7 pr 15y

P

UCRL-51921

ESTIMATED REFRACTIVE INDEX AND SOLID DENSITY OF DT,
: WITH APPLICATION TO HOLLOW-MICROSPHERE
. ¢ LASER TARGETS

. Briggs
Tsugawa
Hendricks
Souers

"HOXMO
ponm

September 16, 1975

Prepared for U.S. Energy Research & Development
Administration under contract No. W-7405-Eng-48

I LAWRENCE
HVERMORE
— LABORATORY

Unwersity of Caifornia, Livermore

BISTRIZUT - -



NOTICE

“This seport was prepared as an accoumt of work
sponsored by the United States Government. Neither
the United Siates nor the Upited States Energy
Research & Development Administration, nor any
of their emplnyces, nor any of their contractors,

or their ployces, makes any
warranty, express ot implied, or assumes eny fegal
tisbility or responsibility for the accuracy,

or of any i i

apparatus, product ©f process disclosed, or
represents ihat [ts use wouid not infsinge
privately-owncd rights.”

Printed in the United States of America
Available from
National Technical Information Service
U. S. Department of Commerce
5285 Port Royal Road
Springfield, Virginia 22151
Price: Printed Copy $__ *; Microfiche $2.25

* NTIS
Pages Selling Price
1-50 $4.00
51-150 $5.45
151-325 $7.60
326-500 $10.60

501--1000 $13.60



Distribution Category
uc-21

&

LAWRENCE LIVERMORE LABORATORY
University of Cafforia,Livermore, Califorria, 84550

UCRL-51921

ESTIMATED REFRACTIVE INDEX AND SOLID DENSITY OF DT,
WITH APPLICATION TO HOLLOW-MICROSPHERE LASER TARGETS

C. K. Briggs
R. T. Tsugawa
C. D. Hendricks
P. C. Souers

MS. date: September 16, 1975




Contents

Abstract . i . . . . . . B . .
Introduction . . . . . . . . . .
Literature Survey of Hydrogen Refractive Indices .
Empirical Refractive Index-Density Relation . .
Corrections to the Linear Relationship . . .
Densities cf Liquid and Solid Hydrogen . . .

Bulk Deasities . . . . . . . . .

Crystal-Structure Densitles . . . . . .
The Low~Temperature hcp *+ fec Transformation . .

Light-Interference Measurements on Glass Laser Targets

I - N R O

- e
N

Interferometry on Frozen DT Microspheres . .

Acknowledgnent

References

~ii1-

[
[CERTES



ESTIMATED REFRACTIVE INDEX
AND SOLID DENSITY OF DT, WITH
APPLICATION TO HOLLOW-MICROSPHERE
LASER TARGETS

by

C. K. Briggs, R. T. Tsugawa. €. D, Hendricks
and P. C. Souers

Abstract

The literature values for the 0.55-um
refractive Iindex K of liquid and gasecus
H
tion

and D, are combined to yield the equa-

%10,

(8 ~ 1) = [(3.15 + 0.12} = 10~
where .. is the density in moles per cubic
meter. This equation can be extrapolated
to 300 K for use on DT in solid, liquigd,
and gas phases. The equation is based on
& review of solid-hydrogen densities meas-
ured in bulk and also by diffraction meth-
ods. By extrapolation, the estimated den-

sities and 0.55-um refractive indices for

DT are as follows:

Density Refractive
State T (K) (moles/m3) index
Solid 4.2 0.053 1.17
Solid 19.712 0.051 1.16
Liquid  19.71% 0.0446 1.4

aTriple peint.

Radiation-induced point defects could
possibly cause optical absorption and a
resulting increased refractive index in
solid DT and T2. The effect of the DT re-
fractive index in measuring glass and cry-

ogenic DT laser targets is also described.

