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We report on a scheme for particle detection based on the infrared quantum counter concept. Its

operation consists of a two-step excitation process of a four level system, which can be realized

in rare earth-doped crystals when a cw pump laser is tuned to the transition from the second to

the fourth level. The incident particle raises the atoms of the active material into a low lying,

metastable energy state, triggering the absorption of the pump laser to a higher level. Following a

rapid non-radiative decay to a fluorescent level, an optical signal is observed with a conventional

detector. In order to demonstrate the feasibility of such a scheme, we have investigated the emis-

sion from the fluorescent level 4S3=2 (540 nm band) in an Er3þ-doped YAG crystal pumped by a

tunable titanium sapphire laser when it is irradiated with 60 keV electrons delivered by an elec-

tron gun. We have obtained a clear signature that this excitation increases the 4I13=2 metastable

level population that can efficiently be exploited to generate a detectable optical signal. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935151]

There is a significant interest in the development of

devices for the detection of low rate, low energy deposition

events, both for the axionic dark matter (DM) searches1 and

for the study of the coherent neutrino-nucleon scattering.2,3

The so-called “invisible axion” has mass constrained in the

range of 1 leV–10 meV, and its coupling with normal matter

and radiation is very weak.4 In neutrino coherent scattering,

the recoil energy for the nuclei of the target material is in the

tens-of-eV range, when MeV neutrinos and average mass

nuclei are considered.5

A very low value of energy threshold (�0.5 keV) has

been reported in 440 g-mass semiconductor detectors6 aimed

at light-mass DM investigations. Arrays of cryogenic bolom-

eters7,8 have been proposed for neutrino physics, because the

highest sensitivities9 are accomplished only when a few

grams of material act as a target.

The mentioned requirements are addressed in the present

work with an all-optical detection scheme based on the infrared

quantum counter concept (IRQC), proposed by Bloembergen10

as a way to extend photon detection to the 1–100lm wave-

length range. The incident infrared photon is upconverted in a

material that exhibits a four energy level system with

E2>E3>E1>E0, as those determined in wide bandgap mate-

rials doped with trivalent rare-earth (RE) ions,11 and kept

under the action of a pump laser source resonant with transition

1! 2. In analogy with the infrared quantum counter, detection

of the particle is then accomplished through the fluorescence

photons emitted in the transition 3! 1, as shown in Fig. 1.

In contrast to narrow-band, selective detection of infra-

red photons, a particle that interacts in an optical material,

gives rise to several phenomena, including energy transfer

processes from the host to the RE ion, which can be viewed

as wideband excitation for the present purposes. The

complex chain of events whereby a particle loses its energy

in a material has been systematically investigated for the de-

velopment of state-of-the-art scintillators.13–16 Attention has

been paid to the transitions in the visible, UV, and near infra-

red in those studies. Here, we want to focus on the fraction

of the particle energy that is translated in the excitation of

the low energy metastable level 1 indicated in Fig. 1, which

can take place both through the decay of higher levels and

directly from the ground state. This is motivated by the

assumption that the particle energy loss is a process in which

it is much more probable to increase the population of low

energy atomic levels than highest ones. Such reasoning is

supported by three points:

(1) the inelastic scattering of free electrons off bounded

electrons is a major process in particle energy loss and is

described by the Bethe-Bloch formula that privileges low
energy transfer events;17

(2) another dominant process is the thermalization of the

secondary electrons produced in the interaction that takes

place through optical phonon scattering;

FIG. 1. (Left) Ideal four-level active material. (Right) Energy level scheme

in YAG:Er, as derived from energy levels’ values calculated in Ref. 12.a)Electronic mail: Caterina.Braggio@unipd.it
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(3) infrared scintillation in the range of 600–900 nm has

been reported16 with an intensity in excess of 105 pho-

tons per MeV. A light yield of (79 6 8)� 103 has also

been observed in YAG:(10%)Yb3þ, whose emission

peaked around k¼ 1.03 lm.18

In view of these observations and provided the effi-

ciency of the upconversion process is high,19,20 the proposed

scheme has the potential to generate a greater number of in-

formation carriers (photons) for a given energy release. In

fact, the intrinsic threshold for particle detection coincides

with E1, which can be as low as a few tens of meV in proper

materials, provided the crystal is cooled to a temperature

such that the condition E1� kT is satisfied. A cryogenically

cooled crystal with E1� 10 meV would then allow extension

of the upper limit in axion direct searches.4 The measure-

ments presented in this work are conducted at room tempera-

ture with a rare-earth doped material characterized by

E1¼ 0.74 eV (N1/N0� 10�14). Another essential condition

for achieving a detector threshold as low as E1 when E1� kT
is that the extraction efficiency of the emitted fluorescence

photons is highest. Such photons can in fact be lost

because of total internal reflection or reabsorption, though

the latter can be reduced in rare-earth doped materials by

using high purity starting components in an ultra-clean

environment.

