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The unique diagnostic possibilities of X-ray diffraction, small X-ray scattering

and phase-contrast imaging techniques applied with high-intensity coherent

X-ray synchrotron and X-ray free-electron laser radiation can only be fully

realized if a sufficient dynamic range and/or spatial resolution of the detector is

available. In this work, it is demonstrated that the use of lithium fluoride (LiF) as

a photoluminescence (PL) imaging detector allows measuring of an X-ray

diffraction image with a dynamic range of �107 within the sub-micrometre

spatial resolution. At the PETRA III facility, the diffraction pattern created

behind a circular aperture with a diameter of 5 mm irradiated by a beam with a

photon energy of 500 eV was recorded on a LiF crystal. In the diffraction

pattern, the accumulated dose was varied from 1.7 � 105 J cm�3 in the central

maximum to 2 � 10�2 J cm�3 in the 16th maximum of diffraction fringes. The

period of the last fringe was measured with 0.8 mm width. The PL response of

the LiF crystal being used as a detector on the irradiation dose of 500 eV

photons was evaluated. For the particular model of laser-scanning confocal

microscope Carl Zeiss LSM700, used for the readout of the PL signal, the

calibration dependencies on the intensity of photopumping (excitation)

radiation (� = 488 nm) and the gain have been obtained.

1. Introduction

Various diagnostic techniques based on X-ray radiation such

as coherent X-ray diffractive imaging, ptychographic coherent

diffractive imaging and small-angle X-ray scattering are

broadly used these days for studying matter at the nanometre

scale. The advent of next-generation synchrotron sources as

well as X-ray free-electron lasers (XFELs) delivering highly

coherent and ultrabright radiation opens unique opportunities

to study ultrafast processes in matter including various high

energy-density physics (HEDP) phenomena. In turn, it

imposes additional requirements on X-ray detection systems

to be applied in such studies. In particular, the detector should

be sustainable to ultraintense X-ray fluxes and strong elec-

tromagnetic pulses (EMPs).
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One of the most important requirements for a detector in

such types of experiment is the simultaneous support of sub-

micrometre spatial resolution, a wide dynamic range and a

large field of view. The use of conventional detectors often

cannot satisfy this requirement when recording images at

intense X-ray fields.

While commonly used CCD cameras may provide a high

dynamic range (up to 1 � 104) and tremendous sensitivity

where almost every single photon can be detected in a real-

time acquisition mode, these detectors are quite fragile to

overexposure and unsustainable to EMPs, and their use in

HEDP experiments is often restricted.

The issue can be mitigated with the application of analog

detectors such as image plates (IPs), scintillator screens or

X-ray films, though they are less convenient for real-time data

acquisition. However, they provide a limited spatial resolution

(not better than 25 mm for IPs and 4 to 5 mm for X-ray films)

and their dynamic range does not exceed 105 for a single

exposure.

A relatively new and promising X-ray detector is lithium

fluoride (LiF) in the form of bulk crystal and thin film, which

has demonstrated its performance as a 2D and 3D imaging

tool in a wide range of applications including X-ray micro-

radiographs of small biological objects in the water-window

spectral range (energy range between the absorption edges of

carbon and oxygen at 284 eV and 532 eV) (Baldacchini et al.,

2003); visualization and characterization of focused X-ray

beams (Faenov et al., 2009; Pikuz et al., 2015; Bonfigli et al.,

2016); coherent X-ray beam metrology by diffraction method

(Ruiz-Lopez et al., 2017); X-ray radiography with a large

aspect ratio field-of-view/spatial resolution; and, in particular,

in the interests of HEDP (Faenov et al., 2018), phase-contrast

imaging and quality control of nano-thick-

ness foils (Faenov et al., 2010; Pikuz et al.,

2018) and space-resolved dosimetry (Kuro-

bori & Matoba, 2014).

The principle of the operation with the

LiF detector is shown in Fig. 1. When a

photon with energy exceeding 14 eV

propagates in the medium, the absorbed

energy moves electrons from the valence

band to the conduction band of the crystal.