Introduction

A pussible source of energy in the
twenty-rirst century is laser-induced hy-
drogen tusiun.l-z The experimental laser
targets that are currently in use are hol-
low glass microspheres filled with DT
gus.!'-b whereas f{uture lasvr rargets are
expected to be either liquid or solid
mlerospheres~-first hollow and ultimactely

solid--of DT ltself. thecause the hasic

-1~

method of inspecting transparent laser
targets is optical, the refractive index
of hydrogen will be of continuing impor-
tance. In anticipation of cryogenic tar-
gets, we are Initiating an experimental
program on the properties of cryogenic
LT. We are also reviewing a number of
topics of current interest in the area of

cryogenic hydrogen,



Literawure Survey of Hydrogea
Refractive Indices

The literature data are largely derived

0011 pten are partly sum-

from two papers,l
marized in the National Bureeau of Standards
cryogenic review.l2 The first paper10 re-
ports measurements of the refractive index
of gaseous and liquid H, at 0.5462 pum by in-
terferometry at temperatures of betweem 15
and 298 K and at pressures of up to 23 MPa.
The second paperlz concerns data for liquig

D, (assumed normal*) at 0,546l um obtained

by computations based on earlier refractive

2
12,13 N VR

and density data.
mated liquid D2 values at temperatures from
18.7 to 30 K are alsoc glven for twe other
wavelengths: 0.3200 .m, for which (K - 1)
is 5.4% higher than at 0.5461 .m, and
0.6328 um, for which (N - 1) 1is 0.7% low-
Several other sources of data also

extse, 3717

11
er.
We have found no data ~n solid

hydrogen in the literature.

Empirical Refractive Index-Density Relution

Most estimates of the refractive index
are based on the Lorentz-lorenz func:ion,lB
which, however, is extremely sensitive to
errors of measurement. Instead, we plot in
Fig. 1 the refractive index of Hz and DZ at

0.55 um as a function of density in moles

per cubic meter. We find an essentially
linear relationship over the temperature
range 15 to 298 K and for both gas and lig-
uid phases.

The further generality of this refrac-

tive index-density relationship, at least

*Symmetric (sym or para) Hy has 100% of its molecules in even~numbered rotational levels.
At low temperaturea, sym-H2 is the natural form and occupies the J = 0 rotational lev-
el, vhere J is the rotational quantum number. If sym-Hy is brought quickly to room

temperature, molecular symmetry allows only fast AJ = 42 transitions, and the symmetric

J = 2 level will be partly occupied, Over a period of weeks, forbidden 4J = +I transi~
tions will occur, causing popuiation of the antisymmetric (asym) J = 1 and J = 3 levels.

Normal hydrogen (nHy) is the room-~temperature equilibrium mixture with a population of

25,1% sym (even-numbered J) and 74,9% asym (odd-J). The D; mentioned above is assumed
to be normal, with 66.7% sym-Dy and 33,3% asym-Dy. If quickly cooled, nHy and nDy will

have their asymmetric components metastably trapped in the J = 1 levels.

The term “equilibrium" (g} refers to the equilibrated sym-asym mixture at any tem
perature other than room temperature. The species HD, DT, and HT are expected to equili-
brate quickly by AJ = +1 tramsitions allowed in molecular hydrogen with mixed isotopes.
The speciea Ty, DT, and HT are expected to also equilibrate gquickly (e.g., an hour}
due to the catalyzing effects of the tritium E particle.®:

Solid hydrogen is unusnal in that the di-atomic molecules are scarcely affected by
the crystal fields, and J remains a good quantum number.

-2
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Fig. 1. Refractive index vs. density for methane, argon, Eﬁz, and DZ'

for simple compounds, is shown by addition-

al points in Fig. 1 for argon and methane,

which can be summarized as follows:

Wavelength
Species State T (K) (um)
Argonl? Gas 125-150 0.5893
Argon®? Liquid  86-145  0.5893
argon®®? soltd  u0-84 0.5693
Methane®?  Gas? 298 0.5462

Methane!®  Liqutd  91-185  0.3893

aAt a presaure of 0.1 MPa.

Figure 1 yields a second bonus., It avo-
pears that the Hz and Dg data fall on the
game line. We shall analyze this more
closely belew, but we can immediately pos-

-3~

tulate a simple equation for all hydrogen
isotopes, at any temperature, and for any

phase:

(N=-1) =a'o, [¢)]

A’ = (3.15 + 0.12) * 1078 n3/mole, @

vhere N is the refractive index at 0.55 im
and ¢ is the density in moles per cubic
meter. Calculationer with this equation
give refractive indices for liquid Hz that
are 1.4% low and for gaseous H2 that are
1% high.

From the data presented later, we esti-
mate an error bar of #4% for (N - 1) in
covering all the hydrogen isotopes.



