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The use of lithium fluoride �LiF� crystals and films as imaging detectors for EUV and soft-x-ray

radiation is discussed. The EUV or soft-x-ray radiation can generate stable color centers, emitting

in the visible spectral range an intense fluorescence from the exposed areas. The high dynamic

response of the material to the received dose and the atomic scale of the color centers make this

detector extremely interesting for imaging at a spatial resolution which can be much smaller than the

light wavelength. Experimental results of contact microscopy imaging of test meshes demonstrate a

resolution of the order of 400 nm. This high spatial resolution has been obtained in a wide field of

view, up to several mm2. Images obtained on different biological samples, as well as an

investigation of a soft x-ray laser beam are presented. The behavior of the generated color centers

density as a function of the deposited x-ray dose and the advantages of this new diagnostic

technique for both coherent and noncoherent EUV sources, compared with CCDs detectors,

photographic films, and photoresists are discussed. © 2005 American Institute of Physics.

�DOI: 10.1063/1.2130930�

I. INTRODUCTION

The possibility of detecting images in the extreme ultra-

violet �EUV� and soft x-ray spectral range �photon energies

h��20–8000 eV�, at a high spatial resolution and on a wide

field of view is considered a topical task nowadays. Indeed,

the fast development of different types of EUV and soft

x-ray sources �laser produced plasmas, synchrotron radiation,

x-ray lasers� makes its application very attractive in the dif-

ferent physical science, material science, and biomedical

investigations.
1–5

In the EUV and soft x-ray imaging applications, three

types of detectors have been used up to now: x-ray photo-

graphic films,
6

photoresists,
7

and charge coupled devices

�CCDs�,8 but each of them has advantages and drawbacks at

the same time.

The main advantages of the x-ray films are a reasonable

spatial resolution �of the order of few microns�, a very big

size of detection areas �many cm2 could be easily used�, and

a low price. However, their typical dynamic range is rather

low �in the range of 5–8 bits�; moreover, it is necessary to

develop the films after irradiation and then to digitize them

in order to obtain interesting biological or physical data. So,

their response is far from being a real-time one.

On the contrary, x-ray CCDs are very efficient detection

devices thanks to their extremely high sensitivity �single

photons can be detected by means of coupling with image

intensifiers�, to their high dynamic range �10–16 bits�, and

to the simplicity in their readout process, which allows to

obtain experimental data in real time �the dynamic range is

defined as the number of bits, n, referring to the amount of

tonalities, 2n, between white and black which can be ob-

served�. But, as a drawback their spatial resolution is pres-

ently limited typically to 4 microns, so that in order to de-

crease this value the images should be magnified onto the

CCD through an x-ray optical system, like a zone-plate lens,

i.e., the so-called projection mode. Moreover, their sensitive

area is just of the order of 1–10 cm2, and the prices are very

high. Finally, when using projection optics, even the soft

x-ray source becomes expensive. Indeed. zone plate lenses

require monochromatic radiation, and the high fluence on the
a�
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sample �needed for a high resolution, that is for a low statis-

tical noise� can be achieved only by using high spectral

brightness sources, like the synchrotron one.

Remaining in the simpler imaging technique called

“contact mode,” when a submicron resolution of the image is

needed �in x-ray contact microscopy and in microradiogra-

phy, or in x-ray focusing experiments�, photoresist-based de-

tectors, like, for example, the well known Poly-Metyl-

MetAchrilate �PMMA� photoresist are commonly used.
7

These detectors reach a very high spatial �about

10 nanometer-scale� resolution, but they require a relatively

high-energy density of illumination ��2 mJ/cm2, depending

on the quality of resolution�, and they have a very poor dy-

namic range �just 5–6 bits for PMMA�. After exposure, they

need a development process and a further complicated and

time-consuming data acquisition reading through an Atomic

Force Microscope �AFM�, which practically does not permit

to analyze images with a field of view larger than few tenths

of mm2.

So, the search for a high-dynamic-range and cheap de-

tector for EUV and soft x-ray radiation, which at the same

time produces images with nanometer scale spatial resolution

in a large field of view requiring a reasonably simple proce-

dure, short data acquisition and processing time, is of para-

mount importance.

A very promising candidate as submicron resolution

x-ray detector is lithium fluoride �LiF� in the form of crystal

and film. It is well known that LiF, as other alkali halide

crystals, can host different types of stable color centers �CCs�
produced under bombardment by ionizing radiation, like

high energy photons and elementary particles �gamma and

hard x-rays, neutrons, electrons, and ions�.9 Under optical

excitation by properly selected pumping light, several types

of CCs in LiF emit light in the visible spectral range even at

room temperature �RT�. Since the dimension of the single

CC is less than 1 nm,
10

and the CCs concentration can reach

values of the order of 1019–1020 cm−3, two-dimensional im-

ages with high spatial resolution �much smaller than

1 micron� can be generated by ionizing radiation in LiF

material.

Low-energy electron
11–13

or ion beams
14

are commonly

used for direct writing of colored tiny structures in LiF. For

example, submicron luminescent patterns down to a width of

0.1 �m have been obtained by using an electron beam en-

coding technique
11

in a LiF crystal and in a LiF film.
12

With

electron-beam irradiation the spatial resolution is limited by

the beam broadening due to charge effects in insulating ma-

terials, and also by lateral spreading of the electrons due to

scattering processes in the interaction volume. Moreover, this

technique can produce only small colored areas at the price

of rather long exposure time �� some days/cm2 when using

electron beams with a current value around 2 nA�. On the

other hand, highly penetrating radiations, like gamma and

hard x-ray beams, are not suitable either to color thin layers

with controlled depth and to produce colored areas with high

spatial resolution �in this case the resolution is limited by

photoelectron blurring, as it is well known in proximity x-ray

lithography experiments
15�. On the contrary, the low penetra-

tion depth of soft x-rays and EUV light make both these

types of electromagnetic radiation very attractive for colora-

tion of LiF in a relatively short exposure time.

In this article the use and characterization of LiF �in the

form of bulk crystals or films grown on different substrates�
as a high-resolution, large-field of view imaging detector

in the spectral range of EUV and soft x-ray radiation is

presented.

