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X-ray-induced conductivity in iron-doped lithium niobate crystals
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Illumination of photorefractive, iron-doped lithium niobate crystals (LiNbO3 :Fe) with x-rays generates a
conductivity that we determine from the speed of hologram erasure. The doping levels of the crystals and the
acceleration voltage of our x-ray tube are varied. A theoretical model is presented, which describes the obtained
results. A decrease of the conductivity with increasing Fe21 concentration can be explained by assuming that
holes are the dominant charge carriers for this short-wavelength illumination.
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I. INTRODUCTION

The behavior of photorefractive lithium niobate crysta
(LiNbO3) upon illumination with visible light has been stud
ied for more than 30 years.1,2 In iron-doped material
LiNbO3:Fe, charge carriers are excited from Fe21 centers
and migrate through the crystal due to the bulk photovolt
effect,3 diffusion, and drift. The electrons are preferentia
trapped in the darker regions by Fe31 centers.4 Inhomoge-
neous illumination thus leads to an inhomogeneous distr
tion of charge carriers, which results in an electric spa
charge field and hence in a refractive-index modulation
to the electro-optic effect.5,6

Investigations of the influence of x-ray exposure on
photorefractive properties have been performed by sev
authors,7–9 however, a detailed study of the conductivity
LiNbO3:Fe for various doping levels, oxidization/reductio
states and radiation energies is missing so far. In this w
we investigate in detail the influence of doping level a
annealing on the x-ray-induced conductivity. The outcom
are of relevance for an x-ray imaging method that is based
the erasure of elementary holograms by x-rays.10 The experi-
ments are performed for several doping levels ranging fr
0.005 wt % Fe2O3 up to 0.25 wt % Fe2O3 and for radiation
energies with acceleration voltages from 50 kV up to 120

II. THEORETICAL CONSIDERATIONS

The simplest model to describe an x-ray-induced cond
tivity is presented in Fig. 1. The dominant process for c
ation of free charge carriers is assumed to be generatio
electron-hole pairs by x-ray photons. Basically, any atom
side the crystal can be ionized by photons with energies
several keV. Free electrons and holes can be trapped by31

or Fe21, respectively. This yields the following rate equ
tions:

dn

dt
5aI x2gnnN1, ~1!

dp

dt
5aI x2gppN. ~2!
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Here, n is the density of free electrons,p is the density of
free holes,t is the time,a is a coefficient that is proportiona
to the absorption for the incident x-ray light,I x is the inten-
sity of the x-ray illumination,gn and gp are recombination
rates, andN and N1 are the concentrations of charged a
discharged dopant defects, respectively, namely,N5cFe21

andN15cFe31. Since the relative number of Fe atoms in t
crystal is small and their atomic weight is not large as co
pared with that of Nb atoms, absorption coefficienta does
not depend onN or N1. Since the concentration of fre
electrons and holes is much smaller than typical dop
concentrations,11 the electron-hole recombination of fre
electrons and holes can be neglected~this rate is proportional
to np which is much less thannN1 andpN). In the steady-
state case this simplifies to

n5
aI x

gnN
1

, ~3!

p5
aI x

gpN
. ~4!

Since conductivitys is determined by the concentration an
mobility of charge carriers, we can write

s5e~mnn1mhp!5eaI xS mn

gnN
1

1
mp

gpN
D , ~5!

FIG. 1. Band model for the x-ray-induced charge transpo
High-energy x-ray photonshn can excite charge carriers from an
atom inside the crystal, and hence generate electron-hole p
Electrons and holes can be trapped by dopants, e.g., Fe31 and Fe21

in LiNbO3 :Fe (N1, N: concentrations of Fe31 and Fe21).
©2003 The American Physical Society20-1
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where e is the elementary charge, andmn and mh are the
electron and hole mobilities, respectively. As seen from t
formula, we expect that the x-ray-induced conductivity d
pends on the sum of two terms which are proportional
1/cFe21 and 1/cFe31 , respectively. The influence ofN1

should be negligible if the charge transport is dominated
holes. In this case, the hologram erasure time constat
5ee0 /s should increase linearly withN5cFe21 . Here, e
ande0 denote the static dielectric constant and the permit
ity of free space, respectively.

