) and the irradiated surface was 45◦ vs. the
rod axis. In order to allow a rapid change in the target material, a 500-μm-thick plate composed of various other materials can be fixed on the copper rod in order to define the actual
counter-anode element should it be different in composition
from Cu. The counter-anode is then connected to a positive
0–20 kV high-voltage supply.
The x-ray energy distribution is obtained via a commerR
CdTe detector.15 The main drawback of this
cial Amptek
detector is the very low sensitivity of CdTe material for photon energy of less than ∼1.2 keV, associated with an intrinsically strong noise peak within the same energy region due to
the electronics. Therefore, unambiguous reproducible spectra
and characteristic peaks can be obtained and analyzed specifically for energy range greater than ∼2 keV.
B. The field emission gun

FE consists in the extraction of electrons from a conducting solid by a high electric field in the order of 107 V/cm and,

• The brightness of FE cathodes is amongst the highest
for all electron sources; the cold cathodes usually deliver current densities in the range of 105 –109 A/cm2 ,
with a theoretical limit of 1012 A/cm2 , in comparison
to about 100 A/cm2 for thermionic emission.
• Field emitters can be directly switched on and off during the tube operation at high frequencies.
• The cold nature of the emission prevents thermal outgasing and drifts from the cathode, it therefore allows
for stable electron focusing system as well as extreme
miniaturization to sub-mm range.
Recently, it has been demonstrated that operating a CNT
emitter under poor vacuum conditions does not destroy the
emitters but only shortens its lifetime.16–19 Thereafter, the
robustness and long life expectancy of nanocarbon based
emitters has been fully exploited with CNP emitters8, 20, 21
(Fig. 4). These CNP tips have already been used successfully
as cold electron sources, as an alternative to thermionic cathodes, in conventional time of flight spectrometer and x-ray
devices.22, 23
When compared to the tubular geometry of CNTs, the
nanopearls have the substantial advantage of statistically presenting a high density of apex areas with a small radius
of curvature (∼50 nm) when deposited on a planar surface
(Figs. 4(a)–4(c)). Moreover, these nanospheres are composed
of graphitic flakes (Fig. 4(d)) that are unclosed at the surface and therefore believed to exhibit many dangling bonds
with the potential to enhance the field emission current24, 25
and the current stability. Figure 5 illustrates the field emission behavior of the CNP cathode and the stability of the field

094704-4

B. Diop and V. T. Binh

Rev. Sci. Instrum. 83, 094704 (2012)

experiment, for example), our FE gun was still active for a cumulative working time of more than 150 h in the range of few
tens μA. However, the lifetime of the cathodes is decreasing
for FE currents in the range of few hundred μA. This behavior
can be explained relatively to an increase of the vacuum pressure up to 10−5 –10−4 Torr due to a greater degassing process
under e-impact, therefore generating a stronger cation erosion of the cathodes as indicated in our former experimental
results.20 A solution to this strong cation erosion is a modification of the FE gun structure if very high current e-beams
are required. Finally, as our FE cathode is structured as an
array of independently powered emitters, an easy regulation
of the total e-beam intensity to about 500 μA and for a same
FE applied voltage can be modified only by activating, at the
same voltage, more or less the number of FE tips in the array.

IV. EXPERIMENTAL PROCEDURE AND RESULTS
A. Choice of counter-anode material

FIG. 5. FE characteristics of CNP-FE cathode within 10−6 –10−7 Torr.
(a) I–V characteristics; in the inset, the linear dependence of ln(I/V 2 ) vs 1/V
indicates a Fowler-Nordheim behavior for the FE. (b) Stability of the FE currents for intervals of time of 15–25 min; samples of stable FE currents measured for total durations more than 200 h.

emission currents. These two properties make the CNPs an
excellent prospect to be a cathode material. Embedding the
CNPs within an insulating matrix extends their FE lifetimes.
As an example, CNP cathode lifetime is in excess of 200 h in
a TOF-mass-spectrometer (TOF-MS) for detection of organic
polymer gases up at 5 × 10−5 Torr, without developing filamentous adsorption compounds that are the main cause for a
rapid CNT-FE cathode breakdown in this environment.23 In
the present study, the insulating matrix we used is SiO2 obtained by a sol-gel process.
In our current system, the FE gun (Fig. 3(b)) is composed
of a 7-CNP-tip cathode arranged in a circular array of 8 mm
diameter; each of them being independently powered. The
whole array is located in front of a common electrostatic system composed of an extracting electrode, a grid, and a focus
electrode. The FE specificities of each CNP tip are mostly
similar from one to another; and the FE currents for each tip
can reach 70–100 μA for FE applied voltages in the range
of 4–7 kV. Meanwhile, our usual working voltage is in the
range of 1.5–3.5 kV, and these values are sufficient to extract
currents in the range of few tens of μA from each individual
FE tip. For a vacuum in the x-ray chamber in the range of
10−7 –10−6 Torr and during a typical run of 5 h, the FE currents are stable. The stability of the CNP cathodes is therefore
suitable for an x-ray tube; and regarding its lifetime (in our

