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B. Zurro a, A. Ibarra c, A. Baciero a, M.A. Respaldiza b

a Laboratorio Nacional de Fusión, Asociación Euratom-CIEMAT, Avenida Complutense 22, E-28040 Madrid, Spain
b Centro Nacional de Aceleradores, Parque Tecnológico, ‘Cartuja ’93’, Avenida Thomas A. Edison, E-41092 Seville, Spain

c Materiales para Fusión, Asociación Euratom-CIEMAT, Av. Complutense 22, E-28040 Madrid, Spain

Received 20 October 2004; accepted 7 December 2004
Abstract

We have quantified the ionoluminescence of several materials when irradiated with protons and He ions accelerated

to keV and MeV energies. In particular, we have determined the absolute luminosity in terms of the number of photons

emitted per incident ion from the front and back faces of thin screens of Y3Al5O12:Ce (0.15% CeO2), Al2O3:Ti (0.2%

Ti), fused silica, and chemical vapour deposited diamond. This work has been motivated principally by their application

in diagnostics for measuring fast ion losses at the edges of hot plasmas in fusion devices, where their radiation hardness,

compared to that of standard phosphors, make them attractive candidates. Here, after presenting brief descriptions

of the materials and summarizing the experimental set-up and the analysis method used, the results obtained are

presented, and the afterglow and damage are evaluated.

� 2005 Elsevier B.V. All rights reserved.

PACS: 78.60.Hk; 52.70.�m; 29.17.+w; 87.50.Gi
1. Introduction

Several decades of research on phosphors at CERN

and elsewhere have led to the use of doped alumina cera-

mic screens, e.g. Al2O3:Cr
3+ [1,2] and Ce-doped YAG

single crystal converters [3] for accelerator beam (elec-

trons and ions) observations. In particular, such screens

exhibit good response linearity and good relative sensi-

tivity to charged particles accelerated to MeV and GeV
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energies. Furthermore, the immunity of such phosphors

to electromagnetic interference and ground loops, as well

as their compactness (only a thin screen is required),

makes them well suited for use as broadband radiation

detectors in the harsh environments encountered in fu-

sion devices [4]. In a previous paper the authors quanti-

fied the ionoluminescence output of the cerium doped

alumina ceramic �Chromox-6� and determined its light

yield for H and He ions respectively [5] to be comparable

to that of the widely used scintillator YAP:Ce [6]. One of

its main attractions was its ability to tolerate integrated

particle fluxes that are several orders of magnitude

higher than those withstood by standard powdered

phosphors [7]. However, like other ceramics it exhibits
ed.
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both persistent (or afterglow) and delayed luminescence

(i.e. its luminescence output rises gradually for several

hundreds of seconds before maximizing) [5,8].

This work is primarily motivated by the application of

such radiation-hard luminescent materials in a diagnostic

probe, based on the collection of light induced by ions

impacting on a thin screen, for measuring fast ion losses,

close to the edge of hot plasmas in the TJ-II stellarator

[9,10]. In future operations modes, its plasmas will re-

ceive up to 2 MW of additional heating from two neutral

beam injector (NBI) systems in which neutral hydrogen

is accelerated to 40 keV [11] and from which theoretical

studies predict that losses due to fast ions could reach

30% of the injected power [12]. To date, diagnostics for

detecting fast ion (H+) losses from the hot plasmas of

fusion devices, as well as fast alpha particle losses from

D–T fusion devices [13], have employed thin phosphor

screens, e.g. ZnS:Ag (P11) [14,15]. However, phosphor

powder based screens cannot survive the harsh radiation

environment encountered in a fusion device operated for

long periods, moreover as such probes must be located

close to the plasma outer edge. Here, the search for alter-

native luminescent materials, with high light output

and minimum afterglow, is continued.

Now, in order to quantify the fast ion flux intercepted

by a diagnostic ion probe, it is necessary to determine the

absolute luminosity of its screen for high-energy ions.

