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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.
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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
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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

▸ pump laser resonant with transition
2→ 3

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

▸ level 3 is fluorescentÔ⇒ detection
can be accomplished via
conventional detectors (PMT or PD)

▸ 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

1. IR detection demonstrated up to λ ∼ 20µm in ruby (APL 29, 566 (1976))

2. λ ∼ 2µm photons detected with unitary efficiency in LaCl3:Pr3+ and LaF3:Pr3+
(JAP 44, 781 (1973))
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MOTIVATION

Development of a low threshold, large volume particle detector for
fundamental physics searches

W ⇐⇒ threshold, sensitivity and resolution

analogous to the mean energy required to produce an e-h

pair in semiconductors (∼ 3.6 in Si) or per ion pair, say, in

liquid Ar (26.4 eV)

PUMP

0

3

1

2

W

axionic dark matter:“invisible axion” mass
constrained in the range 1µeV−10 meV coherent neutrino-nucleon scattering2296 A. DRUKIER AND L. STODOLSKY 30

NEUTRINO-NUCLEUS ELASTIC SCATTERING

dg G2

dh (2)

and we conclude by integrating over b that the total elas-
tic cross section is

62 G2+2
16m. " 4m.

(3)

Furthermore, since the kinetic energy of the nuclear recoil
for a nucleus of mass number A is

Soon after the discovery of neutral-current neutrino re-
actions, it was pointed out that neutrino-nucleus elastic
scattering should exist, and that this scattering would be
coherent over the nucleons in the nucleus. This leads to a
cross section quadratic in the weak charge of the nucleus.
In the standard model the differential cross section for
neutrino-nucleus elastic scattering is

62
[Z(4sin 8~—1)+E]E (1+c os8),d (cos9) 8~

where Z and Xare the number of protons and neutrons in
the nucleus and the present value of the weak-interaction
angle is sin 0~—0.22. For sin g~ so near 4, the cross
section is thus essentially proportional to N . In arriving
at Eq. (1) only the vector current for the nucleon enters.
The axial-vector current leads to a small incoherent con-
tribution (for nuclei with spin) which we neglect. It is
useful to express Eq. (1) in terms of b„ the three-
momentum transfer to the nucleus, b, =2E (1—cosO):

04

10-

v[MeV]
I

10 100
- FIG. 2. Average recoil energy for various nuclei as a function
of neutrino energy.

no energy:

Q2E 2M' (4) so

6 „=4E (6)

with M the nucleon mass, it follows that the cross section
is distributed with respect to Eq as in Fig. 1.
The average value of Ez is

2
1 ~max
3 2M'

The maximum momentum transfer depends on the neutri-
I

AJAX
FIG. 1. Recoil-energy spectrum of the struck nucleus A in

elastic neutrino scattering.

E~—— (E!1MeV) keV,

and the cross section increases as E Equation .(5) leads,
for heavy nuclei, to recoil energies in the 100's-of-eV
range for MeV neutrinos, as seen in Fig. 2.
The range of validity of these considerations is given by

the condition for coherence,

ARq (1,
where Rz is the radius of the nucleus. For 6 much larger
than I/Rz the nucleus does not recoil coherently, and be-
gins to act as an independent collection of nucleons. For
Pb, for example, I/R~ —30 MeV, and for Al, 1/Rz -60
MeV, so that according to Eq. (7), the formulas apply up
to E-30 MeV. Above this neutrino energy the coherence
still applies, of course, to scattering where ARz (1. Since
we will never be interested in neutrinos much above 50
MeV we will always assume the above formulas are valid.
As opposed to inverse P decay or neutrino-electron re-

actions we see that the cross section Eq. (3),
o'=0.42K 10 X (E/1 MeV) cm

is enhanced by the N factor and has a quadratic increase
with energy.
We can conveniently express this as an approximate

cross section for a kilogram of detecting material of mass
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THE IRQC IDEA APPLIED TO PARTICLE DETECTION:
A DEMONSTRATION
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metastable level acts as a resevoir in which the energy
of the particle can be stored and e�ciently converted in
fluorescent photons by the pump laser. In view of the
previous hypotheses, and provided the e�ciency of the
upconversion process is high8,9, the proposed scheme has
the potential to generate a greater number of information
carriers (photons) for a given energy release. In addition,
one can take advantage of single photon detection devices
to reach unparalleled sensitivities [Ref].

II. METHODS AND RESULTS

We first characterize the crystal:

• misura ⌧

• misura CL

• fluorescence spectrum of the upconversion of in-
frared photons from a diode laser source

Er:YAG is widely used in IR lasers and optical com-
munication techniques, . . .

It displays a metastable level at about 1.5 µm from the
ground state, which we identify as level 1. The room tem-
perature fluorescence lifetime ⌧ of the 4I13/2 !4 I15/2

(⇠ 1.52 µm) transition was measured under excitation
of 60 keV electrons from an electron gun operated in the
pulsed regime10. The Er:YAG crystal, a cylinder of 5mm
diameter and height 3mm, is mounted at the far end of
the electron gun vacuum chamber that is enclosed in-
side a Pb-shielded cabinet. F. Borghesani: As shown in
Fig. 2, the shape of the charge signal registered at the
electron gun beam stopper has been considered to calcu-
late the fitting function of the InGaAs infrared photodi-
ode signal. The obtained value ⌧ = 7.19 ± 0.02 ms is in
fair agreement with results obtained by previous authors
in Er(0.5%):YAG11,12.
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FIG. 2. (left) Charge injection signal and fluorescence from
the 4I13/2 level. An InGaAs photodiode, with a longpass filter
(� > 1 µm) in input, has been used to detect the fluorescent
photons. (right) Energy level scheme of Er:YAG showing the
decay of the 4I13/2 level.

