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ABsrRAcr
'fhe 

transmittance and refracting properties of BeO were determined in the visible

region of the spectrum. Values of the index of refraction for the ordinary ray range from

7 7145O at 0 690 p to 1.73039 at 0.430 p, and for the extraordinary ray from 1.73041 at

0.680 p to 1.74556 at 0.MO p. The temperature coefficient for the ordinary ray was deter-

mined to be *8 18X10-6/o C., and for the extraordinary ray +13.40X10-6/o C. The

experimental data were fitted to a two-term Sellmeier equation. Dispersive and resolving

properties were calculated permitting the evaluation of BeO as a lens material.

fxurorucrrow

This paper describes some optical properties of single cr)'stal synthetic
bromellite (BeO) not previously available in the l iterature and of practi-
cal importance in optical design. Measurements were made primarily in

the visible region of the spectrum. 'Ihe following data are reported: trans-
mittance, dependence of refractive index on wavelength, temperature
coefficient of refractive index, and the dispersive and resolving properties
of the material as a function of wavelength. In addition, a dispersion
equation is described for calculating the refractive index at anv wave-
length within the range of the measured spectral region.

Natural bromellite (Aminoff, 1925) and synthetically grown crystals of

BeO belong to the dihexagonal hemimorphic class 6mm, and are uniaxi-
a l ly  posi t ive wi th indices of  ref ract ion a:1.7I9 and e :1.733 at  t r
:0.589ir (Smith et at., 1964). The habit of the natural crystals is pris-

matic, with one end terminated by a large pedion and the other end by a

hemipl.ramid modified b.v a small pedion. The habit of the synthetic
crvstals grorvn from molten fluxes is varied and depends on many factors
(Austerman, 1963) and (Newkirk and Smith, 1965). Prismatic crystals
were selected for refraction angle measurements which had the principal
axis (c-axis) parallel to the refracting edge. The alternate prism faces

approximated a 60o apex angle, had an area of 25 mm2 and were flat

within ] wavelength. Table I l ists the impurit ies and their concentrations
in a representative batch of f lux-grown BeO crystals. Transmittance
measurements were made on crystals with well developed {0001} basal
planes and bounded by {1010} prismatic faces.

1 Work performed under the auspices of the U. S. Atomic Energy Commission.
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'Ianr,r 
I. Typtcar, Iltpunrrrns ,lNo'I'nBtn CoNcontnettoxs rt

Fr,ux GnowN BeO Cnvsrlrs

Concentration, ppm

Aluminum
Boron
Bismuth

Calcium
Iron
Magnesium
Siiicon

Others

TnrNslrrtteNco

Drrrig el ol. (1962) reported that the transmittance of a 0.1-mm-thick
BeO plate was negligible from 1400 cm-1 to 300 cm-1 and then rapidly
increased to 60/6 in the far infrared from 150 cm-1 to 50 cm-1. Three
absolption bands at 2350 cm-r, 2050 cm-1, and 1600 cm-1 occurred on the
high frequencv side of the main absorption band. Our measurements
show that BeO is transparent throughout the spectral region from 50,000
cm-1 to 3,000 cm-1. Figure 1 shows that three absorption bands occur at
2,050 cm-1, 1600 cm 1, and 1400 cm-l. The broad, main absorption peak
occurs between 1125 cm-1 and 700 cm-t followed b1. rapidif increasing
transmittanceto 5O/o at 500 cm-l. These results show that no anomalous
effects in optical properties are to be expected n,ithin the nleasured snec-
tral region of this studv.
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1. The infrared absorption spectrum parallel to the "c" axis for a
flux grown BeO crystal 0 5 mm thick.
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Frc 2 Dependence of refractive index on v-avelength for BeO at 22.10" C.