Correeions to the Linear Relationship

The relationship of refractive index
and density may not be exaculy lipesr. The
accurscy of measurements is difficult to
determine but may be considered as +(0.1 to
0.2%) fur (N - 1) and (0.1 to 0.5%) for
density.; This leads to accuracy esti-
mates of £(0.2 to 1¥) for the linear coef-

ficient in Eq. (1).

We have attempted to improve Eq, (1) by
determining two virial coefficients. The
first step in accomplishing this is to cal-
culate the coeificient A' [(N - 1)/p] for
all HZ and Dz data, distinguishing between
liquid and gas, and between sym and normal
states. The results are shown in Fig. 2.
We may immediately distinguish two H2 gas
lines, ore for 30 to 100 K and the other
£or 299 K, with nH, and sym-H, poiats being
indistinguishable., We now expand Eq, (1)
to include a second virlal coefficient,

A" = A+ Bp, )

where A' is defined as (N - 1)/c in Eq. (1)
and p is the density in moles per cubic
meter. From Fig., 2, we obtain the follow-

ing coefficients for H2 8as:

T (K) A (mjlnule) B [(malmnle)zi
30~100 3.116 = 1076 1.857 x 10712
298 3,127 x 1076 1.534 x 10712

The data of Fig. 2 suggest a slight
isotope effect, since A' for D2 lijes below

—l

the values for H,. The slepe B remains
about the same, ;ut the intercept A is
0.338 mJ/mule lower for D, thar for ii,.
¥or cold T, gas, we extra;alnte an A ;alue
of 3,050 x 107® 23/mole, which vields an
expected refractive index about 3: i.uwer
(1).

we have given a +4% spread to Eq, (1).

than rhe value generated by Ea. Hence

The data for the liquid are nor so well
behaved. Figure 3 shows the coefficient
A' as a function of temperature for the
liquids EIE'“Z' Eﬂﬁ' and D, (assumed nor-
mal). The svm-H, data sho; A strange droy
near the criticai point, whic: has net been
explained as vet. Again, the values are
lower for Dz than for nz. We roughly ex-
trapolate the data for higher mass and to

lower temperatures to obtain
Liquid:

A" = {3.190 - 0.0175 (M - 27~ 10°° &3 mole.

(@)

Solid:
A' = [3.195 = 0.015 (M - 2)] x 10~ w/mole.
)

Here M is the mulecular weight of the ap~
propriate hydrogen species (to the neares-

integer).
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Fig. 2. Coefficient A' as a functlon of density.
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Densities of Liguid and Solid Hydrogen

The liquid densities for the hydrogens
from the triple points to 25 K can be taken
from a previous compilation.9 The data are

shown in Fig. 4 and Table 1.

It now remains to consider the litera-
ture data for solid hydrogen, which forms
in a hexagonal close-packed (hcp) structure
on freezing at the triple point.z Density
determinations have been made primarily by
two methods: bulk densities reported as
molar volumes, and densities determined
from diffraction measurements of crystal
structure. The : cwo methods are reviewed

separately in this report.

-6

BULK DENSITIES

Four separate studies have been carried

t.ZA—ZB The most basic approach was

ou
taken by Megaw, who first measured solid
H2 and D, densities in 1939. She filled

a known volume with solid hydrogen and
measured the amount 1y subliming to a PVT
apparatus. The technique was cross-checked
with solid helium of known density.25 The
other major approach to this measurement 1s
to determine the phase diagram and latent
heat of fusion aand then calculate the vol-
ume change on freezing by the Clausius-

26,29

Clapeyron equation. From a knowledge



056 T al T [ T i ! T T
T2
ro—=—
054 —
. o hep
o fee
052 P _{

N o u D

% -y b _—ti g 2

% 050 A —

£ \{/

o

=,

= A

/
z o8 % —— HD / 7
G Triple /
3 —— poinli//
.046 — )! —
e /
- /
o= ., /
044 — i - Hy v -~
= = | = 4
N'
.042 1 ! L ] | | | il 1
0 2 4 6 8 10 12 14 16 138
Temperature (K}

Fig., 4. Densities of the hydrogen isotopes iIn the solid state as a function of tempera-
ture. The open symbols represent data obtained in bulk determinations; the solid
symbols are points for data obtained in crystal-structure determinations.