Even if Cu is considered to have a very good theoretical monochromaticity, it in fact is not a good material for this
study because its resulting L-peak is located at ∼0.94 keV.
Not only it is located in the low yield region of the detector
but also it is covered up by the noise-peak intrinsic to the detector electronics. For unambiguous results one needs to have
an L-peak located at an energy level greater than 2 keV and
far away from the K-shell lines. Mo with five L-shell lines
between 2.29 and 2.62 keV will have an L-peak which is assumed to be at 2.45 keV with a FWHM of about 400 eV. The
closest K-shell line is at a level of 17.37 keV. Therefore, we
have used a Mo counter-anode for the present study.

B. Experimental results

Two main experimental characteristics are to be emphasized. First of all, we have obtained a quasi-monochromatic
spectrum with the only presence of a single L-peak having a
high value of M. Second, we shall point out the dependence
of the L-peak intensity with the e-impact FE current.

1. Field emission x-ray spectra

In Fig. 6 we have plotted the x-ray spectra for different
e-impact energies from 5 to 14 keV. Figure 6(a) indicates a
progression of the L-peak intensity as the e-impact energy increases and moves away from the L-shell line threshold (Fig.
7), in agreement with Eqs. (3) and (4). However, as the eimpact energy increases, the bremsstrahlung part also amplified, in agreement with Eq. (1). This evolution is well illustrated in Fig. 6(b), for which the spectra are plotted with
normalized counts, clearly showing the development of the
bremsstrahlung part. What shall be pointed out is the conservation of the L-peak characteristics, (i.e., centroïd at 2.45 keV
and FWHM of 450 eV) vs. the e-impact energy. The decrease
of the monochromaticity (Fig. 7) simply results from the relative takeover of the bremsstrahlung part in concomitance with
the L-peak growth.
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FIG. 8. Evolution of the Mo L-peak for Ee constant vs. 3 different e-beam
currents. The centroïd of the peaks is pinned at 2.32 keV with an M value
∼71%.

Please note that typical values for M, according to other
studies using thermionic e-impact energy Ee = 150 keV on W
anode, are the range of 15%–18% after filtration.7 The values
obtained for FWHM are in the range of 6–10 keV for operating Ee from 30 to 70 keV, coupled with a sharp decrease
of the signal intensity resulting from the presence of the
filters.5
FIG. 6. X-ray spectra for Mo counter-anode and for e-impact energies between 5 and 14 keV for (a) absolute counts and (b) normalized counts.

There is a remark regarding the position of the centroïd
and the FWHM value of the L-peak: the variations of both
values are less than 1% within the same run, i.e., with same
settings of the FE gun and spectrometer. These variations increase to 5% between different runs. We assumed that they are
due to some deviations in the characteristics of the different
settings and, in particular, of the e-beam geometry delivered
by the FE gun.

2. L-peak intensity vs. field emission current

Equation (2) specifies that the intensity of the L-peak is
also e-beam current dependant. An increase in the FE current
for the same FE voltage can be achieved by using the array
of independently powered FE tips, with mostly the same FE
characteristics, as used in this study with the 7-CNP-tip array.
This is done by activating more or less the number of CNP
tips of the cathode array at the same FE voltage. In order to
quantify the relationship between the peak intensity and the
e-impact current, we have measured the x-ray energy spectra
for same e-impact energy Ee but with different FE currents. An example of the spectrum variation is presented
in Fig. 8. This figure shows a conservation of the L-peak
characteristics, i.e., same centroïd and FWHM, as well as
a preservation of the M value. Moreover, there is an almost
linear increase of the peak intensity with the FE current. This
means experimentally that the intensity of the x-ray emission
can be easily modified by the FE current, without losing its
monochromatic specificity. This possibility to increase the
TABLE I. Outermost L-shell emission lines26 and assumed centroïd of the
merged L-peak with minimum values for the FWHM for different counteranode materials. λ is the wavelength corresponding to the L-peak.