Free electrons occupy anion vacancies in

crystal cells and create so-called F color

centers (CCs). During the relaxation

process, primary F centers aggregate to

more complex CC structures containing

several excited centers. Among various

aggregates of CCs, only F2 and F3
+ have

practical importance for imaging applica-

tions. They are metastable and have almost

overlapping broad absorption bands at

�450 nm [see Fig. 1(c)]. This means that

they can be simultaneously excited by a

single pumping wavelength. Moreover, they

mainly contribute to visible luminescence in

two well-separated broad emission bands in

the green (F3
+) and in the red (F2) spectral ranges [see Fig.

1(c)]. It is essential that CCs are stable at room temperature,

so the hidden image formed within the LiF volume is kept for

many years almost without decay. In comparison, the lifetime

of stored CCs in IPs is of a few hours and the corresponding

readout process must be carried out immediately after the

exposure. Note that these centers can also be generated by

protons (Piccinini et al., 2017; Montereali et al., 2018),

neutrons (Faenov et al., 2015), electrons (Almaviva et al.,

2007), and � and X-ray photons (Kurobori et al., 2014;

Voitovich et al., 2013).

To finalize the X-ray detection procedure (Fig. 1), the

distribution of CCs can be conveniently observed by a fluor-

escent optical microscope. For recounting of the microscope

photoluminescence (PL) signal into the accumulated dose in

the crystal, one should know the microscope apparatus func-

tions [see the red rectangle in Fig. 1(d)] as well as the

dependence of the CCs number on the absorbed dose [the

green rectangle in Fig. 1(d)]. In this article, we follow from the

microscope signal to the real accumulated dose of the LiF

crystal.

The LiF detector does not require any electronic circuits

and therefore is not sensitive to electromagnetic noise, which

can be an issue for the use of CCD cameras. The disadvantage

of the LiF detector is in its inability to display the image in real

time, at least with existing microscope readout systems, until a

special fiber-connected fluorescent microscope head can be

built. The total time to obtain an image using this detector is

comparable with the readout time for the IPs. A typical scan of

the image (512 � 512 pixels) takes tens of seconds, depending

on the scanning conditions. However, when the experimental

setup employs a vacuum vessel, the most time-consuming
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Figure 1
Principle of the operation with a LiF detector. (a) Irradiation of a LiF crystal by ionizing
radiation with an energy above 14 eV. (b) Visualization of a CCs distribution into a LiF volume
using an optical system with excitation light (e.g. an optical microscope in fluorescent mode)
(c) Absorption and emission bands for F2 and F3

+ CCs in the LiF crystal. (d) Steps of the
readout procedure via confocal fluorescence microscope for determining the dose accumulated
in the LiF detector.



readout stage is the venting and opening of the vacuum

chamber which may cost �1 h of operation.

Characterization of the metrological properties of the LiF

crystals such as sensitivity, dynamic range and the spatial

resolution is an important prerequisite when using it as an

X-ray detector. There have been several studies of such

functions for hard X-rays (Pikuz et al., 2015; Grum-Grzhimailo

et al., 2017; Bonfigli et al., 2019), while the data in a soft

spectral range were previously measured only by using a laser-

plasma source (Baldacchini et al., 2005), and there are no data

on the dependence of LiF PL response to narrow-bandwidth

quasi-monochromatic radiation. The main aim of the present

work is in the precise characterization of the response func-

tion, sensitivity threshold and dynamic range of the LiF

detector in the vicinity of the water-window band. The

performance of the LiF detector is demonstrated by the

measurement of soft-X-ray diffraction patterns with sub-

micrometre resolution and the ultimate dynamic range.

2. Experimental method

The experiment was performed at the soft X-ray beamline P04

of the third-generation synchrotron source PETRA III at

DESY, Hamburg, Germany (Viefhaus et al., 2013). An

APPLE-II type helical undulator of length 5 m with 72

magnetic periods was tuned to deliver photons at an energy of

500 eV (Rose et al., 2015). The X-ray beam was focused by the

two-mirror system in vertical and horizontal directions. The

measurements were carried out in the holographic Roentgen

scattering (HORST) vacuum chamber (Rose et al., 2018).