II. SOFT X-RAY IMAGING DETECTORS BASED ON LiF

A. Principles of LiF coloration

As in the other alkali halide crystals, photons with en-

ergy greater than the band-gap separation produce different

types of CCs in LiF crystals and films. However, there are

some features, which make LiF a unique material as far as

coloration is concerned:

�i� Several CCs generated in LiF are stable at RT, which

is very important for various applications;

�ii� The band gap is about 14 eV, which is the largest

among all other alkali halides or dielectric materials.

This means that CCs can not be easily generated by

visible and near UV radiation �unless at extremely

high intensities and involving multiphoton absorption

processes�, so that a LiF based detector does not re-

quire any filter for protection from such radiation;

�iii� The cation-anion distance is the shortest for LiF crys-

tals, and the Li+ and F− ions possess the smallest ra-

dius among the alkali and halide ions, respectively.

This means that the CCs density can reach very high

values, and the highest spatial resolution could be ob-

tained using this material;

�iv� LiF can be deposited as a film by thermal evaporation

on different substrates. In this case LiF assumes a

polycrystalline structure and, as it will be shown be-

low, the formation efficiency of CCs is higher than in

bulk LiF crystals. This implies an increasing in sensi-

tivity of imaging detector for soft x-ray radiation;

�v� LiF crystal hosts optically active CCs with absorption

bands �photon energy of the pumping radiation� and

emission bands �photon energy of luminescence� in

the visible spectral range. This allows a strongly sim-

plified readout procedure, through the use of commer-

cially available high-resolution optical or confocal

fluorescence microscopes;

�vi� Notwithstanding CCs in LiF are stable at RT �as a

matter of fact, up to �120 °C�, they can be easily

destroyed at temperature �400 °C.
16

After cooling

down, LiF can be colored again. This means that, in

practice, LiF detectors could be used as rewritable

devices;

�vii� Finally, LiF crystals are commercially available �they

are relatively cheap optical materials� in the form of

big-size crystal plates with high surface quality.

At RT, ionizing radiation in LiF generates different types

of CCs simultaneously, but only F2 and the F3
+ CCs have a

practical interest in our case, because they mainly contribute

for visible photoluminescence. The F-center �see Fig. 1�a��,
consisting of an anion vacancy occupied by an electron, is
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the simplest and primary defect appearing in LiF under ion-

izing radiation. The concentration of the primary F-centers

plays a crucial role in the formation of more complex aggre-

gates of CCs, and in particular of the F2 and F3
+ centers

17,18

�see Figs. 1�a� and 1�b��, which consist of two electrons

bound to two and three close anion vacancies, respectively. It

is worthwhile noticing that, although investigations started a

long time ago,
19

up to now no fluorescence unambiguously

originating from the F-centers in LiF has been detected.
20

At

the same time, for practical applications, the main advan-

tages of F2 and F3
+ CCs derive from their photoemissions in

the visible spectral range
19

and gain coefficients as high as a

few cm−1.
21

Moreover, they have almost overlapping absorp-

tion bands peaked at �450 nm �see Fig. 2� and, therefore,

they can be simultaneously excited by a single pumping

wavelength.
20–22

The previous electronic defects are particularly interest-

ing for the LiF application as x-ray detector, because they are

efficiently created by low penetrating ionizing radiation and,

under blue-light pumping, they efficiently emit light in the

visible spectral range, with higher efficiency than other more

complex generated CCs. In conclusion, despite the fact that

more complex defects could appear under soft x-ray irradia-

tion of LiF crystals, only the F2 and F3
+ CCs are worth ana-

lyzing for understanding the principles of x-ray images for-

mation in LiF. The intensity of CCs photoluminescence

depends on the concentration of F3
+ and F2 centers generated

in the irradiated LiF material. As F2 and F3
+ CCs are aggre-

gated from primary F-centers, their concentration in LiF

crystals is related to the efficiency of the primary F-centers

generation. This means that the sensitivity of LiF, as a soft

x-ray imaging detector, strongly depends on the possibility of

producing such centers with high efficiency inside the mate-

rial. According with the experimental data reported in Ref. 9,

for alkali halides �in NaCl crystals for example� colored with

hard x-rays, the concentration of the primary F centers seems

to increase roughly as the square root of the irradiation dose

D �D is the soft x-ray energy deposited per unit volume� and

with the logarithm of the dose rate P=dD /dt �P is the rate of

soft x-ray energy deposition per unit volume�.
The intensity of photoluminescence is proportional to

the intensity of the excitation pumping beam below satura-

tion. In entirely colored LiF crystals irradiated by 5 MeV

electrons, under continuous blue radiation pumping, the

luminescence increases linearly with the concentration

of the F3
+ and F2 centers up to �1016 centers/cm3 and

�1018 centers/cm3, respectively.
22

With further increasing

the CCs density, up to 1020 CCs/cm3, the luminescence un-

dergoes a saturation effect
22

and the emission efficiency

decreases.

B. Operation of LiF based soft x-ray imaging
detectors

The principle of operation of the LiF based soft x-ray

imaging detector consists of two steps. As a first step, the

surface of the LiF detector is exposed to x-ray radiation,

which generates CCs, whose density depends on the x-ray

absorbed dose. Any x-ray source, such as laser-produced

plasma �LPP�, x-ray tube, x-ray laser, synchrotron radiation

and so on, can be used. As seen in the former section, larger

is the dose rate deposited, higher is the coloration efficiency

achieved. Figure 3�a� �above� shows a LPP for contact im-

aging on LiF. A laser beam is focused on a target and creates

a high temperature plasma, which practically radiates uni-

formly in a 2� solid angle in the wavelength spectral range

below the LiF band gap. Downstream of the plasma radia-

tion, the object under study and a LiF detector are placed

close each other. The x-ray radiation, attenuated by the ob-

ject, produces on the LiF detector CCs, whose density is

proportional to the intensity of the radiation transmitted

through the same object. So, an image formed by different

CC densities is stored on the LiF surface. In the case of a

directional x-ray beam �for example, x-ray laser beam, syn-

chrotron radiation�, the LiF detector could be used to record

the intensity distribution of the x-ray radiation itself or as an

object transmission map at projection mode �pos.1� or con-

tact mode �pos.2�, see Fig. 3�a� below.