In order to identify the main transitions involved in
the excitation process, the cathodoluminesce (CL) spec-

tra shown in Fig. 4 were registered with a CCD spectrom-
eter in the visible. The infrared portion of the CL spec-

��
��
��
��

�

��	

��


���

���



�

������
��� 	�� 
�� ��� ���

��
��
��
��

�

�

	�

��


�

��

��

��

�

������

�� ��� ��� ���

2

metastable level acts as a resevoir in which the energy
of the particle can be stored and e�ciently converted in
fluorescent photons by the pump laser. In view of the
previous hypotheses, and provided the e�ciency of the
upconversion process is high8,9, the proposed scheme has
the potential to generate a greater number of information
carriers (photons) for a given energy release. In addition,
one can take advantage of single photon detection devices
to reach unparalleled sensitivities [Ref].

II. METHODS AND RESULTS

We first characterize the crystal:

• misura ⌧

• misura CL

• fluorescence spectrum of the upconversion of in-
frared photons from a diode laser source

Er:YAG is widely used in IR lasers and optical com-
munication techniques, . . .

It displays a metastable level at about 1.5 µm from the
ground state, which we identify as level 1. The room tem-
perature fluorescence lifetime ⌧ of the 4I13/2 !4 I15/2

(⇠ 1.52 µm) transition was measured under excitation
of 60 keV electrons from an electron gun operated in the
pulsed regime10. The Er:YAG crystal, a cylinder of 5mm
diameter and height 3mm, is mounted at the far end of
the electron gun vacuum chamber that is enclosed in-
side a Pb-shielded cabinet. F. Borghesani: As shown in
Fig. 2, the shape of the charge signal registered at the
electron gun beam stopper has been considered to calcu-
late the fitting function of the InGaAs infrared photodi-
ode signal. The obtained value ⌧ = 7.19 ± 0.02 ms is in
fair agreement with results obtained by previous authors
in Er(0.5%):YAG11,12.
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In order to identify the main transitions involved in
the excitation process, the cathodoluminesce (CL) spec-

tra shown in Fig. 4 were registered with a CCD spectrom-
eter in the visible. The infrared portion of the CL spec-
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FIG. 3. CL spectra of Er:YAG. The results of Fourier trans-
form interferometer (FT-IR) measurements are displayed in
the inset.

trum, displayed in the inset, was studied with Fourier
transform interferometer (FT-IR) techniques. The in-
terferometer is equipped with an InGaAs photodiode,
whose responsivity lies in the range 0.9 � 1.8 µm. The
two sharp emission lines, peaking at 401.5, 405.1 nm and
at 470.9, 474.0 nm, are attributed to 4f � 4f transitions
of the Er3+ ions in the YAG host, respectively to inter-
manifold transitions 2P3/2 !4 I15/2 and 2P3/2 !4 I13/2.
Note that the observed intermanifold transitions at the
wavelengths 470.9, 474.0 nm indicate that the metastable
level 4I13/2 population is increased by the electrons inter-
action also from the higher levels. CL spectra in YAG:Er
single crystalline films have been very recently reported
that show a larger 540 nm band luminescence. This might
indicate that a portion of our 540 nm fluorescence band
is absorbed in the 3 mm-thick crystal, where the elec-
trons interaction region is limited to about 0.6 mm from
the surface while light detection is accomplished on the
opposite crystal face.

The 540 nm fluorescence band spectrum is shown in
detail in Fig. 4, as obtained by upconversion of infrared
light from a diode laser and using a Ti:Sa laser to pump
the 4I13/2 !4 S3/2 transition.

III. THE IRQC SCHEME AND PARTICLE DETECTION

The experimental apparatus depicted in Fig. 5 was de-
signed to test the particle detection through the IRQC
scheme. Approximately 0.8µ continuous current of 60
keV electrons was sent in the Er:YAG crystal while a
Ti:Sa laser pumped the transition 4I13/2 !4 S3/2 as
shown in the energy level scheme in Fig. ??, correspond-
ing to 1 ! 2 in the simplified scheme of Fig. 1. Pump
light was allowed to impinge on the crystal by means of
a 1.6mm diameter multimode fiber. In Fig. 6 the 4S3/2

fluorescence intensity is plotted for di↵erent wavelengths
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metastable level acts as a resevoir in which the energy
of the particle can be stored and e�ciently converted in
fluorescent photons by the pump laser. In view of the
previous hypotheses, and provided the e�ciency of the
upconversion process is high8,9, the proposed scheme has
the potential to generate a greater number of information
carriers (photons) for a given energy release. In addition,
one can take advantage of single photon detection devices
to reach unparalleled sensitivities [Ref].

II. METHODS AND RESULTS

We first characterize the crystal:

• misura ⌧

• misura CL

• fluorescence spectrum of the upconversion of in-
frared photons from a diode laser source

Er:YAG is widely used in IR lasers and optical com-
munication techniques, . . .