Here, absolute ionoluminescence measurements, in terms

of photons emitted per incident ion from both the front

and back faces, are presented for four candidate materi-

als. The materials, selected because of their availability,

radiation hardness, fast response, prior use in fusion

diagnostics, or spectral matching to detectors (CCDs,

PMTs etc.), are cerium-doped yttrium aluminium garnet

(Y3Al5O12:Ce), commonly known as YAG:Ce, titanium

doped alumina (Al2O3:Ti), fused silica, and high-purity

polycrystalline diamond. In the paper, the experimental

set-up, the measurements made with H and He ions hav-

ing discrete energies between �50 keV and �3 MeV and

the data analysis employed are described first. Next,

quantitative results are summarized and used to estimate

light output (i.e. the number of photons per MeV of inci-

dent ion energy) and light yields (when possible) which

are then compared with known published values. Finally,

afterglow, changes in optical absorption, and the suit-

ability of the materials for the application outlined previ-

ously, and similar applications, are discussed.
2. Experimental details

2.1. Materials studied

The materials under study, together with some of

their principal physical properties, are outlined here.

The first is an Y3Al5O12:Ce (0.15% CeO2) crystal slice
obtained from Crytur Ltd., (Turnov, The Czech Repub-

lic). It is a 1 mm thick, 40 mm diameter, screen with a

density of 4.57 gcm�3. The luminescence of Ce3+ in

Y3Al5O12 consists of a broad emission that arises from

the allowed 5d–4f transition of Ce3+ ions and peaks at

550 nm with a stated decay time constant of 70 ns [16].

It has a reported light yield of between 14 and

20.8 · 103 photonsMeV�1 for samples with different

molar concentrations of Ce [17,18] and an a/c ratio of

0.21 [19]. Also, samples of this material, from another

manufacturer, are reported exhibit a 50% decrease

in luminescence output after irradiation by P1016

protonscm�2 [20].

The second is an Al2O3:Ti
3+/4+ (0.2% Ti) monocrys-

talline disk (hexagonal), 1 mm thick and 30 mm in dia-

meter, grown by Crystal Systems Inc. (Salem, MA)

using the Heat Exchanger Method (HEM), with its C

axis oriented perpendicular to the principal surface

[21]. This material is used in broadly tuneable laser

sources. The more abundant Ti3+ ions (3d1) produce a

broad emission band, arising from the 2E to 2T2 transi-

tion, that peaks around 750 nm (well suited to silicon

based detectors) while the Ti4+ ions emit via charge-

transfer transitions in weaker two emission bands cen-

tred around 315 and 420 nm [22–24].

The third sample is a 32 mm square, 8 mm thick,

fused silica plate, with a density of 2.2 gcm�3. It was

cut from a commercial grade block supplied (99.9%)

by Quartz Scientific Inc. (Fairport Harbor, OH). This

material was used previously as a broadband bolometric

detector in the TJ-I tokamak and when exposed to

plasma radiation it produced a dim broad emission spec-

trum centred about 440 nm [25]. Although fused silica

has a low luminescence intensity compared to sapphire,

it is still an attractive material as tests have shown it

to possess very high damage resistance to neutrons, i.e.

little optical damage observed for integrated fluxes up

to 6 · 1019 ncm�2 [26]. Alternatively, background iono-

luminescence could be considered a nuisance for spec-

troscopy measurements in fusion devices when it is used

in vacuum port windows.

The fourth material studied was a high-purity high-

quality polycrystalline diamond grown by the chemical

vapour deposition (CVD) method using an ellipsoidal

reactor at the Fraunhofer Institute (FhG-IAF, Freiburg,

Germany) [27]. It was a 1 mm thick, almost transparent,

irregular shaped piece (�8 mm wide) with a density of

3.52 gcm�3. The ionoluminescence of CVD-diamond

under MeV proton irradiation is reported to be domi-

nated by three bands that peak around �4275, �5170

and �6200 Å [28].

2.2. Experimental set-up

The measurements were made on the ion beam facil-

ity at the Centro Nacional de Aceleradores (Spanish



Table 1

The mean energies of the H and He emerging from the rear of

the 13 lm thick aluminised mylar foil as estimated using the

SRIM software package [30]

Ion Incident ion

energy (MeV)

Mean energy

of emerging

ions (keV)

