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An analysis was made 4t the optical recording and readout characteristice of the photodlchrolc
KF:UF crystal containing FA defects as the activated medium. The results of a series of measurements
indicate, in agreement with the analysis , that this crystal system has the h~Jhest photosensitivity of any
direct reversible recording material without a gain mechanism (~~1 mJ/ ~ nJ ~. The modulation transfer
function for a 200~J.thlck activated layer was measured to be 40% at 75 lines/mm , and the dynamic
range exceeded 40 JR. The crystal can be operated fatigue free at 220 K by use of thermoelectric ...~~
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\ coole rs , although optimum performance is predicted for a temperature of abou t 100 K. The wavelength
range of photosensitivity lies in the blue and green and malch.s the argon law’r lines.
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OPTICAL RECORDING CHARA cTER IST I(’S OF K F: IaF
PH OTOD ICI(RO IC CRYSTALS

INTRO IJ U(II ON

Background

A photodichroie material i-. one whi ch exhibits photo-induced .lirhro e~m ( sic. ~rpt ion
of incident light depcnt!s on its po l ariiation ) and hir .-fnngen ce (veloc it s I ) !  (h i-  hgti t in the
material depends on its polarization). Alkal i halidi’ cry stals containing anIsI.tr i lpu’ d. fv .’t .~.
which can be aligned along disc rete rry~tallographie directions , are well known r.-~~’ rP i t I l , -
photudichroic materials. Much of the previous work with th i s.’ mater ials ha s Ill-alt with
information storage and nond estru liv .- retr ieval I I :fl - l b.’ M and M A def*’t ts l . : j  are
prime candidates for nond estructive readout . hut  they suff er  from on” or ii  ri problems
such as low photosensitivity, i nconvenient wav. ’l,’ngths, or si -y en ’  cooling r . ’pnr .  i ’Z , t s  1( 1

avoid fatigue. The FA defects in KCI :L1CI and KCI NaCI have also r.’ ,- i~ed i nscl ’rab le
attention [6j .  They have the highest photosens it ivity of any photodichr oic . but the
generally have a destructive readout. l ’hotodil-hroirs ha y. -  also bet-n u sed a.s ho)ogra phi .’
storage media [7j .  Recent emphasis on optical slWet fll tf l  anal ysi s of ra~t . ’t  recorded
signals [8 ,91 has caused renewed interest in photodichro~ materials, since t .h.- requirem s ’nt
for a virtual nondestructive read is somewhat relax ed In th is  cast - the sign al is reeor’l ’d
by a modulated focused stanning laser beam in a raster format with frame times of a
milliseconds. The Fourier transform can be obtained by uniform illum ination so long as
the detector used can analyze the spectrum before significan t decay of the recorded
raster. It may also be necessary to recover the recorded raster from th e input transdu.. ’r
after analysis by rescanning, and this must be accomplish ed befo re the raster is erased.
Alternative input transducers such as the General Electric coherent light valve have no
storage facility and cannot accomplish this . In addition to a photodichroic material lwing
used as an in put transducer to an optical spectru m analyzer , it has an important potential
application in the analysis of these signals in the transform plane [1OJ in the spectral
analysis of the recorded raster the presence of persistan t strong narrow-band sources makes
it difficult to detect adjacen t weak sources and particularly transient sources. The photo.
dichro ic material can operate as a change detector in this case or attenuate long-term
strong back ground signals while transmitting weak adjacent signals. (This application ,
known as signal excision , i~ described in Appendix ~.) A schematic of both uses of the
photodichroic is shown in Fig. 1.

This report describes developmental work on a relatively new photodichroic crystal :
FA defects in KF:LiF . Since the crystal is hydroscopic , special handling is required , but
it has many desirable features not shared by other photodichroics. its photosensitivity is
among the highest of all photod ichro ics. it can be operated fatigue free not far below room
temperature using simple thermoelectric coolers in a dry nitroge n atmosphere , and its
wavelength range is ideally matched to the strong argon laser lines.

Manuscr ipt submitted August 25 , 1977.
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Fig, 1 Ra stpr scann cd opti cal spectra l analyzer using s photodichro ic as an input transducer and as an
adaptive spatial filter in the transform plane. The raster scann er is shown off axi s , but it could be placed on
ax,~. by use of a beamaplitter .

Physics of the FA Defect

When a normally tran sparent alkali-hal ide crystal is exposed to ionizing radiation or
heated in an alkali atmosph ere , halide vacancies are formed which after trapp ing an elec-
tron can absorb visible light. The crystal is thus colored , and the defects formed are
called F centers. The absor ption of F centers is isotropic and occurs in a single Gaussian
band with no useful properties as a recording medium. Howeve r , if the crystal conta ins
alkali impurit ies of smaller ionic radius than the host (such as the KF :L iF mixture ) and
the F centers are optically excited at the appropriate temperature , the defects diffu se and
become trapped at sites adjacent to the Li~ sites. The new defects formed are known as
FA cen ters, and their optical properties are radicall y altered [11 ,121 . FA centers (Fig. 2)
are anisotrop ic , with a triad of optical dipole moments , one being parallel to the vacancy-
impurity axis and two being perpendicular to this ax is. The usual F-center singlet absorp-
tion splits and becomes a doublet corresp onding to the triad of optical moments along
the crystal < 100 > axis. The moment parall el to the impurity-vacancy ax is gives rise to
a longer wavelength absorption (F A I ), and the two perpendicu lar moments are degenerate
and give rise to a single shorter wavelength absorption (F A2 ). All three moments have
equal ost illator strengths.

