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Abstract

We have characterised the response of a chromium-doped alumina screen �Chromox� to light ions (Hþ and Heþ)

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 such a screen. This work has been motivated by the

application of this material to a diagnostic for measuring fast ion losses, close to the plasma edge, from the hot plasmas

in fusion devices, where its radiation hardness, compared to that of standard phosphors, makes it very attractive. We

also discuss the persistent afterglow observed after removal of the ion beam in terms of its cause and possible reper-

cussions for this diagnostic.

� 2003 Elsevier B.V. All rights reserved.

PACS: 81.05.J; 78.55.)m; 87.50.Gi; 61.80.Fe
1. Introduction

Several decades of research on ceramic phosphors at

CERN and at other laboratories has led to the use of

doped alumina ceramic screens, i.e. Al2O3:Cr
3þ, [1–4]

and Ce-doped YAG single crystal converters [5] for ac-

celerator beam (electrons and ions) observations. In

particular, such screens are compatible with ultrahigh

vacuum systems, they exhibit good response linearity

and are reported to exhibit good relative sensitivity to

charged particles accelerated to MeV and GeV energies.

Also, in tests made at CERN with doped alumina ce-

ramic screens, they have withstood integrated relativistic

proton fluxes of up to 1020 protons cm�2 [1], while tests

made on polycrystalline Al2O3:Cr with Heþ ions accel-
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erated to 200 keV showed a 50% decrease in radiolu-

minescence for total doses above 1015 cm�2 [6]. In

addition, in recent tests on a screen irradiated with

electrons accelerated to 1.8 MeV, the luminescence

output, when stimulated by extreme ultraviolet (EUV)

radiation, fell to half its original level after a total dose

of 2.5� 1017 electrons cm�2 [7]. Such levels are a factor

103–104 higher than those for standard phosphors [8,9].

This property, as well as their immunity to electromag-

netic interference and ground loops, and their com-

pactness (only a thin screen is required), makes them

particularly suited for use as broadband radiation de-

tectors in the harsh environments encountered in fusion

devices [10].

To date, diagnostics for detecting fast ion (Hþ) losses

from the hot plasmas of fusion devices, as well as fast

alpha particle losses from D-T fusion devices [11], have

employed thin phosphor screens, e.g. ZnS:Ag (P11)

[12,13]. However, such phosphor screens cannot survive

the harsh radiation environment encountered in a fusion

device operated for long periods with deuterium and
ed.
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Fig. 1. The emission spectrum of chrome-doped alumina

Chromox-6.
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tritium, moreover as the probe must be located close to

the plasma outer edge. In contrast, we described recently

two conceptual diagnostic systems [14], based on the

collection of light induced by ions impacting on alumina

ceramic screens for the TJ-II stellarator [15]. In the TJ-II

device, future plasmas will receive up to 2 MW of ad-

ditional heating from two neutral beam injector (NBI)

systems in which neutral hydrogen is accelerated to 40

keV [16]. Moreover, theoretical studies predict that

losses due to fast ions could reach 30% of the injected

NBI power [14]. Therefore, in order to quantify the fast

ion fluxes intercepted by such diagnostic systems, it is

necessary to determine the absolute luminosity of

Al2O3:Cr screens to high energy ions. In this paper, we

describe measurements of the radioluminescence from a

chromium-doped alumina ceramic screen (1 mm thick)

irradiated with Hþ and Heþ ions having discrete ener-

gies between 50 keV and 1.75 MeV. We plot the results

in terms of the number of photons emitted per incident

ion and determine the efficiency (number of photons per

MeV). Finally, we investigate its persistent afterglow,

which is typical of luminescent ceramics, that is observed

after the removal of the radiation.
2. Experimental set-up

The 46 mm diameter chrome-doped alumina screen

under study, Chromox-6, was obtained from Morgan

Matroc Ltd., East Molesey, England. The screen se-

lected was 1 mm thick, it had a density of 3.96 g cm�3, a

grain size of 3–5 lm, and the alumina ceramic was

doped with 0.5% chrome sesquioxide. The principal lu-

minescence of Cr3þ in Al2O3 consists of two sharp lines

(generally called the R lines), that arise from transitions

from the lowest excited state (2E) to the 4A2 ground state

of Cr3þ. At room temperature these lines occur at 692.9

and 694.3 nm and have a stated decay time of 3.4 ms

[17]. It is also reported to exhibit good thermal stability,

i.e. stable luminescence brightness (�15%), over the

range from room temperature to 450 �C [1]. Although,

additional strong lines may appear with increased Cr3þ

concentrations, the R emission lines dominate for the

0.5% chrome sesquioxide samples and hence are the only

emissions considered for analysis. See Fig. 1. Finally,

self-absorption of the luminescent light efficiency in the

screen can be approximated empirically as Chromox-6

screens are translucent, having an attenuation coefficient

a ¼ 0:8� 0:1 mm�1 at 694 nm [1].