III. EXPERIMENTAL METHODS

Our experimental setup is shown in Fig. 2. An expand
beam of a frequency-doubled 100 mW single-frequen
Nd:YAG laser ~wavelength 532 nm! is split into two ordi-
narily polarized beams of equal power, which are super
posed onto the crystal. The total recording intensity is ab
160 mW/cm2. Typical crystal dimensions are a3b3c514
31230.85 mm3. Reflection geometry with an externa
angle of 133° between the two beams is chosen, which
responds to a grating period lengthL of 117 nm inside the
crystal. The crystal is slanted by about 1° to separate
diffracted beam from the beam that is reflected from
illuminated crystal surface. To avoid buildup of uncontroll
homogeneous electric fields that result from the bulk pho
voltaic effect, the crystal is placed inside a plexiglass hol
which allows short circuiting of the crystal by liquid elec
trodes of purified water.

As the radiation source, a dc x-ray tube with tungs
anode and a beryllium window is utilized. Acceleration vo
ageUa is adjustable from 50 to 150 kV with currents rangin
from 0 to 20 mA. The crystal is placed at a distance of 25
from the focal spot of the x-ray tube without any collimato

FIG. 2. Experimental setup for recording and reading of ho
graphic reflection gratings. The beam of a frequency-doub
Nd:YAG laser~wavelength 532 nm! is split into two beams of equa
power, which are superimposed onto a LiNbO3 crystal. For reading
the hologram, shutter 2 is closed and the optional attenuato
placed in the optical path.
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in the radiation path to ensure a homogeneous x-ray illu
nation. Lead radiation shields ensure that no x-ray light
ters the detectors.

Hologram recording is performed at room temperatu
until saturation of the diffraction efficiency is reached. T
crystal is then removed from the plexiglass holder and
into an oven at a temperature of 165 °C for one hour
achieve thermal fixing of the hologram.1,12 After cooling
back to room temperature, the crystal is remounted into
plexiglass holder and the grating is developed using a w
light tungsten lamp. For x-ray erasure experiments one be
is blocked by shutter 2, and the remaining beam that en
the crystal is attenuated to an intensity of only 2 mW/cm2 to
avoid influences of the readout light on the hologram. Dur
the experiment, diffraction efficiencyh is measured every
120 s for approximately 0.5 s. Hereh is defined asI d /(I d
1I t), whereI d andI t are the intensities of the diffracted an
transmitted beams. From the value ofh we deduce, with
Kogelniks formula, the amplitude of refractive-index gratin
Dn. After each x-ray erasure experiment, the crystal is il
minated with white light for several hours to redevelop t
thermally fixed grating in order to guarantee identical sta
ing conditions for each x-ray erasure measurement. Fo
thermally fixed grating the amplitude of the developed gr
ing is given by

Dn}Esc'
j phv

sph
, ~6!

where Esc is the space-charge field amplitude,j phv is the
modulated bulk photovoltaic current density, andsph is the
homogeneous conductivity. X-ray illumination erasesEsc
andDn because ratioj phv/sph is several orders of magnitud
smaller than that for visible light. However, homogeneo
illumination with visible light builds up the origina
refractive-index changes because a modulated Fe21 concen-
tration is still present, which creates again a modulated c
rent j phv. Since the concentration of ions which are mob
lized during thermal fixing is static at room temperature, t
erasure/development process can be repeated many
without fading of the grating.

IV. EXPERIMENTAL RESULTS

A typical result of an x-ray erasure experiment is sho
in Fig. 3. A thermally fixed and fully developed hologra
with an initial refractive-index modulationDn0 of 3.5
31025 is erased by x-ray radiation with an acceleration vo
age of 100 kV and a current of 10 mA. The dashed line i
stretched-exponential fit according to

Dn5Dn0expF S t

t D bG , ~7!

where t is the erasure time constant. All measured curv
could be fitted using this stretched-exponential appro
with values for stretching exponentb ranging from 0.5 to 1.
The values oft are ranging from 1.500 s to more tha
100.000 s in different crystals.
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A typical dependence of erasure time constantt on the
Fe21 concentration is shown in Fig. 4. The plotted straig
line is a linear fit; it shows a good agreement with the e
perimental data. The slope of this line has the meaning
specific erasure time which shows the dependence of era
time t on the Fe21 concentration for a given acceleratio
voltage. In the following, this slope~measured in s m3) will
be denoted bys* . A similar presentation of erasure timet
versus the Fe31 concentration yields no recognizable patte

Slope s* can be regarded as inverted sensitivitySx for
x-ray hologram erasure. Our experimental data onSx are
shown in Fig. 5 for different acceleration voltagesUa. A
drastic increase ofSx for high acceleration voltages is obv
ous.

