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•Strong motivation for future DM searches to push for detectors 
with very low ionization thresholds.

DM motivation for low thresholds
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R. Essig et al., JHEP05 (2016) 046, 1509.01598
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FIG. 2. Estimated reach of a germanium (green lines) and silicon (blue lines) target at 90% CL for 1-kg-year exposure,
assuming solar neutrino backgrounds only, for absorption of kinetically mixed hidden photon dark matter. For absorption of
halo DM (solid lines), we show the reach considering multi-phonon excitations for mV = 0.01�0.2 eV, and electron excitations
for mV > 0.6 eV. The dashed lines show the reach for absorption of dark photons emitted from the sun. Our recast of
constraints from CDMSlite (germanium) and DAMIC (silicon) for mV > 100 eV are indicated by the shaded green and blue
regions, respectively. We also show bounds from Xenon10 and Xenon100, including those from Ref. [19] (lighter shaded red)
and our own updated Xenon100 limits for 50-700 eV (darker shaded red); the projected reach for 1-kg-year exposure of an
aluminum superconducting target (grey line) [21]; and stellar emission constraints (shaded orange) [19, 38].

0.1�10 eV, with a rate of order 1�10/kg/year/eV [7, 15].
However, considering only energies below 0.1 eV where
the multi-phonon excitations are relevant, the rate is less
than 1/kg/year. Similarly, for silicon the rate below
0.2 eV is much less than 1/kg/year and can be neglected.

Hidden Photons. Turning to DM models, we first
consider a hidden photon that is kinetically mixed with
the hypercharge gauge boson. There is an induced kinetic
mixing with the photon,

L � �

2
Fµ⌫V

µ⌫ , (5)

where Fµ⌫ and V µ⌫ are the field strengths for the photon
and hidden photon, respectively. A field redefinition of
the photon Aµ ! Aµ � Vµ leads to the canonical basis,
where the electromagnetic current picks up a dark charge,
eVµJ

µ
EM in vacuum.

In-medium e↵ects can substantially alter the polariza-
tion tensor ⇧, however. For absorption of non-relativistic
halo DM, there is an e↵ective mixing angle,

2
e↵ =

2m4
V

[m2
V � Re ⇧(mV )]

2
+ [Im ⇧(mV )]2

, (6)

where ⇧ is related to �̂ ala Eq. (3), and the mea-
sured conductivities are shown in Fig. 1. Note that for

mV & 100 eV, e↵ is well-approximated simply by . The
matrix element for absorption of the kinetically mixed
hidden photon on electrons is related to that of the pho-
ton by |M|2 = 2

e↵ |M� |2. Then, the rate in counts per
unit time per unit target mass, Eq. (1), is given by

R =
1

⇢

⇢DM

mDM
2
e↵�1(mV ) . (7)

The projected sensitivity for a hidden photon via ab-
sorption in semiconductors at 90% CL is shown in Fig. 2
for 1 kg-yr of exposure. For absorption of halo DM, the
reach for germanium and silicon comes from electron ex-
citations for masses above 0.5 eV, while for lower mass it
arises from absorption via multi-phonon excitations. The
projected 90% CL reach of a superconducting aluminum
target in the complementary meV � eV mass range is
depicted as well, for the same exposure [21]. As is evi-
dent, the two-phonon process provides a powerful probe
of bosonic DM in the O(1 � 100) meV mass range, com-
parable to that of superconductors.

Existing limits on absorption of halo DM from
Xenon10 and Xenon100 data are shown for masses above
12 eV. We include constraints obtained from Ref. [19],
which used Xenon10 data [40] for mV = 12 eV�1 keV
and the Xenon100 solar axion search [41] for mV >1 keV.

Y. Hochberg, T. Lin, K. Zurek, 1608.01994
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•Strong motivation for future DM searches to push for detectors 
with very low ionization thresholds.

•New materials with tunable gap energies could open a window 
into even lower-energy particle detection.
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Traditional charge readout
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Large-mass ultralow noise germanium detectors

Figure 2. A comparison of the energy threshold (∼330 eV, five sigma from
noise centroid) in the modified electrode HPGe with that of a conventional
coaxial detector of the same mass (∼475 g), typically in the few kiloelectronvolt
region (the particular one used for the figure being relatively low in noise). No
instabilities in the threshold have been observed in five months of continuous
detector operation. Energies are electron equivalent, i.e., ionization.

electrode HPGe. To put its performance in perspective, besides a much reduced noise
level and threshold, it shows an enhancement in energy resolution from a much degraded
value of ∼15 FWHM (60Co, 1.33 MeV) measured in [19] to a 1.82 keV FWHM, typical
of a modern large coaxial HPGe. Charge collection uniformity along the axis varies by
less than 0.15% (figure 1), compared to 3% in [19]. In other words, the device has the
mass (475 g) and energy resolution typical of a large HPGe gamma spectrometer while
simultaneously displaying the low noise and low energy threshold (figure 2) of an x-ray
detector a hundred times lighter. This unique combination makes the device a first of a
kind, opening up a number of other interesting applications discussed in section 3. It is
the first time that such a combination of mass, energy threshold and resolution has been
produced in a detector of any kind.