As mentioned above, knowledge of both the response

function and the dynamic range of the LiF detector is

important for a successful application. In the first phase of the

experiment, we investigated the response function of LiF

crystal to soft X-ray radiation. For this, the diffraction pattern

behind a slit was captured by a LiF crystal and then it was

compared with data from a calibrated photodiode. A sketch of

the experimental setup is shown in Fig. 2(a). Both the diode

and the LiF crystal were mounted on a single motorized

scanning stage with nanometre precision. A simple translation

motion was therefore sufficient in order to choose to send the

synchrotron radiation to either the diode or the LiF crystal.

First, the integral photon flux incident on the LiF detector

position was measured by a diode as�109 photons per second.

The diode was calibrated with a monochromatic source of

known intensity prior to the experiment. The area of the beam

was limited to a slit gap with a size of 100 mm. The diffraction

pattern was recorded at a distance of 1 m from the slit. The

whole image of the pattern was measured by the LiF detector

in a field of view of 2 mm and with an exposure time of 180 s.

Additionally, the 2D intensity profile was measured by scan-

ning the photodiode through the center of the diffraction

pattern in horizontal and vertical directions. The field of view

of the photodiode was limited by a pinhole of size 1.5 mm.

In the second step of the experiment, a series of measure-

ments using the slit and the pinhole were conducted to identify

the dynamic range of the crystal and to demonstrate the

imaging capability of LiF [see Fig. 2(b)]. The intensity distri-

bution of the synchrotron beam was measured at sequences of

planes. For that purpose, the LiF crystal was moved along the

Z axis in the range 1 to 12 mm (an axis along the beam

propagation direction).

After the experiments, the LiF crystals were analyzed by a

confocal laser-scanning microscope (model Carl Zeiss LSM-

700). The PL signal from the irradiated crystal was recorded

by a 16-bit photomultiplier (PMT). The PL intensity was

controlled by the PMT voltage (parameter gain) and the level

of excitation radiation (the LSM laser power). The calibration

parameters were obtained as a function of the intensity of

photopumping (excitation) radiation (� = 488 nm) and the

gain for the particular model of laser-scanning confocal

microscope. A detailed description of the calibration proce-

dure is presented in the Appendix A.

It is known that only F2 and F3
+ CCs are metastable and emit

in the visible range [see Fig. 1(b)], i.e. giving the contribution

to the LSM signal. There is no general way to evaluate the

dose quantitatively as a function of emitting CCs number.

However, we were able to excite mainly F2 type of CCs via

the 488 nm pumping laser, where the F3
+ signal is almost

suppressed [see Fig. 1(b)].

3. Response of the LiF detector as a function of the
X-ray dose

To define the PL response of the LiF detector, we used the

diffraction pattern obtained in the first experiment [see

Fig. 2(a)]. Fig. 3(a) shows a PL image of the diffraction pattern

recorded on the LiF detector. Because of the high spatial

resolution and the large field of view of the LiF detector, the

diffraction pattern with a large number of well resolved fringes
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Figure 2
Two cases of the experimental setup. (a) The X-ray beam propagated
through the slit and its profile was measured alternatively by the LiF
crystal detector or the pre-calibrated photodiode. (b) Scanning of the
intensity distribution of the X-ray beam propagated through both the slit
and the pinhole in different planes along the Z axis using the LiF crystal
detector.



is clearly seen. The fringes in the horizontal direction are

numerous and stem from a small slit size while the fringes in

the vertical direction are few as a result of a widely opened

vertical slit.

The spatial distribution of the beam obtained using a diode

and a LiF crystal (along the same part of the diffraction

pattern as had been scanned by the photodiode) is presented

in Figs. 3(b) and 3(c) (black and red lines) in the horizontal

and vertical directions, respectively. It can be seen that the

obtained data differ considerably for the detectors. Since the

LSM signal depends on the concentration of the F2 and F3
+

CCs, we can conclude that the response of the LiF detector on

the accumulated dose is nonlinear.