The present work is organized as follows. We first investi-

gate the response of a low concentrated YAG:(0.5%)Er3þcrystal

to an electron gun excitation, which represents our particle

signal in Fig. 1. These preliminary measurements include

both the acquisition of cathodoluminescence (CL) spectra

and the study of the 4I13=2 metastable lifetime. We also esti-

mate the efficiency of the laser-pumped YAG:Er crystal in

the counting of photons delivered by a diode laser

(k� 960 nm). The core of the work is the study of the fluo-

rescence stemming from the de-excitation of the 4S3=2 level

when the particle-excited crystal is continuously pumped by

a laser resonant with the transition 4I13=2! 4S3=2.

During the CL measurements of the YAG:Er crystal, a

cylinder with diameter of 5 mm and height of 3 mm is

mounted at the far end of the electron gun vacuum chamber

that is enclosed inside a Pb-shielded cabinet.21 The main

transitions involved in the excitation process can be identi-

fied in the spectra shown in Fig. 2. The visible spectrum is

obtained with a CCD spectrometer (Ocean Optics mod. Red

Tide 650), whereas the infrared portion of the spectrum, dis-

played in the inset, is studied with a Fourier transform inter-

ferometer (Bruker Equinox 55). The interferometer is

equipped with an InGaAs photodiode, sensitive in the range

of 0.8–1.7 lm. The two sharp emission lines observed in the

visible are doublets peaking at 401.5 and 405.1 nm and at

470.9 and 474.0 nm. They are attributed to 4f–4f transitions

of the Er3þ ions in the YAG host, respectively, to intermani-

fold transitions 2P3=2 ! 4I13=2 and 2P3=2 ! 4I11=2. These

transitions indicate that the metastable level 4I13=2 population

is increased also by the decay of higher levels excited by

electron impact.

As far as the 540 nm band luminescence is concerned,

CL spectra in YAG:Er single crystalline films have been

very recently reported, which show a larger emission22 than

in the present case. This might indicate that a portion of our

540 nm fluorescence band is absorbed in the 3 mm-thick

crystal, where the electrons interaction region is limited to a

few hundred lm (Ref. 23) from the surface, while the light

detection is accomplished on the opposite crystal face.

In the inset, we show the infrared spectrum originating

from the decay of the 4I13=2 metastable level. This manifold

around 1.53 lm is widely used for IR lasing.24 The lifetime

of this level is several milliseconds long and weakly depends

on the crystal preparation and excitation source. Therefore,

we have recorded, as shown in Fig. 3, the time evolution of

the fluorescence emitted by the crystal excited with a 2.5 ms-

duration electron pulse. The crystal response has been

numerically computed by solving a first order kinetic equa-

tion for the population of the level excited by the current

pulse shown in the figure. We obtain a lifetime value

s¼ 7.19 6 0.02 ms, in a fair agreement with the literature

data25–27 obtained for optical excitation.

To study the IRQC efficiency, we have used as infrared

source, a 960 nm wavelength diode laser. Upconversion is

accomplished by pumping the 4I13=2 ! 4S3=2 transition with

a tunable Ti:Al2O3 laser. In Fig. 4, the fluorescence spec-

trum, obtained with a CCD spectrometer (Ocean Optics

mod. Red), around 540 nm is reported. We estimate that the

IRQC efficiency is of the order of 10�4 with a pump flux of

FIG. 2. CL spectra of YAG:Er. The results of Fourier transform interferome-

ter (FT-IR) measurements are displayed in the inset.

FIG. 3. Electron current waveform (right scale) and the 1.53 lm fluores-

cence signal (left scale) detected by an InGaAs photodiode with input band-

pass filter centered at k¼ 1.490 6 0.25 lm.

193501-2 Borghesani et al. Appl. Phys. Lett. 107, 193501 (2015)
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the order of 10 W/cm2. Such a low efficiency is related to the

properties of the host material, as reported in Ref. 28.

The experimental apparatus depicted in Fig. 5 was

designed to test the particle detection through the IRQC

scheme. A few hundred nA continuous current of 60 keV

electrons impinges on the YAG:Er crystal, while a Ti:Al2O3

laser pumped the transition 4I13=2 ! 4S3=2 as shown in the

energy level scheme in Fig. 1. Pump light was allowed to

impinge on the crystal by means of a 1.6 mm diameter multi-

mode fiber. Detection of the fluorescence for the different

laser pump wavelengths is accomplished by means of a lock-

in amplifier connected to the output of a photomultiplier tube

(PMT) and modulation of the intensity of the pump laser. A

bandpass filter allows the PMT to collect the total intensity

emitted only in the range of 540–560 nm.

