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ABSTRACT

Single crystal samples of lithium fluoride irradiated at normal incidence
with swift heavy ion Pb*? of energy between 140 and 840 MeV in the
fluence range 1x10° - 4x10* ions/cm? are characterized by optical
measurements (absorption and photoluminescence) and Atomic Force
Microscopy (AFM).Optical measurements show that F center concentration
increaseswith increasing fluence and reaches saturation at higher fluences.

On the other hand, F center aggregates F, and F;" increase linearly in the

same fluence range. The track radius deduced, using a model of saturated
track, increaseslinearly with electronic stopping power. It extendsfrom 9to
22 nmwhen mean energy lossrespectively variesfrom 11 to 25eV/nm. The
ion induced damage on the surface is observed by AFM under ambient
conditions. AFM revealscircular damage zones, consisting of small hillocks.
The mean diameter of the track cross sections depends on electronic
stopping power (de/dx), and variesfrom 9 to16 nm and with heights of afew
nanometers. © 2014 Trade Sciencelnc. - INDIA
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INTRODUCTION

Theformation of defectsinlithiumfluorideandin
other alkali halides created under varioustypesof irra-
diation, e.g. neutrons¥, photons?, electrons®**!, and
iong®-131 has been studied for along time by several
groups. Thesemateridsareuseful in many applications
likeradiation dosimetry, detectorsfor ionizing radia-
tionsand tunable col or center |asers, optical isolatorsin
high-power laser amplifiers, generation of ultra-short
pulses, and generation of differencefrequenciesinthe
infrared (IR) ranges. Theoptica propertiesof thisma:

terial can bemodified by point and extended defects,
created dueto different typesof particleirradiation. The
defect centersinduced by ion irradiation in LiF are
mainly F center, and more complex defects F-aggre-
gatecenterssuchasF,, F,and F,.

Schwartz et al™ reported that single defectssuch
asFand F, centersare producedinalargehaowitha
radiusof severa tensof nanometersaroundtheiontra-
jectory. Aboveacritical energy lossof about 10 keV/
nm, new effectsoccur withinavery smal coreregion of
about 2-4 nm in diameter. They concluded that in this
coreregion, thedefectsare complex aggregatessuch as
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smdl Li colloids, and fluorineand vacancy clusters.The
ion-induced damage on the surfaceinspected by scan-
ning forcemicroscopy isreported by Miiller et al*>7,
SFM revealscircular damage zonesconsisting of small
hillocks. Themean diameter of thetrack crosssections
dependslinearly ontheion-energy loss.

Despitesuch numerouspublished papers, only few
experimental studiesof F center aggregates(F, and F;)
inducedinLiF crystal by ionirradiation areavailable.
Inthe present work, in addition to the well-known F-
center evolutionasafunction of fluenceand e ectronic
stopping power, F;', and /F; ratio areinvestigated us-
ing photol uminescence spectroscopy. Atomic Force Mi-
croscopy isthe complementary technique used to study
themorphol ogy of the surface after irradiation.

EXPERIMENTAL PROCEDURE

LiF sampleswith avarying thickness, between 0.5
and 1mm, were cleaved along the (100) planefrom a
singlecrysta block of high purity. Thecrystalsof LiF
have beenirradiated at room temperature under nor-
mal incidence with 22Pbionsof 900 MeV energy de-
livered by the Medium Energy Line of the GANIL
(Caen, France). The fluence extended from 108to
4x10*iong/cm? and theflux was about 4x10° ionsc
2stonalcm? surface Thinaluminumfoilsof different
thicknesseswere placed in front of each samplein or-
der tomodify theinitial energy of theionsand conse-
quently therange R, and electronicenergy lossS,. The
range wasinmost cases|essthan thethickness of the
crystdss, such that theionswere stopped inthecrystals.
Themainirradiation parametersare deduced from TRIM

TABLE 1: Irradiation parameter sof Pbionsin LiF crystals.
The mean electronic energy loss <S> is calculated from
initial beam ener gy E divided by therangeR

Energy Range < S>= Fluence
(MeV) R E/R )
2eppy+se  (kevinm) (um)  (keV/nm) lons/cm?
10°%-
840 27 40 18 Ax1012
544 275 29 16.5 10°-
' ' 4x10%
1010 _
255 25 18 13 4x10%2
1010 _
144 20 13 10 4%10%2
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2003 codecdculationswhicharelistedin TABLE 1.

