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1 Introduction

Radiography is a technique which uses particle or high
energy electromagnetic radiation to non-destructively
probe optically impenetrable materials. Lasers have
been demonstrated as novel sources for x-ray and parti-
cle radiography [, [2]. Advancements in laser technology
have enabled PetaWatt scale facilities at high repetition
[3], allowing lasers to be the source for non-destructive
imaging of a range of samples [4H6]. Operation at high
repetition paves the way for techniques such as Com-
puted Tomography [7] which demand 100s-1000s of ac-
quisitions.

In order to use these new sources effectively, the de-
tection system with which they are paired must also be
able to operate at these high repetition rates. Tradi-
tional techniques typically use a passive detector plane
such as image plate, or X-ray films which are currently
limited in operable speed due to the nature of their
readout. Scintillators paired with modern optical sensor
technology (such as scientific cameras or silicon photo-
multipliers (SiPMs)) may provide a convenient solution
for high repetition rate radiography, provided the par-
ticulars are properly considered.

To ensure a system is capable of the required sen-
sitivity and dynamic range, the efficiency of conversion
of energy deposited in the scintillator by incident radia-
tion to detected optical photons needs to be understood.
To that end, models for the collection efficiency are de-
rived and discussed in the following report, in the context
of available technology appropriate for use with a high
power laser-plasma X-ray source.

2 Lens collection from a slab scintillator

To calculate the fraction of scintillation light produced
in a slab scintillator which is collected by a lens of some
diameter, D = f/F, where f is its focal length, and F is
its F-number, we can calculate the solid angle it subtends
at the scintillator, translated into the slab using Snell’s
law. We first assume that the scintillator slab is thin
compared with the distance to the lens (i.e. the object
distance u = f(1+M)/M, where M is the magnification
of the systerrﬂ)7 and also that photons produced in the

Lhere we define M as the ratio of the scintillator image lateral
size on the detector to the ‘object’ scintillator lateral size
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scintillator are generated isotropically.
The half angle subtended by the lens at the scintil-

lator is
D
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and the equivalent half angle inside the scintillator is
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where ny is the refractive index of the imaging immer-
sion medium (usually air, where ny; ~ 1), and ngy is the
refractive index of the scintillator.

If we consider an X-ray depositing energy in a scin-
tillator at the point in the centre of the camera’s field
of view, figure [} shows that from this half angle, 1,
we can calculate the fraction of an isotopic scintillation
emission which will subsequently be collected by the lens.
The fraction of collected photons to scintillation photons
is given by the fractional solid angle of the cone with half
angle v, multiplied by a factor of (14 Rentr-) to account
for a rear cone which is reflected by the entrance sur-
face of the scintillator due to a coating with reflectivity,
Reptr.. This cone will internally reflect in the scintilla-
tor, but then can exit through the imaged surface and
be collected by the lens, exiting at the same angle, 1.
The fractional solid angle is given by
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The collected fraction is therefore given by the equation

Ncoll‘ _ (1 + Rentr‘)
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Substituting equation into equation @ leads to
our complete model for lens coupled collection efficiency.
However, as can be seen as it is presented in equation
, this is rather unwieldy in form. In low magnifica-
tion (M < 1) this equation simplifies due to paraxial

(1 —cos (¢1))-



Figure 1: Scintillator imaging diagram on the right-hand side illustrating geometry of lens collection, and blown up
cross section of modelled isotropic scintillation event, with relevant angles for calculating lens collection efficiency
based on Snell’s law and solid angles. Reflected rear cone and refractive indices of the scintillator and air (or

alternate immersion medium) are also shown.
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approximations, i.e.
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Using the above approximations, equation @ reduces to
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where the first factor is the fraction of photons which

exit the scintillator,
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and the subsequent factors are the fraction of exiting
photons which are collected by the lens,

Ncoll. o 1 M2
Newit 4F2 (1+M)2

(10)

The difference in the performance of the two models in
eqs. @ and for real machine vision prime lenses and
Mitutoyo objectives is shown in fig. [2] to demonstrate
the failure of the paraxial approximation of the model
approaching high magnification (M > 5).