From the point of view of target mass and sensitivity to very small energy depositions
the device is ready for a measurement of coherent neutrino scattering in a reactor
experiment: the inset in figure 3 displays the fraction of recoils above a choice of
three different ionization energy thresholds Ethr (i.e., the fraction of detectable events)
as a function of their deposited (ionization) energy. The dotted line corresponds to
pulser measurements (black dots) using this prototype (Ethr = 330 eV). To make these
measurements possible, a careful energy calibration of the pulser was performed with
the help of five gamma and x-ray lines identifiable in shielded conditions over the range
10–100 keV. The dashed line corresponds to envisioned minimal upgrades to the JFET
(see below), resulting in Ethr = 200 eV. The dash–dotted line illustrates the ultimate
performance (Ethr ∼ 100 eV) that can be expected with present-day JFET technology,
matching the state-of-the-art in low noise x-ray detectors [23, 26]. The combined effect of
threshold and energy resolution can then be folded into the expected differential recoil rate

Journal of Cosmology and Astroparticle Physics 09 (2007) 009 (stacks.iop.org/JCAP/2007/i=09/a=009) 6

P.S.Barbeau, J.I.Collar, O.Trench, JCAP09 (2009)009

~100 e-

•Traditional event-by-event 
charge readout involving 
transistors and feedback, 
cannot approach 
thresholds of ~few 
electrons.

•Amplification is not the 
way to go for reaching 
sensitivity to single 
electrons.
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From Matt Pyle’s talk earlier this week

•The CDMS approach involves using 
multiplication, instead of 
amplification.

•Drifting electrons each produce many 
phonons, which are detectable via 
TESs.

•They are facing some hurdles to 
single-e- sensitivity
✴ Reducing noise requires reducing 

parasitic thermal power, which requires 
reducing Tc.

✴ Observed noise scaling differs from ideal 
expectation (∝Tc3) —> the devil is in the 
details? “difficult” cryogenics

At	high	voltage you’ve	made	an	
ionization	amplifier

Luke-Neganov Ionization	
Amplification

25

Recoil	Phonons

Luke	Phonons

ΔV

P.N. Luke et al. NIM A289, 405 (1990)
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Energy calibration using X-rays
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Energy resolution from X-ray lines

30eV noise

Fano = 0.16

9 Beyond WIMPs - From Theory to Detection May 30, 2015

“Light DM at DAMIC” (J.Tiffenberg)
Beyond WIMPs (http://tomerv.wix.com/lightdm#!sessions/c3kh)

•The DAMIC approach uses 
traditional CCDs

•Charge noise scales with the 
number of readouts, so they read 
out very infrequently (~8hr 
exposures)

•No timing information: one sees 
many tracks, reminiscent of 
emulsion or bubble chambers.

•Difficult to scale up in mass
•Noise floor limits sensitivity to 
O(10 e-) threshold, though new 
“SkipperCCD” tech might be able 
to push lower.

easy cryogenics

http://tomerv.wix.com/lightdm#!sessions/c3kh
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Electron extraction works well 
for LXe and LAr: 
get the electrons out, then multiply 
them
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4.3.4 Single-electron S2

The generating mechanism of the observed single-electron S2 events is uncertain. Speculations include

impurity-trapping of drifting electrons (with delayed release), and spontaneous boiling of electrons from

the stainless steel cathode mesh into the liquid Xe. Photo-electric generation from the cathode mesh was

considered, but the single-electron pulses do not appear to show a time-correlation with either S1 or S2

pulses. Further, it is di�cult to see how they could be due to genuine energy depositions (scatters) in the

active target because the rate (when measured in dru) is inconsistent with the observed rate 1� 20 keVee

(it is too high by about ⇥1000).
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Figure 4.7: Single electron S2 events from 2.52 live days of WS2 background data. Pulses with
random event times (black) are shown separately from those which triggered the DAQ (grey). The
former are well-fit by a Gaussian distribution (red), with a shoulder clearly attributable to double
electron S2 events (blue). The population of double electron S2 events has µ2e� = 2 µ1e�, and
⌦2e� =