Table 1. Lattice parameters of solid hydrqgen.a
hep fec Diffraction
Species a [ c/a a method Reference
H, 3.76 6.11 1.62 5.31 x-ray 320
3.68 6.06 1.66 -— X-ray 31
HD 3.64 5.95 1.63 5.18 Electron 34
D, 3.59-3.62 5.83-5.88 1,61-1.64 5.07-5.08 x-ray 37b
Neutron 38b, 39b
T2 3.47 5.80 1.67 - x~ray 31, 40

%Lattice parameters in angstroms.
bconsidered best data.

-7~



of the demsity of the liquid, the corre-
sponding density of the solid may be cal-
culated.

Bulk-density data are available for Hy
at 4,2 KZS
HD at the triple point.26 and for Dz at
4.2 KZS

and at the triple pnint,26 for
26
and at the triple point.

CRYSTAL-STRUCTURE DENSITIES

Much work has been doone in this fileld
in studying the transition from hexagonal
cloge~packed structure to face-centered
cubic structure (hep * fcc) that takes
place as solid hydrogen is cooled to 2 to
4 K. The transition is first arder, but
the volume change 1530 only 0.5%, and the
densities of the two phases are inter-—
changeable within experimental error.

The sym-asym ratios also appear to have
no measurable effect on density.

The methods used include Xx~ray, elec-
tron, and neutron diffraction. The phases
have been studied at the nominal tempera-~
tures listoed helow.

hep Structure fce Structure

Species T (K) Ref. T (K) Ref.
HZ 1.3~7 31-36 0.9-5 32-36
HD 2.8-7 31,34 2,8-4.5 34
Dz 1.4~13 31,34-39 1-5 33,35,

38,39
1, 4.2 31,40 - -

The best data, in our opinion, come from

32,38

certain of the x-ray diffraction and

neutron-diffraction dat937'39
only H2 and Dz.
rameters for both erystal structures is
shown in Table 1.

and cover
The range of lattice pa-

The hep structure cor-

~B=

responds almost exactly to the classical
rlose packing of spheres, which has a c/a
r.ar;ic'l‘1 of 1.633. The densitles may be
calculated from the lattice parameters,
recalling that the hcp structure hac two
lattice points per c21141 and the fcc
structure has Em.xr.l'2

All the bulk and erystal structure den-
sities described above are now combined as
Many
of the crystal structure points have con-

a function of temperature in Fig. 4.

siderable error bsrs of temperature uncer-
tainty. The two broken Hz lines represent
the results of two thermodynamic theories,

and the agreement is quite gaod.43'4b

We have derived empirical formulas for
the data of Fig. 4.
D2 data regquires the empirical form

The curvature of the

o = oy - €12, ®)

wherae p 1s the solid density in moles per
cubic meter, Po the density at 0 K, T is
the temperature, and C 1s a constant. The
golid lines for Hz and Dz in Fig. 4 are
the easily derived forms for Eq. (6). The
coefficients Po and C are listed for Hz
and D2 in Table 2 with the densities at
4.2 K and at the triple point. For HD,
however, only data at the triple point are
usable; the scatter at low temperatures

1f we
interpolate between the values of po snd C
for Bz and Dz, we obtain a fit that is

makes estimation of po impossible.

quite reasonable.

For heavier molecules than Dz, however,
the uncertainties become extreme. There
i only one point for T2 at 4.2 K, with a
pogsible temperature uncertainty of 2 de-

grees above 1liquid helium temperatures.



Table Z. Densities and refractive indices of liquid and solid hydragen.a’b

Density (105 moles/m3) Refraccive index at 0.55 im

Triple Constant Solid, Ligquid, Solid, Liquid,

paint 4 Solid, Solid, triple triple Solid, triple triple
Species K) (x10"7) 0K, pg 4,2 K point peint 4.2 K point point
J=0H, 12803 0.04291  0.03821 (L.137)  l.122
o, 13,957 78 (0.0443) 00843 4 630y p.pseze M L 122
HD 16.604 (3.84) (0.0476)  0.048  0.04579 0.04062 (1.15)  (1.146) {1.129)
J=0D, 18.691 0.04859  0.04299 (1.154)  (1.136)
D, . 20 (0.0507)  0-0507 g nigsy  o.penr7 10 1ss) 1136
T (19.71) (2.5) 0.053)  (0.053) (0.051) (0.0446) (L.17)  (1.16)  (1.140)
£T, 20,62 (2.4) (0.055)  (0.055) (0.053)  0.04539 (1.17) (1an {1.142)

%Data from Refs. 31 and 45,

bEStima[ed values are shown in parentheses.