As a second step, the readout process is performed as in

Fig. 3�b�. For the observation of the luminescent image

stored in the LiF detector, optical microscopes operating in

fluorescence mode are used. The x-ray irradiated LiF sample

FIG. 1. �a� F-type CCs in alkali halide crystals. If one electron replaces an

anion vacancy generated by ionizing radiation, a primary F-center is created.

If two primary F centers aggregate, an F2 color center is obtained; �b� If in

a three aggregated primary centers �that is an F3 color center� one electron is

missed, the center is called F3
+.

FIG. 2. Normalized absorption �top� and emission �bottom� bands of F2 and

F3
+ color centers in LiF at RT.
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is excited by light in the blue spectral range and the emitted

photoluminescence is observed in the yellow-red visible in-

terval, where the broad emission bands of the F2 and F3
+

centers are located. Generally, the spatial resolution is lim-

ited by the readout process of the irradiated LiF surface,

rather than the irradiation imprinting. In other words, the

final spatial resolution of such imaging detector is generally

limited by the performances of the optical microscope. For a

conventional one the limit is around 0.5–0.6 �m, for an op-

tical confocal microscope the lateral spatial resolution can be

around 0.2 �m, while a scanning near-field optical micro-

scope �SNOM� can reach resolution values much smaller

than the light wavelength.

C. Properties of LiF imaging detectors by using soft
x-ray radiation of laser-produced-plasma
sources

1. X-ray sources

In this work, for the characterization of LiF crystals and

films as x-ray imaging detectors, a laser produced plasma

with enough intensity of EUV and x-ray radiation for colora-

tion has been used. Most of the experiments were carried out

at the ENEA Hercules laser facility
23

in Frascati, Italy, which

possesses a XeCl excimer laser with an active volume of

�9�5�100� cm3 and emission at 0.308 �m. A laser beam

energy of 0.5–1 J with a 10 ns pulse duration at a repetition

rate of 0.5 Hz was used. The laser radiation was focused by

a triplet lens on solid Cu or Fe tape targets to form a spot of

30 �m in diameter. Thus, the laser intensity on the target was

about 0.5–1�1013 W/cm2, resulting to a plasma electron

temperature of 150–200 eV. Such a Fe or Cu plasma emits

soft x-rays mainly in the energy range 0.05–1.5 keV.
23

Some experiments were carried out at Tor Vergata Uni-

versity of Rome, Italy, where the plasma was produced using

the fundamental output wavelength of a Nd:glass laser. The

laser source was a Quantel Nd:glass laser delivering pulses

with a maximum energy of 10 J and a temporal duration of

12 ns. It consisted of a chain of two Nd:YAG and two Nd-

:glass amplifiers. The repetition rate was limited to

1 shot/min to minimize the thermal lens effect. A 20 cm

focal-length doublet lens focused the laser beam onto a solid

Cu tape target. The estimated beam diameter at the focal

point was 200 �m, with a corresponding laser intensity on

the target of about 1012 W/cm2. The obtained plasma mainly

radiated in the energy range 0.05–2 keV.
24

2. Coloration efficiency of LiF crystals and films
by soft x-ray

In order to characterize the efficiency of CCs formation

in LiF crystals under soft x-ray irradiation, the upper scheme

shown in Fig. 3�a� has been used. In this work we have

considered as imaging detectors LiF crystals and polycrys-

talline films. The first ones are commercially available, while

the last ones have been produced at the ENEA Laboratory in

Frascati, Italy. The used LiF films have been grown on sili-

con or glass substrates by a thermal evaporation technique.

Their structural, morphological and optical properties have

been summarized elsewhere,
25

while their thickness could be

varied from 0.05 up to 6 �m.

A comparison of the coloration efficiency by EUV and

soft x-rays of a LiF crystal and a LiF film has been per-

formed as in the following. A LiF film with a thickness of

�6 �m grown on a glass substrate kept at 250 °C during the

deposition and a LiF crystal 2 mm thick were placed at a

distance of 10 cm from the XeCl-laser plasma x-ray source

under an angle of about 20° from the normal to the source

target. Both LiF samples were oriented perpendicularly to

the incident x-ray radiation, with an irradiated area of

�6�7� mm2, and were exposed to 780 shots. According to

previous data,
23

the XeCl laser radiation has an average con-

version efficiency of about 20% in part of the EUV and soft

x-ray energy spectral region. So, including the triplet lens

transmission value, at the distance of 10 cm from the x-ray

source a flux density of �0.4 mJ/cm2/shot is expected. The

measured RT emission spectra of the colored LiF film and

LiF crystal, both exposed at an x-ray fluence of

�300 mJ/cm2, excited with the 458 nm line of Ar laser at

the same pumping power intensity �about few mW/cm2�, are

presented in Fig. 4. The photoluminescence spectra, cor-

rected for the detection system optical response, consist of

two broad bands, peaking at around 540 and 670 nm, which

correspond to the well known positions of F3
+ and F2 centers,

respectively.
26,27

The maximum of the emission spectra is at

around 670 nm due to the F2 CCs luminescence, as shown in

FIG. 3. Principle of LiF detector operation: �a� first step-irradiation of LiF

by soft x-ray beam �above in case of the LPP radiation and below in case of

direct x-ray beam�; �b� second step-readout process of the irradiated LiF

samples by optical microscope operating in the fluorescence mode.
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Fig. 2, which is very convenient for the readout process be-

cause of the high sensitivity of light detectors in this spectral

region. It is very important to stress here that a comparison

of the photoluminescence spectra of LiF film and crystal, see

Fig. 4, shows more than 10 times higher emission intensity

for the LiF film than for the crystal. The reason for this result

seems to be connected with the different structure of the film

�polycrystalline� and the bulk crystal �monocrystalline�,27
as

well as to their peculiar morphological structure.
25

In order to change the x-ray fluence, a LiF film was

covered by a polypropylene step-shaped filter, which reduced

the x-ray fluence from 6 to 30 times with respect to the open

part, corresponding to a fluence of 600 mJ/cm2. The image

was readout by a conventional optical microscope in fluores-

cence mode. A 458 nm ion Ar laser was used as pumping

beam in the blue region and a proper glass optical filter was

applied for the observation of the fluorescent image, as

shown in Fig. 3�b�. Figure 5 shows the image obtained on the

LiF film. The strong photoluminescence of the areas corre-

sponding to the full dose of x-ray radiation, and the different

levels of luminescence from the other parts, are very well

observed and distinguished.