�
2 ⌦1e�. An additional shoulder of pulses corresponding to 3 electrons is evident, but

was not fit with a Gaussian due to the low statistics. The measured ⌦ = 6.3 is 25% higher than
that expected due to Poisson fluctuations; the excess is predicted by the width (⌦r = 0.58) of
the PMT single photo-electron distribution. The distribution of pulses which triggered the DAQ
(grey) is asymmetrical due to the trigger e⌃ciency, which begins to drop slightly for events with
S2 < 15 phe. Based on the asymmetry (comparing bin counts), the trigger e⌃ciency during WS2
was still > 0.80 for single-electron S2 events with S2 = 10 phe. After WS2, a slight modification to
the liquid level decreased the single electron S2 size by about 11%, to 24 phe per liquid electron.

The raw rate of spontaneous single-electron S2 events inside R < 8 cm (the z-coordinate is indeterminate

without an S1) was found to be 0.22 ± 0.01 Hz, based on 2.5 live-days of WIMP Search data (from WS2,

early september). This rate includes S2 events with 1, 2 and 3 electrons, as shown in Fig. 4.7. The pulses are

clearly identifiable by their width, size and distinct hit pattern: about 59% of the proportional scintillation

light falls on the top PMT array, and is localized above the (x, y) electron extraction point (see Fig. 4.6).

The S2 spectrum at threshold is shown in Fig. 4.7, with a peak corresponding to 1 electron and a shoulder

corresponding to 2 electrons; there is an outline of an additional shoulder corresponding to 3 electrons. The

events are separated according to those which triggered the DAQ (grey) and those found at random in event

P. Sorensen, PhD Thesis
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Can we extract electrons from 
other materials?
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early september). This rate includes S2 events with 1, 2 and 3 electrons, as shown in Fig. 4.7. The pulses are

clearly identifiable by their width, size and distinct hit pattern: about 59% of the proportional scintillation

light falls on the top PMT array, and is localized above the (x, y) electron extraction point (see Fig. 4.6).

The S2 spectrum at threshold is shown in Fig. 4.7, with a peak corresponding to 1 electron and a shoulder

corresponding to 2 electrons; there is an outline of an additional shoulder corresponding to 3 electrons. The
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CHAPTER 2
BASIC PRINCIPLE OF

PHOTOMULTIPLIER TUBES 1)-5)

A photomultiplier tube is a vacuum tube consisting of an input window, a

photocathode and an electron multiplier sealed into an evacuated glass

tube. Figure 2-1 shows the schematic construction of a photomultiplier tube.

TPMHC0006EB
PHOTOCATHODE

FACEPLATE

DIRECTION
OF LIGHT

e-

ELECTORON MULTIPLIER
(DYNODES)

FOCUSING ELECTRODE

LAST DYNODE STEM PIN

VACUUM
(~10P-4)

SECONDARY
ELECTRON

ANODE
STEM

Figure 2-1: Construction of a PMT

Light which enters a photomultiplier tube is detected and produces an

output signal through the following processes.

(1) Light passes through the input window.

(2) Excites the electrons in the photocathode so that photoelectrons are

emitted into the vacuum (external photoelectric effect).

(3) Photoelectrons are accelerated and focused by the focusing elec-

trode onto the first dynode where they are multiplied by means of

secondary electron emission. This secondary emission is repeated

at each of the successive dynodes.

(4) The multiplied secondary electrons emitted from the last dynode are

finally collected by the anode.

This chapter describes the principles of photoelectron emission, electron tra-

jectory, and the design and function of electron multipliers. The electron multi-

pliers used for photomultiplier tubes are classified into two types: normal dis-

crete dynodes consisting of multiple stages and continuous dynodes such as mi-

crochannel plates. Since both types of dynodes differ considerably in operat-

ing principle, photomultiplier tubes using microchannel plates (MCP-PMTs) are

separately described in Chapter 4. Furthermore, electron multipliers intended

for use in particle and radiation measurement are discussed in Chapter 5.

Photomultipler tubes easily see single photons (and hence, 
single electrons), through physical multiplication.
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If the electrons from an 
interaction could be extracted, 
obtaining single electron 
sensitivity would be trivial.  We 
do this all the time with PMTs.

Si

e-

(dynodes)

e-

(MCP)
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How can we extract electrons from the surface of a 
material?
•Apply an electric field perpendicular to the 
surface.

