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KEV−MEV THRESHOLD, ∼CM3-VOLUME DETECTORS

DREAM: to be able to detect down to tens of meV energy deposition events in
materials without preclusion to significantly large volume detectors

NEW CONCEPT: to use LASERS to detect particles in materials
the laser is tuned to a particular atomic/molecular transition

ENVISAGED POSSIBILITIES:

1. upconversion in RE-doped materials

2. upconversion in matrix-isolation

3. anti-Stokes processes

4. the LASER detector

5. Faraday detector (ferromagnetic, paramagnetic materials)
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RE-DOPED CRYSTALS

basic idea: diminish w-value in an all-optical scheme based on the IRQC concept

N. Bloembergen, Phys. Rev. Lett. 2, 84 (1959)VOLUME 2 y
NUMBER 3 PHYSICAL REVIEW LETTERS FEBRUARY 1, 1959

case P(z) =z '+z ' and (6) becomes

((gp +k ) QP I&& (jap k =0.
The same approximation would have been ob-
tained (in the limit u, k/tc«1) for an arbitrary f„
as may be seen by expanding the denominator of
(4) in powers of v, . The four solutions of (9) are

(u =+{-'[&o '+k'+ {((u '+k')'+4u, '(u 'k') 'P'
The solution z4, obtained by taking minus signs
in both choices, is negative imaginary, showing
the existence and rate of growth of self-excited
waves, This solution is valid only when s,k/v«1
which. implies uo»g„as becomes evident from
the approximate expression

(u, = - iu, (opk/((op'+ k')~'

A more detailed study of (6) shows that for large
values of k one obtains damped waves.
The author is indebted to Dr. B. D. Fried for

many valuable discussions of these matters.

~0. Buneman, Phys. Rev. Lett. 1, 8 (1958).
M. Rosenbluth: Recent Theoretical Developments

in Plasma Stability, paper presented Nov. 1958 at the
San Diego Meeting of the Fluid Dynamics Division of
the American Physical Society.
3N. G. Van Kampen, Physics 22, 641 (1957). This

reference contains a comprehensive review of previous
literature.

SOLID STATE INFRARED
QUANTUM COUNTERS*

N. Bloembergen
Harvard University,

Cambridge, Massachusetts,
(Received December 29, 1958)

Since maser operation is based on stimulated
emission of radiation, masers have an inherent
limiting noise temperature of hv/k due to spon-
taneous emission. '~' Weber' has called atten-
tion to the fact that it is possible to construct
quantum- mechanical amplifiers without sponta-
neous emission noise. In fact, this is the usual
state of affairs for x-ray or y-counters. This
note describes how a solid counter for infrared
or millimeter wave quanta might be constructed
in principle.
Consider a crystal containing ions which,

among others, have the energy levels shown in
Fig. l. Salts of the rare earths and other tran-
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FIG. 1. Infrared quantum counter. Several ions of
transition group elements have appropriate energy lev-
el diagrams: hv2&=1 —5000 cm, hv32=10 —5&& 10
cm

sition group ions, which may be embedded as
impurities in host lattices, offer examples of
this situation. '~ ~ The distance between the
ground level and level E, is such that k py2&)kT.
If, for example, hv»-100 cm ' and T-2'K, only
the ground state is populated. Intense light at
the optical frequency v» is not absorbed, because
level E, is empty. Whenever an incident infra-
red quantum h p» is absorbed, the light will in-
duce a second transition to E„provided its in-
tensity produces transitions at a faster rate than
the radiationless decay or spontaneous emission
from level E, back to the ground state.
Spontaneous emission from E, to E, will pro-

duce resonance radiation. The system will be
repumped, and several quanta hv» may be re-
emitted for each incident quantum hv2y It will
be difficult to detect these quanta h v» in the
presence of the intense pumping flux, although
one may use discrimination in polarization and
direction of propagation. %hen radiation due to
spontaneous emission from level E, to E, is able
to leave the crystal, quanta hv» may be counted
directly. If this radiation is self-absorbed, a
fourth level will provide an effective discrimina-
tion in frequency. The fluorescent quanta hv, 4
may be counted with a photomultiplier and a
suitable filter.
A variation of this scheme is that E, is an