In Fig. 6, the 4S3=2 fluorescence intensity is plotted for

different wavelengths of the pump laser. The measurement is

repeated in the same conditions with the electron gun

switched off in order to quantify the contribution of the dou-

ble resonance with the pump laser only. The interaction of

the electrons in the YAG:Er crystal can be discerned due to a

30% increase of the areas under the Lorentzian curves. It is

worth noticing that the contribution to the overall fluores-

cence due to the electrons excitation is geometrically unfav-

orable compared to the laser double resonance because of

the electron short range in the crystal and of the crystal

absorption. Results of the double Lorentzian fit of the data

are shown in Table I. As we apply lock-in techniques

through a modulation of the pump signal, it is straightfor-

ward that no signal above the PMT threshold is detected

when the electron gun is on. The two lines correspond to two

well defined transitions11 between sublevels in the 4I13=2 and

the 4S3=2 manifolds. We have also checked that the fluores-

cence signal depends linearly on the electron gun current in

a range of 0.1–1.6 lA, as shown in Fig. 7(a). It is linear with

the pump as well (Fig. 7(b)), as observed up to the maximum

available light intensity (�280 mW).

In conclusion, a particle detector based on laser-driven,

fluorescence emitting transitions in crystals has been out-

lined. We have shown that the IRQC scheme can be applied

to the detection of particles through investigation of the fluo-

rescence signal emitted by a laser-pumped Er3þ-doped crys-

tal, whose intensity is proportional to the energy deposited in

the crystal by the incident particles. The results have been

obtained in YAG:Er, a crystal that for our purposes cannot

be considered as ideal. The optimum crystal is preferably

transparent to the pump until a particle interacts in the acti-

vated material and deposits its energy in the volume shined

by the pump laser. This is not the present case, as shown in

Fig. 6, where a significant fraction of the fluorescence is

determined by the double resonance with the pump laser.

FIG. 4. 540 nm fluorescence spectrum originating from the double resonance

with a laser diode at wavelength of 960 nm and a Ti:Al2O3 laser.

FIG. 5. Scheme of the experimental apparatus for particle detection. The

output of a tunable Ti:Al2O3 laser is sent through a fiber to pump an

YAG:Er crystal irradiated by �60 keV electrons. In the preliminary meas-

urements, radiation at a wavelength of k¼ 960 nm is coupled to the crystal

together with the pump radiation in order to study the 540 nm fluorescence

band.

FIG. 6. Demonstration of the detector based on the IRQC concept: the

540 nm band fluorescence signal versus pump laser wavelength is greater

when the electron gun excites the crystal (a) compared to the pump laser

double resonance (b). L1 and L2 are transitions between sublevels in the
4I13=2 and the 4S3=2 manifolds.

TABLE I. Results of the Lorentzian fit. w and a are the width of the peaks

and their area, respectively.

kmax w a

L1 Pump 848.16 6 0.01 0.14 6 0.01 12.8 6 0.8

Pumpþ e� gun 848.17 6 0.02 0.15 6 0.01 16.5 6 1.1

L2 Pump 848.67 6 0.01 0.23 6 0.01 28.8 6 1.1

Pumpþ e� gun 848.68 6 0.01 0.2 6 0.01 34.8 6 1.1
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Moreover, the host crystal (YAG) gives a much weaker

IRQC output than in fluoride or tungstate hosts.28 Another

key requirement is the lifetime of the metastable level, and

materials characterized by a much longer s have been

recently investigated, such as neodymium doped potassium

lead bromide (KPb2Br5:Nd), in which s¼ 57 ms at 15 K.29

This material presents another interesting aspect, because of

its fluorescence at 1064 nm that decays to the metastable

level 4I11=2, offering the possibility to exploit looping cycles

to increase the detection sensitivity.30

Improved IRQC efficiencies have been demonstrated

when the crystal is cooled to liquid helium temperature, thanks

to the sharpening of the involved atomic transitions.28 This

issue is worth investigation also in the present case, in which

the first step of the double resonance process is due to the parti-

cle energy deposited in the crystal rather than to photon

absorption.

The feasibility of the previously mentioned neutrino or

axion experiments, to be performed in underground laborato-

ries, also depends on the intrinsic radioactive background.

We wish to point out the possibility of using the matrix isola-

tion technique31 to engineer a radio-pure material for experi-

ments in which very low thresholds are required. Searches

for dark matter axions based on kilogram-sized samples have

been proposed,1 and in neutrino investigations the required

masses are even bigger (several kg), even so the manufacture

of large samples is not a critical issue in matrix isolation.32

Commercial cw lasers are available whose output power

(W/cm2) shall allow efficient upconversion,19 indeed it is

worth mentioning here that a scheme based on a multi-pass

cavity might be exploited to use less pump power.
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