•Crucial question: how strong of a field is 
necessary?
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Figure 7. XENON100 liquid–gas extraction yield as a function of the electric field in the
gas gap, calculated at the surface of the liquid. Vertical lines represent the field strength
during the two dark matter search runs already published and the one started at the end
of 2012. In both cases, the extraction yield was close to unity. For comparison, the data
points of [23] are shown in red. For the fields relevant for XENON100, the results are
in agreement.

to produce an electron–ion pair (W = 15.6 ± 0.3 eV [21]), scaled to the fraction of electrons
which do not recombine with positive ions, Tee, and corrected for the electron lifetime of our
data. The quantity Ng is inferred from the data by selecting the full-absorption peak in the S2
spectrum and by dividing the observed mean value by the S2 gain G. The extraction yield
inferred from this method is presented in figure 7 as a function of the electric field in the
gas gap. The field is calculated at the surface of the liquid since this field is the one which is
responsible for the electron extraction into the gas phase.

As expected, the extraction yield increases with the electric field, reaching a plateau
around 10 kV cm−1. Below 8 kV cm−1, the current measurement gives lower values than the
published ones [23]. The reason of the discrepancy is unknown and it might be explained
by the different geometrical configuration or the different estimation method. Requiring the
plateau to be at 100% yield, we inferred from our data an effective W -value (i.e., the W -value
divided by Tee to correct for the recombination) of (23.5 ± 0.7) eV. Considering the published
W -value, it corresponds to a fraction of electrons which do not recombine, Tee = 0.66 ± 0.02,
for an electric field of 530 V cm−1. This value is in agreement with the published value
(Tee = 0.74 ± 0.07 at 662 keV at an electric field of 0.5 kV cm−1 [22]) but with a better
precision. This result is also in agreement with the prediction of the NEST model [24, 25], in
which the value Tee = 0.63 (with 4% of systematic error estimated) is derived for the same
electric field.

The extraction yield for the XENON100 dark matter search runs are close to unity at
10.6 kV cm−1 for the 100 d data set [20], 10.2 kV cm−1 for the run started at the end of 2012
and 9.2 kV cm−1 for the 225 d data set [7].

4.3. Liquid level and drift velocity measurement

As shown in section 2, the detector is sensitive to single electrons emitted from the gate grid
due to the photoelectric effect on the stainless steel by S1 photons. For these events, the time

11

Extraction efficiency
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Emission of "hot" electrons from liquid and solid argon and 
xenon 

E. M. Gushchin, A. A. Kruglov, and I. M. Obodovskil 
Moscow Engineering Physics Institute 
(Submitted 7 December 1981) 
Zh. Eksp. Teor. Fi. 82,1485-1490 (May 1982) 

The dependence of the coefficient (probability) for emission of conduction electrons from condensed argon or 
xenon into the equilibrium gas on the external electric field strength and on the temperature is measured with 
a pulsed ionization chamber. The potential bamer at the interface is calculated by using the Lekner electron- 
energy distribution functions. The values obtained are 0.02,0.065,0.42, and 0.85 eV respectively for solid and 
liquid argon and for solid and liquid xenon. 

PACS numbers: 79.70. + q 

Emission of free electrons from solid argon was ap- 
parently observed back in 1948.' However, whereas the 
devices based on this phenomenon were already used in 
experimental physics2*' the emission process and the 
dependence of the coefficient of emission (of the escape 
probability) of electrons on such parameters a s  the 
temperature and the electric field strength remained 
practically uninvestigated. In earlier studies4* it was 
observed that in electric fields lower than 3 kv/cm 
there is no emission, and above 5-7 kv/cm practically 
all the free electrons a re  emitted in the gas phase. It 
was concluded therefore that the emitted electrons a re  
"hot," i.e., their energy E >> kT exceeds the work func- 
tion c,. An estimate of the emission time has shown 
that the electrons remain on the interface not more than 
0.1 psec. The results, however, were found to be con- 
tradictory and frequently were only estimates. Thus, 
e.g., the scatter of the results for different samples of 
crystalline xenon turned out to be very large, and was 
attributed by the authors of Ref. 5 to the difference in 
the quality of the grown crystals because of the differ- 
ent crystallization regimes. In our opinion, of much 
greater importance is the purity of the material, since 
the presence of insignificant amounts of molecular im- 
purities lowers greatly the energy, and consequently 
also the probability of escape of the electrons. In that 
case, even if the initial gas is of the same purity, dif- 
ferent crystallization regimes lead to different degrees 
of crowding out of the impurity from the crystal into 
the liquid in the course of the growth, and correspond- 

emission threshold i s  near 50-70 V/cm. In the crys- 
tals, furthermore, the emission coefficient was inde- 
pendent of the growth rate when the latter was varied 
from 1 to 10 mm/h. 

