
EJR 
UCRL--52000-82-8 

DE82 021538 

tWOJOT 

Energy and Technology Review 
HI Lawrence Livermore National Laboratory 
* " August 1982 

MIKE 
I TOW W TH« HEP6KT AM lilEtWE. 
^ w been repf traced fram Mm tost B r i e f s 
l' *•!•• C 0 M J{ j . »•"••» * • »TO«lMt A U n i v e , . s a ] S e n s o r for p0tentiometric Titrations 

iVMIIMIIty. Successful Demonstration of the AVLIS Process 

The Compuron: How Round Is Round? 
By applying microcomputer technology to the task of inspecting machined 
parts, we have developed an ultraprecise roundness measuring instrument. 

Electrosynthesis of N 2 O s : the Key to Inexpensive HMX 
We have developed, on a laboratory scale, an improved method of 
synthesizing dinitrogen pentoxide (the reagent that could provide an 
alternate method of HMX production) at greatly reduced cost. 

Laser Fusion with Green and Blue Light 
We will incorporate frequency conversion to short wavelengths in the 
Laboratory's Novette and Nova lasers to improve the performance of 
inertial-confinement fusion targets. 

11 

19 

Thi i opart w n e r t p v H « *n K C D 

H t w i t r . f t " B J or taplW, o 

r*ormnt i ( M l 111 u » wwld no 
commercial pnMuci, Proem, c » 
nut nccnwi lv <omtliut» a Imi 
S I I U I Government or «ny tvey 
n e n t u d l r t u M o ' ratlKtthoMot 

D t S C U M M E t l - -

n (of wort vcmorad Cc «r> « w < v o' W>» U"f nd Su 
vfit no' t.ny agency thereof. nor any of their erroli 

• m i n n eny ttgtl liability or rexporiiibility lo 
tny Inlormjion, aotMraiui. prsducl. 0< piom 

Infringe ptivitely owned r tym. Pelerence herein 

t o G m a n r n r i i . 
yen. t u t B erty 

OitdoMd. or 

bt ttw Unlied 

Thi i opart w n e r t p v H « *n K C D 

H t w i t r . f t " B J or taplW, o 

r*ormnt i ( M l 111 u » wwld no 
commercial pnMuci, Proem, c » 
nut nccnwi lv <omtliut» a Imi 
S I I U I Government or «ny tvey 
n e n t u d l r t u M o ' ratlKtthoMot 

ihtnol. Th» »**» *nd cuin lnn o 
Hi United S i i t n Goxmmeni or V Hgercy i rwec l 

t o G m a n r n r i i . 
yen. t u t B erty 

OitdoMd. or 

bt ttw Unlied MKSf® 

UCRL-52000-82-8 
Distribution Category UC-2 

August 1982 

OTSTHBITO OF mis oocuMEHr is m m a 



Briefs A Universal Sensor for 
Potentiometric Titrations 

The amount of a substance dissolved 
in a solvent can be measured by a tech
nique called titration. To titrate a solu
tion, we add, stepwise or continuously, 
a standardized reagent (the titrant), 
which reacts with the substance being 
measured (the analyte) to produce a 
chemical change when the substance 
has reacted completely, The point at 
which this change occurs is called the 

Table 1 Some feasible potentiometric titrations using i graphite sensor 
coated with PVC-DOP (Roman numerals indicate valence state). 

Ion measured Titrant Titration type 

Perchlorate Cetylpyridinium Precipitation 
Hexafluorophasp hate Cetylpyridinium Precipitation 
Peroxydisulfate Cetylpyridinium Precipitation 
Nitroform Cetylpyridinium Precipitation 
Picrate Cetylpyridinium Precipitation 
Tetraphenylborate Cetylpyridinium Precipitation 
Dodecylsulfate Cetylpyridinium Precipitation 
Thallous Tetraphenylborate Precipitation 
Bromide + iodide Silver (I) Precipitation 
Fluoride Lanthanum (III) Precipitation 
Tungstate Lead (11) Precipitation 
Acid phthalate Sodium hydroxide Acid-base 
Ferrous Chroma le Oxidation-reduction 
Ethylenediamine tetraacetate Lead (11) Compleximetric 

Table 2 Performance of various graphite sensor materials coated with 
PVC-DOP. Approximately 35% nitroform in solution was titrated with 0.05 IV 
cetylpyridinium chloride. 

Nitroform 
Number recovered. Standard End point 
of tests mean % deviation break, mV 

Spectroscopic 
graphite' 3 

Mechanical-pencil 
"lead" in glass 
capillary1* 4 

Pencil* 4 

35.94 

3574 

0.06 

0.03 

110 

30 

"Cost $1.29 each. 
turquoise Eagle drawing lead; cost $0.07 each. 
Tslo. 2 Astro 155 Bondexed iesd pencil; cost $0.04 each. 

endpoint of the titration. In potentio
metric titration, a technique used for 
several decades, the endpoint is sig
naled by a change in the electromotive 
force (potential) between two dissimilar 
electrodes, the sensor and the reference, 
immersed in the solution. 

Depending on the ion being mea
sured, various kinds of sensor are used 
to detect the endpoint of a potentio
metric titration. In acid-base titrations, 
the electrodes are made of glass; in 
oxidation-reduction titrations, of gold or 
platinum. Ion-selective electrodes, 
developed more recently, are used to 
sense specific ions. The current cost of 
these specialized sensors ranges from 
$40 for an acid-base electrode to as 
much as $355 for a potassium-sensitive 
electrode. We have designed and tested 
a simple and inexpensive universal sen
sor that can be easily fabricated in the 
laboratory. 

In 1970, it was reported that 
polyvinylchloride (PVC) membranes 
plasticized with dioctylphthalate (DOP) 
respond to some organic cations. Inves
tigators recently used an electrode con
taining such a membrane to signal the 
endpoint in a very specific reaction, the 
titration of an alkyl aromatic sulfonate 
with quaternary ammonium ions. We 
have demonstrated that this type of 
sensor is applicable to a wide variety 
of potentiometric titrations: acid-base, 
precipitation, compleximetric, and 
oxidation-reduction. Table 1 lists some 
of the titrations that are feasible with 
this technique. The sensor can measure 
both organic and inorganic ions, its 
selectivity depending entirely on the in
teraction between the analyte and the 
titrant. Its versatility is limited only by 
the fact that the titration medium must 
be aqueous, as the membrane will dis
solve in organic solvents. 

To fabricate the sensor, we cut a rod 
15 cm long from a standard 30-cm 
graphite spectroscopic rod 6 mm in di
ameter. We prepared the coating solu
tion by dissolving 1 g of low-molecular-
weight PVC and 1 g of DOP in 30 ml of 
tetrahydrofuran. We coated the graph
ite rod to a depth of 1.3 cm by clipping 
it for a few seconds into the coating 
solution and air drying it. The process 
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was repeated three or four times. (The 
cost of the coating solution was less 
than $0.01 per electrode; one batch of 
the PVC-DOP solution will coat many 
electrodes and will keep indefinitely in 
a stoppered glass bottle.) We then con
nected the coated rod to a potentiom
eter. Any single-junction electrode can 
serve as the reference electrode; we 
used a silver-silver chloride reference 
containing a salt bridge of 0.1 N sodium 
nitrate. 

It has been conjectured that the sen
sitivity of such electrodes may result 
from the formation of freshly precipi
tated complex compounds on the mem
brane during titration. These precipi
tated compounds gradually saturate the 
plasticizer in the membrane. The steep
ness and magnitude of the potential 
break at the endpoint is governed by 
the soli'bility product (the equilibrium 
between ions and solids in solution) of 
the precipitated species and is also 
influenced by the plasticizer in the 
membrane. 

Although this explanation no doubt 
applies to precipitation titrations, it fails 
to account for the endpoints in other 
types of potentiometric titration we 
have investigated. We surmise that in 
acid-base, oxidation-reduction, and 
compleximetric titrations, an electrode 
may undergo a potential change when 
a major change occurs in the ionic 
composition of the solution. 

As a demonstration of the versatility 
of our technique and as a technical towr 
dc force, we measured nitroform (a 
water-soluble organic compound) in 
solution by titrating it with cetyl-
pyridinium chloride, using the follow
ing electrode materials coated with 
PVC-DOP: 

1. Standard spectroscopic graphite. 
2. A graphite "lead" from a mechani

cal pencil crimped into a glass capillary 
for mechanical strength. 

3. A No. 2 wooden pencil. 
In the last, we pried the eraser loose 
and filled the cavity with solder to 
make electrical contact with the graph
ite core (Fig. 1). 

The results, shown in Table 2, indi
cate acceptable precision in all cases 
(endpoint breaks were smaller with the 

Fig. 1 
A universal potentlometrlc aantor. Tha senaor elactrode, coated with PVC-DOP, la a 
standard No. 2 graphite pencil. 
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Fig. 2 
Titration curves lor approximately 
35°i nllroform solution titrated with 
cetylpyrldlnlum chlorlda; Ihraa graph-
lt<i materials were uted lor the PVC-
DOP'Coated sensor electrode. 