RBln.q.crrve Iuoox

Room temperature refract ion angie measurements were made with a

precision spectrometer b1' the minimum-deviat ion method, and the in-

dices were computed in the usual way (Fairbairn, 1952) and (Ti l ton,

t929,1931,1933,  1935) .  Rad ia t ion  fo r  d ispers ion  by  the  BeO pr ism rvas

obtained from a tungsten r ibbon f i lament lamp and a grating mono-

chromator blazed at 3,000 A in the f irst order with a dispersion of 33

A/-*. The prism was mounted on an inverted goniometer head at-

tached by a bracket to the spectrometer table.

Measurements were made at 27 wavelengths for the ordinary ra.v and

at 25 wavelengths for the extraordinary ray from 0.430pr to 0.690p. The

calculated values are plotted in Fig. 2. These values are greater than

those for qtartz or calcite (Smakula, 1952), and are comparable to na-

tural sapphire (Mali tson, 1962).

TnupBnerunB CoBnrrcrENT oF Rnnn-q.crrvB INoBx

Refraction angle measurements above and below room temperature

were made using a styrofoam cryostat that surrounded the mounting



Tesrn II. Estrlretrs ol rrrr Pana.lterrns A;, Xi rRoM rnt Dtspnnston EquefioN:

ArX2 A:tr,
( n ' - l )  + -  - '

tr2 _ trr2 x2 _ trrz

Ordinar,v Ray of BeO at 22.40" C.
n : 2 7

rr:0 0852980
Xr :14 .11775

xt2:0 00727575
) ' r ' :199 .31087

Ar : 1 .919087
Ar:3.972323

Extraordinary ray of BeO at22.1A" C.
n :  2 5

I r :0 .0865196
\r:27 91937

Ir'z: 0. 00748564
)rz2:779 49122

N: r .972142
Az :17 .57870

Telr,a III. Olsonvrn AND CoMpurED RelnAcrrvr INorx lon :rnr
OnlrNenv Rev or BeO er 22 40" C.

Refractive Index
Wavelength

r(d
Residual

x105
Observed Computed

0. 690
0 680
0.  670
0 660
0.  650
0 640
0.630
o-620
0 . 6 1 0
0 600
0 590
0 580
0.  570
0. 560
0 550
0.540
0. 530
0.  520
0 .  5 1 0
0 500
0.490
0.480
0.470
0.460
0.450
o.440
0 430

1 . 7 1 4 5 0
1.71482
1 7151,7
I  /  l J J 4

1 . 7 1 5 8 9
1 71632
1.71668
1 . 7 1 7 1 0
1 . 7 1 7 6 2
1 71795
1 . 7 1 8 5 6
1.71903
1 .71950
1.72006
1 -72062
1 72121
| . 7 2 1 7 7
1.72249
1.72308
1.72388
1 72460
1 72512
1 72626
1 . 7 2 7 2 5
1.72820
1.72924
1 73039

t . 7 t w g
| -71483
1 . 7 1 5 1 8
1 71554
1 . 7 1 5 9 2
1 .71631
1 . 7 1 6 7 1
1 . 7 1 7 1 3
r . 7 1 7 5 7
1 _71802
1 . 7 1 8 4 8
1 . 7 1 8 9 8
1.71950
r.72003
1.72060
1 . 7 2 1 1 9
1 72t81
1.72246
1 72314

72387
72464
72545
72630

- 1
- 1

0
- ?

t r
- 3
- 3

- 7
t ,

0

- l )

T L
I

- 6

- 4
- 3
- 5
-L?

0
0

L I

1 72722
r .72820
1 . 7 2 9 2 4
1 73035
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apparatus. Three holes in the chamber permitted observation of the
deviated and undeviated rays and permitted proper alignment of the
prism. Temperatures below ambient were obtained by flowing cooled
nitrogen gas through the chamber. Temperatures above ambient were
generated by varying the current through a small light bulb attached to

T,mln IV. Ogsnnvrn ,q.No Coupurpo Rnrnecrrvr INnrx lon rlnn
Extn:tonnrNerv Rev op BeO er 22.4Oo C.