Even so, the density of 0.0549 x 106 moles/ timated, corresponding values are obtained
m3 seems high.* so1id T, must either for DT by interpolation. These are listed
shrink more than D2 on w;rming to the tri- in Table 2.

ple point (i.,e., must have a larger value By using Eq. (6) plus the isotopic

of C) or must exhibit a large shrinkage coefficients listed in Table 2, we can es-
on freezing. We have taken a Py value of timate the solid densities from O K to the
0.055 x 106 mcles/m3 for Tz, essentially triple point. These estimates are good
the 4.2 K value, and estimated a € value for either the hcp or fcc structures and
of (2.4 +1.4) % 10-7 mole/mS—K. just below for any sym-asym mixture, because small
that of Dz' This yields an estimated den- changes are submerged in the errors of es-
sity at the triple point of (0.053 + timation. The resulting solid and liquid
0,001) x 106 moles/m”. This large uncer- densities at 4.2 K and the triple points
tainty is also shown by the error bar for are also listed in Table 2.

the molar volume of the solid at the triple Once densities are known, the refractive

point for TZ. Once po and C values are es- indices of liquid and solid hydrogen can be
calculated from Eqs. (1), (4), and (5).
The resulting refractive indices at 4.2 K

*This value is obtaiped from the hcp x-ray and at the triple points are listed in
lattice parameters. However, the pre- .

vious Soviet value of 0.0537 x 100 moles/ Table 2. The refractive indices of the
m3. which was erroneously der%ged for an solids assume no nevw effects due to the
assumed tetragonal structure, has been

cited in NBS-641. This value leads %o a radiation from the tritium. Radiation-
freezing shrinksge volume more in line induced point defects, however, could con-
with the lower-mass hydrogen isotopes, but

we report the Soviet data in the form the ceivably cause absorption and an increased
researchers considered to be final. refractive index in the visible portion of

-9



Table 3. Specific volumes and freezing shrinkages for liquid and solid hydrugen.u‘b
-6 3
Specific volume (10 m~/mole)
Molecular Triple Solid, Liquid, Freezing Freczing
weight point Solid, triple triple shrinkage shrinkage
Species (g/mole) {K) 0K point point volume [¢3)
J=0 H2 13.803 23.30 26.173 -2.873 -11.0
ol 2.016 13957 @3 5345 26.108 -2.858 -11.0
HD 3.023 16.604 (21,03) 21.84 24.62 -2.78 -11.3
1=00, 18.691 20.58 23,262 -2.682 -11.5
2D, 4.029 18.71 9.7 30,48 23.162 -2.682 -11.6
DT 5.032 (19.71) (18.8) (19.5) (22.4) (-3.0) (-13)
eTo 65.034 20,62 (18.2) (18.9) 22.03 (-3.1) {~14)
®Data from Refs. 31 and 45.
hEsLimal:ecl values are shown in parentheses.
[ T T
on
26 Asym
the spectrum. There is no way to estimate ve
such effects at this time. It appears im- L
estimated N
portant that an optical spectrum should be

measured for DT to ascertain possible prob-
lems of laser light absorption.

We now invert the liquid and solid den-
sities into specific volumes, which are
listed for 4.2 K and the triple points in
Table 3.
at the triple points are also plotted in

The specific volumes at 0 K and

Fig. 5 as a function of molecular weight,
8o that the effect of increasing molecular
weight may be observed. The experimental
densities of Table 2 and specific volumes
of Table 3 and Fig. 5 are the recently rec-
ommended values of the National Bureau of
S:andarde.hs

Table 3 shows that HZ' HD, and D2 all
contract about 11% with a slight increase
with molecular weight. However, estimated
DT and Tz shrinkage values are approxi-
This ef-
fect is also shown by the widening of the

mately 13 and 14%, respectively.

gap between the moler volumes of the solid

~10=-

I
A
1

N
(]

Specific volume (106 m3/mole)

Liquid, tripte point

Salid, tripte point

20—
\,
~
L ~ § g
N,
o D2 pr ‘\.é
o e L L ;
2 3 4 5
T2
6
Molecular weight
Fig. 5. Specific volumes of the liguid

and solid hydrogers.



and the liquid at the triple point in Fig.
5. The larger shrinkage estimates are due
solely to the single Soviet T, data point31
at 4.2 K. Tt would be quite interesting to
measure the DT and T2 freezing shrinkage
volumes to see if they are indeed larger
than expected from the lighter hydrogen
isotopes.