1 2 3 
Titrant volume, ml 

second and third variants). Figure 2 
shows the corresponding titration 
curves. The electrode material for the 
second variant cost $0.07 and for the 
third $0.04. Though we do not advocate 
regular use of these two materials, we 
have demonstrated that in some appli
cations it is possible to do the research 

and write up the results with th« same 
pencil. 

For further information contact 
Walter S. Selig (415) 422-6378. 

Key Word9: graphite; potentiometric titration; 
titration. 

Successful Demonstration 
of the AVLIS Process 

We recently performed the first 
uranium enrichment demonstration 
using lasers in which both the isotopic 
reduction in the input and the isotopic 
enrichment of the product were 
measured. The experiment was an inte
grated test of the Atomic Vapor Laser 
Isotope Separation (AVLIS) process de
veloped at LLNL and recently selected 
by the Department of Energy for large-
scale development. The enrichment and 
mass balance indicated by the isotopic 
analysis of the product and of the tails 
matches our expectations based on the 
AVLIS process model and gives us 
added confidence that our plant-
performance projections are accurate. 

The three basic steps of the AVLIS 
process (Fig. 1) are as follows: 

• An electron-beam heats a crucible 
of molten uranium metal to produce a 
sheet-like stream of atomic uranium 
vapor. 

• The atomic vapor flows into a 
separation zone where it encounters 
pulsed laser beams. These lasers, tuned 
precisely to visible-light transitions of 
uranium-235, selectively photoionize 
the uranium-235. 

• Electromagnetic fields draw the 
ions onto charged-product collector 
plates, leaving the bulk of the vapor to 
accumulate on a tails collector plate. 

Enrichment performance is measured 
in terms of conventional separative 
work units (SWUs), a value function re
lated to the energy required to separate 
or unmix a feed stream of specified as
say into product (enriched) and tails 
(depleted) streams, also of specified as
says. In the case of light-water reactor 
(LWR) fuel, these assayr are a 0.7% 
uranium-235 feed, 3.2% uranium-235 
product, and 0.25% uranium-235 tails. 

For the AVLIS process, the separative 
work performance is described 
conveniently by two key process 
parameters—the stripping efficiency rjs 

and the nonselective pickup <p. The 
stripping efficiency is the fraction of 
uranium-235 in the feed stream that is 
ionized by the laser and collected on 
the product plates; it is the product of 
three main factors—available atom 
population fraction, photoionization ef
ficiency, and extraction efficiency. Strip
ping efficiency determines the tails as
say and strongly impacts the separative 
work performance. 

The nonselective pickup 0 is the frac
tion of the feed stream that is deposited 
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Fig. 1 
Essential elements of the AVLIS 
process. 

Laser system 

Separator system 

on the product plates. For the most 
part, <t> determines the product quantity 
and product assay but has less impact 
on separative work than does TJS. The 
two major factors determining </> are the 
vapor-flow characteristics and the 
geometry and orientation of the prod
uct collector with respect to the vapor 
stream. In previous experiments de
signed to isolate the controlling effects, 
we extensively studied the separate fac
tors that determine ys and $. The re
sults of these experiments provided the 
basis for our understanding of the pro
cess and allowed us to model and 
project AVLIS plant performance. 

Our recent enrichment demonstration 
was designed to simulate as closely as 
possible full-scale plant operating con
ditions and thus provide a benchmark 
for the process models that predict the 
integrated system performance. Al
though the available laser and vapor 
facilities are at smaller scale than the 
full-scale plant, we were able to dupli
cate the most important features of 
photoionization and ion extraction in a 
plant-geometry extractor cell at plant 
vapor density and laser fluence. 

The experiment yielded high-
quality data. From the overall weights 
and assays, we were able to determine 
the average tj> within ± 1% and the av
erage % within ±8%. From the weight 
and assay distributions and from mea
surements of the vapor properties and 
total charge collected during the experi

ments, we were able to make detailed 
comparisons between the model predic
tions and measured values for the sepa
rate factors that determine the overall 
performance. When scaled to plant con
ditions for such factors as full laser rep
etition frequency (the experiment was 
done at approximately one quarter the 
plant laser repetition rate), the mea
sured stripping efficiency is consistent 
with the baseline plant design and 
model predictions for the separate per
formance factors in the experiment. Ad
ditional scaling factors to which this 
enrichment experiment was not sensi
tive were tested in a recent set of 
complementary experiments. 

As we proceed to large-scale testing 
of the process, we will continue to per
form enrichment demonstrations not 
only to show that the separate AVLIS 
subsystems can be successfully inte
grated but also to refine our model 
predictions for plant performance. 

For further information contact 
Robert L. Woerner (415) 423-1868. 
Key Words: atomic vapor laser isotope separation 
(AVLIS); uranium-235—enrichment. 
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The Compuron: 
How Rou IL%,I. 

\ is Round 
We have applied microcomputer technology 
to the task of inspecting machined parts to 
develop an ultraprecise roundness gauge. 

Certain devices, such as ultraprecise 
gyroscopes and implosion systems, per
form better and better the more nearly 
they approach perfect roundness. In 
some applications, minor deviations 
from roundness may be tolerated so 
long as we can measure precisely their 
magnitude and location. In others, it is 
important to measure precisely the fre
quency distribution of deviations from 
roundness. In all these cases, the more 
accurately we can measure the shape, 
the more reliably the scientists and 
their computers can predict how the 
device will perform. 

Until recently, advances in precision 
machining had outstripped our ability 
to measure departure from roundness, 
especially in the matter of the fre
quency distribution. Our diamond turn
ing and lapping machines had pro
duced parts that were perfectly round, 
according to our best measurements, 
and yet the performance showed that 
there were undetected deviations. Evi
dently, there was a need for inspection 

For further information contact 
Daniel C. Thompson (415) 422-1915. 

1 



Roundness 
error 

Polar chart center 

Fig. 1 
AsseBBmenl of roundness (or, more 
accurately, out-of-roundness). In the 
minimum-radial-separation (MRS) 
method (a), an operator uses a trans
parent template of concentric circles 
and a center hole to find the MRS cen
ter, which gives the minimum value for 
the difference In circle radii and, 
hence, the roundness error. The dis
tance between the MRS and polar 
chart centers represents the eccen
tricity of the part on 'he rotating tabh 
(and thus is not a roundneaa error). An 
attractive feature of the MRS method 
is that this eccentricity error can be 
eliminated, simpiifing the task of cen
tering "perfectly'1 the part on the ro
tating table. However, eccentricity 
still must be held below the roundness 
error or a second-order limacon error 
will result. As shown in (b), if even a 
perfectly round part is too eccentric, 
an apparent roundness error will be 
measured. 

Trace of perfect part 
with excessive eccentricity 

(llmacon shape) -

instrumentation of improved accuracy 
and precision. 

The deviations from roundness that 
concern us here are extremely small, 
less than a tenth of the wavelength of 
visible light, but they can make a mea
surable difference. At present, the need 
for roundness measurements to this 
degree of accuracy is limited to high-
technology areas. As precision machin
ing technology spreads into the broader 
market place, however, the need for ac
curate inspection processes will surely 
follow. 

How do we define roundness? Or 
more precisely, since by "roundness" 
we are really speaking of "deviations 
from perfect roundness," how do we 
define (or measure) the nonroundness 
of a nonround part? In fact, several 
methods are recognized, all of which 
employ concentric circles but differ as 
to how the center point is located. 

One way this is done is shown in 
Fig. 1. By enclosing the polar part trace 
between two concentric circles, we can 
locate the common center to yield a 
minimum value for the roundness 
error. This method, called minimum 
radial separation (MRS), is attractive for 
analogue instruments because an in
spector can learn to locate the MRS 
center reasonably quickly using a trans
parent template with many scribed con
centric rings and a center hole. How
ever, the MRS method is not 
mathematically rigorous: certain part 
profiles can have more than one MRS 
center, and the roundness value thus 

Sources of Error . . -••'*' • 
RouTKttMW awmuf nwnU suffer from 

t*ro broadcategories of error, instru
ment errors »nd data-reduction 
Instrument errors cart be subdivided 
into rspeatable »nd nonrepeatabie 
errors. 

Repeatable errors occupy an impor
tant niche in precision-engineering 
applications, in that they often can be 
eliminated through self-proving tests. 
The dominant source of repeatable er
rors in measurements of roundness i,v 
movement of the spindle and part to
ward or away from the gaugehead as a 
function of the angle of rotation, due to 
geometric imperfections in the air-
bearing components, This is known as 
radial-motion error, and it adds to the 
roundness-error signal corning from the 
part surface itself. 

These two signals can be separated 
and identified, however, by making a 
second measurement with the part and 
gaugehead reversed relative to the 
spindle (indexed 180 deg). This self-
proving technique (described in Ref. 1) 
is analogous to a carpenter checking his 
bubble level by reversing it 180 deg on 
the same work surface. With a 
computer-based system, removal of 
radial-motion error is straightforward; 
The profile can be stored in memory 
and then simply subtracted from the 
measured profile. 