The measurements were made on the ion beam fa-

cility at the Centro Nacional de Aceleradores (Spanish

National Accelerator Centre), Seville, Spain [18]. This

facility is based around a 3 MV tandem accelerator

(model 9SDH-2 by NEC). For these tests, Hþ ions were

created in the SNICS II, a caesium-sputtering source

with a TiH2 cathode, while He
þ ions were generated by
radio frequency within an Alphatross ion source.

The resultant ions were then accelerated towards a 90�
analysing magnet before passing directly to a general

purpose IBA scattering chamber located at the end of

beam line. The entrance to this chamber was equipped

with collimation slits while an insulated chopper was

positioned behind them to collect part of the ion beam

current. The incident ion flux was determined by inte-

grating this current for 120 s (to improve statistics) with

a charge digitiser (OM35e) having a sensitivity of 10�12

C/pulse. See Fig. 2. Beam fluxes of the order 3� 1011

cm�2 s�1 for protons and 7� 1012 cm�2 s�1 for Heþ were

employed. Finally, in order to degrade the ion energy,

aluminised mylar� films (6 and 19 lm) were fixed to a

vacuum indexible holder located inside the IBA chamber

which could be translated into the beam when required.

See Table 1 for incident and degraded ion energies.

The ceramic screen under investigation was placed in

an in-house designed vacuum chamber consisting of a

five-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 was

held on the end of a combined rotary and linear motion

feedthrough (model VF-180-3 by Huntington) that was

mounted on a second way of the five-way cross [20]. This

system permits measurements to be made at different

positions across the sample (to reduce localised radia-

tion damage) as well as at different screen/incident beam

angles, i.e. with the ceramic set at 0� and 45� to the

beam. Two photomultiplier tubes (PMTs) (model

H5783-04 by Hamamatsu) located on the outside of in-

house designed zero length viewports, that were moun-

ted at the ends of the third and fourth ways, measured

the light emitted from the sample. Note that the effi-

ciency was measured in both reflection, i.e. the light

emerging from the illuminated face of the screen, and

transmission, i.e. the light emerging from the rear face of

the screen. See Fig. 2. Next, apertures, located between
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Fig. 2. A schematic diagram of the experimental set-up at CNA showing the ceramic and photo-multiplier detectors as well as the

incident ion beam and light directions.

Table 1

The estimated mean energy of the Heþ ions and protons emerging from the rear of the mylar foils [19]

Ion Incident ion energy

(MeV)

Mylar foil thickness

(lm)
Mean energy of emerging

ions (keV)

Ion energy straggling (keV)

FWHM

Heþ 1.75 6 120 24

Heþ 1.65 6 50 16

Hþ 1.088 19 148 80

Hþ 1.06 19 59.3 76.3

The full-width at half-maximum (FWHM) energy straggling of the emerging ions is also given.

Fig. 3. The amplified output of the signal from the photo-

multiplier set to view the rear side of the Chromox-6 screen. The

randomly occurring vertical lines are light flashes due to charge

build-up on the ceramic.
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the sample and detectors minimized reflections off the

chamber walls. Also, because of the high output light

levels from the samples, neutral density filters were

placed in front of the PMTs. See Fig. 2. This was pref-

erable to reducing the PMT sensitivity levels that would

have resulted in reduced signal to noise levels. The signal

currents from the PMTs were filtered and amplified by

low noise current amplifiers (model SR570 by Stanford

Research Systems, Sunnyvale, CA) before being 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.

Finally, light flashes were observed occasionally when

measurements were being performed, these being more

frequent for higher ion fluxes. See Fig. 3. We attribute

these to the build up of charge in the irradiated part of

the ceramic (it is a good electrical insulator). In order to

avoid this a thin layer of conducting metal should be

deposited on the screen and connected to ground [12].

Nonetheless, the light flashes were easily removed when

processing the output signals. Finally, the luminescence

decay behaviour of the ceramic was studied by switch-

ing-off the beam while recording the temporal evolution

of luminescent signal. Once measurements were com-

pleted, the beam was blocked and background signal

levels were recorded.
3. Results and analysis

Several steps were required when post-processing the

data. First, the ion beam flux incident on the ceramic

was determined for each energy and particle type from

the integrated pulse counter reading using the current

digitiser sensitivity and known chopper correction
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factors. At the energies under study here, the ions do not

traverse the screen, rather they are stopped within the

first 100 lm. Second, the fluxes of photons reaching the
PMTs were determined from the time integrated light

signals (see Fig. 3) using sensitivity curves provided by

the manufacturer [21] while correcting for transmission

losses in the vacuum windows, for light attenuation in

the neutral density filters and for signal amplification.

Note: the background signals were <0.1% of the light

signals. Third, by taking account of the ceramic/PMT

geometry, the number of photons emitted normal to the

screen surface(s) per steradian was determined. As the

screen to PMT separation was relatively small (�151.5
mm), the beam spot area (�16 mm2) constituted an

extended source. Hence the fractional solid angle to the

detector was obtained using equations described in

Tsoulfanidis for disk sources which result in a fixed error

of �1% for absolute measurements [22]. Finally, in Fig.