Thus the FA absorption consists of a double band whose components partially over-
lap. in addition , when these FA defects are optically excited , they can rotate about the
Li defect by ionic motion of the halide ions to a new perpendicular orientation with a
quantu m efficiency of 0.5. As long as the FA centers have their impu rit y-vacancy axes
randomly oriented (1/3 along each of the thr ee < 100 > directions), the crystal absorbs
light isotropica lly. Howeve r if the FA centers are excited with tight in one band exclusive ly
and polarized along the crystal axis, the defects rotate until their optical moment is

2
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Fig. 2 — The FA defect in a KF L iF lattice . This
conaist of • r va cancy which has captured an cisc
tron . with a Li n~ar e,t ne ighbor The thr se optical
dipole moment a are shown

perpendicular to the polarization. Thus the centers can be preferential ly al igned . ‘l he
medium acts as a temporary polarizer to incident ligh t in either of the abs orption bands.
The polarizing property is lost by randomizin g the defect orientations , either by exposing
to light whose polarization bisects the crystal axes or using a wavelen gth whic h equally
excites both absorption bands. Thus the medium behaves as a reversible pola rizer whose
polarization properties can be spatially and temporally controlled by the po l arization of
incident light. These prop erties are best used when the crystal is placed betwee n crossed
polarizers whose easy directions are 45° to the crystal ax is (Fig. 3). In those areas of the
crystal where the defects are randomly oriented , the crossed polarizers extingu ish the
readout light. For nonrandom orientation the polarization di rection of the read out l igh t
is rotated in penetrating the crystal , and the analy zer transmits light fro m that area. The
transmission is determined by the relative absorption of light along the crystal axis , that
is, by the dichroism induced by nonrandom orientation.

THEORETICAL ANALY SIS

Signal Recording Characteristics

Signals are recorded on a photodichrolc crystal by optically pumping anisotropic
defects from a random distribution to an aligned distribution as described in App endix A.
The efficiency for inducin g alignment is prop ortional to the difference in the fraction of

3
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OF~ ‘AXIS ANAL YZ E R
WR ITE SEAM TRANSMIS SION
V ERTICALLY w R I T E SIAM C,UPLI CAY FS
POl ARIZED POLARIZES THE I WRITE SEAM