These days, the physics of CCs generation is not completely

clear in relation to the dose/fluence of the ionizing radiation

but it is known that the mechanism of formation of F centers is

statistical. In order to obtain metastable states which emit in

the visible range (such as F2, F3
+), the F centers should be

accumulated. The formation of single centers can be described

by a semi-empirical function (Baldacchini et al., 2005),

f ðD;PÞ ¼ kðDÞ1=2 1þ log 1þ
P

Ps

� �2
" #

; ð1Þ

where f(D, P) is the CC concentration

(1 cm�3), k is the coefficient indicating

the F-type CCs density, D is the X-ray

dose (J cm�3), P is the dose rate and Ps

is the X-ray flux power threshold.

Equation (1) shows that the response

function of the crystal is not linear with

respect to the absorbed dose. Statistical

accumulation of single centers is needed

for the accumulation of more complex

defects in the crystal lattice (F2 and F3
+).

If we assume that these events are

independent, then the response func-

tion of the LiF crystal can be approxi-

mated as a power law. This allows us to

obtain a quantitative dose distribution

based on the number of observable F3
+

CCs as

D ¼ B f Fþ3
� �n

; ð2Þ

where D is the deposed dose, B repre-

sents a coefficient (representing toge-

ther the probability of CC creation by

500 eV photons and the emissivity of

the F3
+ CCs fluorescence), n is the power

index and f(F3
+) is the F3

+ centers

concentration (cm�3),

f Fþ3
� �

¼
ILSM700

Fscan

; ð3Þ

where ILSM700 is the gray value (counts

of the microscope) and Fscan is the

microscope function.

In the work of Bonfigli et al. (2010), LiF crystals were

irradiated by soft X-rays emitted by a laser-plasma source in

the energy range from 0.05 to 2 keV (maximum intensity for

1 keV). The same dependence [equation (2)] was used for the

fitting of the experimental points. It was found that n = 2.2 for

X-ray fluxes up to 120 mJ cm�2, which corresponds to the

accumulated dose of 1.2 kJ cm�3 in LiF [see equation (2)] for

F3
+-type CCs.

Applying the response function [in the form of equation

(2)] with a variable exponent n to the beam profile data

obtained using the LiF crystal [Figs. 3(b) and 3(c), red lines],

we found the best fitting exponent value of n = 2.2 at which the

diode and the crystal data are in good agreement. Fig. 3(d)

shows the dependence of the standard deviation on the

exponent n between the diode and LiF data in our experiment.

As one can see, the best correlation between the diode and

LiF data is observed at n = 2.2 [see Figs. 3(b) and 3(c), blue

and black lines] that corresponds to the minimum deviation in

Fig. 3(d). Finally, equations (2) and (3) can be rewritten in the

form

D ¼ B
ILSM700

Fscan

� �2:2

: ð4Þ
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Figure 3
(a) A confocal laser-scanning microscope image of the irradiated LiF crystal behind the 100 mm slit.
(b, c) Vertical and horizontal profiles of the X-ray dose distribution. The solid black line represents
the diode measurements, the solid red line represents the LiF data normalized to the diode one, and
the dashed blue line represents the LiF data calibrated by using the crystal response function found
in Section 4. Black dashed lines in (a) illustrate the areas over which the profiles were measured.
(d) Dependence of the standard-deviation value between the diode and LiF data on the power
index n of the response function.



Thus, we found that, for the monochromatic radiation with an

energy of 500 eV, the response function of the LiF detector

coincides with that obtained for polychromatic laser-plasma

radiation [in the work of Bonfigli et al. (2010)] within a similar

range of absorbed dose.