Because repeatable errors can be 
eliminated (rather easily with a 
computer-based system), the accuracy 
of roundness measurements is limited 
ultimately only by nonrepeatable 
errors. Nonrepeatable instrument errors 
include mechanical deflections between 
the part and the gaugehead, caused by 
vibration, force variations, or thermal 
disturbances, as well as by electronic 
noise. Mechanical sources can be 
internal, such as spindle drive train 
imbalances, or external, such as 
seismic or acoustic vibrations. Where 
these errors are sufficiently random 
with respect to spindle rotation, 
multiple-revolution averaging can be 
used to reduce the effects of nonre
peatable errors; this is readily accom
plished with a cemputer-based system. 
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Data-reduction errors are a mudi 
larger problem with analogue data 
interpreted from a polar chart by ail 
inspector than for a computer-based 
system. These errors arise from the 
linearity and dynamic response charac
teristics of the polar recorder, human 
errors in constructing the concentric cir
cles, and problems of accurate interpre
tation due to noise, finite line widths, 
etc. Also, there is no reasonable 
method for removing the limacon error 
due to inadequate part centering (see 
Fig, 1). To eliminate these errors (as far 
as is practical), the usual procedure is 
to provide the inspector with guidelines 
for maximum eccentricity so that 
inadequate measurements can be re
peated with better centering. 

When, however, computerized;data re
duction and analysis are available, cKe 
limacon distortion can be seen to consist 
of the first-order terms of the harmonic 
analysis of the waveform. These terms 
can be calculated and removed with the 
aid of fast Bourier transform (FFT) 
routines (see figure below). 

All things considered, the system 
accuracy of an analogue instrument 
can be expected to fall in the range 
of 50 to 250 nm, with the greater 
accuracy achieved only by paying 
careful attention to eliminating 
human errors. To obtain further im
provements in accuracy, a digital, or 
computer-based, system of roundness 
measurement is the logical 
development. 

A dWW mothed for rwiioulm MM MTM CMWMI by 
mwimac i part otnMf. Mm* bi (*) t» MM tnoHw. 
Mwrytn of Ink ofr-owilw tricing (b) m i * MM 
corraw»MftM| to In* amaeo* *mt. n (c) »» «m> MM 

term, MM Malwr4r*aMncr leniM boeoM* aaaarMl. Tha 
MM corfcMwi for MM nwibirim orror. -

* tb» art and for wcaMniMM root-
fmn KM offoonfor part. Harmonic 
of fkamwlac flow-lrMiwwcy) Hrm 
ojMdnMi wMh Ins flrM'OniM' w i n 

by WMKMDon of MM flnt-oroV 
Iraea ki (*> rawtrMM MMrowH of 



Fig. 2 
An early version of the Compuron. 
This instrument is of the rotatlng-spin-
dle type and can accommodate parts 
400 mm in diameter, 350 mm long, 
and weighing up to 225 kg. Its accu
racy goal is 2.5 nm, with a resolution 
of 0.25 nm. The Compuron is linked to 
a microcomputer system that makes 
operation cf the instrument, after cen
tering of the part to within the gauging 
range and initial input of desired pa
rameters, completely automated. 

determined depends, to an extent, on 
the magnification of the part trace. 

Another method, which we have 
used with the LLNL Compuron round
ness measuring instrument, is a least-
squares best-fit of the center which is 
unique and insensitive to the level of 
magnification used. Having located this 
best-fit center we can measure round
ness deviations \ ith respect to the cen
ter. Although the least-squares method 
involves far too much manual calcula
tion for an inspector using a polar 
chart, it is readily accomplished with 
Compuron's microcomputer data-
acquisition system. 

Roundness Measuring 
Instruments 

Conventional roundness-measuring 
equipment consists of two key parts: a 
spindle to hold the part being mea
sured and a gaugehead with a stylus 
for measuring roundness deviations of 
the part surface. In some devices, the 
spindle rotates and the gaugehead is 
stationary; in others, the part is station
ary and the gaugehead revolves around 
it. In either case, the output of the 
gaugehead amplifier drives the pen of a 
polar chart recorder that turns synchro
nously, producing a highly magnified 
map (typically about 50 000 X) of the 
peaks and valleys on the part surface 
(at the particular plane traced out by 
the gaugehead's stylus). 

With a good instrument and a skilled 
operator, the typical total error for 
roundness measurements with a con
ventional analogue instrument is on the 
order of 50 to 250 nm. Some improve
ment is possible, in some instruments, 
by a "reversal technique" that com
pares the results of two roundness 
measurements taken one after the 
other.1 In both measurements, the start
ing point of tiie stylus on the work-
piece remains the same, but in one 
measurement both the workpiece and 
*he gaugehead have been turned 
180 deg with respect to the spindle. 
With a conventional analogue device, 
however, limitations imposed by trace 
distortion and the difficulty of interpre
tation make it impractical to improve 
the accuracy beyond the 25-nm level 
(see box on p. 2). 

The LLNL Compuron 
Since no two inspectors, no matter 

how highly trained, can agree exactly 
on the interpretation of analogue data, 
one obvious recourse is to call in the 
computer. For a given set of data, a 
computer program can be relied on to 
yie' i the same interpretation, time after 
time. Therefore, the only remaining 
problems are to obtain the best possible 
data, to convert the data into a form 
the computer can use, and to be sure 
that the program causes the computer 
to analyze the data correctly. 
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- Porous graphite 
diffuses air for bearing A ) r 

bleed 

Fig. 3 
Construction details of the gaugehead 
assembly, showing the air bearing trial 
permits the stylus force to be adjusted 
to less than 100 mg. The adjustable 
screw controls the air bleed (and 
hence the pressure) from the back 
chamber, theraby controlling the 
stylUB force. 

Computer-assisted precision measur
ing instruments are becoming more 
readily available commercially. For 
roundness measurements, there exists a 
computer-based, revolving-stylus in
strument with an accuracy, in the fre
quency range from 1 to 20 UPR (undu
lations per revolution), of 5 nm in 
amplitude. However, rather than mod
ify this instrument, we decided to de
velop our own in order to meet our 
specific accuracy needs and to accom
modate large part sizes. 

In metrology, it is desirable, though 
not always possible, to make every 
gauge ten times more accurate than the 
variations it is designed to measure. 
Since the diamond turning, polishing, 
and lapping techniques in use at LLNL 
are capable of producing parts round to 
25 nm, we set the Compuron's accuracy 
goal at 2.5 nm. We also decided that 
the Compuron would be of the 
rotating-spindle type and be capable of 
accommodating parts 400 mm in diame
ter, 350 mm long, and weighing up to 
225 kg, and of rotating them at 10 rpm. 
We specified that the minimum stylus 
force must be less than 100 mg, the 
maximum display magnification must 
be ten million, and the frequency cutoff 
at full accuracy must be at least 
500 UrR, with the possibility of going 
up to 1500 UPR at reduced accuracy. 
(The former accuracy figure is based on 
LLNL needs; the latter stems from an 
ANSI standard calling for a 1500-UPR 
range.3) 

Figure 2 shows En early version of 
the LLNL Compuron. The support 
frame for the gaugehead is bolted di
rectly to the granite base slab, which 
rests atop four self-leveling pneumatic 

vibration isolators. Computer modeling 
of this structure, during design, deter
mined that the first resonant vibration 
mode is at 120 Hz, well outside the nor
mal, 50-UPR operating rang ;{the in
strument at the standard spindle speed 
of 10 rpm. 

Capstan drives give us coarse control 
over the vertical and horizontal posi
tion of the gaugehead. For fine adjust
ments (to the few-nanometre level), we 
use a combination of flexures and dif
ferential micrometers. 

The gaugehead itself is a linear van-
able differential transformer (LVDT) 
developed at the Laboratory (Fig. 3), in 
which the sensing element floats on an 
air bearing. The air bearing eliminates 
dry friction in the gaugehead and al
lows us to adjust the stylus force to 
below 100 mg. 

The rotary table holding the spindle 
also floats on an air bearing and is 
turned by a small variable-speed motor 
linked to it by a thin Mylar belt. The 
exact speed of rotation is of minor im
portance: a 4096-segment rotary en
coder, attached to the bottom of the 
rotary table, triggers the data sampler 
at the proper intervals regardless of 
rotation speed. 

The Computer 
The Compuron is integrated with a 

microcomputer system (Fig. 4), which 
includes a graphics terminal, a hard-
copy unit, and both hard- and floppy-
disk drives. A 12-bit analogue-to-digital 
converter monitors the output of the 
LDVT's amplifier for input to the com
puter, and a four-pole Bessel filter en
sures that the data sampling rate ex
ceeds the frequency response of the 
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Fig. 4 Function diagram illustrating the Integration of microcomputer hardware with the mechanical measur
ing equipment of the Compuron. 
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the program box denote the sequence in which the various operations occur. 
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amplifier by a factor of at least two. 
Even the spindle drive motor is under 
computer control. 