It displays a metastable level at about 1.5 µm from the
ground state, which we identify as level 1. The room tem-
perature fluorescence lifetime ⌧ of the 4I13/2 !4 I15/2

(⇠ 1.52 µm) transition was measured under excitation
of 60 keV electrons from an electron gun operated in the
pulsed regime10. The Er:YAG crystal, a cylinder of 5mm
diameter and height 3mm, is mounted at the far end of
the electron gun vacuum chamber that is enclosed in-
side a Pb-shielded cabinet. F. Borghesani: As shown in
Fig. 2, the shape of the charge signal registered at the
electron gun beam stopper has been considered to calcu-
late the fitting function of the InGaAs infrared photodi-
ode signal. The obtained value ⌧ = 7.19 ± 0.02 ms is in
fair agreement with results obtained by previous authors
in Er(0.5%):YAG11,12.
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In order to identify the main transitions involved in
the excitation process, the cathodoluminesce (CL) spec-

tra shown in Fig. 4 were registered with a CCD spectrom-
eter in the visible. The infrared portion of the CL spec-
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FIG. 3. CL spectra of Er:YAG. The results of Fourier trans-
form interferometer (FT-IR) measurements are displayed in
the inset.

trum, displayed in the inset, was studied with Fourier
transform interferometer (FT-IR) techniques. The in-
terferometer is equipped with an InGaAs photodiode,
whose responsivity lies in the range 0.9 � 1.8 µm. The
two sharp emission lines, peaking at 401.5, 405.1 nm and
at 470.9, 474.0 nm, are attributed to 4f � 4f transitions
of the Er3+ ions in the YAG host, respectively to inter-
manifold transitions 2P3/2 !4 I15/2 and 2P3/2 !4 I13/2.
Note that the observed intermanifold transitions at the
wavelengths 470.9, 474.0 nm indicate that the metastable
level 4I13/2 population is increased by the electrons inter-
action also from the higher levels. CL spectra in YAG:Er
single crystalline films have been very recently reported
that show a larger 540 nm band luminescence. This might
indicate that a portion of our 540 nm fluorescence band
is absorbed in the 3 mm-thick crystal, where the elec-
trons interaction region is limited to about 0.6 mm from
the surface while light detection is accomplished on the
opposite crystal face.

The 540 nm fluorescence band spectrum is shown in
detail in Fig. 4, as obtained by upconversion of infrared
light from a diode laser and using a Ti:Sa laser to pump
the 4I13/2 !4 S3/2 transition.

III. THE IRQC SCHEME AND PARTICLE DETECTION

The experimental apparatus depicted in Fig. 5 was de-
signed to test the particle detection through the IRQC
scheme. Approximately 0.8µ continuous current of 60
keV electrons was sent in the Er:YAG crystal while a
Ti:Sa laser pumped the transition 4I13/2 !4 S3/2 as
shown in the energy level scheme in Fig. ??, correspond-
ing to 1 ! 2 in the simplified scheme of Fig. 1. Pump
light was allowed to impinge on the crystal by means of
a 1.6mm diameter multimode fiber. In Fig. 6 the 4S3/2
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metastable level acts as a resevoir in which the energy
of the particle can be stored and e�ciently converted in
fluorescent photons by the pump laser. In view of the
previous hypotheses, and provided the e�ciency of the
upconversion process is high8,9, the proposed scheme has
the potential to generate a greater number of information
carriers (photons) for a given energy release. In addition,
one can take advantage of single photon detection devices
to reach unparalleled sensitivities [Ref].

II. METHODS AND RESULTS

We first characterize the crystal:

• misura ⌧

• misura CL

• fluorescence spectrum of the upconversion of in-
frared photons from a diode laser source

Er:YAG is widely used in IR lasers and optical com-
munication techniques, . . .

It displays a metastable level at about 1.5 µm from the
ground state, which we identify as level 1. The room tem-
perature fluorescence lifetime ⌧ of the 4I13/2 !4 I15/2

(⇠ 1.52 µm) transition was measured under excitation
of 60 keV electrons from an electron gun operated in the
pulsed regime10. The Er:YAG crystal, a cylinder of 5mm
diameter and height 3mm, is mounted at the far end of
the electron gun vacuum chamber that is enclosed in-
side a Pb-shielded cabinet. F. Borghesani: As shown in
Fig. 2, the shape of the charge signal registered at the
electron gun beam stopper has been considered to calcu-
late the fitting function of the InGaAs infrared photodi-
ode signal. The obtained value ⌧ = 7.19 ± 0.02 ms is in
fair agreement with results obtained by previous authors
in Er(0.5%):YAG11,12.

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

-2 10-7

0

2 10-7

4 10-7

6 10-7

8 10-7

1 10-6

0 5 10 15 20 25 30 35 40

calculated IR
measured IR (InGaAs PD)

charge injection signal

IR
 fl

uo
re

sc
en

ce
 (V

)

I (A
m

pere)
time (ms)

4I15/2

4I13/2

4I11/2

4I9/2

4F9/2

E (cm-1)

4S3/2

0

5000

10000

25000

20000

15000

4H11/2

4F7/2

4F5/2
4F3/2

FIG. 2. (left) Charge injection signal and fluorescence from
the 4I13/2 level. An InGaAs photodiode, with a longpass filter
(� > 1 µm) in input, has been used to detect the fluorescent
photons. (right) Energy level scheme of Er:YAG showing the
decay of the 4I13/2 level.