occupied deep impurity level, E, is an empty
impurity level, and E, represents the conduction
band. The incident quantum hv» triggers a
photoconductive avalanche in the semiconductor
near absolute zero of temperature.
It is illuminating to point out the relationship

with optical pumping methods proposed by

84

I pump laser resonant with transition
2→ 3

I material transparent to the pump
until an IR photon is absorbed
(1→ 2)

I level 3 is fluorescent =⇒ detection
can be accomplished via
conventional detectors (PMT or PD)

I such energy level scheme can be
realized in wide bandgap materials
doped with trivalent rare-earth ions

the whole field of upconversion can be traced back to this idea
(with applications in lasing, laser cooling, up-conversion based weak infrared photon detection, infrared imaging

and so on)
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RE-DOPED CRYSTALS

Hp: the particle interaction causes an increase of the population
in the level just above the GS
related to previous works on infrared scintillation
W. Moses et al, IEEE Trans. Nucl. Sci. 45 (1998).

P. Antonini et al, Nucl. Instrum. Meth. A 486, 799802 (2002).
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THE IRQC IDEA APPLIED TO PARTICLE DETECTION:

I an electron gun as a signal source (wideband)
I YAG:Er3+, E1 = 0.74 eV (4I15/2 −→4I13/2 transition)

I room temperature→ N1/N0 ∼ 10−14

I lock-in detection to select
fluorescent photons originated
only from double resonance

PUMP

0

DETECTION

SIGNAL 
PARTICLE

3

1

2

4I15/2

4I13/2

4I11/2

4I9/2

4F9/2

E (cm-1)

4S3/2

0

5000

10000

30000

20000

15000

4H11/2

4F7/2

4F5/2
4F3/2

2P3/2

[    ]

Pb-shielded cabinet
HV

Er:YAG

Ti:Sa laser
790-860 nm

diode laser
960 nm

PMT lock-in
amplifier

dichroic mirror

Appl. Phys. Lett. 107 (2015)



INTRODUCTION RE-XTALS LASER COOLING SOLID MATRICES LASER DET

Pb-shielded cabinet
HV

YAG:Er

Ti:Al2O3 laser
790-860 nm

PMT
lock-in

amplifier

filter

L1, L2 transitions between sublevels
in the 4I13/2 and 4S3/2 manifolds

0

20

40

60

80

100

120

847.5 848 848.5 849 849.5 850

flu
or

es
ce

nc
e 

si
gn

al
 (m

V
)

λ (nm)

L1
L2

4I15/2

4I13/2

4I11/2

4I9/2

4S3/2

0

20

40

60

80

100

120

847.5 848 848.5 849 849.5 850

a
bflu

or
es

ce
nc

e 
si

gn
al

 (m
V

)

λ (nm)

L1
L2

0

20

40

60

80

100

120

847.5 848 848.5 849 849.5 850

a
bflu

or
es

ce
nc

e 
si

gn
al

 (m
V

)

λ (nm)

L1
L2

λmax (nm) area
L1 p.l. 848.16± 0.01 12.8± 0.8

p.l. + e− 848.17± 0.02 16.5± 1.1
L2 p.l. 848.67± 0.01 28.8± 1.1

p.l. + e− 848.68± 0.01 34.8± 1.1

I the fluorescence signal is greater when the electron gun excites the crystal

I a significant fraction of the fluorescence is determined by the pump laser double resonance

I e− excitation geometrically unfavorite as compared to pump laser double resonance

I host crystal (YAG) has a weak IRQC output
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THE PUMP LASER DOUBLE RESONANCE

A MULTIPHONON EXCITATION PROCESS

An improved cavity perturbation method for laser-induced conductivity
measurements

C. Braggio1, a) and M. Guarise1

Dip. di Fisica e Astronomia and INFN, Via F. Marzolo 8, I-35131 Padova,
Italy

We report about a novel method to measure the transient laser-induced photo-conductivity in a semiconductor.