The software for this system was 
written especially to make operation of 
the Compuron as straightforward and 
simple as possible. It consists of 44 
Fortran routines (and one assembly-
language routine for data acquisition) 
that control all aspects of information 
input, process control, and data reduc
tion (Fig. 5). All the major routines are 
loosely coupled so that any of them 
may be modified without drastic effects 
on the other modules. 

Furthermore, generous use of 
prompts enables even a relatively un
skilled operator to use the system effec
tively. Operation of the instrument, 
after rough centering of the part to 
within the gauging range of the instru
ment and initial input of desired 
parameters, is completely automated. 
Output, either of part roundness or har
monic analysis, appears first on the 
video display terminal and may then be 
printed at magnifications of up to ten 
million. The raw data may also be 
stored on floppy disk for future 
reference. 

In addition to minimizing sources of 
system noise by seismic isolation and 
by careful electronic design, we also 
apply statistical methods. Our equip
ment can average the roundness data 
from up to 16 successive rotations to re
duce system noise effects by about 
75%. To demonstrate this, we ran a test 
with the gaugehead capped (stylus im
mobilized relative to the LVDT hous
ing) to record system noise alone. The 
noise in one revolution was equivalent 
to a roundness error of 1 nm; when the 
noise was averaged over 16 revolutions 
the system error was reduced to 
0.25 nm. 

Another source of nonrepeatable 
errors is thermal drift, which in the un
regulated environment of a normal 
workroom can be as much as 1000 nm 
over a period of days. Over the period 
of a single revolution (6 s), however, 
the drift is generally tolerable. The soft
ware automatically considers 4097 data 
points in each revolution (the 4097th 
point is really the first point of the next 

revolution) and rejects the first 4096 
points for excessive drift if the 1st and 
4097th points fail to agree within a pre
scribed limit set by the operator (typi
cally 2.5 nm). The typical net drift of 
data averaged over 16 revolutions is 
less than 0.5 nm. 

As mentioned in the box on error 
sources (p. 2), the reversal technique 
makes it possible to separate part and 
spindle errors. With our Compuron, it 
is unnecessary to repeat this procedure 
for subsequent measurements at the 
same axial location. The previously 
determined spindle error, stored on 
disk, may simply be subtracted 
automatically. 

The only real limit to the accuracy 
of a metrology instrument is its 
repeatability. 

Digital Filtering 
Although our instrument can make 

measurements to 500 UPR (and up to 
1500 UPR at reduced accuracy), for 
many purposes such a part trace is un
necessarily detailed. We do not need to 
modify the instrument to make mea
surements at lower UPR levels, how
ever. We can achieve the same result 
much more efficiently with digital 
filtering. 

Digital filtering is a computer tech
nique that modifies the frequency dis
tribution n( a set of data in a specified 
fashion by simulating the effect of a 
frequency filter. For our purposes, we 
simulate a low-pass filter, one that cuts 
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off frequencies above a selected maxi
mum. The characteristics of the 
Compuron that make this technique 
possible are: 

• The use of the Fourier transform 
in the harmonic analysis. 

• The large number of data points 
per revolution (4096), which ensures 
that the low-frequency components are 
adequately defined. 

• The storage of the raw data on 
disk, which permits the computer to 
manipulate copies of the data to pro
vide output at any number of different 
UPR values. 

Figure 6 illustrates the process, start
ing with a roundness trace at 200 UPR 
(a) and its frequency distribution (b). 
Application of the digital filter removes 
frequencies above 20 UPR (c). The in
verse of the Fourier transform produces 
the smoothed roundness trace (d). 

Results 
The only real limit to the accuracy of 

a metrology instrument is its repeatabil
ity. Errors that are repeatable are pre
sumably measurable, and therefore sus
ceptible to electronic or mechanical 

compensation. The unrepeatable errors 
are the ones that cause problems. 

To assess the repeatability of the 
whole system, we took a series of mea
surements on a representative steel 
ball. Figure 7a shows a repeatability 
measurement consisting of the differ
ence between two 16-revolution aver
ages with a 50-UPR cutoff taken about 
30 min apart. The maximum peak-to-
valley amplitude is 0.75 nm with a root-
mean-square value of 0.25 nm. 

Repeatability over a longer period 
(hours or days) deteriorates to about 1.3 
to 2.5 nm. This is hardly surprising, 
however, since we are still operating 
the instrument in a workroom with 
minimal temperature control. The ob
served temperature fluctuations are 
enough to distort the spindle housing 
and change the spindle radial motion. 

We assessed the overall accuracy of 
the instrument by first using the rever
sal technique to establish and store the 
spindle error, arid then making a series 
of measurements of a master gauge ball 
oriented at different angular positions 
relative to the spindle. We took the in
strument accuracy to be the largest 



DEFENSE PROGRAMS 

deviation between any two error-
corrected traces. Figure 7b shows two 
16-revolution averages with a 50-UPR 
cutoff taken about 60 min apart. The 
maximum peak-to-valley amplitude is 
2.5 nm, the claimed accuracy of the 
instrument. 

Applications 
A new test of Einstein's General 

Theory of Relativity, involving the pre
cession of a superconducting gyroscope 
in polar orbit about the earth, has re
cently become possible because of ad
vances in manufacturing and measuring 
technologies. The heart of this instru
ment will consist of a rotating sphere of 
superhomogeneous fused quartz coated 
with a thin layer of superconducting 
metal. The instrument is being 
developed at Star ord University for 
launch by the Sp-ice Shuttle,4 

Existing technology makes it possible 
to maintain the gyroscope at liquid-
helium temperatures for more than a 
year, to reduce external torques and 
accelerations to the necessary incredibly 
low levels, and to read out the preces
sion of the gyroscope with reference to 
the fixed stars. The remaining difficulty 
is in guaranteeing the sphericity of the 
gyroscope ball to 10 nm. We have been 
asked to assist this project by perform
ing the necessary measurements with 
our Compuron. 

In our own programs, our measure
ments give LLNL scientists information 
never before available on the frequency 
distribution of departures from round
ness in implosion systems. This informa
tion is particularly valuable because it 
is already in a form suitable for input 
to their computer codes for modeling im
plosions. This new information poten
tially reduces a significant source of un
certainty in their modeling predictions. 

Future Development 
Although we have met our original 

a\ 'acy goal, further improvements 
are possible. For one, we can greatly re
duce the error from thermal drift by 
maintaining the surrounding air at con
stant temperature. We are designing a 
laminar-flow enclosure to maintain the 
air temperature at 20 ± 0.005°C. 

Fig. 7 

Also, we have detected seismic cou
pling between the instrument and the 
floor through the leveling valves on the 
pneumatic isolators. We are currently 
developing air-bearing spool-valve re
placements. When these are perfected 
and installed, they should substantially 
reduce the random motion due to 
structural vibration. 

With these improvements, the 
accuracy of our Compuron will be im
proved, possibly even to 1.25 ;um. 

Key Words: Compuron; computer-assisted in
spection; fast Fourier transform; harmonic analy
sis; metrology; relativistic gyroscope experiment; 
roundness measurements. 
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Measurements ol accuracy and re
peatability, (a) The difference be
tween two roundnete meaauromente 
(each the average of data for 16 revo
lution!) on the same workplace taken 
about 30 min apart without dlalurblng 
the part in the aplndle (repeatability), 
(b) The difference between two round-
net* measurements (each the average 
of data for 1G revolutions) on the 
same workplece taken about 60 min 
apart, with the part rotated In the 
spindle. The maximum deviation be
tween the two traces Is only 2.6 nm. 
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llectrosynthesis of 
N 2 0 5 : trie Key to 
Inexpensive HMX 
We have further develoj>ed art eleptrplytic technique 
Mrprqp^rtg cBnittogen^elUoxicle. This process is a 
potentially less expensive step in the large-scale 
synthesis of the explosive HMX. 

The cyclic nitramines RDX and HMX,., RDX riot on|y in thermal stability but 
two crystalline explosives that came 
into prominence during the 1940s, have 
by now become the key Ingredients In 
all high jrtegy munition* and in an in
creasing number of rocket propeUantt 
( e * , for the IWtlent and MXmissiles). 
HMX ofie» substantial advantage* over 

also in its higher density, which per
mits it to deliver moie'energy per unit 
volume. Unfortunately, HMX is more ' 
difficult to produce than RDX and 
therefore is substantially more .expen
sive {approjdmaleI.v $7/Tkg for RDX and 
$22/kgfojHMX)., : = 

For furtl : Information conCcct 
Ray McGuire (415) 422-7'3:. 



Chamlcal compound! and procataaa 
uaad In tha production ol HMX. 
(a) Haxamlna, tha pracurtor for both 
RDX and HMX. (b)Tha Woolwich pro-
cats for making RDX. (c) Tha Bachman 
procaaa for making a mlxlurt of RDX 
and HMX. (d)Tha naw two-atap pro-
catt for mtklng pura HMX. 