4. Evaluation of LiF detector dynamic range

Conventional X-ray detectors such as CCDs, IPs, radio-

chromic films and diodes typically provide a dynamic range of

not more than �105 in a single exposure. Here we specify the

dynamic range of a detector as the ratio of the saturation (or

damage) threshold to the minimum signal being recognized

over the noise level of the same detector. In the following, we

evaluate the dynamic range of the LiF detector. To do this, a

pinhole was put at a distance of 12 mm upstream of the crystal

for the observation of diffraction patterns in the far zone [see

Fig. 2(b)]. The exposure time of the crystal was 100 min for the

accumulation of the maximum dose on the detector.

It is evident that if we try to determine the dynamic range in

one frame it is limited by the dynamic range of the readout

system (this value is 6 � 104 for LSM700). However, we were

able to vary the parameters of the microscope such as the gain

of the PMT and the laser power to increase or decrease the

signal value, and then combine both readouts to build a joint

wide-range image. The corresponding apparatus functions

linking the PL signal measured at different PMT gain and

laser power to an actual accumulated dose were obtained for

the LSM700 microscope in the frame of this work and are

given in Appendix A. Thus, we can extend the dynamic range

of the entire recording system (readout system + LiF crystal)

to the dynamic range of the LiF detector. The technique

becomes possible because the LiF detector can be read out

many times. At first look, it may be expected that the excita-

tion of CCs during the first readout decreases the total signal

for future readings, but it is found that the signal decreases less

than 0.1% after every scan. This allows a low signal to be

observed as well as an extremely high one by varying the

scanning parameters. On the contrary, such an approach is

impossible for CCDs and IPs because the signal is wiped out

after the first scan.

Using this technique, the full intensity distribution of the

X-ray beam passing the 5 mm pinhole was observed and is

given in Fig. 4. If we consider the frame (a) obtained at gain =

360, one can only observe the central part of the beam, while

the diffraction rings are not visible. Then, with the increase of

the gain to 740, the central part of the image becomes satu-

rated while the number of visible fringes increases [see

Fig. 4(b), green frame].

It should be emphasized that we did not see the expected

form (circle) of the signal behind the pinhole on the detector.

This fact can be associated with instability of the beam in time

(for long exposures).

Fig. 5 shows the dose profile of the X-ray radiation restored

along the dashed white line in Fig. 4, which was found by using

the previously obtained equation (4) for the response function

of LiF. It is seen that 16 diffraction fringes are clearly distin-

guishable. The last ring has a dose of 2 � 10�2 J cm�3, while

the maximum dose is 1.7 � 105 J cm�3. Thus, we can conclude

that the LiF detector allows one to build up a single exposure

X-ray image with a dynamic range of not less than 107. The

absorbed dose in the last visible diffraction ring corresponds

to the sensitivity threshold of the LiF crystal. This value is four

to five orders more than for a CCD; however, the advantage of

LiF is the possibility to use it in high-intensity fields.

It should also be emphasized that the LiF dynamic range

does not depend on the photon energy or accumulated dose,

but might be limited in the case of high beam fluxes. While the

LiF detector is still operational at enormous accumulated

doses over several MJ cm�3, the high dose rate delivered by

XFEL pulses may already cause the ablation of the detector

surface at a few kJ cm�3 per femtosecond pulse. In our

experiments, the dose rate did not exceed

30 J cm�3 per synchrotron pulse. It is worth

noting that the maximum dose for the damage

to LiF crystal was not accumulated in the

experiment. Thus, the potential dynamic range

of the crystal is more significant than what we

have registered.

5. Spatial resolution and imaging
capability of the crystal

In experiments where the structure of an

object should be determined at the nanometre
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Figure 4
Diffraction images retrieved from the same exposure of LiF detector by LSM700
microscope with gain = 360 (a) and gain = 740 (b).

Figure 5
The dose distribution restored along the dashed white line in Fig. 4 (after
applying the crystal-response function found in Section 4).



scale, the detector must also have a high

spatial resolution. Potentially, a LiF

crystal can have a spatial resolution

comparable with atomic size. However,

practically this value is limited by both

the spatial resolution of the readout

system and the size of the secondary

electron cloud. The latter effect strongly

depends on the X-ray energy. The

physics of this process are discussed in

the work by Grum-Grzhimailo et al.

