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The diamond amplifier (DA) is a new device for generating high-current, high-brightness electron

beams. Our transmission-mode tests show that, with single-crystal, high-purity diamonds, the peak current

density is greater than 400 mA=mm2, while its average density can be more than 100 mA=mm2. The gain

of the primary electrons easily exceeds 200, and is independent of their density within the practical range

of DA applications. We observed the electron emission. The maximum emission gain measured was 40,

and the bunch charge was 50 pC=0:5 mm2. There was a 35% probability of the emission of an electron

from the hydrogenated surface in our tests. We identified a mechanism of slow charging of the diamond

due to thermal ionization of surface states that cancels the applied field within it. We also demonstrated

that a hydrogenated diamond is extremely robust.
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Many modern science applications, such as ultra-high-
power free-electron lasers (FELs) [1,2], Energy-recovery
linac (ERL) light sources [3,4], and electron cooling of
hadron accelerators [5] require high average-current,
high-brightness electron beams. Traditional cathodes for
high-brightness rf injectors are metallic photocathodes or
semiconductor photocathodes. The former has a low quan-
tum efficiency (QE) of 10�3 or less, and a relatively high
emittance compared to that of a semiconductor photoca-
thode, making it hard to realize high average-current, high-
brightness electron beams. Semiconductor photocathodes
have a higher QE (a few percent) and lower emittance
(� 0:1 eV thermal energy on cathode surface), but have
very short lifetimes. In contrast, the diamond amplifier
(DA) we proposed a few years ago [6,7] generates high-
average-current, high-brightness electron beams with a
very long lifetime.

Figure 1 shows that one surface of the diamond window
is coated with metal, while the other is hydrogenated.
Hydrogen termination confers a negative electron affinity
(NEA) on the diamond’s surface [8]. A photocathode, such
as magnesium, generates primary electrons that are accel-
erated to about 10 keV by a dc voltage. These primary
electrons penetrate the coating, and produce one e-h pair
for every 13.3 eVenergy of the primary electron [9]. Then,
the rf field with the right phase separates the electrons and
holes. The holes drift back to the metal and are absorbed,
while the electrons move through the diamond and are
emitted from its hydrogenated NEA surface (the H sur-
face). Consequently, one high energy primary electron
yields a few hundred low-energy secondary electrons.

The primary electrons do not determine the character-
istics of the electron beam; rather, it is the secondary
electrons that are produced by energetic primary electrons,
and rapidly thermalized (in �100 fs) within the diamond’s

lattice. The excellent thermal conductivity of the diamond
ensures that the DA can handle a very large current density.
Our simulations [10], confirmed experimentally [11], show
that a modest diamond of 1 cm diameter can deliver average
currents approaching the ampere level. Modeling showed
that the thermal energy of the secondary electrons as they
travel in the diamond is about 0.026 to 0.046 eV for applied
fields from 0.05 to 1 MV=m [12]. However, the emission
from the H surface of the DA can entail an increase in
thermal emittance; this is the subject of our current studies.
The lifetime of DA will be very long because once the

surface of the diamond is hydrogenated, the hydrogen
atoms form strong stable chemical bonds with the carbon
atoms. Upon exposure to air, the H surface might attract
molecules, such as water, but, after heating the sample
above 200 �C, water desorbs from the surface without
degrading the quality of hydrogenation [13]. The mobility
of the electrons and holes in the diamond is about
2000 cm2=Vs at room temperature; their saturated
drift velocity is about 1:5� 107 cm=s [12], and relatively
independent of temperature. These properties, viz., high

FIG. 1. DA in a rf cavity. The gap between the photocathode
exit and the metal coating is roughly 5 cm.

PRL 105, 164801 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

15 OCTOBER 2010

0031-9007=10=105(16)=164801(4) 164801-1 � 2010 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.105.164801


mobility and saturated drift velocity, support the usage of
the DA in rf cavities.

We studied the DA in two stages. In the first stage, the
transmission-mode measurement (Fig. 2), the NEA surface
was replaced by 40 nmTi=Pt coating, that does not emit
electrons. In the transmission-mode measurements, we
studied the properties of the secondary-electron generation
and transmission in the diamond. In the second stage, the
emission-mode measurement (Fig. 4), the sample was
hydrogen terminated to allow electron emission.