A very important point for the characterization of the

sensitivity of LiF crystals and films as soft x-ray imaging

detectors is the determination of the photoemission depen-

dence as a function of the soft x-ray irradiation dose. As it

was described above, the visible emission efficiency of LiF

directly depends from the concentration of F2 and F3
+ CCs.

Since such CCs are created through the aggregation of pri-

mary F-centers, it means that the primary F-centers concen-

tration establishes the efficiency of CCs generation and the

sensitivity of a LiF crystal and film as soft-x-ray detector.

For the estimation of the LiF sensitivity, the optical char-

acterization of irradiated LiF samples �absorption and emis-

sion spectral measurements� has been performed. According

to the Smakula’s formula,
28

which describes the relation be-

tween the absorption band spectral parameters and the CCs

concentration, the densities of the generated CCs �under dif-

ferent conditions� were estimated. For example, in the case

of 480 mJ/cm2 irradiation fluence, the densities of the

CCs in the colored LiF layer film were estimated to be

�2.5�1020 cm−3 for F-centers and �1.5�1019 cm−3 for the

�F2+F3
+� centers.

29
As it has been shown in Ref. 9, generally

for alkali halide crystals colored by hard x-rays the concen-

tration of the primary F centers increases roughly as the

square root of the irradiation dose D �i.e., energy deposited

into unit of the media volume�, and with the logarithm of the

dose rate P=dD /dt. The experimental points reported in Ref.

9 for NaCl concerning the F centers concentration f�D , P� vs

the irradiation dose D and dose rate P are well fitted by the

following empirical equation:

f�D,P� = k�D�1 + log	1 +
P

PS


2� , �1�

where Ps=10 mJ cm−3 s−1 is the LiF threshold dose rate,

above which nonlinear effects in the coloration process start

to be important, k=7.7�1015 J−1/2 cm−3/2 is the coefficient

indicating the F-type CCs density given by a unit dose of

1 J /cm3 at a deposition rate P� Ps, and k is constant for a

given media.

Equation �1� shows that in order to reach a CCs density

of 1018–1019 cm−3 in the irradiated volume, it is very impor-

tant to have either a suitable dose of deposited radiation,

either a high value of the dose rate, i.e., a high rate of the

energy deposition process. For this reason, plasma sources,

created by interaction of short duration �10−7–10−12 s� laser

pulses with different targets are very efficient for generating

CCs. Due to their high intensity and short emission time, the

dose rate very easily could reach values up to few GW cm−3,

which will increase the density of CCs by one order of mag-

nitude and reduce the time of the irradiation.

As shown in Ref. 30 and in Fig. 6, by exposing a LiF

crystal to different EUV dose values �just by changing the

number of shots of our EUV LPP source�, we found out that

the F centers concentration generated in LiF follows the

same equation with the same parameter values within few

percent, although the material has changed from NaCl to LiF,

as well as the spectral range of the x-rays and the dose rate

�by many orders of magnitude�.

FIG. 4. Photoluminescence spectra at RT of a LiF crystal and a 6 �m thick

polycrystalline LiF film, both exposed to EUV and soft x-rays at the same

irradiation conditions.

FIG. 5. LiF film sample exposed to approximately 9000 shots at 12 cm from

the XeCl laser-plasma soft-x-ray source through a 0.8 �m Al filter �trans-

mitting in the 40–72 eV EUV spectral range�, followed by a polypropylene

step-shaped filter; a fluence of 600 mJ/cm2 is reached on the open area of

the film, while a fluence zero is corresponding to the completely closed area

of the film. The sample is observed in fluorescence mode by exciting at

458 nm with an ion Ar laser, and observing by a low magnification micro-

scope through a yellow filter.
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3. Spatial resolution of soft x-ray imaging detectors
based on CCs in LiF

As it was mentioned above, one of the most important

characteristics of soft-x-ray imaging detectors is their spatial

resolution. In principle, the spatial resolution of LiF crystals

and films is limited only by the size of the CCs, which is at

the level of the atomic scale. The migration of CCs inside

LiF is of the order of few lattice distances. It means that the

spatial resolution of LiF based detectors could be at values

around 1 nm. At the same time, as previously mentioned, the

spatial resolution of the readout system could be limited also

by the depth of penetration of the x-ray radiation inside the

detector, just because high resolution microscopes are based

on large numerical aperture objectives. The penetration depth

of EUV and soft x-ray radiation �energy range 20–1500 eV�
in LiF ranges from 20 nm up to few microns.

6
So, it is ex-

pected that the limit of spatial resolution, which could be

reached using LiF crystals or films as a soft x-ray imaging

detector could be smaller than 100 nm in the EUV and few

microns in the soft x-rays. Of course, in the case of LiF

films, the depth of coloration, and consequently the resolu-

tion, can be limited by selecting the film thickness. However,

the use of very thin LiF films could also reduce the efficiency

of the detector when higher photon energies are used.

To check such predictions, some test experiments have

been done using a soft x-ray plasma point source generated

by XeCl or Nd glass laser pulses �see lasers parameter de-

scription above�. A schematic of the experimental setup is

shown in Fig. 3�a�. In order to test the spatial resolution, in

one of our first experiments a couple of copper meshes with

a diameter of 3 mm �wire thickness 10 �m, period 60 �m�
were mounted side by side in contact with a LiF crystal. So,

the grids masked the crystal from the incoming radiation.

This “sandwich” was placed inside the vacuum chamber at a

distance of 15 cm from the XeCl laser produced plasma

source. The large emission angle of the x-ray radiation from

the source allowed us to expose the full surface of the detec-

tor, covered by the grids, in any single shot. The EUV and

soft x-ray fluence was roughly 0.2 mJ/cm2/shot when using

an iron target. In our experiments the target was irradiated by

1000 laser shots. The obtained image was readout by using

an optical microscope in fluorescence mode, while the blue

pump light was cut off with a colored-glass filter, as already

explained.

Figure 7�a� shows the image of the luminescent patterns:

the uncolored black parts represent the dark shadow of the

grids, while the gray ones correspond to the luminescent col-

ored areas. An enlarged view of this structure is shown in

Fig. 7�b�. From this figure and from the related densitogram

�see Fig. 7�b� on the right-hand side� it is clear that the spa-

tial resolution �sharpness� of the luminescent pattern is

around 1 �m or better, since 1 �m coincides with the reso-

lution of the optical microscope used for the image readout.