As expected, there is no decay of the strength of the t
mally fixed holograms even after many cycles of x-ray e
sure and subsequent redevelopment. Upon illumination w
white light the diffraction efficiency of every fixed hologram
is fully restored to its original value.

FIG. 3. Typical erasure behavior for a thermally fixed grati
for homogeneous x-ray exposure. The initial refractive-index mo
lation of 3.531025 is erased with an erasure time constant
roughly 2500 s. The stretched-exponential fit is plotted as a das
line.

FIG. 4. Decay time constantt vs Fe21 concentration for an
acceleration voltageUa of 100 kV and a current of 10 mA. The line
is a linear fit.
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V. DISCUSSION

The stretched-exponential behavior of the erasure cu
can be attributed to two factors. First, high attenuation co
ficients of the soft part of the x-ray radiation provide a no
uniform distribution of x-ray intensity along the beam prop
gation, causing a nonuniformity of erasure times. Due to
high content of Nb, the absorption for x-ray radiation of le
than 40 keV is rather high with a 1/e depth of less than
200 mm. Second, x-ray illumination of LiNbO3:Fe leads to
strong coloration which is due to formation of addition
Fe21.13 Thus, the Fe21 concentration in Eq.~5! is not con-
stant, but changes during the x-ray illumination until
reaches saturation. With the conductivity changing over tim
the erasure speed also changes, which leads to nonexpo
tial hologram decay.

The remaining portion of the hologram, which is n
erased by x-ray illumination within a reasonable time, m
result from the limited penetration depth of the x-ray lig
used in LiNbO3. This allows part of the hologram to persi
in the rear part of the crystal. This remaining hologram c
eventually be erased by much longer or higher energ
x-ray illumination.

All holograms have been erased by x-ray radiation ma
times and were always redeveloped to their original stren
this clearly indicates that the ionic grating, which is form
during the thermal fixing process, is not harmed by x-r
radiation.

Since the erasure of holograms utilizing x-ray illumin
tion is several orders of magnitude faster for strongly o
dized samples~small Fe21 content!, we have focused ou
attention on oxidized rather than on reduced crystals. In
experiments we observe that the erasure time depends
early on the Fe21 concentration and hence the x-ray-induc
conductivity depends reciprocially on the Fe21 content. As it
follows from Eq.~5!, the 1/cFe21 behavior of the conductiv-
ity strongly indicates a charge transport which is domina
by holes instead of electrons. This is in good agreement w
the early work of Orlowski and Kra¨tzig,14 who reported that
holes become the dominant charge carriers in LiNbO3:Fe for
highly oxidized samples under ultraviolet illumination.

Equation ~5! yields an infinite conductivity value and
hence predicts very small erasure time constants if N (F21

-
f
ed

FIG. 5. Value of sensitivitySx of the x-ray-induced erasure v
acceleration voltageUa. The line is a guide to the eye.
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concentration! approaches zero. However, in the experim
~Fig. 4! an offset is observed. This may originate from t
above-mentioned formation of x-ray induced Fe21, which
makes it impossible to preserve a small Fe21 concentration
under x-ray illumination. Also, the nonexponential dec
i.e., persistence of the rear part of the hologram, may enla
the erasure time constant for oxidized samples and low
celeration voltages.

The results obtained in this work show clearly whi
crystals are ideally suited to improve the sensitivity of a
cently presented x-ray sensor that is based on erasure o
ementary holograms.10 Highly doped and oxidized crystal
are clearly preferred. Based on the outcomes of this work
estimate that the required exposure dose of the sensor m
be reduced from 90 Gy to around 10 Gy by using optimiz
LiNbO3:Fe crystals.

VI. CONCLUSION

We have investigated the x-ray-induced conductivity
iron-doped LiNbO3 crystals using x-ray erasure of thermal
,

tt

.

p-
ns
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fixed holograms. A theoretical model that assumes electr
hole-pair generation by x-ray photons and trapping of
holes by Fe21 ions explains the dependence of the hologr
erasure time constant on the Fe21 concentration, assuming
that holes dominate the x-ray-induced conductivity. For
celeration voltages above 80 kV, erasure is strongly
hanced. Optimized crystals that show a fast erasure are
cellent candidates for high-energy x-ray imaging.
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