CRYSTAL

-- - 
~~~~

READ
BEAM . ~~ 

- __ 
/ t \ ~~P O LARIZED AREA Q~ C R Y S T A L

— ROTATES R E A D  SIAM
POLARIZAT I ON

.J PHOT OO ICUR ( IC
P OLARIZE R CRYSTAL ANALYZE R

F i g  4 Photo dwhr , ,u recording and reading o~wratio na, The light disi r ih u tio n in the
, i , ’  h. - .~,n moduIat ~ s the polar izat ion (noprrtic~ of the pholodichrmc crystal The

u ni form r. .i l, ut beam has its i s i l ar ,zat i , in  rotated in the same pattern as the wr it e
beam On l~ lb.- rotated parts of th . -  r , . ic lout  beam are thus transmitted liv the anaI ~ zer
Th.- output  light distribution dupl icates the write-b eam distr ibution The off- a xi s
r.~t i i r . l i n g  h ’- .irn could 1w placed (ifl axis by use of a bei.msp litt e r.

ui iden t  light I polarized along the t -ryst.aJ ax is) absorbed by the components FA 1 and FA 2 .
I f th~ wavelength is such that both bands are equally excited , then no alignment occurs.
The wavelength dependence of the recording sensitivity for a KF :LiF crystal at 240 K is
sh own in Fig. 4.

The dynamic characteristics of the recording medium can be calculated for exposure
to light of arbitrary wavelength and polarization. This involves three coupled nonlinear
diffe rential equations which are quite complicated . However , for the simple and important
case of excitation in one band exclusively and with polarization along the crystal axis , the
differential equations simplify and are derived and solved in Appendix B. The solutions
for the optical densities measured along the crystal ax is are given by Eqs. 812 as

K 1( E ) , l o g ( ( 1 0 ’~O - l ) e PE + 1
and

K 2(E) = K0 - K 1(E)

where K0 is the initial opt ical density measured along either crystal axis ( assuming initial
randomizatio n), F is the exposure in mJ/cm 2 . and p is a factor in crn 2/mJ depending on
temperature as given in Appendix B. Thus, whe,i a signal is recorded onto a photodichroic,
it is stored as a difference in absorption along the crystal axis : K 1 - K 2. These calculated
recording characteristics art plotted in Fig. 5.

4
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Signal Reen t er \ ( haraa ’t en ’.tie ’.

l’h . sIgnal  is r ,-, - l ) vi r ,- (l h~ L i I i i f ’ ’ r I nl~ i l l t in i in ; i t i n g  tl~.• i -rvsiai  w i t h  light P°larized at
Ia  El )  Ii. crv - .t . t l  a x is .  ih .  t i g h t  i i i t r i i s i t v  list ~~t i u t i i n i  tran~mitt.ed through an analyzer (in

th e out t e i t  side t the cr~’ st al (l11 1) 1K •,ti s the ‘ ir igi t ial  r.~ ’ording light distr ibut io n , as
st hem at ieallv ~h ‘ we in Fig. 3. I he t r ; ii i sin issii iii ari se s fn m the ‘lee live ~ t t enu at e in and
rota t e  rn of the incident F v.-eti ir comp ma’n L~ ~i l t  to g Ih a- ‘‘rv si al axis. ‘J he U ;insmissi’rn
cq t i a t i a i n  is t h r i v e d  in \ i t i u ’r i d tx  ( ‘ as Eq (‘S ,tfl(l is

110 ‘~i ‘
~ — 1 0  A~1 2 i~ 1 0 $ K i *K i 1 sm 6 2 .

whi r ’ 6 i~ the phase angle u nI te - i t t  l ,~ the hiretnngene. ’ gi v . - i i  by F~1~ (‘2 ainI (‘3.

I bis equation stab ’s that the ii sorpi it ’  component (if the transmission cannot ex-
•. ‘ d  ‘ hut  th e ph i—i -omjanw nt  con approach I 00’T for suf f i  ‘ n t > low absor l ~ in

and large ph;tw angle. I )f tu r w both of  these (a  r io cannot h. a max imu m s i l l )  U I t . in i - i  tu
Figure 6 -~hows th e  wa~a’ Ii ’iigth dependence of (h i’ tr ansmission funct Ion (solid (-ur vi in the
lower part of the figure ) for a sa tura tion  writ e indicated by the dichroir absorption in the
uppe r part of the figu r~ The absorptive and ph ase contributions to the tr ai isr i i is s ion func-
tion are shown hr ~j i t  ted and dashed - iurvl - s  r i - sixc ’t ively.  The s*’v . r, it  t i nua t iun  in trans
mission Is-low 15() em is l i i ,  to the higher average absorption in t h i s  wavelength range .
The t r~i nsm Issi ’ m at 1 ~~ em is  pur ely due b phasee ffi’et s , but at 5 -1 nm ther e is a nearly
‘‘ lt ia l  contri bution from the ahsorpt ivi term . rh(~ dn -h r n i sm shown in Fig. 6 ~t a s

at~ pit itlly large to  i l lus t ra te  th e pot entiall y lar ~i- tran smission available at 488 nm .  In
1- ig. 7 a si re’s of transmission ‘ i ir ~s ’s ire shown corresponding to SUi E ’ssivi- change ’. in
dichroi s m as ind i - a t t -d  by the scale changes . The phase contribution ~r i ws fast er  than the
absorptive for larger dichro ixm . These transmission charact erist ics are for a crystal
temperatur i of 2 l ( )  K. Since the dichroe bands shift , become more narrow , and increase
in heigh t .15 the  tem perature is lowered . t h .  tr .tnsmission curves wil l change . The dichroii
absorpt ion at 77 K is shown in t he  uppe r part of Fig. 8 along with the corrI ’s~u inding
transmission eur:I ’ below. The two dichro ic hands art now almost fully separated , and
the average optical density at 488 nm is qui te  small. ‘This accounts for the l arge increase
in transmission at this wavelength over that observed in the higher temperature case in
Fig. 6. Figu re 9 shows the i ’ f f iu t s of vary ing the dichroism scal,’ on transmission at 77 K.
The transmission at 488 can become quite large for the higher densities. The transmission
is ~t i t l  sign i fican t out to nearly 600 nm. This high transmission corresponding to large
di chr i i is m is obtaine d at the expense of resolution , as will  he exp lai ned later.

Dynamic (‘haracteristics

The comp lete dynami c behavior for writing at 514 nm can be obtained by substi tu t
ing Eqs. 1312 into Eq. C8. With the appropriate parameters for temperature and initial
optical densi ty this gives the transmission at any wavelength as a function of the laser
energy exposure . The results of these calculations are shown in the series of log-log plots
of Figs. lOa through lOd . The changes in the K 0 values labeled on the curves from the
240-K to the 77.K plots are due to the narrowing and increased height of the bands . This
accounts in part for the enhanced sensitivity shown at 77 K. For low exposure s all of
these curves are approximately linear in amplitude transmittance. h owever there are
significant dynamic differences between the 514-nm and 188-nm readouts for changes in

6
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Fig. 6 — Readout t ranam iaaici n characteristics at 240 K for the photo-
indu ced dich r oiam shown at th e top of the figure for a 51- I  nm wflte
to saturation. The duhed curve and the dotted eurvi- givi- h. phase
and the absorptive componenta of the tranamisajon respectively

the parameter K 0. This is most evident in the 514-nm readouts at 77 K (Fig. lOc) . The
slopes change as the value of K0 is changed , in contrast to the 188-nm curves (Fig .  lOd).
The origin of this behavior lies in the diffe rence in dynamic behavior between the phase
and absorptive components of the transmission . Since the 514-nm readout is composed
of a mixture of these effects, its dynamic characteristics are more complicated .

The difference in dynamic behavior between the 514-nm and 488-nm readouts is
illustrated by plotting d ~J ’T/ dE vs exposure. For maximum lineari ty these functions
should be nearly constant with ex posure. The results of the calculations are shown in

~~ Figs. h a  through lid. These graphs illustrate more clearly how the linearity and sensi-
tivity change with changes in the initial optical density !Co. The linearity changes with
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Fig. 7 — Readout transmission characteristics at 240 K for the photo
induce d dichroism shown at the top of the figure for a 514- nm wri te
to sa turation. The effec ts on tran smission of changes in the optical
density scale are shown
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Fig. 10 — Readout transmission vs input exposure calculated from
Eqs . B 12 and C8 for 514-nm write and the indicated crystal tempera-
ture and read wavel ength. The upp er straigh t line indicates a slope of
0.5 in each log-log plot , which corresponds to an idea l squa re-law
respo nse (Co ntinued).
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K () in all of the plots , but for the 514-nm read , cert ai n values of K 0 can be t -hose n to
at -hil ’ve a nearly flat response at only a small sacri ficc in sensitivity. This is particularly
tru e at the lower temperature. Thus the plots of Fig. l i d  predicts that the curv e for an
approximate optical density of I gives the greatest linearity. Since the origi n of this 4- ffev t
lies in the admixture of the absorptive term in the transmission , similar result.s could be
achieved by small shifts in wavelength of readout.

EXPERIMENTAL RESULTS

SensitAvity

Measurements of recording sensitivity are in close agreement with the theoretical
analysis. The response generally saturates at exposures of 10 to 20 mJ/cm 2 for modera te
optical densities of 0.4 to 0.6. The min imum exposure for a detectable sign al is limited
by the system noise, due to optical impe rfections in the cry stal and components as well
as electronic noise Signals have been recovered for exposures as low as 0.14 mJ ,’cm 2
with a signal-to-noise ratio of approximately 2. Since much of the optical noise is due to
crystal surface imperfections , residual strain , and the limited extinction coefficient of the
polarizers , it appears primarily as low-frequency noise in the optical transform plane.
Thus, when the Fourier transform of the stored signal is observed , much of the noise is
removed from the desired signal . Under these conditions an exposure of 60 ~ ,J/cm 2 gives
a detectable signal . With sufficient optical quality this value should also apply to signals
recovered from the image plane.

The quantum efficiency for reorientation is independent of temperature; but as the
temperature is lowered , the dichroic absorp tion bands shift , n arrow , and increase in heigh t .
The photosensitivity increases at 514 arid 488 nm by approximately a fac tor of 2, as was
predicted by the theoretical analysis. Unfortunately the only available method of
achieving these low temperatures (below 100 K) is the use of cryogenic fluids. The boil-
ing fluid introduces vibrations which prevent the measurement of other critical parameters
such as the modulation transfer function and the dynamic range. The use of a closed -
cycle refri geration system would avoid these difficulties. Even though the quantum
efficiency is temperature independent , at sufficiently high temperature the relevant defects
began to therm ally reorient and near room temperature this limits the time to which
signals can be stored to a day or less. A more serious effect of high-temperature operation
lies in the thermal diffusion , which causes the relevant defects to aggregate and thus lose
their dichroism. This loss of dichroism due to diffusion occurs at room temperature after
approximately iO~ write-and-read cycles, but at 240 K this loss doe’ not occur until io~cycles or better. There is some fluctuation in this parameter, depending on crystal puri ty
and defect concentration , but generally a temperature of 220 K or lower assures operation
that is virtually fatigue free.

Modulation Transfer Function

Since the defects involved in recording are atomic dimensions, the medium is grain-
less and the resolution is inherently diffraction limited. However , when used with low-f-
n u m ber optics, the thickness of the activated volume must not greatly exceed the depth

16
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~~~
DEPTH OF

FOCUS

CRYSTAL THICKNESS