Production of either RDX or HMX 
begins with hexamine (Fig. la). In 
many countries, RDX is made by the 
Woolwich reaction (Fig. lb), which in-

Fig. 1 volves reacting hexamine with fuming 
nitric acid (HNO3). In the United States, 
RDX is produced by the Bachman pro
cess, a multistep procedure that reacts 
hexamine with nitric acid and ammo
nium nitrate in acetic acid and acetic 
anhydride and gives a mixture of RDX 
and HMX (Fig. lc). 

Under normal conditions, the 
Bachman process produces nine times 
as much RDX as HMX; under other 
conditions (e.g., by changing the reac
tion times, temperatures, and reagent 
ratios), this ratio can be reversed to 
favor HMX by nine to one. However, 
this large HMX ratio can be achieved 

(b) 

\JH-f ^Sl-l 

(c) 

NH,HQ3, HNOj 
Ac,0, AcOH ' 

t^S, J 

(d) 

Stap 1 

H,S04, HNO3, 
ACjO 

Stap 2 
•Ac *•- 02N- I 

N*0, 

only at the expense of a significant re
duction in overall yield and through
put. These factors, together with the 
need to separate and purify the HMX, 
make it three to five times as expensive 
as RDX. At present, however, this is the 
only available method for producing 
HMX. 

Since HMX is the mote deferable 
material, there is a need for an 
inexpensive process that yields HMX 
alone. Such a process would release 
HMX from its dependence on RDX and 
make U.S. nitramine production more 
flexible. This goal provides the 
incentive for research on new synthetic 
routes to HMX. 

During the last decade, U.S. Army re
searchers developed a two-step process 
for preparing HMX that involves the 
intermediate production of DADN 
(Fig. Id).1"3 Both steps of this process 
give high yields, and the overall pro
cess is economically competitive with 
the current HMX process. Because the 
new process offers no clear advantage 
over the old one, however, there has 
been no strong incentive for investing 
capital in it. 

The most costly and difficult step in 
this new process is the preparation of 
dinitrogen pentoxide (N205), which at 
present is carried out by the dehydra
tion of HNO3 with polyphosphoric acid 
(HPO3),: 

(HP03)x + 2HN03 - H3PO„ + N 2 0 5 . 

However, recycling the resulting ortho-
phosphoric acid (H3P04) back to 
polyphosphoric acid is very expensive. 
A less costly process for generating 
N 2 0 5 would significantly reduce the 
cost of HMX. 

Years ago, investigators in Germany 
and Poland reported that N 2 0 5 could 
be produced by electrolyzing a solution 
of dinitrogen tetroxide (N 20 4) in anhy
drous nitric acid.4'5 Where it is appli
cable, electrosynthesis has many ad
vantages over other chemical processes: 
fewer side reactions, easier recovery of 
the pure product, and direct electrical 
control and monitoring of the process. 
Therefore, we examined this reaction 
using the modern technique of 

12 

file:///JH-f


DEFENSE PROGRAMS 

controlled-potenrial electrolysis to as
sess its usefulness as an alternative to 
the polyphosphoric acid process.6 

Controlled-Potential 
Electrolysis 

Conventional electrolysis uses two 
electrodes, the anode and the cathode. 
In controlled-potential electrolysis, we 
add a reference electa >de, the potential 
of which is accurately <oiown on a 
standard scale, and a potentiostat to 
control the potential difference between 
the working electrode (in this case the 
anode) and the reference electrode 
(Fig. 2). Our instrumentation measures 
the potential of the solution with re
spect to the reference electrode and, 
hence, the potential difference between 
the solution and the (grounded) work
ing electrode, which determines the 
nature of the electrochemical reaction. 
The feedback control action of the 
potentiostat maintains the desired po
tential difference between the working 
and reference electrodes, regardless of 
conditions in the electrolytic solution, 
by adjusting the voltage applied to the 
counter electrode (in this case the 
cathode). 

In N 2 0 5 synthesis, we can prevent 
the electrolysis of the nitric acid solvent 
(even after all the N 2 0 4 is used up) by 
keeping the anode potential from going 
too high or too low. This maximizes the 
current efficiency (the percentage of the 
electrolysis current that performs the 
desired reaction) and minimizes side 
reactions. 

Figure 3 shows the electrolysis cell 
used for N 2 0 5 preparation. The large 
surface area of the platinum-screen 
anode facilitates the oxidation reaction. 
The flow of current dissipates consider
able heat, making it necessary to cool 
the solution during electrolysis. The 
tube surrounding the cathode termi
nates in a semipermeable membrane of 
Vycor glass, which allows the passage 
of enough ions to sustain the current 
but prevents water formed at the cath
ode from reaching the anode region. 
The reference is a saturated calomel 
electrode connected to the anode solu
tion by a salt-bridge tube filled with 
HN0 3. 

Fig. 2 

Controlled potential 

Schematic diagram of the controlled-
potantlal elentrolyaia ayatam for con
trolling the potential batwaen tha so
lution and the working alactroda. 
Currant flowing from tha counter alac
troda to tha working electrode cauaee 
tha desired electrochemical raactlon; 
cloaa control of tha potantlal difter-
anca at tha surface of tha working 
electrode ellmln&tea unwantad aide 
reactions. 

Fig. 3 
Elactrolyala call tor laboratory-seals 
atactrosynthaals of dinltrogtn psnt-
o«lds In anhydrous nitric acid. 
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The electrolytic synthesis of N 2O s in 
HN0 3 is an old approach whose 
implementation has benefited from the 
application of new technology. 

Characteristics of the 
Electrolysis 

The relation between current density 
and electrode potential in the oxidation 
of N 2 0 4 to N 2 0 5 at a platinum elec
trode under controlled-potential condi
tions is shown in Fig. 4. The region of 
useful potential extends from about 
+ 1.35 V (below which the HN0 3 sol
vent is reduced) to about +1.95 V 
(above which the HN0 3 i9 oxidized). 
The optimum control potential is about 
+ 1.8 V, corresponding to a current 
density of about 100 mA/cm2. 

Figure 5 shows how the current and 
the total cell voltage (cathode to anode) 
vary during an electrosynthesis. The 
current is nearly constant until the reac
tion is about 80% complete; it drops to 
a low background value when all of 
the N 2 0 4 is gone. 

From current vs potential curves, 
measured with low concentrations of 
N 2 0 4 , and the current vs time behavior 
of the electrolysis, we find that this oxi
dation of N 2 0 5 is electrocatalytic. That 
is, the overall rate is limited, not by 
mass transport, but by microscopic ef
fects on the surface of the working 
electrode. In this case, the surface of 
the electrode is a thin film of platinum 
oxide, which participates in the transfer 
of electrons (and probably of oxygen 
atoms) between the metal and the 
species being oxidized. 

Characteristics of the 
N 2O s Electrosynthesis 

Although the overall characteristics 
of this electrosynthesis are very good 
(high current efficiency, reasonable en
ergy efficiency, and good yield of very 
pure solutions of N 2 0 5 in HNO3), the 
electrolysis exhibits several idiosyncra
sies that are only partially understood. 
At first glance, one mighi expect, from 
the compounds involved and the 
change in oxidation number of the ni
trogen, that one mole of N 2O s would 
be produced for each mole of N 2 0 4 

consumed and that two moles of elec
trons would be required. We do ob
serve an N 2 0 5 :N 2 0 4 ratio close to 1, but 
the electron requirement is variable, ap
proaching one and a half moles at high 

14 
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N 2 0 4 initial concentrations. Further 
study reveals a complex chemical 
system. 

Figure 6 depicts the various chemical 
species whose presence we have veri
fied by Raman spectroscopy (other in
vestigators have reported several more) 
and the reactions that may take place 
as the N 2 0 4 solution is electrolyzed. 
Considering two of the possible anode 
and cathode reactions together, the sum 
or net cell reaction is simply the de
hydration of HN0 3 to form N 2 0 5 : 

Anode reaction: 
N 2 0 4 + 2HN03 - . 

2N2Os 4 2H+ + 2e" 

Cathode reaction: 
2HN03 + 2H+ + 2e" _ 

N 2 0 4 + 2H20 

Net cell reaction: 
2HN0 3 - . N 2 0 5 + H 20. 

Producing HMX 
We have found that solutions of 

N 2 0 5 in 100% nitric acid from the 
electro-oxidation of N 2 0 4 are excellent 
reagents for the production of HMX 
under a variety of conditions. The basic 
process involves dissolving an HMX 
precursor, either DADN or TAT, in the 
HN0 3-N 20 5 reagent and heating it for 
about an hour. (In TAT, the N0 2 

groups of DADN are replaced with 
acetyl groups.) The reaction proceeds 
sequentially, replacing the acetyl 
groups one at a time with nitronium 
ions (NO/) from the N 2 0 5 . 