After irradiation, the optical absorption measure-
mentsand the photol uminescencewerecarried out us-
ing Lambda Perkin Elmer spectrometer and Perkin-
Elmer LS50B L uminescence Spectrometer.The con-
centration of defectsisdetermined by the Smakulafor-
mula, modified by Dexter!1920;

n W(eV)
n?+2? f
Where f istheoscillator strength of the optical transi-
tion, n therefractiveindex, o, theabsorption coeffi-
cient measured at the maximum of the band peak and
Wtheband’s full-width at half maximum (FWHM). A
isacongtant, equal t00.87x10Y eV cm2for Gaussian
bands. Theabsorption coefficient o, wasdetermined
from the optical spectraof each sampleusingtherela
tion: o,,=2.304 O% where OD = log, (/1) repre-
sentstheoptica density at band maximum and Risthe
ionrange.

The surface topography of theirradiated samples
wasandyzed us ngAFM.The measurementswere per-
formed, under ambient conditions, operatinginthetap-
ping mode at acantilever resonancefrequency of 75
kHz, and the oscillation amplitude of 3V. TheAFM
imageswererecorded by reflecting alaser beam from
the backside of theforce sensing cantilever and moni-
toring itsdisplacementson afour-quadrant photodiode.

N(cm™) = A.

a(cm™) )

RESULTSAND DISCUSSION

Optical measur ements

Optical absorption and photol uminescence mea-
surements are made in the range 190 — 900 nm and
450 (2.75)— 800 nm (1.55 eV), respectively. All mea-
surements are madeat room temperature.

Optical absor ption measur ements

Typica optica absorption spectraobtained with LiF
crystalsirradiated with840 MeV Pbionsat different
fluencevaduesranging from 10" to 4x10® ions/cn? are
reported in Figure 1.The spectra show two predomi-
nant absorption bands around 245 and 445 nm. The
absorption band 245 isattributed to F-center (oneelec-
tron trapped in one anion vacancy) and the 445 nm
band isthe contribution of respectively F,—centers (445
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nm) (two e ectronstrapped intwo neighboring anion
vacancies) and F; - centers (458 nm) (two electrons
trapped inthreene ghboring anionvacancies). At higher
fluences (p>2x10" iong/cm?) the spectrabecome more
complexand shouldersat about 315, 375, 515 and 545
nm areobserved. All these bands arewell known, 315
and 375 nm areattributed to F-center (three €l ectrons
trapped in three neighboring anion vacancies) and 515
and 545 nmaredueto F,-center (four el ectronstrapped
infour neighboring anion vacancies).

The F-center concentration N_cal culated using Eq.
lispresented asafunction of fluencein Figure2for Pb
ionswith different specificenergies4.1,2.6,1.2,0.7
MeV/u. Atlower fluence, N_followsalinear increase.
Above4x10™ions/cny, N_saturatesreaching amaxi-
mum va ueof 1x10%.cmwhentheentirecrystal sur-
faceiscovered by tracks.
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Figurel: Optical absor ption spectraof LiF crystalsirradiated
with Pbions(4.1 M eV/u) of variousfluences: (a) 1 x10%cm
2, (b) 2 x. 10" cm?, (c) 4 x10" cm?, (d) 8 x 10" cm2and 4 x
10%cm. Theabsorbance of F and F, centresincr easeswith
ion fluence
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Figure?2: Concentration of F-centersasafunction of thefluence of Pb ionswith different specificenergies4.1,2.6,1.2,0.7
MeV/u. Theconcentration of F center sincreasesexponentially withion fluenceand saturatesat higher fluences
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Approximately the same value was observed by
Trautmann et a ™ and isattributed to the overlapping
of neighboring tracks.

Usingthesmplemodd proposed by Thévenard et
a 1Y, assumingthat F-centersarehomogeneoudy distrib-
utedinacylindricd volumearoundtheiontrgectory, the
F-center creation obtained from thismodd isintheform:
N, =N, (1- exp(—nr *®)) )
WhereN (cm?) isthesaturated concentration of F-cen-
tersineachindividud track, andr isthetrack radius. From
thefit of theexperimenta datausng Eq.2, thetrack radius
isdeduced and presentedin Figure 3 asafunction of meen
enargyloss Thetrack rdiusr, fitsof suchsaturation curves
giveavauebetween 9nmfor 0.7 MeV/uandamos 22
nmfor energy 4.1 MeV/u.Thedatashow thetrack radius
incresseswithincreas ngmean energy loss.
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Figure3: Track radii in LiF deduced from optical absor ption
bandsof F-centersplotted ver susthemean energy loss
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Figure4: Photoluminescencespectraof LiF crystals(a) irradiated with 144 M eV Pbionsat different fluence, (b) irradiated

with Pb ionsof different electr onic stopping power
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Photoluminescence measur ements