Ion energy

straggling

(keV) FWHM

H+ 0.84 49 51

Hea 3.05 46 30

The full-width at half-maximum (FWHM) energy straggling is

also given.
a The emerging beam consists of approximately 50% neutral

He and 50% He+.
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National Accelerator Centre), Seville, Spain [29]. This

facility is based around a 3 MV tandem accelerator

(model 9SDH-2 by National Electrostatic Corp., Mid-

dleton, WI). For these tests, H+ ions were created in

the SNICS II, a caesium-sputtering source with a TiH2

cathode, whilst He+/He++ ions were generated by radio

frequency within an Alphatross ion source. The resul-

tant ions were then accelerated towards a 90� analysing
magnet before passing through a 1 mm by 1 mm colli-

mation entrance slits to the general purpose IBA scatter-

ing chamber located at the end of this beam line. In this

way fluxes up to 3.5 · 1012 cm�2 s�1 for protons and up

to 2 · 1012 cm�2 s�1 for He ions were produced on the

samples. Next, this chamber was electrically insulated

from the accelerator, its pumping system and the visible

light detectors. This allowed measurement of the inci-

dent beam current by directly connecting the vacuum

chamber to a digital current integrator (model 439 by

Ortec) in combination with a preset counter (model

2071A by Canberra). The incident ion flux was deter-

mined by integrating this current for 120 s (to improve

statistics) during sample irradiation with the charge dig-

itiser sensitivity set to 10�10 C/pulse. See Fig. 1. The

background signal level was determined by repeating

this with no beam present. Note also that in the case

of He the form of the ion was He+ for accelerating ener-

gies < � 2 MeV and He++ for P2 MeV. Finally, in

order to degrade the ion energy, an aluminised mylar�

film (13 lm) fixed on a vacuum indexible holder located

inside the IBA chamber was translated into the beam

when required. The incident/degraded ion energies are

listed in Table 1.

The screens under investigation were placed, in pairs,

in an in-house designed vacuum chamber consisting of a
Fig. 1. A schematic diagram of the experimental set-up at CNA

showing the sample and photo-multiplier detectors as well as

the incident ion beam and light directions. Note that all

measurements were made at room temperature.
5-way vacuum cross (model CX5-63 by Caburn-MDC,

England). This chamber was mounted directly onto the

back end of the IBA chamber. The sample pairs were

held on the end of a combined rotary and linear motion

feed through (model VF-180-3 by Huntington) that was

mounted on a second way of the 5-way cross [5]. This

system permits measurements to be made at different

positions across each sample (to check for any the vari-

ation in light output across the sample) as well as at dif-

ferent screen/incident beam angles, i.e. with a sample set

at 0� and 45� to the beam. Photomultiplier tubes (PMTs)

with integrated signal amplifiers (model H5784-04 by

Hamamatsu), mounted on the outside of in-house de-

signed zero-length viewports located at the end of the

third and fourth ways, were used to measure the light

emitted from the samples. Note that the luminescence

light output was measured in both reflection mode, i.e.

from the side of the screen facing the incident beam with

the sample set at 45� to the ion beam, and transmission

mode, i.e., from the rear face of the screen. See Fig. 1.

Also, a thin coating of colloidal graphite in water

(Aquadag� 18% by Acheson, Plymouth, UK) had been

applied to the inside walls of this chamber in order to

minimize internal reflections while apertures, located be-

tween the sample and detectors, further reduced stray

light. Now, in the case of measurements with high light

levels, neutral density filters were placed in front of the

PMTs. This was preferable to reducing the PMT sensi-

tivity that would have resulted in reduced signal to noise

levels. The output signal voltages from the PMTs were

fed via a BNC to USB converter box (Series 9800 by

Data Translation Inc, Marlboro, MA) to a portable

PC where the measured signals were logged and stored.

In addition, light flashes were observed occasionally dur-

ing measurements, these being more frequent at higher

energies and for higher ion fluxes (see Fig. 2) and they

are attributed to a charge build-up on the irradiated part

of the screens (they are good electrical insulators) [14].

These flashes were easily removed when processing

the output signals. Finally, once each measurement

set had been completed, the beam was blocked, i.e.
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switched-off, whilst recording the PMT signal in order to

study the decay of the luminescence.
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Fig. 2. The output signal from the transmission mode PMT for