We normally run the reaction at 
about 47°C, the boiling point of the 
HN0 3-N 20 5 mixture, producing quite 
pure HMX in yields over 80%. The re
action goes faster at higher tempera
tures (and pressures), but the HMX pro
duced begins to decompose, slightly 
decreasing the overall yield. The results 
are similar whether we start with 
DADN or with TAT. 

Scaling Up the 
Electrosynthesis of N 2O s 

As a laboratory-scale batch synthesis 
procedure for producing up to 100-g 

Fig. 4 

1.3 1.4 1.S 1.8 1.7 1.8 1.9 2.0 
Electrode potential, V vs standard 

quantities of N 2O s, the anodic oxidation 
of N 2 0 4 to N 2 0 5 is convenient, rela
tively inexpensive to implement, and 
exceptionally easy to control. As an 
industrial-scale process, the principal 
advantage of the electrosynthesis pro
cedure would be its low cost. Although 
we have carried out no detailed 
economic analysis, the specific electrical 
energy consumption (the main cost of 
the process) appears favorable. 

Further scale-up probably would 
entail adapting the process to a two-
electrode flow cell. Refinements in cell 
design could lead to further cost 
reductions. It should be possible to 
devise a method to recover the N 2 0 4 

generated at the cathode for reuse at 
the anode. In addition, new materials 
could lower the cell voltage and hence 
its power dissipation. 

We have made preliminary tests on 
several such materials, one being a 
perfluorirtated ion-exchange membrane 
that could replace the semipermeable 
glass separator. Another is a working 

< 1 

Plot of currant density vs electrode 
potential for fha alactrolyaia of 12.5% 
N20< In anhydroua HN03 at a platinum 
alaclroda and 23°C. The broad shaded 
band le the operating region over 
which the nitric acid la neither oxr* 
dlzed nor reduced; the arrow Indicates 
the optimum operating potential. 

Fig. 5 

2 4 6 
Tim* of alactrolysls, h 

Call currant and voltaga during tha 
alactro*oxldatlon of 22.7 g of N 20 4 in 
anhydrous HN03. Tha potantlal of tha 
platinum working alactroda was con
trolled batwaan +1.78 and + 1.85 V 
with raspsct to tha rafaranca 
alactroda. 
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Fig. 6 
Chamlcal spaclas and raactlona In tl» 
anodo and calhoda compartmanta of 
th» alactrolyala call during tha 
elsctrosynthssls of N2Os. (a) Initial «o-
lutinns. (b) During slactrolytis. 
(c) Final solutions. 

Initial solutions 

During alactrolysls 

Final solutions 
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electrode made of iridium oxide coated 
on titanium. This material is less 
expensive than platinum and, at the 
required operating-current densities, 
lowers the control potential by 0.4 V. 

Conclusion 
The electrolytic synthesis of N 2 0 5 in 

HN0 3 is an old approach whose imple
mentation has benefited from the appli
cation of new technology. With the 
newer cell materials, which we have 
only briefly examined, and our recently 
acquired knowledge of the reaction 
characteristics, it should be pos
sible to scale up the electrosynthesis of 
N 2 0 5 and incorporate it as an economi
cal step in the manufacture of HMX. 

The production of HMX by this tech
nique resembles the production of RDX 
by the Woolwich process. This means 
that the same basic processing equip
ment and reagents (N 20 4 and HN03) 
can be used to produce either RDX or 
HMX without any separation or puri
fication and without the acetic acid 
stream required by the Bachman 
process. 

Key Words: Bachman process; DADN; dinitrogen 
pentoxide, synthesis; HMX; RDX; TAT; electro
lytic synthesis; Woolwich process. 

Notes and References 
1. V. I. Siele, M. Warman,). Leccacorvi, R. 

Hutchinson, R. Motto, and E. E. Gilbert, 
Alternative Processes for HMX Manufacture, 
U.S. Army Armament Research and Devel
opment Command, Dover, New Jersey, 
Rept. ARLCD-TR-78008 (1979). 

2. T. M. Benziger, R. K. Hohwer, and R. K. 
Davey, Process Development Studies on DADN 
Manufacture, Los Alamos National Labora
tory, Los Alamos, New Mexico, Rept. MIPR-
5311-1029(1976). 

3. M. D. Coburn and T. M. Benziger, "Process 
for Producing l,5-Diacetyl-3,7-Dinitro-
1,3,5,7-Tetraazacyclooctane," U.S. Patent 
3,926,953 (1975). 

4. "Process for Preparation of Solutions 01 
Nitrogen Pentoxide in Nitric Acid Mono-
hydrate," German Patent No. 231346 (1910). 

5. J. Zawadski and Z. Bankowski, "Electro
chemical Preparation of Nitrogen Pent
oxide," Roczniki Chemii 22,233, (1948). 

6. J. E. Harrar and R. K. Pearson, Electro-
synthesis of N2Os by Controlled-Potenlial 
Oxidation of Nfl4 in Anhydrous HNOj, Law
rence Livermore National Laboratory, Rept. 
UCRL-87123, Rev. 2 (1982). 



& • • 



INERTIAL FUSION 

In inertial confinement fusion, tiny 
but powerful thermonuclear explosions 
are produced by focusing a laser beam 
on microscopic (0.1 to 5.0 mm) 
deuterium-tritium (D-T) targets. Be
cause the laser beam is very intense 
(105 to 107 GW/cm2), it generates a 
dense plama where it impinges on the 
target material. This plasma interacts 
strongly with the laser beam. Recent 
experiments on laser-plasma interac
tions have confirmed theoretir">l predic
tions that target performance improves 
at laser wavelengths shorter than 
1 ion, the wavelength of most target-
irradiation studies at LLNL,1 This result 
has encouraged us to develop short-
wavelength target-irradiation facilities. 

The desired wavelengths can be most 
efficiently achieved by converting the 
fundamental wavelength produced \>y 
current neodymium-glass lasers. The 
Laboratory's Nova laser, now under 
construction, is a neodymium-glaus sys
tem that will produce a beam of 80 to 
120 kj.2 A frequency-conversion subsys
tem between the output beam and the 
target will enable Nova to operate at 
shorter wavelengths. We plan to con
duct target-irradiation studies with 
Nova to measure quantitative improve
ments in target performance at 
wavelengths of 1.052, 0.53, and 0.35 iim. 
We review, here, the physics of laser-
plasma interaction at shorter wave
lengths and describe the frequency-
conversion system to be used with 
Nova. 

Laser-Plasma Interaction 
Studies 

Two effects lead us to believe that 
the performance of directly driven 
fusion targets will improve at shorter 
wavelengths of incident laser light: the 
target absorbs more light, and the dele
terious preheating of the fuel by fast 
electrons is reduced. These effects de
pend on the highly nonlinear physics 
of plasma instabilities and their excita
tion by an intense electromagnetic 
wave. 

Recent experiments have studied the 
absorption of light in various materials 
as a function of intensity and wave
length.1 The experiments revealed that 

shorter wavelengths (0.53 and 0.35 jim) 
both increase the maximum absorption 
and cause more of the incident ligh: to 
be absorbed at high intensities. Analy
sis of these results indicates that the 
absorption of laser light is improved 
because inverse bremsstrahlung is more 
efficient at shorter wavelengths. 

Shorter wavelengths also affect pre
heating of the fuel in these laser-driven 
targets. The PdV work necessary to 
compress a gas such as a D-T mixture 
increases with the gas temperature. 
Therefore, any heating of the fuel be
fore compression increases the work 
(i.e., the laser energy) required to com
press it. High-velocity suprathermal 
electrons produced by collective laser-
plasma interactions may preheat the 
target before compression by penetrat
ing to the fuel, where they deposit their 
kinetic energy. Recent experiments have 
shown that at shorter wavelengths, the 
number of suprathermal electrons is re
duced significantly. Thus, by reducing 
preheating, shorter wavelengths make 
another contribution to reducing the 
laser energy required for ignition. 

Gent rating Shorter 
Wavelengths 

The foregoing experimental results 
indicate that target performance should 
improve as the wavelength of the laser 
drive is reduced below 1 urn. There are, 
however, several fundamental limita
tions on the range of operating 
wavelengths for technically feasible 
laser systems.3 These include the avail
ability of a lasing medium, the effects 
of light propagation in optically non
linear materials, and the damaging ef
fects of. intense, short-wavelength light 
pulses on optical materials. 

Because of these constraints, the 
shortest wavelength generally consid
ered practicable for laser drivers is 
about 0.25 jim. In contrast, the most 
powerful existing target irradiation fa
cilities use lasers that operate either 
near 10 or near 1 ftm. As a practical 
matter, then, we decided to reduce the 
wavelength of the driver up to a factor 
of four. By interposing a frequency-
conversion subsystem between the 
output ports of the laser arms and the 
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target, we can shorten the wavelength 
of the laser output. This approach has 
proven to be most cost effective with 
neodymium-glass lasers and is the one 
we have adopted. 

Recent experiments on laser-plasma 
interactions have confirmed theoretical 
predictions that target performance 
improves at laser wavelengths shorter 
than 1 /urn... 