(2017) in detail. As an example, the

spatial resolution of the LiF crystal

achieved for hard X-ray photons of an

XFEL (10.1 keV) was �1.2 mm (Pikuz

et al., 2015), while for a soft X-ray laser-

plasma source the diffraction pattern

was obtained with a resolution of 0.05–

0.075 mm (Oliva et al., 2008; Ustione et

al., 2006) by using scanning near-field

optical microscopy.

For our conditions, the radius of the

secondary electron cloud is expected to

be less than 10 nm for the X-ray beam

with 500 eV energy and cannot affect

the resolution power. Therefore, in our

experiment, the spatial resolution of the

LiF detector is limited by the readout

system. We scanned the irradiated LiF

crystal using the immersion objective

with a numerical aperture value of 1.4

and an excitation wavelength of 488 nm that allowed us to

achieve a spatial resolution of �0.2 mm.

The X-ray beam profiles were obtained in the planes at

different distances from the pinhole (see Fig. 6, left column).

The spatial distribution of the beam spot with a size of 4 mm

was recorded. Fig. 6 shows features in the central region of the

beam (for z = 1.3 mm and z = 1.5 mm). Because of the

provided spatial resolution of the LiF detector, we could

observe inhomogeneities of the spatial distribution of the

X-ray beam in various planes. The LiF image profile shows the

features in the X-ray beam distribution (�0.8 mm in size) in

Fig. 6(c). This value is greater than can be expected from both

the blurring effect by the secondary electron cloud (several

nanometres) and the spatial resolution of the LSM700

microscope.

We also simulated the propagation of the X-ray beam

through the setup to compare it with the experimental beam

distribution. The modeling was performed with a software

framework for coherent and partially coherent X-ray wave-

front propagation simulations – WavePropaGator (Samoylova

et al., 2016), which is a development of the calculation

methods implemented in SRW and which is available through

open-access code (Chubar et al., 2008). The results of the

modeling are presented in Fig. 6 (images in red frames). It can

be seen that the spatial distribution of the beam is similar for

all z planes. However, the amplitudes and symmetry of the

experimental beam profiles differ from the modeling (see

Fig. 6, black and red lines on the graphics). The size of the

features in the simulated beam profile is the same as for the

experimental data [see Fig. 6(c)]. Thus, we expect that for the

water-window X-ray range the real spatial resolution of the

LiF detector should be better than we were able to demon-

strate in particular experimental configurations. Finally, it

should be noted that in this article we provide just an example

of LiF imaging capabilities and not careful measurements of

the spatial resolution limit.

6. Summary

An experiment for the calibration of an X-ray lithium fluoride

detector was performed at the P04 beamline at PETRA III.

As a result, the metrological properties of the LiF crystal were

retrieved. In particular, the LiF detector response function

was determined for the X-ray deposed dose up to

�14 kJ cm�3. This function is well described by a power-law

dependence (power index n = 2.2). Using this dependence, we

demonstrated a dynamic range of LiF of up to 107 for our

experimental conditions. Also, the threshold for the CCs

creation was estimated as 2 � 10�2 J cm�3. This value corre-

sponds to the dose in the last visible diffraction fringes for the

experiment with pinhole diffraction.
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Figure 6
A sequence of PL images obtained on the surface of the LiF detector in different planes z [(a), (d)
and (g)]. Plane-wave simulations for the propagation of the wavefield from a 5 mm pinhole aperture
are shown in (b), (e) and (h). The dose distribution along the dashed white lines for experimental
(black) and simulated (red) data are shown in (c), ( f ) and (i).



It was also demonstrated that the sub-micrometre imaging

capability of the X-ray beam distribution is achieved. LiF

images showed the features in the X-ray beam distribution

(�0.8 mm in size) that correspond to the theoretical calcula-

tions. These data make it possible to extend the use of LiF as a

detector for the diagnostic and characterizing of X-ray beams

in extreme-intensity experiments on the study of nanoscale

objects.