Refractive Index
Wavelength

(\(p)
Residual

X105
Computed

0.680
o . 6 7 0
0.660
0.650
0.640
0.630
0.620
0 610
0.600
0. 590
0.580
0.  570
0. 560
0 . 5 5 0
0 540
0.  530
0.  520
0 .  5 1 0
0.500
0.490
0.480
o . 4 7 0
0 460
0.  450
0.440

1.7304r
1 . 7 3 0 7 5
| 73113
1 73156
1 73191
l . l . ) 2 , ' t . 7

1 73279
1 73322
1 73381
1.73423
1 73477
1 73530
1 .73588
1.73644

.73703
73779
7s852
73918
74002

.74073
74162

.7425r

1 73036
1.73074
1 . 7 3 1 1 3
1 .731s3
1 73198
1 73237
1 73281
1 . 7 3 3 2 7
| . 7 3 3 7 s
1 73425
1 73477
1 . 7 3 s 3 2
1 73588
1.73648

.73710

. 1 . ) t l o

73845
73917

.73994

.74074
74160

.7425r
74347

.74450

.7 4559

r .74348
r .7u47
r.74556

+ 1
0

-.1 ?

- 4

- 2
- 5

+6
- 2

0
- z

0
- 4
- 7

T I

t 1

+8
- 1
- l )

0

- 3
- 3

the ceil ing of the chamber. The temperature in the chamber was mea-
sured with a calibrated thermometer suspended directly over the crystal.
Temperatures are believed reliable to * 0.01" C. Measurements of refrac-
tive angle at room temperature with the styrofoam chamber in place
showed that its use introduced no systematic error. Refraction angle
measurements were made for the ordinary and extraordinary ray at five
different temperatures ranging from - 12.06" C. to 44.85o C., and at five
different wavelengths ranging from 0.450 p to 0.670 p. The temperature
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coefficients of refractive index (dn/dT) were determined graphically for

each wavelength. No signiflcant variation of dn/dT with wavelength was
noted. Therefore, these values were averaged over the wavelength range

studied for the ordinarl ' and extraordinarl ' ray. The refractive indices
increased with increasing temperature for both ra1's in a manner simiiar
to that reported for caicite and quartz (Smakula, 1952) and sapphire
(Malitson, 1962). The coefficient for the ordinary ray was determined to
be *8.18X10-6/o C. ,  and *13.40X10 u/"  C. for  the extraord inar .v  ray '

DrspBnsroN EquarroN

To relate index of refraction to wavelength, the room temperature
experimental values of refractive index rvere fitted to a two-term Sell-
me ie r  equa t i on  o [  t he  l o rm

TAere V. Coupurnr l{rrnecrrvr INotcrs aro DtsprinsroN FoR THE

Onnrxanv Reri ol BeO er 22 40" C

wavelensth i:ni.T::
A1l' r 

rncler (n)

Dispersion \\  avelensrh S::: l : : : : ]^ Dispersion
-rln/clx l.(pr i:",]:i ' l"l ' 

-dn/rlr

0. 69C
0.  685
0 680
0 675
0.  670
0 665
0. 660
0.  655
0.  650
0.645
0 640
0.  635
0.  630
0 . 6 2 5
o 620
0 61.5
0  610
0. 605
0.600
0 595
0. .590
0.  585
0 580
0 575
0 570
0 565
0. 560

| .71446
| .7 t463
1 . 7 1 4 8 0
| .7 1497
1  7 1 5 1 5
1 71533
1 71551
| 71570
1  . 7 1 5 8 9
1 71608
L.71628
| 71648
| 71668
| 71689
r . 7 1 7 1 0
1 71732
1 . 7 1 7 5 4
1 . 7 r 7 7 6
t .71799
t .7 t822
1.71846
| 71870
1 71895
| 71921
| .7 1947
r . 7 1 9 7 3
1 72000

0 0336
0 0341
0 0347
0 03.52
0 0353
0.0364
0 0370
0.  0376
0 0383
0.0389
0 0396
0 0404
0.  041 1
0 .  0419
0 -0427
0. 0435
0 0444
0.0453
0.0162
o.0471
0 0481
0 0492
0. 0502
0 . 0 5 1 4
0.0525
0 0537
0. 0.5.50