The electric field intensities corresponding to the 
emission threshold varied nonmonotonically with tem- 
perature, having a maximum near 120 K (Fig. 3). 

Oscillograms of the current and voltage pulses in a 
two-phase system offer evidence that the electron emis- 
sion from liquid argon is a complicated process that 
proceeds in two stages. At high temperatures the elec- 
tron emission is "fast," i.e., the electrons, while 
stopped by the interface, do not stay there more 0.1 
psec. At temperatures near the triple point, however, 
a "slow" component i s  observed. Par t  of the electrons 
is then emitted rapidly, and part stays for a relatively 
long time (20.1 msec) on the interface, and gradually 
escapes into the gas. Since the time constant RC of the 
employed amplifier did not exceed 400 psec, we were 
unable to carry  out detailed investigations of the slow 
component, and these have a semiquantitative charac- 
ter .  It was observed, in particular, that with increas- 
ing electric field strength the lifetime of the slow elec- 
trons on the interface decreases rapidly, a s  does also 
the contribution of the slow component to the overall 
emission coefficient, until only the fast component re- 
mains, a s  is seen from Fig. 1. It i s  possible that a t  

ingly to different purity of the produced crystal. K 
1.0 

In this connection, using a pulsed ionization chamber 
described in detail in Ref. 6, we have investigated elec- 
tron emission from condensed argon and xenon of ex- 

0.6 tremely low vol.%) density of extraneous impuri- 
ties. 

EXPERIMENTAL RESULTS 8.2 

Figures 1 and 2 show the emission coefficients o I 2 3 4 5 
(escape probabilities) of electrons from the condensed E, kvlcrn 

phase into an equilibrium gas, measured by us a s  func- FIG. 1. Dependence of the coefficient of electron emission tions of the electric field intensity inside the condensed from solid 80 K)  and liquid (.-fast component, o-fast 
phase. The emission curves have abrupt thresholds plus slow components, 90 K) argon, and solid ( A ,  160 K) and 
and a re  shifted in the case of the crystal towards lower liquid (0, 165 K) xenon on the electric field intensity. Solid 
values of E, especially in the case of argon, where the lines-calculations. 

860 Sov. Phys. JETP 55(5), May 1982 0038-5646/82/050860-03$04.00 O 1982 American Institute of Physics 860 

E.M.Gushchin et al., Sov. Phys. JETP 55 (1982) 860

LXe

Field in the liquid

Different measurements support the same picture:
LXe: ~100% efficiency for electron extraction at ~10 kV/cm (in the gas)
LAr: ~100% efficiency for electron extraction at ~4 kV/cm 
 

Can we understand these results and use them to predict what fields 
would be necessary in Si?

LAr
LXe

E. Aprile et al. J. Phys. G 41 (2014) 035201
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electron temperature exceeds 
the potential barrier.
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Depending on how I 
extrapolate the Si 
electron temp data, 
the necessary 
extraction field could 
be anywhere from 
103 kV/cm or even 
up to 105 kV/cm.

That’s not feasible, is 
it?
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...it depends on what 
you do to the surface!
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Field Emitter Arrays

An array of microscopic tips is 
etched on the surface of the silicon 
(or other material).  A conducting 
plate is held above the surface by an 
insulating layer.  Tips are nm-sharp!!!
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HUGE field densities

soft x-ray wavelengths. For hard x rays, it will be important
to limit the emittance growth to be able to bunch the beam
at subangstrom lengths. This effect is described in the
beam dynamics section below. The cathode assembly in-
cludes an array of electrostatic Einzel lenses and post
acceleration to !80 eV over a 3 micron distance. Each
beamlet exits an individual lens, emerging into the rf
injector accelerating fields. The charged particle tracking
program PARMELA [11] is used first to track individual
distributions from each tip through the electrostatic fields
of the cathode assembly and then the entire array of
beamlets through the RF accelerator and transport line.
Figure 1 shows the transverse phase space for 3 beamlets
after the lenses, each having a dense core with long tails
that account for the emittance growth. The present study
tracks a 9" 9 array of beamlets from emission through
transformation by the EEX line.