4, we plot, for the front and back of the screen, the

number of visible photons emitted per steradian per

incident ion for each particle type and energy. The
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Fig. 4. Plots of the number of visible photons emitted per

steradian from the Al2O3:Cr screen per incident Hþ and Heþ

ion as a function of ion energy for emission normal to the

screen surface in: (a) reflection and (b) transmission mode.
measurements in this figure can be reproduced to within

5% with a relative uncertainty below 20%. The most

significant sources of absolute uncertainty include the

response of the H5783-04 PMT, �10%, and the ion

beam current, �10%.
Charged particles such as protons or a particles lose

energy through Coulomb interaction with electrons in a

solid. For weakly penetrating particles of equal charge

(low energy Hþ and Heþ) the rate of energy loss in-

creases as the mass of the particle increases, whereas the

luminescence yield decreases [23]. For particles with

equal energies, a Heþ ion will produce 0.2–0.4 times the

light produced by Hþ. Indeed, in these measurements

this factor is 0.15–0.22, which is in good agreement with

that above. Also, the radioluminescence of materials is

generally described in terms of light yield. For this,

many authors only consider the total light emitted from

the rear face of the scintillation crystal under ion bom-

bardment. Now, in order to make comparisons, it is

necessary to consider the Lambertian fall-off in light

intensity as a function of angle to the surface normal
Fig. 5. The temporal evolution of the light emitted (normal-

ized) from the ceramic after beam switch-off for: (a) Heþ and (b)

Hþ. The Y -axis has been expended to for clarity. The fitting

parameters s and b obtained from fitting the stretch exponential

function [27] to the delayed luminescence are shown.



Table 2

Quantification of the persistent afterglow in the Chromox-6 ceramic for Hþ and Heþ ions with different energies

Ion 1.06 MeV Hþ 50 keV Heþ 1.65 MeV Heþ

Time to fall to 10% �72 ms 1.9 s �60 ms

Time to fall to 1% (s) 12 85 23

% Signal after 100 ms 8.6 20 8.4

The first and second rows show the times for the luminescence signal to fall to 10% and 1% of its values during irradiation while the

bottom row indicates the percent signal at 100 ms after beam switch-off.
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when estimating the total photon output. The resultant

light yields, in terms of visible photons emitted from the

Chromox-6 screen are 4.35� 103 and 1.105� 104 ph/

MeV for Heþ from the rear and front faces, respectively,

and 2.68� 104 and 4.94� 104 ph/MeV for Hþ. Indeed,

the yield for Heþ of Chromox-6 is comparable to that of

the widely used scintillator YAP:Ce, i.e. 5.1� 103 ph/

MeV (after applying the quoted a=c light yield ratio of

0.3 to the light yield for c) [24,25].
The temporal evolution of the luminescence from the

Chromox-6 ceramic after the ion beam has been blocked,

i.e. switched-off, for Heþ and Hþ is plotted in Fig. 5,

while in Table 2, the times for the luminescence to fall to

10% and 1%, together with the percentage luminescence

after 100 ms, are shown. In all cases a persistent after-

glow, which decreases with increasing ion energy, is

observed. Indeed, ceramic materials are known to show

considerable afterglow after X-ray irradiation [26,27].

Indeed, the source of such afterglow has been investi-

gated for a number of such materials. For instance, the

afterglow from the ceramic Gd3Ga5O12:Cr is explained

by the fact that some of the electrons created by the

X-rays are trapped by oxygen vacancies, whereas the holes

are trapped by the Cr3þ ions [27]. The electrons recom-

bine with these holes after thermal detrapping thereby

yielding delayed luminescence. Also, in general, the af-

terglow curve is not represented by a simple exponential

function, rather it is dependent on the concentration of

such traps and on the electron capture cross-sections of

the trap and the emitting centre [28]. For instance, the

1=t dependence in europium-doped alkali halides is ex-

plained by assuming a uniform distribution of trap

depths [29]. Here, the decay can be fitted using the so-

called Kohlrausch or stretched exponential function

[30], see Fig. 5, where s is effective lifetime and b is a

dispersion parameter. Stretched exponential behaviour

has been reported in the photoluminescence decay and

transport properties of disordered systems such as

amorphous semiconductors and glasses [31] and a model

has been developed based on a random distribution of

trapping centres [32]. Similar behaviour was observed

when Chromox-6 was irradiated with 2.5–4.5 keV X-ray

radiation [26], with 20–50 keV X-rays [33], and with ions

accelerated to MeV energies [34]. Finally, while a very

short decay time may be imperative for many applica-

tions, it is not essential for our present application where
we wish to determine the integrated ion flux entering our

diagnostic. Moreover, in the testing phase for the pro-

posed diagnostic, a radiation hard material is preferable

as the conditions close to the hot plasma during the NBI

phase are unknown at present.
4. Conclusions

The absolute luminosity of the chrome-doped alu-

mina Chromox-6 has been determined for low mass ions

(Hþ, Heþ) accelerated to keV and MeV energies. The

results obtained indicate that the signal levels from fast

ion loss probes that employ this material as an incident

ion to light transducer will not be signal limited, rather

some attenuation may be required to avoid saturating

the light detectors.
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