In order to identify the main transitions involved in
the excitation process, the cathodoluminesce (CL) spec-

tra shown in Fig. 4 were registered with a CCD spectrom-
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FIG. 3. CL spectra of Er:YAG. The results of Fourier trans-
form interferometer (FT-IR) measurements are displayed in
the inset.

trum, displayed in the inset, was studied with Fourier
transform interferometer (FT-IR) techniques. The in-
terferometer is equipped with an InGaAs photodiode,
whose responsivity lies in the range 0.9 � 1.8 µm. The
two sharp emission lines, peaking at 401.5, 405.1 nm and
at 470.9, 474.0 nm, are attributed to 4f � 4f transitions
of the Er3+ ions in the YAG host, respectively to inter-
manifold transitions 2P3/2 !4 I15/2 and 2P3/2 !4 I13/2.
Note that the observed intermanifold transitions at the
wavelengths 470.9, 474.0 nm indicate that the metastable
level 4I13/2 population is increased by the electrons inter-
action also from the higher levels. CL spectra in YAG:Er
single crystalline films have been very recently reported
that show a larger 540 nm band luminescence. This might
indicate that a portion of our 540 nm fluorescence band
is absorbed in the 3 mm-thick crystal, where the elec-
trons interaction region is limited to about 0.6 mm from
the surface while light detection is accomplished on the
opposite crystal face.

The 540 nm fluorescence band spectrum is shown in
detail in Fig. 4, as obtained by upconversion of infrared
light from a diode laser and using a Ti:Sa laser to pump
the 4I13/2 !4 S3/2 transition.

III. THE IRQC SCHEME AND PARTICLE DETECTION

The experimental apparatus depicted in Fig. 5 was de-
signed to test the particle detection through the IRQC
scheme. Approximately 0.8µ continuous current of 60
keV electrons was sent in the Er:YAG crystal while a
Ti:Sa laser pumped the transition 4I13/2 !4 S3/2 as
shown in the energy level scheme in Fig. ??, correspond-
ing to 1 ! 2 in the simplified scheme of Fig. 1. Pump
light was allowed to impinge on the crystal by means of
a 1.6mm diameter multimode fiber. In Fig. 6 the 4S3/2

fluorescence intensity is plotted for di↵erent wavelengths
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trum, displayed in the inset, was studied with Fourier
transform interferometer (FT-IR) techniques. The in-
terferometer is equipped with an InGaAs photodiode,
whose responsivity lies in the range 0.9 � 1.8 µm. The
two sharp emission lines, peaking at 401.5, 405.1 nm and
at 470.9, 474.0 nm, are attributed to 4f � 4f transitions
of the Er3+ ions in the YAG host, respectively to inter-
manifold transitions 2P3/2 !4 I15/2 and 2P3/2 !4 I13/2.
Note that the observed intermanifold transitions at the
wavelengths 470.9, 474.0 nm indicate that the metastable
level 4I13/2 population is increased by the electrons inter-
action also from the higher levels. CL spectra in YAG:Er
single crystalline films have been very recently reported
that show a larger 540 nm band luminescence. This might
indicate that a portion of our 540 nm fluorescence band
is absorbed in the 3 mm-thick crystal, where the elec-
trons interaction region is limited to about 0.6 mm from
the surface while light detection is accomplished on the
opposite crystal face.

The 540 nm fluorescence band spectrum is shown in
detail in Fig. 4, as obtained by upconversion of infrared
light from a diode laser and using a Ti:Sa laser to pump
the 4I13/2 !4 S3/2 transition.
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III. THE IRQC SCHEME AND PARTICLE DETECTION

The experimental apparatus depicted in Fig. 5 was de-
signed to test the particle detection through the IRQC
scheme. Approximately 0.8µ continuous current of 60
keV electrons was sent in the Er:YAG crystal while a
Ti:Sa laser pumped the transition 4I13/2 !4 S3/2 as
shown in the energy level scheme in Fig. ??, correspond-
ing to 1 ! 2 in the simplified scheme of Fig. 1. Pump
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2

metastable level acts as a resevoir in which the energy
of the particle can be stored and e�ciently converted in
fluorescent photons by the pump laser. In view of the
previous hypotheses, and provided the e�ciency of the
upconversion process is high8,9, the proposed scheme has
the potential to generate a greater number of information
carriers (photons) for a given energy release. In addition,
one can take advantage of single photon detection devices
to reach unparalleled sensitivities [Ref].

II. METHODS AND RESULTS

We first characterize the crystal:

• misura ⌧

• misura CL

• fluorescence spectrum of the upconversion of in-
frared photons from a diode laser source

Er:YAG is widely used in IR lasers and optical com-
munication techniques, . . .