An analysis of the image from Fig. 7�a� shows that such high

spatial resolution is reached in the whole area of the image.

This result demonstrates a huge ratio between field of view

and spatial resolution: �7000:1�� �2500:1�.
It is possible to estimate the resolution limits of the used

patterning process by taking into account diffraction and

penumbra blurring effects. These effects are the same as for

proximity lithography.
15

The penumbra blurring, �s, is re-

lated to the diameter 	 of the x-ray source, to the gap G

between the mask and sample, and to the distance d between

the sample and the x-ray source by the formula �S=	 ·G /d.

On the other hand, the diffraction blurring, �r, due to the

wave nature of the incident radiation with wavelength 
,

approximately equals �
 ·G. For the typical conditions of the

experiments considered here �
�1–10 nm, G�1–10 �m,

	�30–300 �m, and d=15 cm�, the expected printing reso-

lution is about 30–300 nm, and limited mainly by the dif-

fraction effect. Due to the low photon energy, the photoelec-

tron blurring can be neglected, according to Ref. 15. To

FIG. 6. F center density in LiF crystal as a function of the soft-x-ray irra-

diation doses D at a dose rate P=3 GW/cm3: the experimental data �dots�
are well fitted by Eq. �1� for k=8.0�1015 J−1/2 cm−3/2 and PS

=10 mW/cm3. FIG. 7. �a� Image of grids �the diameter of the circles is 3 mm, the period is

60 �m, the thickness of the wires is 10 �m� on a LiF crystal, observed with

an optical microscope in fluorescence mode with a 5� objective. The grids

were placed in contact with the LiF crystal and irradiated by soft-x-ray

radiation, created by interaction of the XeCl laser with a Fe target, in 1000

shots; �b� enlarged part of the image, observed with a Nikon microscope

with a 40� objective; the densitogram of the image shows a spatial resolu-

tion value close to the spatial resolution limit of the microscope.
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exclude the possibility that in our experiments the spatial

resolution could be decreased by a high penetration of the

soft x-ray radiation inside the LiF crystal, the depth of the

CCs distribution inside the LiF crystal has been carefully

estimated by accurate optical measurement. In our experi-

mental conditions the obtained value for the depth distribu-

tion of CCs in the LiF crystals is not exceeding 50 nm.
30

All

these considerations demonstrate that, in principle, in our

experimental conditions, a submicron spatial resolution

could be reached, and that the �1 �m spatial resolution that

we obtained in Fig. 7 is really limited by the used readout

measurement technique, not by the size of the x-ray source

or by the spatial resolution of the LiF crystal detector itself.

Figures 8 and 9 support this conclusion. These two soft x-ray

images have been obtained by using the other laser plasma

source, which was a copper tape target irradiated by the Nd

glass laser pulses. Two LiF crystals have been placed at 3 cm

from the target and masked by a 1000 and by a

2000 lines per inch �lpi� Ni grids. With this source, a single

laser shot was sufficient to properly expose the samples. A

confocal microscope with a nominal resolution of about

200 nm and working in fluorescence mode has been used to

readout the images from the LiF crystals. From the related

densitograms of Figs. 8 and 9 it can be clearly seen that a

submicron scale spatial resolution is reached. Note again that

such detectors deliver images with a submicron resolution in

a very wide field of view �up to 7�2.5 mm in our case, but

it could be even much larger, when using bigger size LiF

crystals or films�.
It is also necessary to underline that soft x-ray radiation

from laser produced plasma is not the only source that can be

used for reaching submicron spatial resolution in LiF imag-

ing detectors. Indeed, submicron luminescent patterns based

on CCs in LiF have been obtained also by direct writing

processes using a focused x-ray beam with a photon energy

of 640 eV provided by the ELETTRA synchrotron facility of

Trieste, Italy.
31

The patterns were produced by scanning the

LiF specimen by using a soft x-ray microprobe with a diam-

eter of 100 nm. Luminescent 170 nm wide lines have been

obtained on a LiF film
32 �in this case a SNOM microscope in

fluorescence mode has been used to readout the LiF sample,

while the short depth of the film has allowed a coloration

depth much smaller than the x-rays penetration length

in LiF�.

D. Comparison of LiF with other soft-x-ray detectors

Among all soft-x-ray imaging detectors only photoresist

�like PMMA, for example� and LiF crystals/films reach a

spatial resolution at nanometer scale. So, it is interesting to

perform a direct comparison of their response properties in

the same experimental conditions.

A very important characteristic of any imaging detector

is its dynamic range. So we experimentally compared the

dynamic ranges for PMMA and LiF film imaging detectors.

Figure 10 shows the results of direct exposure of a PMMA

photoresist and a LiF film by using the soft-x-ray radiation

emitted by our XeCl laser produced plasma. Both imaging

detectors have been placed at 10 cm distance from the LPP

source with a copper target and irradiated with 1000 laser

pulses, which corresponds to a total fluence of about

FIG. 8. �a� Image of a 2000 lpi grid placed in contact with a LiF crystal

during the exposure to soft x-rays; the LiF is observed with an optical

microscope in fluorescence mode with a 20� objective; �b�, �c� enlarged

parts of the 2000 lpi grid image, observed with a Leica confocal microscope

with a 40� and 100� objective, respectively; �d� densitogram of the image

showing a submicron spatial resolution.

FIG. 9. �a� Image of a 1000 lpi grid placed in contact to a LiF crystal during

the exposure to a single shot x-ray radiation emitted by the Nd:glass laser-

plasma source with a Cu target, observed with a confocal microscope in

fluorescence mode with a 40� objective; �b� Enlarged part of the image �a�,
observed with the same microscope under magnification 100�, and densi-

togram of the image, which shows a submicron spatial resolution.
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400 mJ/cm2. The same step-structure filters �many foils of

1 �m thick polypropylene overlapping to form a stair struc-

ture� have been mounted in contact to the surface of both

detectors. Such filters have reduced the soft x-ray flux den-

sity by 150, 300, and 600 times as the polypropylene thick-

ness changes from 1, 2, and 3 �m �the first step cuts much

more than the following ones just because it eliminates most

of the emitted spectrum�. From the luminescence images and

densitograms in Fig. 10 it is clearly seen that the dynamic

range of the LiF film is orders of magnitude wider than that

of the PMMA photoresist. In fact, on the LiF film, see

Fig. 10�a�, the borders of the obtained steps in the image are

sharp even in the zones with almost 3 orders of magnitude

reduction of the fluence of the soft x-rays �zones C and D�,
while on the PMMA, see Fig. 10�b�, such zones could not be

distinguished, nor when analyzed by visible light, neither

when analyzed by an atomic force microscope, which is tra-

ditionally used for the readout process of developed PMMA.