PACS numbers: Valid PACS appear here
Keywords: microwave cavity perturbation, induced photo-conductivity, semiconductor, plasma mirror

I. INTRODUCTION

�E Microwave techniques have been used in the last
decades to study a wide variety of optical and electri-
cal properties of materials such as compound semicon-
ductors 1–4, bulk solids and liquids 5–8, films of poly-
mers 9–11 and powders 12,13. These techniques are im-
portant methods developed for the measurements of di-
electric properties of materials in a stationary state 14–17

and for the study of charge-carriers kinetics in semicon-
ductors 10,18–22.

The experimental approaches can be broadly classi-
fied into two categories 23,24: the microwaves reflection-
transmission measurement from the sample 22,25–28, and
the cavity perturbation techniques (CPT) 14,17,29–32. In
the latter the dielectric properties of the sample inserted
in the cavity 30,33 are investigated by measuring the vari-
ation of the cavity parameters i.e. the frequency and the
quality factor.

An important field of application of all these techniques
is the study of charge carrier kinetics in semi-insulating
materials 4,5,34–36 in which the measured transient photo-
conductivity is related to the mobility and the recombi-
nation time of the sample under investigation. This type
of characterization of materials is known in the litera-
ture as time resolved microwave conductivity (TRMC)
method 4,5,34–36.

In the present work we devise a novel method that
can be used to directly measure the conductivity of
laser-induced semiconductor plasma mirrors 37,38. Such
a method allows to qualify this type of e↵ective mirrors
when they act as extensive microwave cavity walls 39–41

and we investigated a laser-excited GaAs disk, covering a
cm2- area wall of a cavity whose fundamental frequency
is 2.3 GHz. This is accomplished through the combina-
tion of quasi-stationary transmission measurements, de-
scribed in section III, and the results of finite element
simulations (section IV).

a)Electronic mail: Caterina.Braggio@unipd.it

II. EXPERIMENTAL SET-UP

The laser plasma under investigation is produced in-
side a microwave re-entrant cavity, equipped with two
antennas in order to allow both transmission and reflec-
tion measurements. The CC (critical coupling) antenna
position can be adjusted to vary its coupling with the
fundamental cavity mode42, whose electric and magnetic
field profiles are shown in Fig. 1. The WC (weakly cou-
pled) antenna is held in a fixed position of weak coupling
(< 30 dB).

The internal cylinder of the copper cavity has a di-
ameter of 8.35 mm and a height of 22mm, while for the
external one, the diameter is 43mm and the height is
27 mm.

FIG. 1. Scheme of the experimental set-up used to mea-
sure the microwave resonator parameters in the presence
of a transient surface plasma induced in the GaAs disk.
(a) Apparatus for reflectivity measures. (b) Experimental set-
up use in transmission measurements. (c) Picture of the re-
entrant cylinder with the GaAs disk glued to its top and
(d) plot of the electric and magnetic field in the cavity res-
onator as obtained by numerical simulation.

A 10 ns-duration laser pulse impinges on a semi-
insulating GaAs disk (170 µm-thickness, 8 mm-diameter)
glued to the top of the internal cylinder. In the present
measurements the cavity is in thermal contact with a
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αS = (~ωm)−1 · ln[N̄/S0(n̄ + 1)− 1]
αAS = αS + 1/kT

ωm = highest phonon frequency of the host

N̄ = ∆E/~ωm average phonon number

Host ~ωm [cm−1]
YAG 700
KYF 350-400
YLF 400-560
KPB 140

T [K] kT [meV] R(350)
300 25 ∼ 1.7
77 6.4 ∼ 6.8
10 0.83 ∼ 52
5 0.42 ∼ 104
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ANTI-STOKES PROCESS