APPENDIX A
In addition, we also present the microscope calibration

functions because there is no such data for the Carl Zeiss

LSM700 provided by the vendor. In particular, we found the

dependence of microscope counts ILSM700 (PMT signal) on the

PMT gain and pumping laser power. For this, we scanned the

test plate with different microscope parameters.

Fig. 7(a) shows the dependence of the PMT signal ILSM700

on the laser power (keeping PMT gain parameter G =

constant). It is well approximated by a linear dependence with

a factor of 0.01 with respect to the reference point at laser

power = 100%, where the signal was normalized to 1,

ILSM700ðPlas;G ¼ constÞ

¼ Alas Plas ILSM700ðPlas ¼ 100%;G ¼ constÞ

¼ 0:01 Plas ILSM700ðPlas ¼ 100%;G ¼ constÞ; ð5Þ

where ILSM700(Plas, G = const) is the PMT signal with the

arbitrary value Plas (counts per pixel in the microscope data),

Alas is an approximation coefficient of the laser, Plas is the

laser-power value and ILSM700ðPlas ¼ 100%;G ¼ constÞ is the

PMT signal with Plas ¼ 100%.

Fig. 7(b) shows the dependence of the signal value on the

PMT gain. It is well approximated by an exponential depen-

dence with an exponent factor of t = 88 with respect to the

reference point at G = 360, where the signal was normalized

to 1. So the PMT signal can be presented as

ILSM700ðG;Plas ¼ constÞ ð6Þ

¼ AG expðG=tÞ ILSM700ðG ¼ 360;Plas ¼ constÞ

¼ 0:017 expðG=88Þ ILSM700ðG ¼ 360;Plas ¼ constÞ;

where ILSM700(G, Plas = const) is the PMT signal with arbitrary

value gain G (counts of the microscope), AG is an approx-

imation coefficent of the PMT gain, t is an exponent factor and

ILSM700(G = 360, Plas = const) is the F3
+ centers concentration

(cm�3).

If we vary both the PMT gain and laser power parameters,

the total PMT signal ILSM700 is

ILSM700ðPlas;GÞ ¼Alas Plas AG expðG=tÞ

� ILSM700ðPlas ¼ 100%;G ¼ 360Þ: ð7Þ

Or, using equations (5) and (6),

ILSM700ðPlas;GÞ ¼ Fscan ILSM700ðPlas ¼ 100%;G ¼ 360Þ

¼ 0:01 Plas 0:017 exp ðG=88Þ

� ILSM700ðPlas ¼ 100%;G ¼ 360Þ: ð8Þ

Thus, equation (4) in the main section of this article for the

absorbed dose D in LiF can be represented in the form

D ¼ B
ILSM700ðPlas;GÞ

Fscan

� �2:2

¼ B
ILSM700ðPlas;GÞ

Alas Plas AG exp ðG=tÞ

� �2:2

;

ð9Þ

which helps to establish a cross-correspondence in the data

measured at different microscope settings.

Using the reference point at Plas = 100% and G = 360 and by

comparison with calibrated X-ray photodiode data as shown

in Fig. 3, the parameter B representing together the prob-

ability of CC creation by 500 eV photons and the emissivity of

the F3
+ CCs fluorescence has been found to be 3.7 � 10�7.

Finally, the absolute dose D value distribution can be revealed

for any LSM parameters providing cross-calibration for the

data taken with different laser pumping power and PMT gain,

D ¼ 3:7� 10�7 ILSM700ðPlas;GÞ

0:01 Plas � 0:017 expðG=88Þ

� �2:2

: ð10Þ
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Figure 7
Instrumental calibration functions for the Carl Zeiss LSM700 fluorescent microscope.
(a) PMT signal normalized to a signal with laser power = 100% versus illuminating laser
power. (b) PMT signal normalized to a signal with gain = 360 versus PMT gain.
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