So, the direct comparison clearly demonstrates a big advan-

tage of LiF crystals and films as a submicron imaging detec-

tors compared with traditional PMMA detectors.

We would like also to stress here that from other experi-

ments �for example, from the biological microradiographies

on LiF crystals and LiF films� we could clearly see that the

dynamic range of LiF detectors is comparable with the dy-

namic range of the photographic x-ray film, traditionally

used for soft-x-ray radiation imaging applications. However,

there are still advantages of LiF imaging detectors compared

with the photographic films, as reported in the following:

�i� a much higher spatial resolution �accompanied by a

lower sensitivity, of course�;
�ii� the absence of sensitivity to visible and UV light, so

that no filtering is required for protecting the detector

during the soft-x-ray radiography exposure and read-

out process;

�iii� there is not any need of development after the

exposure.

In recent years a strong development of so called Image

plates for x-ray imaging has been also achieved, and they

raised a great interest in different applications, due to higher

sensitivity compared with conventional radiographic films.

Somehow, the image plates are similar to the LiF as they are

based on the generation of CCs by x-ray exposure on a phos-

phor plate, and readout process consists of excitation of CCs

by He–Ne laser radiation and recording of induced lumines-

cence from each point of the plate.
33–35

However, there are

significant differences between LiF and Image plates. As ad-

vantages of the image plate there are both a very high sen-

sitivity �the minimum detectable fluence can be just 10 pho-

tons of the 1.5 keV energy, which corresponds to

0.1 nJ/cm2, a much smaller value than the one reported here

for LiF detectors�, and a linear response in a large spectral

range. On the other hand the following drawbacks hold:

�i� the CCs in image plates are not stable with time �the

lifetime is of a few hours�, and the readout process

must be done immediately after the exposure to x ray,

�ii� during the readout process, image plates are scanned

by a narrow �typically in the order of 50–1000 �m�
He–Ne laser beam, which is time consuming,

�iii� after reading, the image disappears in the image

plates, while in LiF the image is stored permanently,

�iv� the spatial resolution of the image plates is limited by

the grain size of the phosphor structure, of the order

of few microns, and depends on the He–Ne reading

beam size and, probably, also on thermal diffusion

effects,

�v� the image plates need to be filtered from visible light,

�vi� so far it was demonstrated that image plates are well

suitable for hard x-ray imaging, and it is not yet clear

whether they can be efficiently used for EUV radia-

tion imaging.

III. LiF FOR DIFFERENT SOFT-X-RAY IMAGING
APPLICATIONS

A. High resolution soft x-ray imaging
of biological objects

During the past decade, EUV and soft-x-ray radiation

were widely used with contact or projection techniques to

image biological samples of different living objects at a spa-

tial resolution around 30–1000 nm, which is an intermediate

case between optical and electron transmission microscope

resolutions. Different types of detectors are used for such

purposes, but only PMMA photoresists reach a very high

spatial resolution, when contact x-ray microradiography is

performed. As it has been shown in the previous section, the

use of LiF as a detector for soft x-ray submicron imaging

could give big advantages compared with the PMMA photo-

resists. So, here we describe how LiF crystals or films could

be used for submicron spatial resolution microradiography of

the macro-size biological objects irradiated by soft x-ray ra-

diation generated by laser produced plasma.

Figures 11�a�–11�c� show the images of a dragonfly

�Pyrrhesoma nymphula� wing obtained on a LiF film. In this

experiment the scheme of Fig. 3�a� with the laser produced

plasma source was used. A dried full-size dragonfly wing

was mounted on the LiF film surface in full contact. This

coupled sample was placed in the vacuum chamber of the

“Hercules” �XeCl� laser facility at a distance of 10 cm from

FIG. 10. Result of the exposure of a LiF film �above� and a PMMA photo-

resist �below� at same irradiance conditions �400 mJ/cm2� through a step-

shaped polypropylene phantom which reduced the x-ray fluence by a factor

1 �area “a”�, 150 �area “b”�, 300 �area “c”�, and 600 �area “d”�.

113104-8 Baldacchini et al. Rev. Sci. Instrum. 76, 113104 �2005�

Downloaded 18 Nov 2005 to 131.175.28.29. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



the x-ray source �Cu target�. The image was generated on the

LiF detector with 1100 shots �repetition rate 1 Hz� under an

irradiation fluence of 0.4 mJ/cm2/pulse. After the x-ray irra-

diation, the colored surface of the LiF film was visualized by

different types of conventional and confocal fluorescence mi-

croscopes. Under a conventional microscope with a 2� ob-

jective, the full size image of the wing is observed, see

Fig. 11�a�. This figure demonstrates that a small size x-ray

plasma source can deliver high contrast images in a very

wide field of view. Figures 11�b� and 11�c� show enlarged

areas of the same image obtained under a conventional mi-

croscope with a 40� objective and under confocal micro-

scope with a 50� objective, respectively. Densitograms of

the same detail of the wing rib give a very different spatial

resolution of the images: namely, the spatial resolution of the

conventional microscope image is in the order of 3 �m,

while for the confocal microscope image it reaches 600 nm.

These figures clearly demonstrate that the spatial resolution

limit of the reading fluorescence microscope system plays a

crucial role for the analysis of images obtained with LiF

detectors. Also, we would like to stress that the wing image

has a high-contrast, which is comparable to the one obtained

by conventional radiographic films, but with spatial resolu-

tion significantly improved.