The layout of the accelerator components is shown in
Fig. 2 and consists of a rf gun with nanocathode assembly
followed by four quadrupole magnets, then a 3-cell rf
cavity to tune the final energy and energy chirp, followed
by 5 quadrupoles to complete the EEX matching require-
ments, and finally the EEX line. Models of the RF fields in
each of the cavities are produced by SUPERFISH using the
geometry of a high repetition rate room-temperature

structure [12] operating at 9.3 GHz. The gun is a half-
cell cavity 1.4 cm in length and the 3-cell linac cavity has
6.4 cm length. The total beam line length including accel-
erator, magnets, and EEX line is a compact 2.3 m.
The EEX line converts the density modulation from

transverse to longitudinal [13–15] and has been experi-
mentally demonstrated [16] at longer scale lengths. The
line consists of a horizontally-deflecting cavity flanked by
two dispersive sections, each with dispersion function !.
When the deflecting cavity strength is set to #1=!, the
transfer matrix of the beam line in the four-dimensional
(x, x0, z, !"=") trace space is block antidiagonal resulting
in an exchange of phase space coordinates between planes.
An undesirable coupling between time and z-position is
introduced by the deflecting cavity operating on a TM110
mode, so an accelerating TM010 cell is also incorporated
[17] in the structure to cancel the coupling. Tracking and
matching of the electron beam through the EEX is per-
formed with code ELEGANT [18] using the PARMELA output.
Figure 3 shows the results of second order tracking of the
9X9 array of beamlets producing clear evidence of modu-
lation. Simulations excluding second order effects show
much deeper modulation, and further optimization will
likely improve the results.
The transverse phase space ellipses at the EEX entrance

must be matched to produce upright longitudinal ellipses
downstream of the EEX that are short relative to the x-ray
wavelength #x with an energy spread low enough that off-
energy electrons do not debunch during the laser ICS
interaction. The beamlet length criterion is $z $ #x=4
and similarly the path length tolerance is !s $ #=4.
From Eq. (1) below, the additional pathlength traveled by
an off-energy electron through NL laser periods is !s ¼
#2#xNL!"=", the negative sign indicating higher energy
electrons travel shorter paths. Combining this expression
with the pathlength tolerance sets the energy spread toler-
ance at %"=" $ 1=8NL. The beamlet length and energy
spread limits can be combined to show the longitudinal
normalized emittance must satisfy "zn $ "&#x=32NL.
Since "zn is the EEX-transformed transverse emittance of
a single nanotip, the same limit pertains to the transverse
emittance at the nanotip.
For small bend angle ', the Courant-Snyder parameters

(x, &x must satisfy "xn&x ¼ "&ð#x=4'Þ2, and "xn(x ¼
"&ð#x=4'Þ2=LEEX where LEEX is the EEX line length.
The EEX line not only transforms, it also compresses the
beamlets and their spacing, helping to reach short wave-
length, with demagnification M ¼ '< 1 for small bend

FIG. 1 (color online). Transverse phase space distributions
(top) showing dense cores and diffuse tails for 3 beamlets at
cathode assembly exit. Bottom shows POISSON model electro-
static fields in cathode assembly consisting of nanotips and
focusing gates. Fields are cylindrically symmetric around tips.

FIG. 2 (color online). Layout of the accelerator components and emittance-exchange beamline. Total length is 2.3 m.

PRL 108, 263904 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
29 JUNE 2012

263904-2

W.S. Graves et al., PRL 108 (2012) 263904

Field densities of ~105 kV/cm at gate bias of ~30V!!
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Research on micron-size field-emission tubes1,2 has recently led 
to the development of a novel low-voltage, high-current, field-
emission cathode and relatively simple techniques for producing 
such cathodes in various forms. The basic cathode consists of a 
molybdenum-aluminum oxide-molybdenum thin-film sandwich 
on a sapphire substrate having either a random or regular array 
of open micron-size cavities. Each cavity contains a single molyb-
denum field-emitting cone as depicted in Fig. 1. With the typical 
film thicknesses indicated, field emission has been obtained for 
applied sandwich voltages ranging from below 10 to about 200 V, 
depending on cone geometry. Moreover, a major fraction of the 
emitted electrons pass through the holes in the top film and are 
collected by the relatively distant positively biased electrode 
shown. 

The basic starting structure used for field-emitter conc forma-
tion is the film sandwich with the holes already formed, as shown 
in Fig. 2 (a). The following sequence of operations is then per-
formed: 

(1) A selectively removable film is deposited at grazing in-
cidence to the surface of the sandwich while the substrate is 
rotated uniformly about an axis perpendicular to its surface. A 
lip is thereby built up around the rim of each cavity as shown in 
Fig.2(b). 

(2) When the desired lip diameter is obtained, deposition from 
a molybdenum source at normal incidence to the substrate is 
initiated, while the deposition at grazing incidence is continued 
until the holes are entirely closed. Thus, the lip at each hole is 
made to serve as an aperture of decreasing diameter for the 
molybdenum arriving at the base of the hole. As a result, the 
molybdenum deposited on the base of the cavity is in the form of 
a cone as shown in Fig. 2 (c). The shape and length of the cones 
can be varied by adjusting the relative deposition rates of the 
two sources. Cone uniformity from hole to hole is determined 
primarily by the uniformity of the holes in the starter structure. 