Finally, we can also include the transmission of the
front face of the scintillator, assuming it is anti-reflective
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Figure 2: Error of the paraxially approximated lens col-
lection model, as a fraction of the more complete model.
Inset is scaled up to show small errors at M < 1. The F
and effective magnification with a machine vision lens [§]
and Mitutoyo infinity corrected, long working distance
objectives [9] were used to simulate real operating con-
ditions in low and high magnification, respectively. The
insert shows the 0.1 < M < 10 region with a magnified
y-scale.
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Figure 3: Example application of the low magnification
scintillator imaging model, demonstrating the dynamic
range of a LYSO radiography instrument using various
cameras and lens or contact optical couplings. Given in
deposited energy per scintillator area, the model can be
used to predict whether different imaging systems are
appropriate with a source of a given flux and spectral
shape. The examples are an EMCCD Andor iXon 13.3
x 13.3 mm sensor, an AVT Manta CMOS Gig-E cam-
era, and a scientific CMOS Andor Neo, all coupled with
F0.95 Navitar lenses. In addition the Andor Neo sensor
is shown coupled with a high resolution F1.8 lens, and
as a theoretically contact coupled Neo sensor over an en-
tire 100 x 100 mm? scintillator. The dynamic range of
the camera sensors was calculated from measurements in
Reference [10].

(AR) coated, Tar, and to find the fraction of photons
which are detected by the optical sensor, we should in-
clude the lens transmission, Tj.,s and the quantum ef-
ficiency of the chip, Q@g. Note that Tj.,s and Qg are
functions of the scintillator emission wavelength, A, but
we will omit the function notations for brevity:

Ndet. n%TAR(]- + Rentr.) 1 QEM2
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In fig. [3[the model in eq. is used to demonstrate the
relative performance of different optical couplings with
a 100 x 100 mm? LYSO slab (n; = 1.8), with an alu-
minium reflective rear coating of Reysr. = 0.7, assumed
perfect transmission through an anti-reflective coating
(Tar =1).

To obtain the expected number of photons detected
by the system we need to multiply through by the num-
ber of photons produced in the scintillator. The two
components of this process are the deposition of X-ray

energy into electrons in the scintillator, and the conver-
sion of these excited electrons into optical photons.

Ignoring secondary scattering effects, the deposited
X-ray energy is given by Beer’s law,

Edep. = EX(l - efllmPT)’ (12)

where Ex is the energy of an incident X-ray photon,
m is the mass attenuation coefficient of the scintilla-
tor material [cm2g~!], p is the mass density [g cm ™3]
and 7 is the path length of the X-ray in the scintilla-
tor (i.e. the scintillator thickness). While the physics of
electron transport to luminescent centres and subsequent
radiative decay are an active research area, scintillators
are generally characterised empirically by an efficiency
factor, k - the number of optical photons produced per
MeV of deposited radiation energy [photons MeV™']. So
Neint. = Eqep.k, and the number of detected photons is

n%TAR(l + Rentr.) 1 QE‘M2

4n? 4F% (14 M)

Nget. = EdepA"f 5 - (13)

2.1 Resolution element in a slab scintillator

Assuming that scintillation light is on average emitted
at a depth 7/2 into the scintillator, a resolution element
based on optical spreading can be defined as

DTTLQ 2 3DTTL2 2
A o = entr. o 14
Sopt. \/(Qum) +<R ¢ 2un1> (14)
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(222 1 3

There is also a significant reduction in resolution due
to lateral spreading of excited electrons when high en-
ergy X-rays are incident. Monte Carlo GEANT simu-
lations have been performed to determine the extent of
this spreading, such that a complete definition of a res-
olution element of a slab scintillator can be written as

AS - ASopt. + ASea (16)

(15)

where AS, is the contribution of the electron spreading.

3 Pixelated scintillators

In contrast to a simple slab scintillator, the photons gen-
erated in a pixelated scintillator with a diffuse reflective
coating such as PTFE will have a higher probability of
exiting, depending on the reflectivity of the coating, and
geometry of the pixel. A scintillator pixel can be mod-
elled as a spherical cavity with a transmissive exit face.
The details of such modelling are given in Reference [11],
where an assumption that scintillation is homogenous
allows a simplification which gives that the fraction of
scintillation photons which exit a pixel is

Nexit o X/
Nscint. B 1_R+RX/’

(17)
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Figure 4: Optimisation curves (red) for the thickness of reflective PTFE coating with various pixel sizes, based on
the reflectivity of PTFE (black) and the scintillator active area filling fraction (grey).