~~~~~~~~~~~ ~~~~~~-- ~~~~~~~~~

Fig. 12 — The recording of two focused spots of light
separated by the spot diameter (Ra leigh criterion for
reso lution) inside a crysta l when the cry sta l th ickn ess
exceeds the depth of focus . Even though the beams
overlap inside the recording medium , the spots can
still be resolved on re adout due to the higher writing
intensity inside the depth of focus , although with a
lower modulation transfer function. The diagram is
highly exaggerated for illustration.

of focus of the optics. For an f/ 8 system with a spot size of 5 pm (100 lines/mm) the
depth of focus is approximately

d = 2(f number)(5 pm) = 80 pm. ( 1)

If the crystal thickness exceeds this, the modulation transfer function (MTF) will de-
crease due to the overlap of the light cone away from focus, as shown in Fig. 12. The
MTF can still be significant even for large variations from Eq. 1 due to the higher record-
ing intensity at the waist, where there is no overlap .

A typical MTF curve is shown in Fig. 13 for a crystal with an active thickness of
200 pm. A depth of focus of 200 pm corresponds to a spot size of 12 pm , or a resolu-
tion of 40 lines/mm. The MTF should begin to drop at this frequency , and Fig. 13
confirms th is. The drop is rather rapid between 40 and 70 lines/mm , but there is a long
slowly decreasing tail out to beyond 120 lines/mm , which corresponds to the high-
intensity recording at the beam waist.