The photoluminescencetechniquedlowsthe pos-
sibility to study withmoreprecisonthe F; and F, cen-
ters. Theemission bands of F; and F, centersarewel
resolved contrary to their absorption bands. The exci-

tationwith a445 nm wave ength-photoninducesemis-
sion bands centred at about 553 nm and 680 nm as-

signed to F; and F, centers respectively®-?, More-
over, Thelinear dependence between luminescencein-
tensity and the number of related radiation defectsis
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onlyvdidat sgnificantly lower vauesof optical density
(<0.4). Thusonly F,and F; with optical density lower
than 0.5 isconsdered. Figure 4 showsan example of
photoluminescence spectraof LiF singlecrystal irradi-
ated with Pbionsat different fluenceand e ectronic top-
ping power. As mentioned abovethe spectrashow two
emission bandswith maximaat about 2.17eV (570 nm)

and 1.95 eV (640 nm) dueto theluminescence of F;
and F, centers?*2 respectively. Thesolid lineinthe
figuresisthefit of the experimental data using two

6000

Figure5: PL intensity F,and F; color centersasafunction of fluence
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Gaussian peaks.

Thefit revealsapproximately the ssmeemission
band widthwithincreasing fluenceand € ectronic stop-
ping power. TheF, and F; intensitieslinearly increase
withincreasingfluenceasshowninFigure5.

Angpproximady linear relationshipisa so obsarved
between theintensitiesand the mean energy loss (see
Figure®6).
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According to our experimental dataillustratedin
theFigure7, itisclear that the concentration ratio
between F;” and F, centers (F, /F,) increase with in-
creas ng fluence and el ectronic stopping power. This
indicatesthedependenceof F/F, ratioonirradiation
parameters asaready expected by Badachini et al.[>.
At high fluence (> 10 x10° ion/cm?) and higher el ec-
tronic stopping power (> 18keV/nm) theratio F;/F,

2.0 .

1,4

Se (keV/nm)

Figure7: Thevariation of theintensity ratio between F; and F, color centerswith fluence and electr onic stopping power

Z(nm)

Figure8: TopographicAFM image (500 x 500 nm?) of aLiF surfaceirradiation with 4.1 M eV/u Pb%** ionsat fluenceof 4x10°
cm2. Thelight impact zonesof theionsarehillocks. Thelinestructurescorrespond to surfacestepsoriginating fromthe
cleaving process. Thefigureon theright presentsalinescan over oneof the hillocks.
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reaches aconstant value of about 1.8. Thusat higher
fluence, the F; luminescenceintensity isapproximately
twice theF, intensity in accordance with the Kumar
et a.? findingsin the case of nano-granular LiF thin
film.

Atomicfor ce microscopy

Topographicimageof LiF sampleirradiated with
4.1 MeV/uPbionsat afluenceof 4x10°ions'cm?and
the corresponding cross-sectiona profileare presented
inFigure 8. Thelight dot in theimage correspondsto
thehillocksinduced by ionsimpact.

Eachindividua hillock wasfitted by Gaussianto
determinethe height and diameter at FWHM. About
forty hillockswas analyzed for each sampleand pre-
sented likeahistogramin Figure9.

Themean height and diameter extracted from such
distribution for Pbionswith different el ectronic stop-
ping power Saresummarized in TABLE 2.Themean
diameter and height of thetracksincreaseswith elec-
tronicenergy loss. Similar evolution wered so observed
inthecase of others materialssuch asLaF [*", CaF,[**
%, and LiNbO,4,
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Figure 9 : Histogram of hillock diameter induced by 4.1
MeV/uPbionsat fluence of 4.10° cm2

TABLE 2: Thehillocksheight and diameter for LiF crystal
irradiated with 544 and 840 M eV Pb ions measur ed from
AFM.

Energy S lon fluence Height Diametre
(MeV)  (keV/nm) (cm?) (nm) (nm)
4x10°
840 27 1.4+0.2 10+1
544 275 4x10°  1.9+04 135+15

—= Fyl] Paper
CONCLUSIONS

Thispaper reportson thedamage produced inLiF
singlecrystdsby irradiationwithlead ionsat different
energiesand fluences. Intheinitia stageof irradiation,
the F-center creation increaseslinearly and saturates at
higher fluences. Single defects such asF-centersare
produced in alarge halo of 9-22 nm around the ion
trajectory and track radii increases with the mean en-
ergy loss. Photol uminescence spectroscopy reved sthat
F centers aggregates (F;, F,) increase linearly with
increasing fluenceand el ectronic energy loss, whereas
the F;/F, ratio reaches saturation val ue of about 1.8.
Accordingto our experimental detaathigher fluence F;
intensity istwicethe F, center concentration. Further-
more, the surface defect investigated by AFM tech-
niquereved sthat hillocks parameter (Height, diameter)
increaseasafunction of e ectronicenergy loss.
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