EXPLOIT THE PHONON CHANNEL FOR DETECTION

a dominant process is the thermalization of the secondary electrons produced in the
particle interaction, which takes place through optical phonon scattering

⇒ thermal upconversion

Example: optical refrigeration/laser cooling of solids
(from D. V. Seletskiy et al Nat. Photonics 4(3), 161164 (2010))

anti-Stokes fluorescence
luminescence upconversion cooling

phonon absorption followed by blueshifted fluorescence λ that carries away heat λf
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SOLID NEON MATRIX

Alkali atom or molecular oxygen embedded in a condensed phase according to the
matrix-isolation spectroscopy technique (MIS).

I 80 mK in B up to 18 T
I copper cell 1× 3× 3 cm3

I inject noble gas N and atomic/molecular
species D (1:100 to 1:1000)

 
 

FIG. 1 

 

 

Neon-Molecular Oxygen 

In this case, due to the high vapor pressure of 16O2 down to 70 K, the deposition process can take 

place already at cryogenic temperatures; in this way, the amount of energy transferred from the 

mixture to the UV fused silica (UVFS) windows is small, which relaxes the requirements on the 

thermal conduction between copper and the optical material. A second advantage is related to the 

low melting and boiling points of molecular oxygen (close enough to those of neon) which 

guarantees a more homogeneous deposited sample, i.e. with a reduced probability of finding 

oxygen clusters. Let's start by considering the !! !!(υ=0) ground state of 16O2. Only rotational 

levels of odd rotational angular-momentum quantum number N are populated because of 

restrictions imposed by the I=0 bosonic nature of the oxygen nuclei. Each rotational level is split 

into three spin-rotational components that are additionally labelled by the total angular-momentum 

quantum number J (J can take the values N-1, N and N+1 and the corresponding levels are often 

referred to as the F3, F2 and F1 component of the p-type triplet, respectively). Upon application of 

After a few hours of deposition, a 1-mm-thick noble gas matrix, incorporating

species D is grown on each side of the walls.
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SOLID NEON MATRIX: DOPANT SPECIES

Number of axion-induced
absorption events:

N · NA = Rab nNe Vc d (3600 s)nh

some reasonable values:
Rab = 1 Hz;
nNe = 4.6 · 1022 cm−3 neon density;
Vc ∼ 1 cm3 crystal volume;
d = 1% doping ratio;
nh acquisition time [hours]=4

=⇒ N · NA = 10
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THE LASER DETECTOR

GREEN LASER POINTER
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THE LASER DETECTOR

X RAYS DETECTION

Laser design 

Nd:YVO4 (a-cut): 1  %  at. ≡ 1.26 × 10   cm  
𝜎 = 2.8 × 10   cm  
𝜎 = 25 × 10   cm  
𝜏 (3%  at. ) ≈ 30 × 10   s 
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X-ray absorption in Nd:YVO4 laser medium 
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X-ray detection limits 

𝜂 30  keV, 3%  at. ≈ 4500 Nd sensitization efficiency: 
Pump noise:  𝜎 (808  nm) = 0.5%  rms 

Pump/laser beam parameters: 𝑤    808  nm = 𝑤    1064  nm = 100  µμm 

𝑀 808  nm = 20          𝑀 1064  nm = 1.5 

𝑃 = 32  mW 

𝜙 , = 2.7 × 10   ph  s cm   (1.3  W  cm ) 

short pulse 𝐹 , = 8.2 × 10   ph  cm   (39  µμJ  cm ) 

cw 

𝑃 = 32  mW 

𝜙 , = 2.7 × 10   ph  s cm   (0.13  W  cm ) 

short pulse 𝐹 , = 8.2 × 10   ph  cm   (3.9  µμJ  cm ) 

cw 

Cavity parameters: 𝐿 = 0.5  mm, 𝐿 = 2.5  mm   +5  mm +⋯ , Loss = 3% 
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