These measurements were made by several techniques. The simplest method
involved recording the image of a bar chart onto the crystal and recovering the stored
image onto photographic fil m after 40X magnification. The MTF was obtained from the
film with a microdensitometer. A second technique involved recording an 8-to-.12-lme/mm
Ronchi grating onto the crystal and observing the Fourier transform of the stored grating.
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l-’ig. 13 —  Modulation transfer function of a K F :LiF photod ichr oic
crystal with a recording thickne ss of 200 pm

By comparing the relative magnitude of the diffraction orders with that of the origin al
grati ng, the MTF is obtained. A th ird technique involved exposing the crystal to a
scanning modulated laser beam and recovering the stored signal with uniform illumination
onto photographic film. The MTF was obtained from the film with a microdensitometer.

linear Dynamic Range

The dynamic range is limited for large-signal recording by nonlinearity and for small-
signal recording by the noise generated by surface imperfections and bulk strain. Since
the material fabrication is still in an early stage of development , the optical quality of the
surfaces and the strain were such that noise prevented the detection of nonlinearity for
the lowest exposures (below 2 mJ/cm 2 ). Hence the dynamic-range data presented are a
measure of the lower limit for low exposures and are more accurately a measure of
lineari ty for the higher exposures.

A sinusoidal grating of 30 lines/mm was recorded onto a crystal by interfering two
collimated laser beams at 514 nm. The Fourier transform of the recorded grating was
detected by a vidicon with a line-scan output. Nonlinear recording is indicated by the
presence of a second order in the transform plane. By measuring the ratio of the intensity
of the first order to that of the second order, the linear dynamic range in the transform
plane is obtained. Two sequences of measurements were performed. One involved using
nearly full modulation (~~80%) and varying the basis level, and the other involved varying
the bias but keeping the modulation fixed at 0.4 mJ/cm 2 . The results of the fi rst meas-
urements are shown in Fig. 14a. The second order was below the noise in the data for
exposures below 2 mJ/cm 2 ; hence a 40-dR linear dynamic range must be considered a
lower limit. With improved surface conditions and strain-free crystals the dynamic range
should exceed 40 dB. The linearity decreases monotonically for increasing exposure with
80% modulation. Aiso shown is the signal amplitude transfer function ( from Eqs B12
and C8), indicating the degree of modulation. In the second measurement the bias level
was varied but the modulation was fixed at 0.4 mJ/cm 2 . These results are shown in Fig.
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Fig- 14a — The mea ured linear dyflam~~ 
ran ge for a KF :Li F photO ’

diChVO IC as a function of rpcordi ng exPosuec using gO% modUl5

tiofl AJ s° ShOW O is the amplitu d e tr afl5mitt 5~~~ 
fro m Fig. lOs,

~ndicat ifla the modu%5 t% 0~ 
and bias.

14b , aion~ 
with the ~~~ ii~~de transfer functiofl ~~diCat~~ 

the modulation used. This

indicates that at least 30 dB dyflam~ 
yange is achieved, even at large expOS~res. so long

as the mOdulation is small- Again the valUes measured for small exposures are noise

limited. Also, ~~Cordtn ~ to the previoUS analY5~ ’ 
further impro~~menth in dynam~ ~ nge

could be expected by ~owen1’~ 
the opera~~~ 

temPerature.

Measurem~~
th of dynam~~ 

range in the image plane are severelY reatric~~~ 
by the

exUnCtl~~ 
cosfftcient of the polariZ~~ 

as well as any residual 5t~~n in the cryStal. In

the Fourier plane these impe cti0fl5 are not as severe, 5~~ce they appear prim~~~Y as low-

frequencY noise- Values of 20 dB were measU~~~ 
for the dyflam~ 

range in the image

plane , but this should be consid ablY impro~ed with better crystal qualitY.

CRV~~AL PREP ARA’fl~~
Experience in preP tion and growth of the l(F:I-~~ 

mixture (appt0~~
matel

~ 
0.5%

L~F) is more limited than that of the more common alkali halides, due ~~ the crys~~
’
~

hydro~~0PiC nature- Since the gtarti~~ 
ma erial absO~~~ 

moisture easilY , extreme care ~

required in material prepa ~on before growth of the single ~~~~~~~ 
Ml ~and1iflg of the

crystal after gro~~h must be in a l0W.hUm~~ty atmosPh~~ 
(below 8%)- The experienced
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Fig. 14b — The meas ured linear dynamic r ange for a KF : L iF
photodichro ic as a function of recording exposure using a fixed
modula t ion of 0.4 mJ/cm 2 . Also shown is the ampli tude
tra nsmittance from Fig. lOa , indicating the modulation and
bias.

sources for KF:LiF are NRL’s Electronic Materials Technology Branch , Cornell University ’s
crystal-growth facility , and The University of Utah ’s crystal-growth facility . The latte r
source has produced the most-strain-free crystals of the highest optical quality to date
and is the major supplier. The usual cross section of these single-crystal boules is approxi-
mately 6 cm2 , but they can be grown much larger.