2 MeV He+ incident on the Al2O3:Ti screen. The randomly

occurring vertical lines are light flashes due to charge build-up

on its surface.
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Fig. 3. Plots of the number of visible photons emitted per steradian

emission normal to the screen surface. These are (a) YAG:Ce tra

transmission mode, (d) Al2O3:Ti reflection mode, (e) fused silica tra

transmission mode.
3. Results and analysis

3.1. Data analysis

Several steps were required when post-processing the

data. First, the ion beam flux incident on a sample was

determined for each energy and particle type from the

integrated pulse counter reading and the current digitiser

sensitivity. Second, the photon fluxes reaching the PMTs

were determined from the time integrated light signals

(see Fig. 3) using wavelength sensitivity curves provided

by the manufacturer [31] while correcting for transmis-

sion losses in the vacuum windows, for light attenuation

in the neutral density filters (when required) and for

signal amplification (fixed at 1 V/lA). Note: the

background signals were <0.1% of the light signals. In

a posterior test a difference was spotted in the outputs

of the two PMTs used when illuminated by a fixed light

source. Hence, tests were repeated with several PMTs

(same model) to determine a mean signal level so that

corrections could be applied to the sensitivity curve for

the two PMTs. Third, by taking account of the cera-
(b)
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nsmission mode, (f) fused silica reflection mode, and (g) CVD
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Fig. 3 (continued)
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mic/PMT geometry, the number of photons emitted nor-

mal to the screen surface(s) per steradian was deter-

mined. As the screen to PMT separation was

�151.5 mm, the beam spot area (�1 mm2) constituted

a point source except in the case of keV energies where

they constituted an extended source due to angular

straggling of the beam as it traversed the mylar� film.

In this case the fractional solid angle to the detector

was obtained using equations described in Ref. [32] for

disk sources which result in a fixed error of �1% for

absolute measurements.

3.2. Absolute luminosity and light yield

Next, in Fig. 3, the visible photon flux emitted per

steradian (normal to a screen surface) per incident ion

is plotted as a function of particle type and energy for

each screen and for both transmission and reflection

mode. Note that for transmission mode the photon flux

has not been corrected for transmission or internal

reflection losses. It is estimated that these measurements

can be reproduced to within 10% with a relative uncer-

tainty below 20%. The most significant sources of abso-

lute uncertainty include the response of the H5783-04
PMT, ±10%, and the ion beam current, ±10%. Now,

charged particles such as protons or a particles lose en-

ergy through Coulomb interaction with electrons in a

solid. For weakly penetrating particles the rate of energy

loss increases as the mass of the particle increases,

whereas the luminescence yield decreases [33]. For parti-

cles with equal energies, a He ion will produce 0.2–0.4

times the light produced by H+. Here, this factor lies

within this range for three of the materials (i.e. �0.3

for YAG:Ce, �0.38 for Al2O3:Ti, and �0.34 for the

CVD-diamond) but is between �0.8 and unity in the

case of the silica.

It is apparent from Fig. 3 that the ionoluminescence

from the YAG:Ce and Al2O3:Ti screens is several orders

of magnitude higher than that from the fused silica and

CVD-diamond screens. Hence, for the intended applica-

tion, the signal levels in probes employing either

YAG:Ce or Al2O3:Ti as incident ion to light transducers

should not be signal limited. Generally, the efficiency of

luminescent materials is compared in terms of light

yield, i.e. the number of photons created per incident

MeV of energy (usually c-ray) after correcting for inter-

nal light attenuation and reflection. In order to compare

these measurements with others, it is first necessary to



Table 2

The light output from the back (transmission mode) and front (reflection mode) faces of the screens under study when irradiated by H

and He ions accelerated to keV and MeV energies

Material Mode Light output for H+

(photons MeV�1)

Light output for He++

(photons MeV�1)

YAG:Ce (0.15% CeO2) Transmission 6.43 · 103 1.53 · 103

YAG:Ce (0.15% CeO2) Reflection 7.16 · 103 2.06 · 103

Al2O3:Ti Transmission 1.24 · 104 5.01 · 103

Al2O3:Ti Reflection 1.63 · 104 5.8 · 103

Fused silica Transmission 3.43 · 101 3.35 · 101

Fused silica Reflection 5.65 · 101 4.77 · 101

CVD-diamond Transmission 2.83 · 101 1.0 · 101
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Fig. 4. The temporal evolution of luminescence (normalized)

from the Al2O3:Ti sample after beam switch-off (at t = 0 s) when

irradiated by 840 keV H+ for several minutes, by 2 MeV He++

for several minutes, and by 2 MeV He++ for several seconds.