The transmission-mode measurements were carried out
on three types of diamonds: Single-crystal type IIA natural
diamonds, synthetic high-purity polycrystalline diamonds,
and, synthetic high-purity single-crystal diamonds, the last
of which we found was the only one suitable for use as the
DA. Natural diamonds are unsuitable because they contain
high levels of impurities, and hence, trap more electrons in
the bulk than do high-purity synthetic diamonds. Similarly,
polycrystalline diamonds trap electrons and holes at grain
boundaries [14]. The transmission gain is defined as
the ratio of the collected current to the primary-electron
current. The e-h pairs are created in a thin layer on the
entrance surface and the bulk trapping was negligible in our
samples. So, the transmission gain only depends on the
primary electrons’ energy and the electric field. The sym-
bols connected by the solid lines in Fig. 3 represent the
primary-electron gain as a function of the electric field for a
few primary-electron energies obtained from one of our
synthetic high-purity single-crystalline diamonds at room
temperature. For comparison, the symbols with dotted lines
with the same marker are the results of our simulation using
VORPAL to model the generation of e-h pairs by primary

electrons and their transport in an external field [15].
We measured the primary-electron gain with a primary-

electron energies of 4, 5, 6, 7, and 8 keV. The saturation
gains of every one of them form a straight line that crosses
the primary-energy axis at 3.3 keV, reflecting the electron
energy lost in the metal coating. This loss is accounted for in
Fig. 3. The slope is 19 eV, i.e., the value of the average
energy of the primary electrons required to generate one e-h
pair in the diamond that is much higher than the reported
value of 13.3 eV [9]. We consider that this higher number
indicates the loss of secondary electrons due to diffusion
near the diamond’s surface. The measured slope does not
discriminate the loss of electrons before they reach the

collection electrodes. By replacing the primary-electron
beam with an x-ray beam of different energy and hence,
penetration depth, we identified that the predominant
mechanism of loss was the absorption of the isotropically
diffusing secondary electrons at the input surface [9]. We
also demonstrated in these x-ray measurements that this
type of diamond can deliver up to an average-current den-
sity more than 100 mA=mm2. The 1 ns long x-ray bunches,
generated at the National Synchrotron Light Source, pro-
duced pulses of current in the diamond with a sub-ns rise
and a 5 ns fall, The latter was caused by the drift time of e-h
pairs, created throughout our 500 �m thick diamond by x
rays. This artifact is not relevant to the application of DA
with primary electrons. The peak current density in our
experiment was greater than 400 mA=mm2 [11].
Another important observation is that the gain is inde-

pendent of the density of primary electrons in the practical
range of DA applications [16]. This finding reflects the
dimension of the secondary-charge cloud, viz., about a
few hundred nm, and hence, for primary-current densities
less than 10 mA=mm2, the clouds from individual primary
electrons do not overlap, and so the gain curve is indepen-
dent of charge density. Accordingly, a single primary-
electron model effectively describes the plasma-separation
process [15]. This value of 10 mA=mm2 is enough for most
applications that require an ultra-high-current density.
Figure 4 is a scheme of the emission-mode measure-

ments. The samples were hydrogenated on one side (the H
surface), and metal-coated on the other side. The hydroge-
nation procedure was as follows: Samples were heated to
about 800 �C in a vacuum for half an hour, after which we
considered that the diamond surface was bare [17]. Next,
we exposed the samples for an hour to a flow of hydrogen
atoms generated by a commercially atomic hydrogen
source. Thereafter, the opposite side of each sample was
metal-coated with 15 nm of Ti, followed by 25 nm of Pt.
We measured electron emission in ultrahigh vacuum of
1� 10�9 Torr. There is a gap of 200 to 500 �m between
the anode and the H surface. The applied high voltage

FIG. 2. Transmission-mode measurement. Diamond thickness:
0.15–0.3 mm.

FIG. 3. Gain curve of a synthetic high-purity single-crystalline
diamond. Solid lines are the experiment results and dotted lines
are the simulation results. A comparison shows overall qualita-
tive agreement.
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(HV) between the anode and metalized surface of the
diamond generates a field in the diamond and across the
gap towards which the electrons emitted from the diamond
are accelerated. Part of the electron beam emerges from the
apertures in the anode, and then is focused electrically
before it hits the phosphor screen. We obtained the average
value of the emission current by measuring the integrated
anode current. The fraction of the beam passing through
the anode apertures usually is small, and is reduced further
by moving the primary beam’s spot away from the aper-
tures. An electrometer grounds the anode; thus, the phos-
phor screen and the anode are at the same potential.

Some dangling bonds and impurities inevitably remain
on the H surface. In the presence of an external field, they
may become activated thermally to generate excess charge.
The density of this charge increases with rising tempera-
ture; it builds up over time on the H surface and shields
the external field, such that the field inside the diamond
declines correspondingly. This process continues until the
external field is shielded completely, or all the dangling
bonds and impurities are activated. The shielding process is
very effective, even when the density of the dangling bonds
and the impurities on the H surface is very small. For
example, assuming 0.1% coverage of fully activated dan-
gling bonds and impurities, this is enough to shield an
external field as high as a few hundred MV/m. In other
words, even without the primary electrons, practically any
external field is shielded completely in a short time. This
was the major reason why we did not obtain good emis-
sions in our early measurements where we always applied
a dc field, our so-called dc shielding.