For completeness, in Fig. 11�d� the optical image of the

symmetrical wing of the same dragonfly, obtained in the

same experiment on a developed PMMA photoresist, is pre-

sented. In contrast to the image on the LiF film, the image

obtained on PMMA has a much smaller contrast, and it is

very difficult to distinguish the wing ribs. To underline once

more the advantage of the LiF imaging detector compared

with PMMA in terms of dynamic range, even by reading this

PMMA image by an atomic force microscope, no additional

information was obtained.

In Fig. 12 the image of a mosquito �Diptera� wing, ob-

tained by contact radiography on a LiF crystal with the same

laser plasma source is presented. The image has been readout

by a Zeiss LSM 510 fluorescence confocal optical micro-

scope with different magnifications. The densitogram shows

about 3-�m dimension of the thicker hairs; but also the small

hairs, which have a thickness around 1 �m, are very well

resolved on the whole surface of wing tissue. Such shallow

hairs are so thin that they could not be detected by x-ray

radiography done on conventional radiographic film.

B. Properties of a capillary discharge x-ray laser beam

High power, short pulse duration, and very small pen-

etration depth of the x-ray laser radiation in LiF, 10–40 nm

for a photon energy of 20–100 eV, allow us to use the LiF

detector with a high dose rate and to reach a high spatial

resolution. These conditions make LiF a very promising sub-

micron detector for x-ray laser beam diagnostics, and for

imaging investigations of the spatial parameters of the beam.

The LiF based detector can absorb doses orders of magnitude

larger than photographic films or CCDs, so that in some

cases the laser spot can be imaged without any filters, and

hence without any distortion of the intensity and of the phase

profiles.

Having in mind such peculiar properties, the LiF detec-

tor was successfully used for the investigation of an x-ray

FIG. 11. �a� Image of a dragonfly wing obtained on a LiF film and observed

under a conventional fluorescence microscope with a 5� objective; �b� and

�c� enlarged areas of the image �a�, observed under a conventional optical

microscope with a 20� objective and under a Leica confocal microscope

with a 40� objective, respectively. The densitograms under the images

show that the observed spatial resolution is strongly depending from the

resolution limit of the used microscope, and that the really reached spatial

resolution is not worse than 600 nm. �d� Image of the twin wing �of the

same dragonfly sample� on a PMMA photoresist, obtained at the same ex-

perimental conditions. Note the much poorer dynamical range of PMMA

compared with LiF.

FIG. 12. Image of a mosquito wing, obtained by contact radiography on a

LiF crystal, and observed under a Zeiss LSM 510 fluorescence confocal

optical microscope with a 40� objective with different zooming ratios. The

densitogram shows the size of a rib, but the small hairs, which have a

thickness �1 �m, are also very well resolved on the whole surface.
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laser beam at the wavelength 46.9 nm. The experiments were

carried at the tabletop capillary discharged x-ray laser facil-

ity, developed at the University of L’Aquila, Italy.
36

The laser

operates on the 3p-3s transition of the Ne-like Ar at 46.9 nm

�photon energy 26.4 eV�. The Ar plasma is excited by a

�16–20� kA peak-value, 146 ns long current pulse inside a

3.2 mm diameter, �25–45� cm long alumina capillary, filled

with Ar at a pressure of �400–500� mTorr. The laser oper-

ates in a highly saturated regime with output energy of

0.3 mJ and pulse duration of 1.7 ns.

Different experiments for the investigation of the x-ray

laser beam were performed. Figures 13�a� and 13�b� show

the luminescence images of the x-ray laser beam intensity

distribution at the output of the capillary channel, recorded

on a LiF film. The images were formed by a spherical

�40 cm focal length� Sc/Si multilayer mirror placed nor-

mally to the capillary axis at 4 m from the laser exit, with a

corresponding demagnification 9�. No filters were used

downstream the laser beam before the detector. As the source

diameter is in the order of 300 �m, the mirror results to be at

few times the Rayleigh distance, so it is almost in the far-

field configuration. Consequently, at the best conjugate posi-

tion �Fig. 13�a��, a demagnified image of the laser quasi-

near-field distribution is obtained, and we could very clearly

see that, for the used laser parameters �an initial Ar-gas pres-

sure of 0.45 Torr and a 45 cm capillary length�, the beam has

a very sharp edge and a bright central zone with an annular

structure. The high spatial resolution of the detector shows

also very tiny details in the intensity distribution. The struc-

ture of this intensity distribution is still under analysis and it

should be related to the effect on the beam propagation of the

plasma density distribution in the discharge.

When the detector has been shifted by 350 �m out of

the conjugate position, a slightly defocused image has been

obtained as shown in Fig. 13�b�, but still the contrast of the

image is enough to resolve details of the internal beam struc-

ture. Both above images were obtained in a single laser shot.

The fluence of the focused monochromatic x-ray radiation on

the surface of the LiF detector was about 100 mJ/cm2. The

readout process of the images obtained on these LiF films

was done by using a Zeiss Axioplan-2 optical microscope in

fluorescence mode with an objective 20�.

For comparison, Fig. 13�c� shows the image of the

quasi-near-field laser beam obtained with a two spherical

75 cm focal length Sc/Si multilayer mirrors with a magnifi-

cation 1:1 and a conventional high sensitivity detection sys-

tem composed of a 1392�1040 pixels, 4.65 �m pixel size

CCD coupled to a 15 �m pixel size MCP image intensifier

and a phosphor screen.
37

In this last case it is clear that the

structure of the beam is not well resolved, in spite of the

absence of the demagnification used in the case of LiF im-

aging detector. This demonstrates how large the dynamic re-

sponse and how high the spatial resolution of LiF detector

are.

Also a measurement of the x-ray laser beam intensity

distribution in the far-field region was done by direct irradia-

tion of a LiF film �that is by unfocused laser radiation�. In

this case, the detector was placed on the capillary axis at

normal incidence of the beam at the distance of 45 cm from

the capillary output.