It displays a metastable level at about 1.5 µm from the
ground state, which we identify as level 1. The room tem-
perature fluorescence lifetime ⌧ of the 4I13/2 !4 I15/2

(⇠ 1.52 µm) transition was measured under excitation
of 60 keV electrons from an electron gun operated in the
pulsed regime10. The Er:YAG crystal, a cylinder of 5mm
diameter and height 3mm, is mounted at the far end of
the electron gun vacuum chamber that is enclosed in-
side a Pb-shielded cabinet. F. Borghesani: As shown in
Fig. 2, the shape of the charge signal registered at the
electron gun beam stopper has been considered to calcu-
late the fitting function of the InGaAs infrared photodi-
ode signal. The obtained value ⌧ = 7.19 ± 0.02 ms is in
fair agreement with results obtained by previous authors
in Er(0.5%):YAG11,12.
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the 4I13/2 level. An InGaAs photodiode, with a longpass filter
(� > 1 µm) in input, has been used to detect the fluorescent
photons. (right) Energy level scheme of Er:YAG showing the
decay of the 4I13/2 level.

In order to identify the main transitions involved in
the excitation process, the cathodoluminesce (CL) spec-

tra shown in Fig. 4 were registered with a CCD spectrom-
eter in the visible. The infrared portion of the CL spec-
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FIG. 3. CL spectra of Er:YAG. The results of Fourier trans-
form interferometer (FT-IR) measurements are displayed in
the inset.

trum, displayed in the inset, was studied with Fourier
transform interferometer (FT-IR) techniques. The in-
terferometer is equipped with an InGaAs photodiode,
whose responsivity lies in the range 0.9 � 1.8 µm. The
two sharp emission lines, peaking at 401.5, 405.1 nm and
at 470.9, 474.0 nm, are attributed to 4f � 4f transitions
of the Er3+ ions in the YAG host, respectively to inter-
manifold transitions 2P3/2 !4 I15/2 and 2P3/2 !4 I13/2.
Note that the observed intermanifold transitions at the
wavelengths 470.9, 474.0 nm indicate that the metastable
level 4I13/2 population is increased by the electrons inter-
action also from the higher levels. CL spectra in YAG:Er
single crystalline films have been very recently reported
that show a larger 540 nm band luminescence. This might
indicate that a portion of our 540 nm fluorescence band
is absorbed in the 3 mm-thick crystal, where the elec-
trons interaction region is limited to about 0.6 mm from
the surface while light detection is accomplished on the
opposite crystal face.

The 540 nm fluorescence band spectrum is shown in
detail in Fig. 4, as obtained by upconversion of infrared
light from a diode laser and using a Ti:Sa laser to pump
the 4I13/2 !4 S3/2 transition.

III. THE IRQC SCHEME AND PARTICLE DETECTION

The experimental apparatus depicted in Fig. 5 was de-
signed to test the particle detection through the IRQC
scheme. Approximately 0.8µ continuous current of 60
keV electrons was sent in the Er:YAG crystal while a
Ti:Sa laser pumped the transition 4I13/2 !4 S3/2 as
shown in the energy level scheme in Fig. ??, correspond-
ing to 1 ! 2 in the simplified scheme of Fig. 1. Pump
light was allowed to impinge on the crystal by means of
a 1.6mm diameter multimode fiber. In Fig. 6 the 4S3/2

fluorescence intensity is plotted for di↵erent wavelengths
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metastable level acts as a resevoir in which the energy
of the particle can be stored and e�ciently converted in
fluorescent photons by the pump laser. In view of the
previous hypotheses, and provided the e�ciency of the
upconversion process is high8,9, the proposed scheme has
the potential to generate a greater number of information
carriers (photons) for a given energy release. In addition,
one can take advantage of single photon detection devices
to reach unparalleled sensitivities [Ref].

II. METHODS AND RESULTS

We first characterize the crystal:

• misura ⌧

• misura CL

• fluorescence spectrum of the upconversion of in-
frared photons from a diode laser source

Er:YAG is widely used in IR lasers and optical com-
munication techniques, . . .

It displays a metastable level at about 1.5 µm from the
ground state, which we identify as level 1. The room tem-
perature fluorescence lifetime ⌧ of the 4I13/2 !4 I15/2

(⇠ 1.52 µm) transition was measured under excitation
of 60 keV electrons from an electron gun operated in the
pulsed regime10. The Er:YAG crystal, a cylinder of 5mm
diameter and height 3mm, is mounted at the far end of
the electron gun vacuum chamber that is enclosed in-
side a Pb-shielded cabinet. F. Borghesani: As shown in
Fig. 2, the shape of the charge signal registered at the
electron gun beam stopper has been considered to calcu-
late the fitting function of the InGaAs infrared photodi-
ode signal. The obtained value ⌧ = 7.19 ± 0.02 ms is in
fair agreement with results obtained by previous authors
in Er(0.5%):YAG11,12.
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In order to identify the main transitions involved in
the excitation process, the cathodoluminesce (CL) spec-

tra shown in Fig. 4 were registered with a CCD spectrom-
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FIG. 3. CL spectra of Er:YAG. The results of Fourier trans-
form interferometer (FT-IR) measurements are displayed in
the inset.

trum, displayed in the inset, was studied with Fourier
transform interferometer (FT-IR) techniques. The in-
terferometer is equipped with an InGaAs photodiode,
whose responsivity lies in the range 0.9 � 1.8 µm. The
two sharp emission lines, peaking at 401.5, 405.1 nm and
at 470.9, 474.0 nm, are attributed to 4f � 4f transitions
of the Er3+ ions in the YAG host, respectively to inter-
manifold transitions 2P3/2 !4 I15/2 and 2P3/2 !4 I13/2.
Note that the observed intermanifold transitions at the
wavelengths 470.9, 474.0 nm indicate that the metastable
level 4I13/2 population is increased by the electrons inter-
action also from the higher levels. CL spectra in YAG:Er
single crystalline films have been very recently reported
that show a larger 540 nm band luminescence. This might
indicate that a portion of our 540 nm fluorescence band
is absorbed in the 3 mm-thick crystal, where the elec-
trons interaction region is limited to about 0.6 mm from
the surface while light detection is accomplished on the
opposite crystal face.