0 555
0.  550
0 545
0. 540
0.  535
0 530
0 .  5 2 5
0.  520
0  5 1 5
0 . 5 1 0
0 505
0 500
0.49.5
0 .490
0 485
0.480
0 475
0 . 1 7 0
0. 465
0 460
0.  455
0 450
0 44.5
0 440
0 435
0 430

1.72028
r . 7 2 0 5 7
r.72086
| 72116
1.72146
1 72178
1 . 7 2 2 1 0
1 72243
1 72277
1 72311,
t . 7 2 3 4 7
1.72384
1 . 7 2 4 2 2
1 72461
1.7250r
1 72512
1.72584
1 72628
1 72673
1 . 7 2 7 1 9
1 72767
1.72817
1.72868
1 72921
1 72976
1.73032

0. 0563
0 0576
0. 0590
0. 0605
0 0620
0 0636
0 0652
0.0669
0.0687
0.0706
o.0725
0 074s
0 0767
0.0789
0 . 0 8 1 2
0.0836
0.0861
0.0887
0 . 0 9 1 5
0. 0944
o 0974
0. 1006
0. 1039
0.1074
0 . 1 1  1 1
0.  1  149
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( n 2 - l t :  A t t r 2  
+ - 4 t I ' -

tr2 - Xr2 X2 - tr:2

Here n is the measured refractive index, tr is the wavelength, and A; and
tr1 are unknown parameters related to the strengths of the absorption
bands and the absorption rvavelengths, respectively. f6.r. parameters
were estimated using the method of least squares (olsen and Browne,
1964 and rBr[ Share Prog. No. 3094 Rev.) (Table rr). A comparison of
the measured indices of refraction with those predicted from the Sellmeier
equation at constant wavelength is made in Tables rrr and rv. A test for
the degree of f it between the last two decimal positions of these data was
performed using the chi square (1') test (Hald, Lgs2).rf there were no
significant differences in the last two decimais between the measured
refractive index data and the predictecl refractive index data, one would
expect, 95/6 of the time, xr/-36.42 and 12(38.g9 for the extraordinarv

Tetr,n VI. Conpurnn Rrlnacrrvr fntrcns eNn Drspr:nsroN loR TrrE
ExrneonorNenv Rey or. BeO .qr 22.400 C.-.

wavelengr h S'yll:1 l) ispersion wavelength S"loll"o\ / . . ,  l ( e t r a c t r v e  - : - ; , :  " * :  ; - ' " ' ' '  R e f r a c t i v e^(p) 
r"a"" t"i 

-dn/dx x(p) 
rndex (n)

Dispersion
-dn/d\

0 680
0 . 6 7 5
0.670
0 665
0.660
0 655
0 650
0 645
0.640
0 635
0 630
0 625
0 620
0 615
0 610
0. 605
0.600
0.  595
0.  590
0 585
0 580
U  J / . )

0 .  5 7 0
0 565
0.  560

1.73036
1.73055
1 73071
1.73093
1 73113
1 . 7 3 1 3 2
1 . 7 3 1 5 3
1, 73173
1.73191
t .  l S z l J

1 73237
1 .73259
1 73281
1 .73304
1 .73327
1 73351
I .  / J J  / 5

1.73400
| 73425
1 . 7 3 4 5 1
1 . 7 3 4 7 7
1 73504
1 . 7 3 5 s 2
1 . 7 3 5 6 0
I 73588

0. 0369
0.0375
0. 0381
0. 0387
0 0393
0 0400
0. 0407
0 0414
0.0421
0 0128
0. 0436
0.0414
0. 0453
0 0461
0.0470
0.0480
0 0489
o.0499
0.  0510
0 0520
0. 0532
0. 0543
0.  0555
0 0568
0 . 0 5 8 1