The ion flux was between 1 and 2 · 1012 cm�2 s�1 for these tests.
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consider the Lambertian fall-off in light intensity as a

function of angle to the surface normal in order to esti-

mate the photon output from each face per MeV inci-

dent. See Table 2. From this, an estimate of the light

yield can made by assuming it to be double that of the

light output for reflection mode and by correcting for

the a/c ratio where available. This is reasonable, as the

ions are stopped close to the surface and undergo little

self-absorption, although it may result in a slight under-

estimation. See Table 2 again. Indeed, the resultant

estimated YAG:Ce (0.15% Ce02) light yield, i.e.

19.6 · 103 photonsMeV�1 is in close agreement with

previously reported upper-limit values [17]. However,

in the case of Al2O3:Ti (0.2%), no published a/c ratios

or ionoluminescence measurements have been found so

direct light yield comparisons are difficult. Nonetheless,

the light yield of this sample must be �11.6 · 103 pho-

tonsMeV�1 (estimated using a/c = 1), which is consider-

ably higher than that published for a sample with a

0.07% Ti concentration, i.e. 14% that of CsI:Tl (or

�8 · 103 photonsMeV�1) [34]. Other authors have

shown, using relative photoluminescence measurements,

that the light output increases as Ti concentration is in-

creased before rolling-off above concentrations of

�0.3% Ti [35]. These findings imply that Al2O3:Ti

(0.2%) should have a high light yield, a result that is very

promising for scintillators with high output in the long

wavelength region where silicon based detectors have

their peak sensitivities. For comparison, the light yield

of the well known scintillator CsI(Tl) is �60 · 103 pho-

tonsMeV�1 [6].
3.3. Afterglow

The evolution of the luminescence output from the

screens after blocking the ion beam, i.e. switched-off, is

summarized in Fig. 4. In the case of the YAG:Ce and sil-

ica samples the afterglow observed was insignificant, i.e.

it could not be distinguished from the closing time of the

shutter, and these are not shown. However persistent

afterglow was observed from the Al2O3:Ti sample after

it had been irradiated for several minutes by H+ and
He+,++ ions accelerated to MeV energies (i.e. after per-

forming various 120 s long measurements). See Fig. 4.

Note that after irradiating the same sample for shorter

periods, i.e. a few tens of seconds, the afterglow was con-

siderably reduced. In order to understand this it is useful

to consider ceramics that show considerable afterglow

after X-ray irradiation and the source of afterglow is ex-

plained by the fact that some of the electrons created by

the X-rays are trapped by vacancies in the host whereas

the holes are trapped by the dopant ions [36]. The elec-

trons recombine with these holes after thermal detrap-

ping thereby yielding delayed luminescence. It is

hypothesised here that when irradiated for a long period

by a high flux beam the trap/hole density in the Al2O3:Ti

becomes sufficiently high so as to produce significant de-

layed luminescence. When irradiated for shorter periods

or with a lower flux beam, the trap/hole density is lower

and the resultant afterglow is also lower. However, a

deeper study of this is beyond the scope of this work

as it is considered that the afterglow from Al2O3:Ti does

not impair its use in a fast-ion loss probe for determining

integrated ion fluxes.
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3.4. Irradiation effects on the CVD-diamond

Fig. 5 shows optical absorption spectra of the CVD-

diamond obtained before and after these ionolumines-

cence measurements. In the first spectrum no significant

optical absorption band is observed except for the gap-

related rise around 5.5 eV and the well-known IR

absorption band [37]. After ion irradiation a brown col-

ouring of the sample was clearly observed, this being re-

lated to the optical absorption bands seen in Fig. 5

around 2 and 4 eV (6200 and 3100 Å). Their origin is

not clear, but taking into account the low ion (implanta-

tion) dose (�1015 ionscm�2), they may be related to

changes in the charge state of previously existing defects.

These bands can have an important effect on absolute

ionoluminescence due to increased absorption. Indeed

the light output was observed to change from white (at

the start of the experiment) to green (at the end). Finally,

no colour changes or darkening were seen in the other

samples studied.
4. Conclusions

The absolute ionoluminosity of several materials for

low mass ions (H+, He+) accelerated to keV and MeV

energies have been determined. The results presented

indicate that the signal levels from fast ion loss probes

employing either the YAG:Ce or Al2O3:Ti as incident

ion to light transducers will not be signal limited, and

that afterglow will not be a serious problem.
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