The shrinkage is also quite impertant
as repards lager-target fabrication. It
is thought that holleow LT microspheres may
be the targets at 10-kJ laser energies.l_
Recently, such shells of hollow H2 have
been prepared by the Rayleigh liquid-

The Low-Temperature hep

Heat-capacity measurements on solid H2
and D2 show a component below 11 K that
does not decline to zero according to the
usual Debye ::un'e.[’7 This is due to the
presence of the frozen-in metastable J = 1
species. When the J = 1 species is more
than 60% of the total, the heat capacity
shows a spike in the vicinity of 2 K, which
was called, when first discovered, the 2
anomaly.A

By 1968, a large amount of data could
be correlated. The results of x-ray dif-
fraction measurements on bulk crystals show
that the hep structure of hydrogen formed
at the triple point changes at the }
anomaly to fct:.as’l'9 Thi¢ occurs in HZ
and D2 only for J = 1 gre:ter than about
60Z, For J = i less than 60Z, the hcp
structure remainssa to at least 0.2 K. The
phase transformation is first order, with a
volune change3o of 0.5%. 1t demonstrates
hysteresis, with the fce structure becoming
more stahle with each thermal recycle, un-
til heating to 12 K {8 required to fully

-ll=

jex m&thod.46

Such hollow liguid micro-
spheres would be injected into a vacuum

for laser firing. Sublimation in the vac-
uum would cause the microsphere to freeze
from th> outside in. The resulting shrink-
age would set up strains that could con-
ceivably shatter the frozen bubble. Since
nucleation of the freezing would probably
not be symmetrical, the shrinkage mighc
also cause considerable listortion of the
svmmetrical microsphere. For these reasons,
the details of the DT freezing process will
be of great importance in laser-target

fabrication.

— fee Transformation

reconstitute the hep structure. This hys-
teresis is greater for D, than for Hy and
increases as the J = 1 component increases
toward 100%. The transition temperature
also increases linearly with the percent
of the J = 1 component, with extrapolated
100% values®® being 2.8 K for H, and 3.8 K
for D,. Supperting evidence for the phase
transformation is alsc seen in the results
of measurements by neutron diffraction,
infrared spectroscopy, and nuclear mag-

netic resonance.

Elactron-difiraction studies on 100- to
1000-4 films of solid hydrogen show, how-
ever, that the fcc form 1s more easily gen~
erated in films than in bulk cryscals.33'34
Films of EHZ‘ HD, ard ng first freeze on
the subgtrates in hcp form with the c-axis
perpendicular to the substrate surface.
Conversion to the fce form occurs In the
range 4.5 to 5 K. The conversion ot HD,34
surely a state where the J = 1 specles is
close to zero, is quite unexpected.



It has long been believed that an order-
ing of rotational moments is involved in
the A anomaly, although the actual physical
The

most pilcturesque analogy is to imagine the

arrangement is not well understood.

J = 1 rotational moments lining up im an
"antiferromagnetic" structure.sa’SA A ro-
tational moment may flip, and the excita-
tion may travel down the crystal lattice
in a wavelike manner. Such an excitation
is assumed to take and give energy in a
quantized manner. It is called a "libron,"
by direct anelogy with spin-wave "magnons"
For this

the fcc structure is called the

in antiferromagnetic erystals.
reason,
"ordered" state of hydrogen, and the hep
structure the "disordered.”

It is thought that some degree of rota-
tional-moment ordering may occur even in
the hcp forms that exist to 0.2 K when the
J = 1 species is less than 60% in bulk sam-
plea.s5 As the percentage of the J = 1
gpecies increases, the force for alignment
increases rapidly until the actual crystal
Thin films may

become ordered more easily because of the

transformation occuts.35

forces from the substrate and the small
amount of hydrogen to be rearranged. Sev~
eral studies using Raman spectroscopy are
currently under way in order to ascertzain
the true ordered structure by studying the
librons.56’57

The hep + fec transformation does not
appear to be of great importance from an
applied point of view., By extrapolating
the 100% J = 1 transition temperatures for
HZ and Dz, one might expect a transforma-
tion of bulk frozen DT and T2 above 4.2 K,
It may even occur at higher temperatures
for DT plated onto the sides of a glass
microsphere, since this may approximate
the thin-film behavior.

tiuvm B particle is likely to catalyze ro-

However, the tri-

tational transitions to the J = 0 level in

58,59 The low-tempera-

less than an hour.
ture equilibrium mixture of eDz—DT-eT2 will
have a low percentage of J = 1 molecules to
induce ordering. Perhaps the only trans-
formation property that might affect laser-
target fabrication is the volume change,
which will place an additional stress on

the frozen microsphere.