(3) The closure film is then removed and the remaining 
structure, Fig. 2(d), is heat-treated in vacuum at about 1000°C 
for cleaning. 

For most of the cathodes produced thus far, a starter structure 
having a random distribution of up to approximately 50 holes 
over an active area of about 10--3 em2 was used. In brief, the 
starter structure is fabricated by scattering micron-diameter 
polystyrene spheres over the top molybdenum film of the sand-
wich and then evaporating a resist film of alumina onto the film 
areas not shadowed by the spheres. After removing the spheres, 
the underlying molybdenum areas are etched in a solution of 
H2S04 and HNO" thereby exposing corresponding micron-diam-
eter areas of the underlying alumina film. The latter areas are 
then etched with orthophosphoric acid at 95°C to form the 
cavities, during which the initial alumina-resist film is also 
removed. The substrates are subsequently heat-treated in vacuum 
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FIG. 1. Thin-film field-emission ('athode. 
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FIG. 2. Cathode formation by from two sources. 

at 1000°C, thereby rendering the remaining alumina resistant to 
later etching with 95°C orthophosphoric acid. The "selectively 
removable" film mentioned in step 1 above can therefore be 
unbaked alumina and the closure removal agent 95°C ortho-
phosphoric acid. 

FIG. 3. Electron micrograph of "tall" cone structures. 
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An important point about this 
technology is that it is very 
mature, involving standardized 
techniques.  Many facilities 
easily have the necessary 
capabilities.

C.A. Spindt, J. Appl. Phys. 39 (1968) 3504
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Electron collimation
• By depositing two conducting 

layers, extracted electrons can be 
collimated.

• This technique is used for the beam 
source in the free-electron laser at 
the Paul Scherrer Institute in 
Switzerland

•→ For a particle detector, electron 
trajectory preserves the x-y 
information of the interaction vertex

view SEM image of FEA1 with a Gext diameter of
2.3 6 0.1 lm and a Gcol diameter of 6.2 6 0.1 lm. High-
resolution transmission electron microscopy (TEM) imaging
of an emitter on the same FEA substrate as FEA1 (inset of
Fig. 4(a)) shows that the emitter apex radius of curvature is
!7.5 nm.

Next, the Gcol electrode of each array is patterned into a
rectangular shape of approximately 2.5 mm" 0.75 mm with
rounded corners as shown in Fig. 4(d) for FEA3. The Gext

electrode is buried underneath Gcol. Gext is electrically con-
tacted through the 0.2 mm square via etched into I2 on top of
the Gext contact pad. The comparatively large Gcol aperture
(Fig. 4(a) for FEA1 and Fig. 4(c) for FEA3, and in contrast,
Fig. 4(b) for FEA2) provides electro-static shielding of the
emitted electrons from the Gext potential or non-uniform
electric fields created by the bonding wires and prevents
beam distortions. The electrical contact to Gcol is made by
bonding wires to one corner of Gcol [Fig. 4(d)].

III. EXPERIMENTAL SETUP AND SAMPLE
PREPARATION PROCEDURE

A. Field emission microscope

The field emission current-voltage characteristics mea-
surement and the beam imaging were conducted in a field
emission microscope schematically shown in Fig. 5. We
imaged the electron beam on a metalized P43 phosphor
screen after amplifying it with a micro-channel plate (MCP)
inserted between the FEA and the phosphor screen. The dis-
tance between the MCP front plate and the FEA can be

adjusted by a linear translation mechanism and was typically
set to 40–50 mm. The electron beam was accelerated by
applying a DC potential of 1 kV to the front-plate of the
MCP which also functions as the anode in this setup. To
amplify the beam, we applied 1.7 kV to the back-plate of the
MCP leading to an amplification factor of !103. The

FIG. 5. Schematic diagram of the field emission microscope. The field emis-
sion electron beam is amplified by a micro-channel plate biased by (VMCP-
Van) and imaged by the phosphor screen (biased at a voltage Vscr of 3-5 kV).
The currents Iem, Iext, and Icol were recorded simultaneously while control-
ling the bias voltages Vem and Vcol. Vext is normally fixed to ground
potential.