The 540 nm fluorescence band spectrum is shown in
detail in Fig. 4, as obtained by upconversion of infrared
light from a diode laser and using a Ti:Sa laser to pump
the 4I13/2 !4 S3/2 transition.

III. THE IRQC SCHEME AND PARTICLE DETECTION

The experimental apparatus depicted in Fig. 5 was de-
signed to test the particle detection through the IRQC
scheme. Approximately 0.8µ continuous current of 60
keV electrons was sent in the Er:YAG crystal while a
Ti:Sa laser pumped the transition 4I13/2 !4 S3/2 as
shown in the energy level scheme in Fig. ??, correspond-
ing to 1 ! 2 in the simplified scheme of Fig. 1. Pump
light was allowed to impinge on the crystal by means of
a 1.6mm diameter multimode fiber. In Fig. 6 the 4S3/2

fluorescence intensity is plotted for di↵erent wavelengths
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metastable level acts as a resevoir in which the energy
of the particle can be stored and e�ciently converted in
fluorescent photons by the pump laser. In view of the
previous hypotheses, and provided the e�ciency of the
upconversion process is high8,9, the proposed scheme has
the potential to generate a greater number of information
carriers (photons) for a given energy release. In addition,
one can take advantage of single photon detection devices
to reach unparalleled sensitivities [Ref].

II. METHODS AND RESULTS

We first characterize the crystal:

• misura ⌧

• misura CL

• fluorescence spectrum of the upconversion of in-
frared photons from a diode laser source

Er:YAG is widely used in IR lasers and optical com-
munication techniques, . . .

It displays a metastable level at about 1.5 µm from the
ground state, which we identify as level 1. The room tem-
perature fluorescence lifetime ⌧ of the 4I13/2 !4 I15/2

(⇠ 1.52 µm) transition was measured under excitation
of 60 keV electrons from an electron gun operated in the
pulsed regime10. The Er:YAG crystal, a cylinder of 5mm
diameter and height 3mm, is mounted at the far end of
the electron gun vacuum chamber that is enclosed in-
side a Pb-shielded cabinet. F. Borghesani: As shown in
Fig. 2, the shape of the charge signal registered at the
electron gun beam stopper has been considered to calcu-
late the fitting function of the InGaAs infrared photodi-
ode signal. The obtained value ⌧ = 7.19 ± 0.02 ms is in
fair agreement with results obtained by previous authors
in Er(0.5%):YAG11,12.
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FIG. 2. (left) Charge injection signal and fluorescence from
the 4I13/2 level. An InGaAs photodiode, with a longpass filter
(� > 1 µm) in input, has been used to detect the fluorescent
photons. (right) Energy level scheme of Er:YAG showing the
decay of the 4I13/2 level.

In order to identify the main transitions involved in
the excitation process, the cathodoluminesce (CL) spec-

tra shown in Fig. 4 were registered with a CCD spectrom-
eter in the visible. The infrared portion of the CL spec-
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FIG. 3. CL spectra of Er:YAG. The results of Fourier trans-
form interferometer (FT-IR) measurements are displayed in
the inset.

trum, displayed in the inset, was studied with Fourier
transform interferometer (FT-IR) techniques. The in-
terferometer is equipped with an InGaAs photodiode,
whose responsivity lies in the range 0.9 � 1.8 µm. The
two sharp emission lines, peaking at 401.5, 405.1 nm and
at 470.9, 474.0 nm, are attributed to 4f � 4f transitions
of the Er3+ ions in the YAG host, respectively to inter-
manifold transitions 2P3/2 !4 I15/2 and 2P3/2 !4 I13/2.
Note that the observed intermanifold transitions at the
wavelengths 470.9, 474.0 nm indicate that the metastable
level 4I13/2 population is increased by the electrons inter-
action also from the higher levels. CL spectra in YAG:Er
single crystalline films have been very recently reported
that show a larger 540 nm band luminescence. This might
indicate that a portion of our 540 nm fluorescence band
is absorbed in the 3 mm-thick crystal, where the elec-
trons interaction region is limited to about 0.6 mm from
the surface while light detection is accomplished on the
opposite crystal face.

The 540 nm fluorescence band spectrum is shown in
detail in Fig. 4, as obtained by upconversion of infrared
light from a diode laser and using a Ti:Sa laser to pump
the 4I13/2 !4 S3/2 transition.