FIG. 7. Mo L-peak monochromaticity and intensity in function of Ee , for the
same FE current of 5.5 μA. The solid (blue) line for the L-peak intensity is a
curve fitting with a function proportional to ((Ee /2.52 keV) – 1)1.67 .

Lα 1 (keV)
Lβ /Lγ (keV)
L-peak (keV)
FWHM (keV)
λ (nm)

Ti

Co

Cu

Ge

Mo

Pd

Ag

0.45
0.46
0.46
0.01
2.72

0.78
0.79
0.79
0.01
1.58

0.93
0.95
0.94
0.02
1.32

1.19
1.22
1.21
0.03
1.03

2.29
2.62
2.46
0.33
0.50

2.84
3.33
3.09
0.49
0.40

2.98
3.52
3.25
0.54
0.38
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TABLE II. L-shell emission lines26 and the assumed centroïds corresponding to two distinct Lα -peak and Lβ -peak, for different counter-anode materials. λ is the wavelength corresponding to the L-peak.

Lα 1 (keV)
Lα 2 (keV)
Lα - peak (keV)
FWHM (keV)
λ (nm)
Lβ 1 (keV)
Lβ2 (keV)
Lβ - peak (keV)
FWHM (keV)
λ (nm)

Ta

W

Re

Ir

Pt

Au

8.15
8.09
8.12
0.06
0.15
9.34
9.65
9.50
0.31
0.13

8.40
8.34
8.37
0.06
0.15
9.67
9.96
9.82
0.29
0.13

8.65
8.59
8.62
0.06
0.14
10.01
10.28
10.14
0.27
0.12

9.17
9.10
9.13
0.07
0.14
10.71
10.92
10.81
0.21
0.11

9.44
9.36
9.40
0.08
0.13
11.07
11.25
11.16
0.18
0.11

9.71
9.63
9.67
0.08
0.13
11.44
11.58
11.51
0.14
0.11

impact FE current for a given Ee will counterbalance the low
yield of soft x-ray emission.
C. Changing the x-ray wavelength

The wavelength of the x-ray source can be modified by
the choice of target material. Two cases can be considered
depending on the target material:
(1) All the L-shell emission lines are within an energy range
of less than ∼500 eV. In such case we assume that all
emission lines will merge to form a single L-peak, as indicated by our experimental results with Mo. As the first
estimate, the centroïd of the L-peak is located roughly
at the center of the energy interval between the emission
lines, and its FWHM should have a lower limit defined
by the emission line energy interval. As detailed in
Table I, for instance, we have calculated the position
of these L-peaks for different materials presenting such
specificity and we have also provided the wavelengths
λ associated with the L-peak energies. The main properties of these x-ray sources should be similar to those
presented for Mo in this article. Deviations between
experiment and theoretical prediction depend mostly
on the transition cross-sections that give rise to the
emission lines.
(2) The distribution of the L-shell emission lines presents
dispersion in energy that is too important to lead to a
merger into one single L-peak. This is the case of materials presented in Table II, for example. Under such
a condition, the x-ray spectrum consists of two distinct
L-peaks, an Lα -peak and a Lβ -peak. However, the Lpeak intensities being a function of UL (Eqs. (3) and
(4)), the first Lα -peak intensity should prevail over the
Lβ -peak, because Ee is closer to the Lβ -peak. Therefore,
the monochromaticity of the Lα -peaks will be more dependent on Ee than in case (1). Please also note in this
case the small values of the FWHM of the Lα -peaks.
V. CONCLUSIONS

By favoring the L-peak emission over the bremsstrahlung
part, direct quasi-monochromatic soft x-ray emission is obtained. This has been enabled by the high brightness of

the FE e-beam coupled with an array structure of the cold
cathode which allows an easy control of the x-ray emission
intensity.
Future development of such quasi-monochromatic FE
x-ray sources should also take advantage of two other FE
e-beam characteristics – easy e-beam focus, for developing
x-ray point source,27 and high frequency switching4 in a
simple configuration – which allow compact x-ray systems
to be in the range of sub-millimeter. This suggests potential
applications for the presented quasi-monochromatic soft FE
x-ray for high resolution phase contrast imaging,28–31 either
in microradiology or microtomography. Finally, new developments in coherent soft x-ray radiotherapy and nanolithography could be considered by the use, either individually or
in concomitance, of the following specificities related to the
quasi-monochromatic FE x-ray sources: ambient working
temperature, directional and high brightness e-beam, high
x-ray yield, extreme miniaturization made possible by the
simple configuration, and direct monochromaticity.
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