Upon receipt the single-crystal boules are carefully cleaved (to avoid straining) into
slabs approximately 3 mm thick. Since the KF:LiF crystals are moderately radiation
hard , it is difficult to introduce a high concentration of FA defects, and special treatment
is required : an anneal of the 3-mm slabs at 700°C in a mixed hydrogen and K4’
atmosphere. This treatment causes H- ions to diffuse into the lattice and substitute for
the F- ions. The concentration of H- ions depends on the hydrogen pressure (normally
5 atmospheres), and the penetration depth depends on the temperature and annealing
time. A 4-hour anneal at 700°C gives a penetration of approximately 200 pm. In this
surface layer the crystal composition is KF:LiF:K H . After the anneal, the crystals must
be cooled under precise control (10°C/mm). Thermal strain is introduced if the cooling
is too fast , and phase separation of the KF:LiF mixture occurs if the cooling is too slow.
After the 3 mm slabs are cooled, they are cleaved so that only one surface is composed
of KF:L 1F:KH. Then the crystals are polished and are sealed between glass flats using an
optical grade silicone-rubber compound to protect the surfaces from moisture. This latter
technique has been used for convenience in the early developmental stage but introduces
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mult ipl e ’ ref lect ions  due to index-matching problems A supenor technique would IN to
sputter Si( )~ or evaporate Mg~’., films of 0.5 to 0_ i  pm depth. PrI ’l lminur t4~sts ind icut~’
the feasib ility of a - h i ~v in g  layers i i f  this thickness, l) r ovid e(I th e ciy st al ‘.urfat-es are of
sufficie ntly good quality.

On& -e the cryStal S are polished and scaled , they art- exposed to ioniz ing radiation.
The substitutional II ions are easil y drive n out (I f  (h. ’ir latti ce - S I I ~~-~~. and they eomI i , i~ ,
forming stable 112 molecules. These molecules are’ outgasscd from the crystal , leaving
behind negative-ion vacant-ic’s which trap ele c t r on s  ( I- cente rs). l’he’ final step invo lve ’s
exposing the’ crystal s to blue light near room tem peraturc ’ . ft I- . cau~’-s the-  I” cc i i i i  rs t ’

diffuse , until they become trapped at li i ’ site s , thus forming th~- r i e - v a i c t  FA e c ’ nter s .

The crystal s are now ready to be used afte r cooling to at. le-a.st — 3 0 C  to .i~ tel  f a t igu e-
problems. They are currently being cooled with a two-stage tlwrm oclev tri c ooler after
being sealed in a dry nitrogen atmosphere . The required cooling is close to the’ limit for
this type of cooler. However optimum performance in terms of sensitivity and dynamic
range will occur near 100 K. Hence a closed-cycle refrigeration s ste-rn would l~
required. Sensitivity should improve by a factor of 2, and the dyna mic range’ should
improve to better than 50 dB. The analy sis of perform ance’ at low tempe r atu r e -  Is under
way.

An importan t are-a of material improvement involves incre asing the conc entration of
defec ts. This would allow thinner layers of activated de’fe’e-Ls and thus allow higher
resolution. Currently the maximum concentration of — t a b le  defec t aehieved is  approxi-
mately 10 to 15 parts per million. It should be possible to incre-il.s,- this by several l a c i e r~
before exceeding the solub ility limit of LiF in KF.

CONCLUSIONS

The charac teristics of the KF:LiF photodichroic crystal make it a leading candidate
for use as an input tran sducer or adaptive spatial filter in an optical spect ru m an aly zer.
It is less sensitive than the electrooptic photoconductors hut has much better resolution.
Even so the sensitivity is adequate for real-time recording using currentl y availabl e’ argon
lasers. Since the material is still in an early stage of development , improvem ents an’ to
be expected in crystal quality which will extend the dy namic range beyond th e- present
40 dB, which is adequate for many applications. Since the material records with max i-
mum quantum efficiency, no improvement in the inherent sensitivity can be anti -ipated .
However , by use of low-temperature housing, the relevant bands can he made to shift for
maximum use of the 514-nm argon line , thus improving the photosensi tivi ty by at least
a factor of 2. A second area of improvement lies in the increase in concentration of the
FA defects, which will allow thinner coloration layers. This will improve resolution, and
a modulation transfer function of 50% at 150 lines/mm appears feasible.
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Appendix A

SIGNAL EXCISION

The- e-haracterist ics of the ’ KF : LiF’ photodk-h roir when u sed as a signal exe-isor in
the- frequen cy plane of an optical spectru m anal yzer will be described in this appendix.
Such an aimnge’me’nt would appear as shown in Fig. A l .  In an optical spectrum an alyzer
the- fre’quent-y spectrum of an input temporal ~ign al appears as spots of ligh t in the trans-
form plane. In the analysis of wide—hand signals the presence’ of persistent strong n arrow-
band sources makes it difficult  to detect adjacent weak ones. The photodichroie will act
as a change detector in this situation and will attenuate long-term strong source’s while
transmitting weak ones.

Although the-re are man y possible confi gurations , th i~ arran gement shown in Fig. Al
is typ ical . Here the crystal is j )l~~~’d in the transform plane ’, and the dark spots along the
N axis on the crystal illustrate the presence of five signals of various intensities. These
light spots are polarized at 15 to the crystal axis. The indicated control light would be
any broadband blue source which is vertically polarized. A typical sequence migh t be as
f&’ows: The control light source uniformly polarizes the crystal with the signal from the
input off. At t = 0 the- input signal is allowed to fall on the crystal as shown in Fig. Al .
At this instan t all signals are transmitted with no change in their relative intensity. How-
ever , sine-c’ the sign al polarization bisects the cry stal axes, there is a randomizing effect
and th us a loss of dichroism in these- exposed areas. The transmission decay is purely a
function of the cumulative energy of exposure , so the area exposed to the central intense
ligh t decays much more rapidly than the weakl y exposed an-as. After a certain time t~
which depends solely on the peak intensity, the strong sign al is suppressed much more
severely than the weaker ones, as shown in the reimaged output plane.