Figure 5: Reflectively wrapped scintillator pixel geom-
etry and dimensions, with a 2D illustration of a small
section of a pixelated scintillator array. p is the active
scintillator lateral size, § is the thickness of reflective
coating, and P is the pixel pitch.

where X' is related to the geometry of the pixel, the
area of the exit face, and the refractive indices of the
scintillator (n;) and coupled medium (ns) such that

2 n3
P on2
X' = L (18)
p? <1 + %) +4pT
n2
2z
- (19)

= nz N
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where 7 is the scintillator depth as per previously, and
p is the active pixel lateral size, illustrated in figure
(top-left).

In order to compare a pixelated scintillator to a slab,
we will use the models to consider their performance
with the same flux of some energy distribution of X-
rays. The deposition and conversion efficiency per X-ray
is the same in each case, but the equivalent converted X-
ray flux is necessarily smaller in a pixelated array. This
is due to the active area filling fraction of an array

p? p?

= 20
P2 (p+9)? (20)
where P is the total pixel pitch, and ¢ is the reflective
material (e.g. PTFE) filled pixel separation (see figure
). This factor determines the fraction of X-ray flux
which is incident to active scintillator material. Better



X-ray conversion is achieved by reducing the thickness
of the reflective coating, &, however, the reflectivity of
the coating is also related to its thickness, resulting in
reduced optical output per pixel. Fitting to data from
Reference [12] with a tan™! function gives

2
Rypizer = — tan~! (53.86) (21)
™
for PTFE, and plotting the product of equations
and as a function of § allows the identification of
the pixel separation for a given active area which is op-
timal with respect to the trade-off between reflectivity
and X-ray collection. Figure 4l shows how the optimal
thickness, d, reduces with smaller pixel size, to minimise
X-ray collection loss. This consideration gives that the
effective number of scintillation photons produced by the
scintillator array per X-ray flux is reduced by the filling
factor, so that the total optical yield per pixel is
2 1
D X
Nemit = (I)Xﬁ ' Edep.ﬁma (22)
where @ x is the X-ray flux through the pixel pitch area,
P2
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Figure 6: Modelled optical output from slab (crosses)
and pixelated (lines) LYSO scintillators per unit flux of
1 MeV X-rays, for three thicknesses, plotted against the
size of the smallest resolution element, AS or P. The
resolution of the slabs, were calculated based on the ef-
fective optical spreading in a low optical magnification
(M = 1/7) configuration, with a f = 50 mm, F0.95 lens,
and Monte Carlo GEANT simulations of lateral electron
spreading. The output and pitch size of the pixelated
arrays were calculated with optimised PTFE reflective
coating thicknesses for varied lateral pixel sizes.

Now we can compare the optical outputs from a pix-
elated array and a slab when under the same conditions.
For example, figure [6] shows the number of scintillation

photons which exit slab and pixel LYSO scintillators at
three thicknesses (7 = 1,0.1,0.01 mm) per unit flux of
1 MeV X-rays. For the pixelated scintillators, the out-
put is shown as a function of the pixel pitch, P, as the
smallest resolution element, while the slab outputs are
plotted against AS, as calculated from eq. , using
aforementioned simulations to determine AS,, and some
typical values for a low-magnification optical configura-
tion to calculate AS,y. (an f = 50 mm, F0.95 lens,
with M = 1/7, and an aluminium mirrored rear surface,
Rentr. = 0.7). Evidently, pixelated scintillators can offer
higher optical output, but only at the cost of significantly
worse resolution. Pixelated arrays might therefore find
more use in configurations with the object near a point
X-ray source such that it is highly magnified at the scin-
tillator plane.
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Figure 7: Figures of merit for surveyed inorganic X-ray
scintillators, plotted against their primary scintillation
decay times. Scintillators with decay times > 100 us are
unsuitable for operation at kHz repetition rates. Hygro-
scopic scintillators (red diamonds) require hermetic seal-
ing to prevent clouding over extended use, and scintilla-
tors containing Lutetium (yellow triangles) will present
a self-activated background glow in large volumes due to
the presence of a naturally occurring radioisotope.