In our case, assuming the beam quality factor M2

introduced by Siegman
38

of about 10 �as expected in a mir-

rorless laser and also as measured in a similar laser
39� and

being the Rayleigh distance for a partially coherent beam

ZR= �� /4� ·	S
2 / �
 ·M2� much shorter than 45 cm �where the

source size is 	S�0.3 mm and the wavelength is 


=46.9 nm�, the obtained image can be considered a quasi-

far-field distribution one. In order to cut off the vacuum ul-

traviolet and most of the soft x-ray spontaneous emission,

produced by the laser discharge simultaneously with the las-

ing, a 0.15 �m thick aluminum filter was used. The filter

with its supporting grid �with a thickness of the wires of

60 �m, and a period of 360 �m� were placed at the distance

8.5 mm in front of the detector to observe the spatial inten-

sity distribution of the laser beam and the shadow image of

the grid, simultaneously. The resulting image is shown in

Fig. 14. The image was recorded by summing 30 consecutive

laser shots with an average fluence of 6.2 mJ/cm2/shot and

then readout by the microscope Zeiss Axioplan-2 in fluores-

cence mode with an objective 20�. In the image of

Fig. 14�a�, the annular periphery structure of the intensity

distribution and the main central lobe are clearly resolved

�both in the figure as well as on its densitogram as shown in

Fig. 14�b��.
In the same figure, together with the shadow image of

the grid, we can clearly distinguish the diffraction patterns,

produced by the coherent x-ray laser radiation. These pat-

terns are symmetrical in the vertical and horizontal directions

and give very good evidence about the two-dimensional spa-

tial coherence of the laser beam. The origin of this high

spatial coherence is well described in Refs. 39 and 41. The

high resolution and the high dynamic range of the LiF film

allowed to measure the high-spatial frequency oscillations of

the diffracted beam intensity, whose period is smaller than

10 �m, see the densitograms in Fig. 14�c�. In this particular

case, where the laser beam was produced through a 25 cm

long capillary tube, we could estimate a coherence length in

FIG. 13. Observation of the quasi-near-field x-ray laser beam intensity dis-

tribution emitted by a Ne-like Ar capillary discharge at 
=46.9 nm. �a�
Conjugate image of the beam at the output of the capillary channel, obtained

on a LiF film detector with a demagnification 9� by a focusing multilayer

mirror, f =40 cm, obtained with a single laser shot for an initial Ar-gas

pressure of 0.45 Torr and a 45 cm long capillary. �b� Image of the same

laser beam, obtained with the same experimental conditions as in �a�, but

after shifting the LiF detector by 350 �m out of the mirror conjugate posi-

tion. The images show changes in the beam intensity distribution at tiny

details. �c� A 1:1 conjugate image of the beam profile at the output of the

capillary channel, obtained using two 75 cm focal length mirrors and a

conventional coupled system composed by CCD+MCP and a phosphor

screen.
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the order of 200 �m at the detection plane. However, a

larger coherence length has been found in other experiments

performed using longer capillary tubes both by Liu et al.
39

in

a similar Ar laser
40

and by our group.
41

The high spatial coherence of the x-ray laser allowed to

generate fine grating structures with interline distances down

to submicron scale, using the Lloyd-mirror interferometric

technique. In Fig. 15�a� an image and densitogram of fluo-

rescent patterns with the distance between the maxima and

minima of 500 nm, obtained on the LiF crystal, are shown.

The image has a very regular structure and a good contrast.

In this experiment the Lloyd mirror, which consisted of an

11-cm-long silicon plate with super polished surface, was

placed at a distance of 76 cm from the laser capillary output

under the grazing angle of 1.09° �19 mrad� between the

plane of the mirror and the beam axis �Fig. 15�b��. To guar-

antee the largest overlapping area between the direct compo-

nent of the beam and the reflected one, the LiF was located

close to the far edge of the mirror. To obtain a good colora-

tion, the LiF crystal was exposed to ten laser pulses. In these

conditions the energy flux on each irradiated area was esti-

mated at 25 mJ/cm2 �for more detail see Ref. 42�.

IV. CONCLUSIONS

It is demonstrated that EUV and soft-x-radiation effi-

ciently generate CCs in LiF crystals and films, which are

optically active and stable at RT. This result allowed devel-

oping efficient imaging detectors, in which a high resolution

image is encoded in terms of CCs surface density distribu-

tion in LiF material. Among the produced CCs, the F3
+ and F2

defects have practically spectrally overlapped absorption

bands in the blue region, and posses two separated emission

bands in the visible spectral range �in the green and in the red

region, respectively�, so that conventional high-resolution

fluorescence microscopy techniques for the readout process

can be used.

It is shown that using a pointlike x-ray source, produced

by interaction of laser pulses with solid targets as a back-

lighter, and LiF crystal or film as a detector, it is possible to

obtain high spatial resolution, 400–900 nm, images of dif-

ferent test samples or biological objects in a very wide field

of view �up to many mm2�. A LiF detector was successfully

used also for investigation of an X-ray laser beam intensity

distribution in different focusing conditions.

The advantages of the LiF crystal and film imaging de-

tectors in the EUV and soft x-ray spectral range are the fol-

lowing: high spatial resolution, suitable dynamic range, large

field of view, small price and rewritable possibility �just by

heating the detector to 400 °C by a few minutes all CCs

recombine�, easy managing �no needs of electronic supply,

no light protection, vacuum compatible, stable data storage,

no development needs, simple readout process�. All these

features make LiF material a very promising detector for

micro-radiography, x-ray contact microscopy, x-ray laser

beams diagnostic and other applications, which utilize EUV

and soft x-ray radiation.
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FIG. 14. �a� Observation of the quasi-far-field spatial intensity distribution

of the Ne-like Ar capillary discharged x-ray laser beam �circular structure in

the image�, passing through a 0.15 �m Al filter �supported by a Ni mesh�
and stored on a LiF film detector placed at a distance of 45 cm from the

capillary exit; in the image, the interference patterns generated by the Ni

mesh �period 360 �m, wire thickness 60 �m� through the 8.5 mm gap be-

tween the mesh and the detector are clearly visible �the 500 �m bar corre-

sponds to an angle of 1.1 mrad�; �b� Densitogram of the image �a�; �c� Detail

of the patterned image and it densitograms in the two perpendicular direc-

tions, showing the 10-micrometer scale oscillation of the intensity due to the

diffraction effect.

FIG. 15. �a� Image of interference patterns �detail� on LiF and its densito-

gram. The image was observed with an optical microscope �ZEISS Axioplan

2�, operating in fluorescence mode with 100� magnification. Plot profile

demonstrates a spatial resolution of 500 nm �limit of the optical micro-

scope�. �b� Scheme of the related experimental setup.
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