III. THE IRQC SCHEME AND PARTICLE DETECTION

The experimental apparatus depicted in Fig. 5 was de-
signed to test the particle detection through the IRQC
scheme. Approximately 0.8µ continuous current of 60
keV electrons was sent in the Er:YAG crystal while a
Ti:Sa laser pumped the transition 4I13/2 !4 S3/2 as
shown in the energy level scheme in Fig. ??, correspond-
ing to 1 ! 2 in the simplified scheme of Fig. 1. Pump
light was allowed to impinge on the crystal by means of
a 1.6mm diameter multimode fiber. In Fig. 6 the 4S3/2

fluorescence intensity is plotted for di↵erent wavelengths
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FINDING THE RIGHT MEDIA

MATERIAL IN WHICH A re-cycle PROCESS CAN BE INITIATED

Example: triplet state molecules in
superfluid He

Detection and Imaging of He2 Molecules in Superfluid Helium

W. G. Rellergert, S. B. Cahn, A. Garvan, J. C. Hanson, W. H. Lippincott, J. A. Nikkel, and D. N. McKinsey*
Department of Physics, Yale University, New Haven, Connecticut 06520, USA

(Received 10 September 2007; revised manuscript received 15 November 2007; published 15 January 2008)

We present data that show a cycling transition can be used to detect and image metastable He2 triplet
molecules in superfluid helium. We demonstrate that limitations on the cycling efficiency due to the
vibrational structure of the molecule can be mitigated by the use of repumping lasers. Images of the
molecules obtained using the method are also shown. This technique gives rise to a new kind of ionizing
radiation detector. The use of He2 triplet molecules as tracer particles in the superfluid promises to be a
powerful tool for visualization of both quantum and classical turbulence in liquid helium.

DOI: 10.1103/PhysRevLett.100.025301 PACS numbers: 67.25.D!, 29.40.Gx, 67.25.dk

Ionizing radiation events in liquid helium produce un-
stable He2 molecules in both singlet and triplet states [1–
4]. The singlet state molecules radiatively decay in a few
nanoseconds [5], but the triplet state molecules are meta-
stable because a radiative transition to the ground state of
two free atoms requires a strongly forbidden spin flip. The
radiative lifetime of the triplet molecules has been calcu-
lated to be 18 s in vacuum [6] and measured to be 13 s in
liquid helium [7]. Here we present data supporting our
previous proposal [8] to detect and image the triplet mole-
cules by driving them through multiple fluorescence-
emitting transitions during their lifetime.

The lowest-lying electronic states and two relevant vi-
brational levels of the triplet molecules are shown in Fig. 1,
as well as one cycling transition used to detect them. Two
infrared photons can excite a triplet molecule from the
ground a3!"u state to the d3!"u state. Calculations of the
branching ratios indicate that about 10% of the excited
molecules will decay to the c3!"g state, while the remain-
ing 90% will decay to the b3"g state, emitting detectable
red photons at 640 nm. Molecules in both the c3!"g and
b3"g states then decay back to the a3!"u state, and the
process can be repeated. Since the d3!"u ! b3"g transi-
tion emits a photon that is well separated in wavelength
from the excitation photons, scattered laser light can be
blocked by appropriate filters. As the entire cycle occurs in
roughly 50 ns, it could in principle be repeated enough
times to allow for single molecule detection.

The molecular structure complicates matters because
molecules in an excited electronic state may decay to
excited rotational or vibrational levels of the electronic
ground state. If those levels have long relaxation times,
and are out of resonance with the excitation lasers, the rate
at which a molecule can be cycled is greatly reduced. For
He2 molecules in the liquid, the absorption spectral lines
are 120 cm!1 wide [4,9], which is considerably larger than
the spacing of the rotational levels (7 cm!1) [10]. The
vibrational levels, on the other hand, are separated by about
1500 cm!1 [10], and the vibrational relaxation time is over
100 ms [9]. Therefore, molecules falling to excited vibra-
tional levels of the a3!"u state are trapped in off-resonant

levels and are lost for subsequent cycles. They can be
recovered, however, with the use of repumping lasers. As
an example, a molecule that decays to the first vibrational
level of the a3!"u state, a#1$, can be driven into the zeroth
vibrational level of the c3!"g state, c#0$, with light at
1073 nm (Fig. 1). Our calculations of the Franck-Condon
factors imply that a molecule in c#0$ will decay back to
a#0$ around 95% of the time. As there are only two excited
vibrational levels below b#0$, two repumping lasers are
likely all that are needed to ensure that molecules are
recovered for high cycling rates in this scheme.

A typical 1 MeV electronic recoil event in liquid helium
creates about 32 000 He2 molecules. About 60% of those
molecules are created in the singlet state and 40% are

FIG. 1 (color online). Shown schematically are the lowest
energy levels of the He2 triplet molecule in liquid helium. A
cycling transition used to detect and image the molecules is
indicated, as well as transitions that control the populations of
the a3!"u vibrational levels.
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molecules into a!1" and a!2", which are long lived. The
peaks at 800 and 905 nm are significantly reduced showing
that the population of a!0" is indeed lowered, and new
peaks in fluorescence are observed at 825, 850, and
925 nm. The suspected excitation scheme for these peaks
is a!1"! c!2"! d!3" for 825 nm, a!2"! c!3"! d!4" for
850 nm, and a!1"! c!1"! d!1" for 925 nm.