Light-Interference Measurements on
Glass Laser Targets

1t has been mentioned that current laser-
fusion targets are glass microspheres that
have been selected for uniform wall thick-
and filled
The circular fringes may be ana-

negs by light l.nt:erferem:e['"6
with DT.
lyzed by a refractive ray-trace program that
yields the average wall thickness, provided
the refractive index of the glass 1s known.
Stone showed that such wall-chickness mea~
surementes are heavily influenced by the re-
fractive index of 'i~ DT £111 gas inside the

microsphere.Go Weinstein has devised an
improved wall-thickness measurement method,
employing white light, that also depends on
knowing the refractive index of DT gas.sl
The full refractive ray-trace program5'62
is too complex to present here, but a sim-
ple theory serves to show the physical prin-

ciples involved.

The interferometer 1s composed of a ref-
erence arm ard the sample arm containing the
hollow glass microsphere. 4 light bear is

-] 2=



split intyv two parts, one entering edch arm.
The beams in each arm travel almost identi-
cal path lengths (including reflection at
idenctical mirrors), reconverge, and inter-
fere. Microscope lenses are included in
each Interferometer arm since laser targets
are only 50 co 100 pm in diameter.

A schematic for the simple light inter-
ference model 1s shown in Fig., 6. All
lengths are dimensionless, having been divi-
ded by the true outer radius - The ray
in Fig. 6 proceeds from left to right, is
reflected at the mirror, and returns. The
index of refraction is 1.000 for the air, K'
for the microsphere glass, and N" far the DT
gas inside the microsphere. Other lengths,
in dimensionless units, are P, the planar
radius to an arbitrary ray; L, the wall

thickness; and (1 - L), the inner radius.

Mirro
[}
Start— ]
ﬁnrh
N=1 N
1A
1)
[N I-L | N~
pll
[
-1 0 1
Fig. 6. 5chematic of the simple theory

of light interference.

For the arbitrary ray, we need anly con-
sider the physical distances through air,
glass, and gas from point A to B and multi-
ply each length by the appropriate refrac-
tive index., The fiducial ray for the micro-
sphere is the x-axis ray, which paases
through the least amount of glass, We as-
sume that a glass epacer has been inserted

in the reference arm of the interferometer

13w

to bring the optical path difference het;een
the reference arm xz-axis ray and microsphere
x-axis ray to zero. We can then ignore the
reference rays, with which the interference
in fact occurs, and consider only the rela-
tion of the microsphere rays.
The aptical path length of the x-axis

micrasphere ray, SO' from start to finish,
is

5 = 4 (N'L+N"(1 - )] (7)

The corresponding optical path length of
the arbitrary ray, S, of planar radius P is

5= 4([1 -a- pz)"]

1 i
+N'1(1-P2) -ra-n?-9 E

5
+ 8" [Qa - vl - le . (8)
The two microsphere rays will rez.h the
finish line at different times, since the
arbitrary ray has been slowed down by pas-
The phase differ-

ence between the two rays is obtained by

sage through more glass.
subtracting Eq. (7) from Eq. (8). For

physical simplicity, we also expand the
square-root terms to & two-term binomial

series expression as follows:

2%
(L-P%) =1- for P << 1. 9
By carrying out the indicated operations,
we obtain the optical-path-length differ-

ence AS:

88 = 2w - L - o - . Qo
1 -1 *



If the optical-path-length difference in
Eq. (10) is multiplied by the true outer
radius L3P the resulting length may be com-
pared with the wavelength of the observing
light.
arbitrary planar radius P will occur if

Constructive interference at the

as an

EIE)

where A is the wavelength of th. observing
light and m is an integer. Hence we expect
a serles of interference rings, represent-
ing different orders m. Equation (10)
shows that the optical-path~length differ-
ence increases parabolically, so that high-
er order interference fringes become more
crowded as one progresses outward from the
(10)

is derived from an approximation in which

center of the microsphere. Since Eq.
P << 1, ore might expect the exact AS to
rise even more steeply. Physically, how-
ever, one cannot display a fringe in less
than a half-wavelength of planar radius

(i.e., 248/3P < 1).
fringes to possibly fade out near the edge.