Frequency Conversion 
In principle, any physical phenome

non that changes the frequency of light 
is a candidate for frequency conversion. 
In practice, however, other require
ments limit our choice. These include: 

• A focusable output (less than 20 
times the diffraction-limited spot size). 

• A high conversion efficiency 
(greater than 70%). 

• A high damage threshold (above 
5 J/cm2). 

• Simplicity. 
• Availability of materials. 

With regard to conversion efficiency, 
for example, there would be no cost ad
vantage to a technique that requires a 
larger neodymium-glass laser facility to 
reach ignition with frequency conver
sion than without it. 

To -satisfy these conditions, frequency 
conversion must be based on a physical 
phenomenon that is coherent, satu
rable, and virtually lossless. Among 
such phenomena are stimulated 
multiphoton Raman scattering, the gen
eration of a sum frequency by two-, 
three-, or four-wave mixing, and the 
generation of harmonics in optically 
nonlinear media. Each of these has its 
own impact on laser system design. 
Where the input for the conversion 
process requires waves of different fre
quency, the effect on the laser system is 
considerable. We have decided to use 
harmonic conversion in nonlinear 

media, which requires no auxiliary in
puts and thus has the virtue of simplic
ity and economy. This process is the 
best understood frequency-conversion 
technique and also provides the most 
control over the beam quality of the 
converted light. 

Harmonic Generation 
Harmonic-conversion techniques are 

well understood and are routinely im
plemented in small-aperture commer
cial lasers.* Very intense laser light inci
dent on a transparent medium interacts 
with the material's atomic structure to 
generate electromagnetic radiation with 
frequencies that are multiples of the 
fundamental frequency of the incident 
light, a (see box on p. 22). These are 
known as harmonics of the funda
mental frequency. The strongest of 
these is at 2w, and the next strongest is 
at 3w. For high conversion efficiency, 
the phase velocities of the waves must 
be commensurate; the process that 
achieves this is called phase matching. 
Phase-matched conditions generate 
high-power harmonics of the funda
mental wave that have a focal spot ap
proximately the same size of that of the 
fundamental wave. 

In negative uniaxial crystals such as 
potassium dihydrogen phosphate 
(KDP), we can phase match in one of 
two ways (called type I and type II), 
depending on the orientation of the 
polarization of the waves relative to the 
crystal axis and to the direction of 
propagation (see box on p. 22). Phase 
matching thus requires precise orienta
tion of the crystals. Our design for a 
KDP frequency-conversion subsystem 
uses type-II phase matching and a 
novel arrangement oi the crystals to 
provide maximum flexibility for the 
laser system. 

KDP as a Conversion 
Medium 
Many materials exhibit the properties 

needed for frequency conversion. The 
most commonly used are the crystalline 
solids potassium dihydrogen phosphate 
(KDP), ammonium dihydrogen phos
phate (ADP), and their deuterated 
isomorphs. These materials also have 
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the properties, listed above, essential to 
the fusion application. (We considered 
other materials, such as atomic vapors, 
vapors of asymmetric molecules, and 
various solid and liquid media; none, 
however, proved as readily adaptable 
to the neodymium-glass laser.) 

KDP was the first material found to 
, exhibit phase-matched generation of 
the second harmonic.5 Although the 
number of such materials has since 
climbed into the hundreds, KDP re
mains a primary choice, During the 
1970s, the development of KDP for use 
in Pockels cells (a type of optical 
switch) led to the production of crystals 
of excellent optical quality with a clear 
aperture approaching 10 cm in diame
ter. Major crystal growers are continu
ing their efforts to increase aperture 
diameter, now emphasizing the undeu-
terated form. Undeuterated KDP crys
tals have an optical quality superior to 
Ihe deuterated form, do not require as 
expensive a growth facility, and have 
provided most of the growers' 
experience. 

Compared with other candidate ma
terials, KDP is resistant to laser-induced 
damage, has an adequately high 
harmonic-generation coefficient and a 
very low self-focusing index, and trans
mits ultraviolet frequencies well. It can 
be grown from solution to unusually 
large sizes and can be phase matched 
to generate 2oi, 3u, and 4u> harmonics 
from 1.064- or 1.053-jim light (actual 
fundamental wavelength is a function 
of the specific glass used in the 
neodymium-glass laser). These proper
ties outweigh KDP's relative disad
vantages, which include undesirable 
absorption (0.058/cm) at 1.064 nm, its 
softness and consequent polishing diffi
culty, significant hygroscopicity, suscep
tibility to fracture, and slowness of 
crystal growth (about 1 mm a day). 

Several of the candidate materials are 
superior to KDP in at least one cate
gory. At present, however, KDP re
mains the only material that satisfies all 
the fundamental requirements of har
monic generation at 1.064 and 1.053 fim 
and can be grown in crystals of an ade
quate size in time for installation in the 
Nova laser. If only the second 

harmonic is required, another attractive 
candidate material is CDA (cesium 
dihydrogen arsenate). Phase matching 
is much easier with CDA than with 
KDP, so long as the cry'nl temperature 
is well controlled. We au' continuing to 
examine other candidates for future 
laser systems to increase system flex
ibility and to decrease the cost of the 
frequency-conversion subsystem. 

Frequency Conversion in 
Novette and Nova 

The Laboratory first applied KDP 
crystals to harmonic conversion with its 
Argus laser. With both the upgraded 
Argus (Novette) and the high-power 
Nova neodymium-glass lasers, we will 
use KDP to generate second and third 
harmonics for studies of the irradiation 
of fusion targets. Our objective is to 
convert the infrared (1.053-;im) light 
produced by these lasers to visible 
green (0.53-fim) or blue (0.35-fim) light. 
This conversion entails five major de
sign requirements: 

• High conversion efficiency from 
the fundamental frequency to the sec
ond and third harmonics. 

• Harmonic generation with a large 
(74-cm) aperture. 

• Multiwavelength flexibility at 
minimum cost. 

• Integration with the target align
ment and diagnostics systems. 

• Minimization of nonlinear propa
gation effects. 

Conversion Efficiency 
Conventional methods of generating 

the second and third harmonics tend to 
work efficiently over a limited intensity 
range. Applied to Nova, such methods 
would require three interchangeable 
crystal arrays, each with a different 
crystal thickness, to achieve the desired 
performance over a wide range of input 
intensities. We have developed a sys
tem capable of generating the second 
and third harmonics over the required 
intensity range using only a single ar
ray containing two crystals. Our design 
is called the quadrature-green/cascade-
blue scheme. 

To generate the third harmonic, we 
use two crystals already in the basic 



Harmonic Oatrtttoa 
inKDF 

When a tow-intensrty lght w m 
propagate* through a transparent 
medium, it drives the electron doud of 
the constituent atoms into forced os
cillation (a). This oscillating electric 
charge constitutes a polarization wave 
that gives rise to a radiated wave. The 
radiated wave represents the usual 
"linear" response of the medium to the 
incident light. Because the oscillatory 
morion of the electrons follows the 
vibratory motion of the driving field, 
the radiated wave is of the same 
frequency as the incident wave, The 
wave thus emerges from the -
transparent medium with its frequency 
unchanged but with a phase delay that 
depends on the material's refractive 
index. This applies to all low-intensity 
light waves passing through 
transparent media. 

Laser pulses typically have a spectral 
brightness (power density per 
steradian-hertz) many orders of 
magnitude greater than that of 
incoherent sources. It is this property 
that enables a laser pulse to produce a 
more vigorous oscillation of the 
electron cloud. The electrons may be 
displaced from their equilibrium 
position by a distance many times 
larger than the truly minute excursion 
induced at low intensity. As a result, 
the electrons come into greater contact 
with neighboring atoms, probing their 
repulsive potential with each oscillatory 
cycle. T.iis process enables the structure 
of the medium to influence the . 
frequency of light radiated by the 
oscillating electrons. If the strength of 
the repulsion experienced by an 
electron driven by intense laser light is 
asymmetric (different in opposite 
directions), its motion will be" 
biased (b). 

If we decompose an electron's 
motion into its frequency components; 
they appear at multiples of the input 
frequency, a (c). For a cenrrosymmetric 
site, the components appear at odd 
multiples (mostly3t> and, toa vastly 
smaller extent, 5a). for an asymmetric 

tile, we ©buin Both odd tad t m 
•rmftspie! Jjljr tar the strong*** of thea* 
i* 2M and, in order of rapidly decreasing 
Strength, 3w, *«, end higher 
frtqaencaw. ( l a w 1* abo a Kro-
faqtamc^ or dc, poUuicMkm term). 
Each of she oscillatory morion* gtvtt 
rise to a radiated wavelet (a harmonic) 

c at multiple* of the input frequency, 
In generating second harmonics, for 

example, each wavelet at the second 
harmonk frequency, 2u, radiates 
outward at the phase velocity of the 
medium for that frequency, which is 
the vacuum speed of light divided by 
the refractive index at 2u (vj„ '«• c/njj, , 
The fundamental wave, however, 
propagates with a different phase 
velocity (v„ - c/rtj. Because the 
fundamental wave imposes its phase 
on each of the electron oscillators, and 
thus on the radiated 2ai wavelets, the 
net radiated wave at 2u is the sum 
of many out-of-phaae wavelets from 
the host of oscillators throughout the 
materials We describe this situation by 
saying that the process is not phase 
matched (d). The result is a very weak 
conversion of the laser energy from 
the fundamental to the desired 
frequency, 2u. 