FIG. 4. Top-view SEM micrographs of double-gate FEAs. (a) FEA1 (one of the emitters) with a TEM cross-section of the tip apex (inset). (b) FEA2 (one of
the emitters). The dotted line approximately shows the underlying Gext aperture. (c) FEA3 (one of the emitters). (d) Overview of FEA3. The 20" 20 emitters
are located at the center of the rectangular Gcol electrode with a size of 2.5" 0.75 mm. The Gext electrode is a 500 lm diameter circle with a 0.04 mm2 rectan-
gular contact pad attached at the end (partially buried underneath Gcol as indicated by the dotted lines). The oxide on top of the 0.2 mm square contact pad at
the end is etched away before the wire bonding.

093307-4 Helfenstein et al. J. Appl. Phys. 112, 093307 (2012)
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Towards a detector concept
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Someone else apparently had a similar idea…

1-4244-1134-3/07/$25.00©2007 195

IMPLEMENTATION OF X-RAY ENERGY DETECTION 
AND PHOTON COUNTING  

USING A SILICON FIELD-EMISSION IMAGING ARRAY 
 

Michael C. Wong1, Charles E. Hunt1, and Yacouba Diawara2 
1) Electrical and Computer Engineering, University of California, Davis CA 95616 USA 

2) Bruker AXS, Madison, WI 53711 
 

Phone: 530-752-1958, Fax 530-752-8428, e-mail: hunt@ece.ucdavis.edu 
 

In our previous work [1, 2], a silicon field-emission array (FEA) was proposed for 
the application of X-ray energy detection.  An incident X-ray photon, depending on its 
energy, generates a specific numbers of electron-hole pairs.  The holes are subsequently 
collected at the p+ doped layer, while the photo-generated electrons drift through the 
fully-depleted Si toward the spatially-defined field-emission tips.  When the photo-
generated electrons reach the field emission tips, they are field-emitted and subsequently 
collected at the anode (Figure 1).  Our previous work modeled the response of single X-
ray photon events of differing X-ray energies, showing two pulses with different widths 
and amplitudes.  To verify the theory, a 2cm x 2cm silicon field emission array has been 
fabricated by subtractive etching and oxidation sharpening techniques.  At 450µm 
cathode to anode distance and at a vacuum level of 5x107 Torr, the device was biased at 
1400V, field emitting at an integrated current of 32pA.  When the device was excited by 
a 100PCi Fe55 X-ray source, an average increase of 24pA was observed.   

 

 
 

Figure 1:  X-ray Imager and Energy Detector 
 
According to our calculations, each photon event should generate approximately 

1616 electron-hole pairs.  Our X-ray source (at its current age) should have a flux of 
1.85x106 photons per second.  Also, since the X-ray source is a point source, it radiates in 
all directions.  Therefore the maximum amount of radiation subtended by the imager 

M. Wong, C.E. Hunt, Y. Diawara, Proc. of IEEE 20th Int. Vacuum 
Nanoelectronics Conf. (2007), pp. 195-196

As I recently discovered, a similar 
technique has been implemented in x-
ray imaging.
Achieved 50 fA dark current at room 
temperature; given the carrier density 
scales as:
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• Searches for light DM provide good, well 
recognized motivations to build detectors with 
very low ionization thresholds

• Extracted electrons can easily be detected with 
the desired sensitivity

• High fields necessary to emit conduction 
electrons with high efficiency can be produced 
with microscopic tip arrays.

• Such a detector would be easy to operate, 
using simple, mature technologies.
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Backup slides
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Easy proof-of-principle
•To measure the extraction 

efficiency, one can measure 
the thermally induced current.

•The ratio of IA to IC should be 
equal to the extraction 
efficiency.  It is essential to 
verify that this can be made 
something close to unity.

•The temp. can be varied to 
estimate which portion of IC is 
due to thermal excitation.h e
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Thoughts on potential backgrounds
Thermally induced electrons

For example going from 77K to 4K 
suppresses the thermally induced 
current by over 700 orders of 
magnitude!!

Eg ≈ 1.2 eV (Silicon)

Likely no difficult cryogenics needed 
(i.e. no dilution fridge).  
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Thoughts on potential backgrounds
Surface currents

•A significant contribution to 
leakage current can be due to 
surface currents, unrelated to 
thermal excitation of the bulk

•These currents can be absorbed by 
depositing an n+ contact on the 
periphery, outside the tip array, 
and coupling it to ground.

e-n

n+

p+
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Thoughts on potential backgrounds
Valence tunneling

Distance above surface [nm]
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•Valence tunneling (“field emission”) 
could spontaneously throw electrons off 
the surface

•Such electrons will leave the surface with 
a reduced kinetic energy (compared to 
conduction electrons)

•A retarding field, Er, can kill electrons 
below a chosen energy (commonly done 
in emission spectroscopy)

MCP