The refractive ray-trace prugram5’67

One expects the

yields an opticale-path-length difference

4% that rises with the planar radius P more
steeply than the parabolic function of

Eq. (10).
glass paths and increases the air-gas dis-

Refraction alss reduces the

‘rterferomerry «

tances, so that the code-predicted behav-

lor is better described Ly the form

1.6 PZ
a-n

are
X

a3 [(N' = 1)L - L.4" - 1)7.

(iz

)

Equation (i2) shows that the preseace of
DT gas inside the microsphere will lower
the optical path difference. This is be-
cause the arbitrary ray passes through less
DT gas than does the x-axis ray and hunce
gailns in time. A typical laser target is
of glass with refractive index 1.50 and has
an L value of .02, If the microsphere
were filled to 10° moles/m® (2.5 MPa or 360
psi at 390 K), the DT gas refractive index,
X", according te Egs. (1) and (2), would be
1,00315.

almost the size of the rfirst.

In Eq. (12), the second term is
The total
optical path is reduced 5v almest hali, and
the fringes are pushed outward on the race
of the microsphere. If DT gac could be add-
ed without breaking the microsphere, the

eventual result would be the condition

(K* - 1)L = 1.6(8" ~ 1), (13}

in which no fringes are obtained because the
glass path and the DT path just cancel one
another. For the microsphere example ahove,
this would occur for a pressure of about

b MPa, whlch would probably break the . lass

walls.

m Frazen DT

Microspheres

it is interesting to consider the cor=-
respondany light interierence pattern for
At 4.2 K,
the refractive index of the walls, N', is,
2, only 1.17. The

a frozen hollow DT microsphere.

by the estimate of Table

-lb4~

vapor pressure at 4.2 K 1s estimated to be
about 2.4 » 1079 pa (1.8 » 10712 Torr)®?
so that the internal gas refractive index f¢
1,000, The term (' - 1) in Eq. (12) is

one-third the magnitude of that of glass,



and the fringes will be at least (3)* éar-
ther out for the same dimensions. Only a
fairly thick microsphere will show even a
first fringe. For a diameter of 100 um and
0.55-hm light, the thickness L must be
greater than 0.024 um to accumulate even
one half-wavelength of optical-path-length
difference.

At the triple point, liquid DT has an
estimated refractive index N' of 1.14 (Ta-
ble 2) and an estimated eguilibrium vapor
pressure of 1.94 x 104 Pa (145.7 Torr).[‘S
The vapor pressure ylelds a density of
119 mcles/m3 and an estimated refractive
index N" of 1.00037.
rected for the equilibrium atmosphere

Equation (12}, cor-

outside the microsphere as well, becomes

1.6 P2

“a-0 (14)

45 (N' -~ N")L,

The optical-path-length difference 1s now
only 28% that of the glass microsiphere;

the fringes, if any, move out a little fur-
ther. The path-subtraction effect of Eq.
{13) is reduced in importance by roughly
the factor L, This is because the sum of
the DT gas outside and inside results in
an almost constant path-length correction

to 5.

It is apparent that che interferometry
of small DT microspheres can be hampered by
the very small difference in predicted re-
fractive index between the liquid and the
solid.
the use of larger microspheres, which will

Higher laser energies will lead to
be eagier to examine. The two-arm method
of interference may not be practical at low
temperatures for a moving-target micro-
scope. Single-arm interferometers exist
and will be more stzble in a cryostat.
The use of multiple reflections ta build
up optical path-leagth difference in the
Fabry-Pérot etalon may be useful .84 Also
of interest 1s the refractive method of
63,66 in which

parallel light is refracted by the micrto~

Reedy of this Laboratory,

sphere and collected by a lens with a
known, stopped aperture. A Tilack ring ia
seen at the mlcrosphere edge, and light
interference is not Tequired. RHowever,
the single pass of the light through thke
low-index solid DT will not produce re~
fraction at very large angles, and a

sensitivity problem will also appear.
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