0.  555
0.  550
0 545
0. 540
0 535
0.  530
0.  525
0 520
0 . 5 1 5
0 .  5 1 0
0. 505
0.500
0.495
0 490
0. 485
0.480
0 . 4 7 5
0.470
0.465
0.460
0 455
0.450
0.445
0 . M 0

r .73618 0 .0595
1. 73648 0 0609
1.73679 0.0623
| 73710 0 0639
1.73743 0 .0655
1 73776 0 0671
1.73810 0 .0688
1.73845 0 0706
1 .73880 0 .0725
1 7391.7 0 0745
1.739ss  0 .0765
1 73994 0 0786
L.74033 0 .0808
1.74074 0 .0832
1.71117 0  0856
1.71160 0 .0881
1.74205 0 0907
1.74251 0  0935
1.74298 0 0964
1 74347 0 0994
1.74398 0 .1026
| 74450 0 1060
r.74504 0 1094
1 . 7 4 5 5 9  0 . 1 1 3 1
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and ordinarv ray clata, respectivel-v. l lhe calculated values were 10.6.5 and

11.66. One concludes there is no significant difference between the ac-

tualiv measured data and the data predicted from the Sellmeier equation.

DrspBnsrvB AND RESoLvruc PnopnntrBs

The two Sellmeier equations were differentiated with respect to tr using

the estimates of the parameters obtained by least squares (Table II) '

o. t65

0.r45

o.r25
EXTRAORINARY RAY

o.t05

o.o65 O R D I N A R Y  R A

o.o45
o.420 0.450 0.500 0.550 0.600 0.650 0.700

WAVELENGTH (MICRONS}

rrrc 3' rhe o*u "i:'"';'i:T;::,* :: il'#,":il;tT*n 
^ Disp er sion

Values of tr differing by a small constant amount were introduced into

d.n/d,)r. and the appropriate dispersion coefficients were obtained. These

data, together with computed refractive index values are l isted in Tables

\r and VI. The programmed data (Olsen and Browne, 1961) provided

graphical aids for estimating the dispersive and resolving properties of

BeO as a function of wavelength, namel.v
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it!': ;;,,i and (i';)l
A plot of the function

dn/dx
l _ n

versus wavelength is shown in Fig. 3. This defines the dispersive power of
a Beo prism at wavelength tr. The relative dispersion decreases with

22,O

20.o

t8.o

t6 .o

,2 .O

to .o

8 ,O

6.O

ORDINARY RAY

EXTRAORDINARY RAY

0.420 0.450 0.500 0.550 0,600 0.650 0.700
WAVELENGTH (MICRONS)

Irtc. 4. 'I 'he influence of dispersion upon chromatic aberration for a BeO
prism. Chromatism is a minimum in the near infrared.

increasing wavelength, tending to minimize in the near infrared. The
reciprocal of this function is shown in Fig. 4. This function may be used to
quaiitativel-v assess the degree of chromatic aberration in IJeo. Since

l - n

dn/dx
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44,O

40.o

36.O

28 .O

24,O

20,o
0.420 0.450 0,500 0.550 0.600 0,650 0,700

WAVELENGTH (MICRONS)

Frc. 5. Dependence of resolution at a chosen I'avelength upon the dispersion of Beo.

Resolution I'ill maximize at r,r,avelengths shorter than 0.4 micron and in the infrared.

is inversely proportional to the chromatic aberration, the shape of this

curve indicates that chromatism is decreasing and wil l reach a minimum

in the near infrared, for a single element BeO lens. Finall l ' ,  Fig. 5 shows

the variation with u'avelength of the quantitl'

I  /N1\- ' l
L \ d ^ . /

This provides an estimation of the spectral l imit of resolution that can be

obtained, since it is inversely proportional to the resolution. For BeO,

high resolution should occur at wavelengths shorter than 0.4 micron and

for wavelengths in the infrared.
In general, the dispersive and resolving properties of BeO are those to

be expected, of a material with a high degree of ionic character to the

bonding, and are similar to those of crystall ine quartz, calcite and sap-

phire.
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