We designed a circuit that accurately controls the delay
time between the turn-on time of the high voltage, and the
onset of the primary beam. Then, we measured the
secondary-electron gain at the beginning of the primary
beam pulse (Gon) as a function of this delay.Gon is the ratio
of the measured current to primary current. It overesti-
mates the actual emission gain because the secondary
electrons stopped at the H surface also contribute to the
current signal due to their passage in the diamond. In these

experiments, we used the primary-electron beam as the
sensor of the electric field in the diamond.
Figure 5 shows that Gon decreases as the delay time

increases due to the dc shielding. At lower temperatures,
Gon remains constant longer because then the ionization
rate is slower, and accordingly, the effect of the dc shield-
ing slows down. In principle, this measurement determines
the density of holes on the H surface at a particular
temperature; therefore, it offers a measure of the quality
of hydrogenation.
dc shielding is a relatively slow process. As Fig. 5

shows, for 0:3 MV=m of external field at room tempera-
ture, after milliseconds of delay, theGon drops to 90% of its
peak value. A higher external field, lower temperature, or
shorter delay can reduce dc shielding. For example, as
depicted in Fig. 5, if the delay time is less than 100 �s,
we can ignore this effect.
Based on this understanding, we designed a pulsed HV

circuit, that allows the diamond’s self-neutralization during
each pulse interval. Figure 6 has the electron-emission
images obtained from the phosphor screen for one of our

FIG. 4. Emission-mode measurement. The effective primary-
electron voltage is 10 kV minus the HV pulse voltage.

FIG. 5. Gon vs delay time at various temperatures due to dc
shielding.

FIG. 6 (color). Images of the electron beam on the phosphor
screen. Left: No focusing, primary current is IPri ¼ 300 nA,
repetition frequency is 1 kHz, HV pulse width is 10 �s, HV
amplitude is �3 kV. Right: With focusing, reduced IPri. The
small bright dots on the right-hand side image are the images of
the apertures in the anode.
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samples, a 4� 4� 0:3 mm3 synthetic high-purity single-
crystal diamond (Element Six).

Undoubtedly, the probability of trapping electrons on the
H surface, the gain, and the limit on bunch-charge depend
on the quality of hydrogenation. We measured these
parameters in our samples under our current conditions.
To assess trapping probability, first we accurately con-
trolled the voltage amplitude, the pulse width, and the
repetition frequency, and then determined the primary-
electron current, which is a continuous wave. An integra-
tion circuit recorded the average emission current.
Calculating the emission gain during the HV pulse under
a known duty cycle is straightforward. Having determined
the average emission gain in a pulse, we compared it to the
gain data from the transmission-mode measurements to
derive the average electron-emission probability in a pulse.

Figure 7 shows our data on the average emission proba-
bility; clearly, the emission probability rises as the width of
the high-voltage pulse declines. This relationship indicates
that most of the emission is concentrated in a short time
(� 1 �s) at the beginning of the pulse. The highest emis-
sion probability in our experiment was about 35%, and the
peak gain was about 40 at a high-voltage pulse width of
200 ns under a field of 2.7 MV/m.

The bunch charge in our test was the product of the
average current and the period of one HV pulse, e.g., 50 pC
on an area of roughly 0:5 mm2 for gates >10 �s.

We cannot assess the limit on emission current density
until we can test the device in an rf cavity. We measured
more than 20 �A=mm2 emission current under our present
experimental conditions.

The DA proved to be extremely robust. We exposed the
hydrogenated diamond samples to air for about half an
hour before we installed them in the test chamber, and
pumped the chamber down. We obtained good results as
we have discussed. There was no degradation in the emis-
sion of one sample, exposed to air for a week; later, after
exposing it to air for six months, we recorded only a drop
of about 50%. This long lifetime probably reflects the
strong, stable chemical bonds between the hydrogen atoms
and the carbon atoms.

From transmission-mode measurements of the diamond
with electrons and with x rays, we found that only the
synthetic high-purity single-crystal diamond is suitable
for a DA. The peak current density is greater than
400 mA=mm2 and the average-current density can reach
above 100 mA=mm2; the gain of the primary electrons
easily is more than 200, and is independent of the primary
electrons density in the practical range of the DA applica-
tions. We observed, for the first time, the phosphor-screen
image of the electron beam emitted from a diamond-
amplified cathode. We proposed the existence of an
H-surface electron trapping mechanism. Following this
model, we measured the probability of emission as about
35% in one of our samples; expectedly this probability will
be higher for pulses shorter than our equipment currently
permits. The maximum bunch charge we measured was

about 50 pC on an area of about 0:5 mm2. The maximum
emission gain in our present conditions is�40. Our experi-
ments also verified the DA’s powerful characteristics, its
extreme robustness, and its potentially bright prospects.
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with the U.S. DOE.
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