The precise ’ decay characteristics depend on the initial optical density , the initi al
degree of alignment, the temperature, and the wavelength , but a typical set of decay
-urves is shown in Fig. A2. If the cry stal is exposed to uniform light with the indicated

in tensities , the transmission of light from that area will decay as shown. In the insert a
Gaussian beam profile is shown . If the crystal is exposed to such a beam profile, the
peak will decay as curv e A and the annular ring at B will decay as curve B., etc. out to
the low-intensity wings . Thus after a certain exposure such a Gaussian beam would
appear as a weak annular ring of light.

The magnitude of the final decrease in transmission is ultimately limited by the
extinction c oefficient of the crossed polarizers, which can be from iO~~ to 10.6 . After
a fe’w milliseconds of exposure (for a peak intensity e~f 20W/cm 2 ) ,  the signal source is cut
off , the control light source’ real igns the crystal , and the system is ready to be rec;cled.
Close to a 100% duty cycle is possible, if both signal and control ligh t. sources are of
suffic ient intensity .
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Fig. Al — Illu str ation of the photodichroi c crystal used as a signal excisor

in the fr equency plane of an optical spectrum analyzer

10 ’ — .

~~~—2O W/cm 2

to W/cm 2i iT~~~~7\~
,,
~

EXPOSURE TIME (MS)

Fig. A2 — Typical decay curves for light-transmission decay through a photo ’
dlchroic crystal when used In the signal excision mode
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Appen’lih B

REORIENTATION CHARACTERISTICS

‘lo fully understand the recording me ’chanism of the crystal , the reorientation
characteristics must be examined. Figu re’ BI shows the th ree possible orientations of the
F .~ de’fect.s and indicate’s the optical dipole moments of the two absorption components

and FA~~. Signals are recorded by inducing a population difference between orienta-
tions I and 2 in Fig. BI (populations n 1 and n 2, with the dimension cm 2 ). Only these
two orientations are involved , since orientati on 3 is symmetric to light incident from the
left.

To induce the maximum imbalance between n 1 and n 2 ,  the crystal must be exposed
to light exclusively in the FA i or FA2 bands, and the ligh t must be polari zed parallel to
the appropriate optical moment. First consider exposure to verticall y polarized FA 2 light.
Defects in orientations 2 and 3 will rotate into orientation 1, and the equilibrium popula-
tion distribution will become

n 1 = N , n2 = n 3 =0 , (Bi)

when- N is the total concentration of defects, The crystal is now fully polarized. (This
is an ideal case; in general the maximum degree of alignment rarely exceeds 90%.) If the
incident FA 2 ligh t polarization is now rotated 450 so as to have equal project ion s on the
1 and 2 orientations, the populations of 1 and 2 will equalize , and at equilibrium the
polarizing property is lost. Calculations with the aid of Fig. Al shows that at equilibrium
the population distribution becomes

= = 2N/5, n3 = N/5. (B2)

The distributions Bi and 132 may be cycled indefinitely by switching the ~
‘A 2 light

polarization between vertical and 45° .

(1) (2 1 ~3)
E

- FF5 2

F~3 ~~~~~~~~~ F52

FA 2

Fig. SI — The three possible orientations of the FA defect , showing the correspondin g opti-
cal dipole moments of the F* and FA bands. Absorption of a photon by any of these
orienta tions causes a rotation into one of~ he other two with an efficiency of (ES .
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Consider now the same operation using FA 1 light , which has only one dipole mome ’nt
per orientation. In this case the popula t ion dist ribu tion becomes

fl 1 = 0, fl~ = n3 = N/2. (133)

‘[‘he- crystal is again fully aligned (polarized) but with only half the population differen c e
of the FA 2 excitation. A more significant difference between the two cases can be- seen
when the FA 1 light polarization is rotated 45

g
. Examination of Fig. Bi shows that at

equilibrium the population distribution becomes

= = 0, n3 = N. (B4 )

Although n 1 and n 2 have been equilized and the polarizing property is lost , it has been
done at the expense of driving all defect-s into orientation 3. Figu re Bi shows that
light incident from the left cannot be absorbed by orientation 3. Thus , to realign ii 1
relative to n 2 with FA 1 light , the crystal must be first exposed to FA 2 light. In summary ,
operation in the FA 2 band requires only a shift in polarization to cyc-le the polarizin g
property, but operation in FA 1 also requ ires an auxiliary FA2 light source to drive -enti’rs
out of orien tstion 3. Of course the latter could be any broadban d light source. These
population distributions are summerized in Table 131.

The preceding analysis deals only with equilibrium distributions , hut the dynamic
chi,racteristics can be derived , at least for the simple case of FA 1 light. Assume the
distribution of centers is random and vertically polarized light is incident fro m the left
as indicated in Fig. Bi. Let I be the photon density (s 1 cm 2),  and let A be the fraction
of these photons absorbed by the population n 1 in orientation 1. Since the quantum
efficiency for reorientation is 0.5, the rate of change of n 1 can be written

,~ = -IA ( 0.5). (B5)

There is a probability of 0.5 that orientation 2 will gain any defect lost by orientation 1;
there fore

~2 = I A ( 0.5)(0 .5). (B6)

The- fraction of photons absorbed is

A = l - l O ~~~’ . (B7)

The populations n 1 and n 2 are directl y proportional to the optical densities K 1 and K 2 ,
which are more easily observed :

K 1 kn 1, (B8)

where k depends on temperature and wavelength and has dimensions cm 2 or cm 2 /mJ ,
depending on whether photon density or energy density is measured. At 514 nm , k is
given for 77 K by

2.00 X 10-16 cm 2 (89a)
and for 240 K by

k 1.05 X 10-16 cm 2 . (B9b)
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Table Bi — Equilibrium Population Distributions
of N De’fects Oriented as Shown in Fig. Al

Populationf~xcitation Distnhut ion

BandTPolarization n 1 /N n2/ N [ n3/ N

FA 2 Vertical 1 0 0
FA2 450 2/5 2/5 1/5
FA 1 Vertical 0 1/2 1/2

45° 0 0 0

Equations B5 and B6 now become

k 1(E)  
= — -} kI ( l  - l0~

C 1 ) (BlOa)

and

k2(E) 
= 

4 
kI ( 1  — 10

_ K i
) (BlOb)

where E is the exposure symbols. Equations BlO have the solutions

K 1( t )  = log [(10
K0 

— l)e kItI2 + 11 (Blia)

and

K 2 ( t )  = K 1~ — -
~~~ K 1 ( t ) ,  (Blib)