4 Figure of merit

To compare scintillator candidates for a radiography de-
tector, we describe a scintillator figure of merit as

K
e=2

> (23)

This encapsulates the key aspects of relevant scintillator
behaviour. Energy deposition is dependant on the areal
density,

Edep. X pT, (24)



which is shown by the Taylor expansion of eq. ,
assuming a thin scintillator (< 1 mm) and sufficiently
energetic X-rays (> 100 keV). The photon generation
is therefore a combination of prx, and for a fixed length
and lens system, the photon collection is dependant only
on the refractive index, n, leaving the figure of merit in
eq. .

Fig. [7 shows the figures of merit for various in-
organic X-ray scintillators, and highlights some poten-
tial candidates for a radiography detector. GLO has an
excellent figure of merit, but has a decay time unsuit-
able for high repetition operation. GAGG(Ce) and GY-
GAG(Ce) are good potential future candidates, although
new considerations with respect to long-lifetime after-
glows indicate that GAGG(Ce) is likely to also be un-
suitable without further development, and GYGAG(Ce)
is currently highly expensive to obtain commercially.
LYSO is the next best chemically rugged option, despite
a low level self activation which shouldn’t pose too much
of an issue for thin slabs. If the scintillators can be ap-
propriately hermetically sealed, LaBrs(Ce), CeBrs and
CsI(T1) may be good options, while Srls(Eu) is currently
costly and not manufactured in the likely required sizes.

5 Conclusion

Models for the collection efficiency of scintillator based
radiography detector systems have been presented to
predict design suitability for use with a high power laser
X-ray source. The error of a paraxially approximated
model are negligible (< 2%) for lens coupled systems at
low optical magnification (M < 1), while a more com-
plex model can be used for predicting collection in a high
magnification environment. Use of pixelated scintillators
is demonstrated to only increase optical output at the
detriment of resolution, although this may be redeemed
by placing objects close to a point source for increased
geometrical magnification at the scintillator plane.

An approximate figure of merit has been used to
suggest potential candidates for low magnification de-
tectors, however, further work is required to address the
long lifetime afterglow components observed in many
scintillators, in order to more accurately select one which
is appropriate for operation at high repetition.

6 Appendix - increased vignetting in lens coupled
system

The previous modelling for the lens collection of scin-
tillator photons assume X-ray energy is deposited in a
small region at the centre of a scintillator. However, el-
ements at the edges of a scintillator surface, or array,
will subtend a smaller solid angle at the camera lens,
and similarly, the lens will subtend a smaller solid angle
of the emitted flux from off-axis elements. This gives
rise to a cos*#, where 6 is the angle of the lens to nor-
mal at the scintillator element, which causes significant

a vignetting effect in the image, with reduction in signal
even for small angles ~30%.

For long object distances in low magnification oper-
ation (u << D), the solid angle subtended by the lens
at an element on the scintillator surface is given by

A
Qlens ~ ﬁv (25)
where A is the area of the lens aperture, and v’ is the ra-
dius of a spherical surface subtended at an area element

on the scintillator surface or array.

x

Figure 8: Tllustration of the increased distance between a
lens and elements on a scintillator surface which are off-
centre, resulting in a reduced effective solid angle sub-
tended by the lens, and subsequently reduced collected
optical flux.

Viewing the lens at some angle, 6, to the surface
normal, it appears as an ellipse with an area

(26)

where a is the minor axis of the ellipse. Assuming 6 is

small (< 1 rads), a ~ =2 cos 6, so

2

1 cos 6.

Ag) =" (27)

For an element on the surface with an angular displace-

/r2 2
ment # = arctan ( xuﬂl )»

, u
" (28)
Substituting A(6) and v’ into eq. (25)),
nD?
Q = 3. 2
tens(0) 12 C% 0 (29)

Previous work has demonstrated that scintillators
behave as approximate Lambertian emitters [I3]. A
Lambertian emission is characterised by a number of
photons per steradian which decreases as cosf, so the
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Figure 9: Photon detection non-uniformity across the
image of a 100 x 100 mm slab LYSO scintillator, for 1
MeV X-ray deposition in each imaged area element.

combined effect is a vignette oc cos*f. Thus the com-
plete model for the total detected number of photons
from a slab becomes

Ndet. = EX(]. — e—MmPT)
HTAR(I - Rentr.)n%

4n?
Tlens QEM2 4

. 4F2 m COS 9, (30)

and for a pixelated scintillator,
Ndet. = Ex(]. — e—ump‘r)
kX'
1-R+RX'

TGTLS M2

Aiens QuM”_ cos* 0. (31)

4F? (1+ M)?
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