The ability to repump molecules that fall to a!1" is
demonstrated in Fig. 4, which shows the dependence of
the fluorescence signal on the pulse number in a sequence
of 64 consecutive pulses of 905 nm laser light
(2:5 mJ=cm2). Before the pulse sequence, the laser pulses
are blocked with a shutter for 6.4 s to allow the molecules
to come to equilibrium. The shutter then opens, and the
molecules are excited with a laser pulse every 100 ms for
6.4 s. The shutter then closes, and the process is repeated.
Figure 4 shows the average of ten such consecutive pulse
sequences both with and without the use of a repumping
diode laser. Without a repumping laser, the signal drops to
25% of the initial value by the tenth pulse indicating that
molecules are being lost by some mechanism when cycled.
With the addition of a diode laser at 1073 nm, however, the
signal remains above 85% of the initial value. These data
demonstrate that the molecules are indeed being cycled
multiple times, that the primary loss mechanism is deexci-
tations to a!1", and that the molecules in a!1" can be driven
back to a!0" by a repumping laser.

The size of the signal in Fig. 4 can be used to obtain a
lower bound on the percentage of molecules that are emit-
ting a 640 nm photon. Taking into account the laser beam
size and its position, we estimate that it overlaps at most
30% of the molecules produced by the beta source. The
solid angle subtended by the photomultiplier tube (0.75%),
its quantum efficiency (5%), and the transmission of the
various windows and optical filters (30%) indicate that
about 1 out of every 104 emitted photons are detected.
Therefore, detection of more than 500 photoelectrons sug-
gests that for each pulse at least 5% of the molecules in the
laser beam are emitting a 640 nm photon.

Images of the molecules are obtained with amplified
CCD cameras. A false-color image of the cloud of mole-
cules created by the beta source is shown in Fig. 5(a). The
fluorescence is produced by pulsing one laser at 905 nm
and a second laser at 925 nm, exciting molecules in both
a!0" and a!1". The repetition rate of each laser is 10 Hz,
and the pulse energies are 5 mJ. The total exposure time is
5 min. The spatial extent of the cloud agrees with the
expected beta particle track length of 1 cm taking into
account the 5 mm distance from the laser beam to the
source. An image taken with a collimator on the beta
source is shown in Fig. 5(b). A single pulsed laser at
905 nm and a 60 mW=cm2 continuous-wave repumping
laser at 1073 nm are used to produce the fluorescence. The
repetition rate and pulse energy are again 10 Hz and 5 mJ,
respectively, but the exposure time is 2.5 min. As expected,
the shape of the cloud is determined by the limited angular
spread of the beta particle trajectories.

The technique outlined above gives rise to a new detec-
tor technology using liquid helium. In addition to the
qualities and applications of such a detector that have
already been proposed [8], the method may be useful for
a Compton gamma ray imager. If a gamma ray scatters in
liquid helium and is subsequently absorbed in a second
detector, the locations of those events and total energy
deposited can be used to kinematically determine the
energy and trajectory of the incoming gamma ray.

FIG. 4 (color online). These data show the dependence of the
fluorescence signal on the pulse number in a sequence of 64
consecutive pulses of 905 nm laser light. Without a repumping
laser (black #’s), the signal drops to 25% of the initial value by
the tenth pulse. With the addition of a diode laser at 1073 nm
(red circles), however, the signal remains above 85% of the
initial value.

FIG. 5 (color online). Images of the molecules obtained using
amplified CCD cameras. In (a) the beta source is facing the
camera. In (b) the image is formed by collimating the beta source
and imaging it from the side. A sketch of the source and
collimator has been added to show its location.

PRL 100, 025301 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
18 JANUARY 2008

025301-3

ionizing radiation events imaging
PRL 100, 025301 (2008)



INTRODUCTION IRQC THE NOVEL DETECTOR THE MEDIA

FINDING THE RIGHT MEDIA

EXPLOIT THE PHONON CHANNEL FOR DETECTION

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

Example: optical refrigeration/laser cooling of solids
2 1 Optical Refrigeration in Solids: Fundamentals and Overview

Figure 1.1 In 1929, Peter Pringsheim suggest-
ed that solids could cool through anti-Stokes
fluorescence, in which a substance absorbs
a photon and then emits one of greater energy.
The energy diagram on the right shows one
way in which this could occur. An atom with

two broad levels is embedded in a transparent
solid. The light source of frequency hν excites
atoms near the top of the ground state level
to the bottom of the excited state. Radiative
decays occurring after thermalization emit
photons with average energy hνf > hν.

Figure 1.2 Schematic of an optical refrigera-
tion system. Pump light is efficiently generated
by a semiconductor diode laser. The laser
light enters the cooler through a pinhole in
one mirror and is trapped by the mirrors
until it is absorbed. Isotropic fluorescence

escapes the cooler element and is absorbed by
the vacuum casing. A sensor or some other
load is connected in the shadow region of the
second mirror. Figure 1.2 has been reproduced
from [6].

on the pump lasers are not very restrictive. The spectral width of the pump light
has to be narrow compared to the thermal spread of the fluorescence. A multimode
fiber-coupled laser with a spectral width of several nanometers would be adequate.
In an optical refrigerator, the cooling power is of the order 1% of the pump laser
power. Only modest lasers are adequate for microcooling applications with a heat
lift of mW. For larger heat lifts, correspondingly more powerful lasers are needed.
In all cooling applications, the cooling element has to be connected to the device
being cooled, the load, by a thermal link; see Figure 1.2. This link siphons heat

anti-Stokes fluorescence/
luminescence upconversion cooling
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phonon absorption followed by blueshifted fluorescence that carries away heat
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