where K0 is the initial optical density for 514 nm. Since It is the exposure, Eqs.
Bi 1 can be written

K 1( E ) = log ((10XO 
- 1)e PE + 11 (B12a )

and

K 2( E ) = 
4 

I( o - K 1( E) ,  (B12b)

where p = k/ 2  and has units of cm2/mJ and E is expressed in mJ/cm 2 . For 514-nm light
there are 2.5 X 1015 photons/s per mW. Hence at 77 K , p = 0.50; and at 240 K, p ci.25.
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Appendix C

TRANSMISSION CHARACTERISTICS

Consider the situation depicted in Fig. C l .  The in -ident light on the photodichroir
( r s t a l  consists of an F vector with components a 1 and a 2 along the r r~stal axis:

E - a 1 i + a 2j . (C l )

If the crystal has dichroism (the absorption constants K 1 and K~ are dif ferent along ea -h
crystal axis), then the components a 1 and a 2 will experience a diff e rent at tenuation a.s
they propagate through the crystal , as illustrated in the upper part of Fig. ( ‘1. In addi-
tion to this effec t there is also a bire fringence induced by the dispersion e -ff i r t s  of the
dichroism. This latter effect can be calculated from the Kronig-Kramers dispersion rela-
tion

2ir ( K 1(w ’) - K 2 (c~’ )
n 1 ( w )  — n 2 ( w)  = —

~~~~ J ‘2 
dc& ’,

0 (A) — W ~

where n 1 and ri 2 are the indices of refraction along the crystal axis and c~ is th .~ angular
frequency. Computer calculations have shown that this effect can be appr e-r iahie for
an optically anisotropic defect such as the FA center. The dispersion e-ffe’rts ire ad d i t i ve
in the wavelength range between the two absorption hands and subtract in th e wings.
The index-of- refraction difference gives rise to a rotation of the components a 1 and ci-~
in addition to their respective attenuations. This phase angle is

2ir d(n 1 - n2)
6 =  , (C3)

where d is the crystal thickness. This effec .. is illustrated by the lower part of Fig. ( ‘1.
Thus the E vector after propagating through the crystal can be written

E = a oie
o 434 ”

~~
2
~

1”2I + e
_0 434K 2/ 2 1 0 l 2

~~J (C4 )

with

IE(0)~~

2 = 1
~ 

= 2a~ (C S)

being the- incident intensity. Consider the transmission of this E vector through the
analyzer of Fig. Cl. The normalized easy direction of this analyzer is

(C6)
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Fig. Cl — Attenuation and phase change in a phot o-
dichoric crystal. The uppe r part of the diagram
illustrates the relative stten uatio ’l of the amplitude
components ai and 02 as they pass through the
crysta l . Amp litude a1 sees an optical density of
K 1/ 2 , and °2 sees K 2/ 2.  If K 2 >> K 1 (there is
dichroism) , 02 is greatly attenuated compared to o~ ,
which effectively rotate s the I~ vector by some angle

~3 given by ~3 — ( i r I4 )  — 1O—(K -K 2 )/s . The lower part
of the diagram illustrates the phase change exper i
enced by the components aj and 02 as they pass
through the crysta l due to the biref ri ngence (given
by B2). En genera l both effects are pre sent.

The intensity t ransmission of ligh t through the analyzer is then

I

2a~ L ( 10 _ K h h ’2 
— 10

_ K 212 ) 2 + lO (1
~i ~ i~2)~12 

sin2 6/2 ) - (C7)

Since the intensity transmission is given by I / J o , this can be written

4 (l O ~~~
’
~ — 10~~~ I2 12 + 1o .Ud 1d1(2)~

2 sin2 6/2. (C8)

k 
_ _ _
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