To achieve the phase-matched 
condition, in which the 2w wavelets 
will add coherently we must arrange 
for the phase velocity of the 
fundamental wave to equal that of the 
second-harmonic wave. This can be 
done by choosing a material with 
anisotropic characteristics that 
compensate for the variation in phase 
velocity with wavelength. The wavelets 
from all the oscillators in such a 
material then will reinforce one 
another (d), resulting in a high 

. conversion efficiency, KDP crystals 
display this property. 

The phase velocity of light in a 
transparent medium is inversely 
proportional to its refractive index, 
which, in turn, depends on the spatial 
orientation of the material and on this 
wavelength of the light. It is possible to 
orient a crystal of KDP so that the 
propagation velocity of incident light 
waves produces exact phase matching. 
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The optical axis of KDP is such that light polarized per- , 
pendicular to the axis experiences an angle-independent 
(ordinary) refractive index, n,„ whereas light of the other 
polarization experiences an angle-dependent (extraordi
nary) refractive ii - A J J . (e). The extraordinary index nffl 
at the second han;- . ;5 equal to the ordinary index at-
the first harmonic i i .^rticular angle 9, the phaae-
matching angle of incident light. This condition, called 
type-I phase .matching, produces phase matching for the 
second harmonic. 

Phase matching may also occur when the second har
monic is matched with two fundamental waves polarized 
in orthogonal directions.4 This is called type-TJ phase 
matching; in this way, a KDP crystal psovide* a high con
version efficiency in one particular orientation but a low 
efficiency-in any other orientation. Wfe have demonstrated 
experimentally this conversion technique, eaUad angle-
tuned harmonic genesatton, with the Laboratory's Argus 
and other laser facilities. This technique requires precise 
orientatton of the KDP crystal, tyj*ally to within 
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Fig. 1 
Calculated conversion efficiency of 
the quadrature-green /cascade-blue 
arrangement, assuming a Nova whole-
beam divergence of 200 urad and the 
optimum crystal thickness of 1.4 cm 
for both crystal arrays, (a) The conver
sion e f f i c i e n c y ( J ] 2 . J ° ' * n e 

fundamental harmonic (u>) to green 
light (the second harmonic) Is high 
over the full operating range (0.5 to 
3 GW/cm 1 ) ; (b) the efficiency of con
version ( IJ 3 W ) to blue light, (the third 
harmonic) declines at higher Intensi
ties of the fundamental frequency. 
Efficient conversion to blue light is not 
necessary beyond 2.5 G W / c m 2 , as 
the intensity of the Incident laser 
beam is limited fey setf-foct/sing in the 
target-focusing optics. 

orientation for generating blue 
(0.355-fzm) light.7-8 This is the standard 
cascade-blue configuration. For high 
conversion efficiency, we optimize the 
crystal lengths for efficient performance 
over the full operating range of input 
intensity. To generate the second-
harmonic green (0.532-nm) light, we 
have developed a new approach, the 
quadrature scheme (see box on p. 26). 
In this scheme, two crystals are 
arranged almost exactly as in the 
cascade-blue configuration. To change 
the system from generating blue to 
generating green light, we need only 
rotate the two-crystal array about the 
beam axis by 10 deg and angle-tune the 
second crystal (about only one axis of 
the assembly) from the blue phase-
matching angle to the green phase-
matching angle—a rotation of just a 
few milliradians. In contrast to conven
tional approaches, there is no need for 
interchangeable arrays. 

Our scheme produces green light ef
ficiently over a large operating range of 
input intensity, much larger than the 
system requirement (Fig. 1). It performs 
best at the low-intensity end of Nova's 
pulse-width range (2 to 5 ns). This 
design is consistent with other system 
constraints such as minimizing 
nonlinear propagation effects. 

Large-Aperture Arrays 
Nova requires frequency-conversion 

arrays with a large (74-cm) aperture. 
The feasible aperture size of single KDP 
crystals is limited, at present, as large-

Second harmonic 

1.0 2.0 3.0 
Incident Intensity 

(fundamental wavelength), GW/cm 2 

aperture crystals have a high aspect ra
tio (aperture divided by thickness) and 
a long fabrication time. This limitation 
can be overcome, however, by fabricat
ing an array of small-aperture crystals 
to provide a large total aperture. We 
have used this technique in designing 
the frequency-conversion subsystem for 
Nova. In our two-crystal subsystem, 
each 74-cm aperture is fabricated of 
nine KDP segments (Fig. 2). Each array 
is sandwiched between two windows 
coated with graded-index antireflection 
layers.1' Losses from Fresnel reflections 
at surfaces inside the assembly are re
duced with three thin layers of index-
matching fluid. The composite arrays 
are assembled by precisely machining 
the KDP crystals so that the phase-
matching direction (the beam direction) 
is accurately aligned with the surface 
normal. This approach was made 
feasible by the use of diamond-turning 
technology to machine the crystals and 
by precise measurement of the phase-
matching angle (± 30 firad). 

Exacting requirements for the optical 
quality of the beam severely con
strained the mechanical design of the 
assembly. We developed and tested 
two designs using a 15-cm, clear-
aperture prototype. In the "egg crate" 
design, the crystals are embedded in a 
stainless-steel lattice that supports the 
windows against an internal vacuum 
load. We have also tested a "close 
packed" design, in which the individual 
crystal segments are placed directly 
against each other, and the whole array 
is supported by the windows and per
haps some internal post supports. (Ex
perimental results from a prototype 
close-packed array are shown in Fig. 3.) 
We are evaluating, both experimentally 
and theoretically, the relative merits of 
these two designs. 

The intensity of high-power lasers is 
limited by self-focusing, a phenomenon 
whereby small-amplitude, small-scale 
intensity ripples in the laser beam am
plify to very high intensities that can 
damage optical components . 3 1 0 1 1 This 
effect, caused by nonlinearities in the 
optical materials, occurs to some extent 
in all optical components, including the 
target-focusing optics. The severity of 
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the effect increases with the optical 
path length and with the laser intensity 
and decreases with wavelength. Seg
mented crystal arrays induce ripples in 
the beam when it is diffracted by the 
gaps between segments, subjecting it to 
self-focusing in the target-focusing op
tics, especially at the third harmonic 
(0.35 nm). In our design, we minimize 
rippling by using apodization to control 
diffraction from the gaps (apodization 
is a method of softening hard edges 
that clip the beam). 

Design of the Frequency-
Conversion Subsystem 
The conversion scheme produces two 

wavelengths by using the same arrays 
that generate the second harmonic to 
generate the third harmonic; the color 
is changed merely by adjusting the ori
entation of the arrays. The rest of the 
frequency-conversion subsystem is de
signed to be similarly color flexible. 

Components of high-power lasers 
typically perform best (in terms of 
damage threshold, reflectivity, and 
wavefront distortion) when they are 
optimized for monochromatic opera
tion. It is not economically feasible, 
howevpr, to use, say, three sets of 
74-cm-aperture focusing optics, one for 
each operating wavelength. Therefore, 
we designed the frequency-conversion 
and target-focusing subsystems to oper
ate at multiple wavelengths, minimiz
ing the number of multiwavelength 
components. Furthermore, the total 

path of the laser beam through glass is 
minimized so as to maximize the high
est power at which the laser operates 
without undergoing self-focusing.6 

The spatially filtered infrared laser 
beam produced by each arm of Nova is 
imaged onto the target-focusing optics 
through a system of mirrors that are 

Indax-matchlng 
tluld (<100nm Ihlck) 

Fig. 2 
Each 74-cm frequency-conversion ap
erture is fabricated of nine KDP seg
ments. Tho three-by-three array Is 
sandwiched between two anti-
retlecting windows. Losses from 
Fresnril reflections at surfaces Inside 
the astambly are reduced with throe 
thin layers of Index-matching fluid. 
The KDP crystal are machined so that 
the phase-matching direction {the 
beam direction) Is accurately aligned 
with the surface normal. 

Fig. 3 
Using a prototype close-packed KDP 
crystal array (left), we were able to 
generate the second-harmonic green 
light (right). Data were taken with the 
Argus laser facility; laser output ae 
1.064 fim and 0.7 ns was 2 GW/cm2; 
cryetal width was 5 cm; crystal thick
ness was 11.8 mm. The measured 
conversion efficiency from the funda
mental Infrared wavelength to the sec
ond harmonic (green) was 75%. 
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Quadrature Conversion 
Scheme 

The quadrature conversion scheme is 
a method of generating the second 
harmwtic of a fundamental wave. The 
scheme, which uses two crystals in 
series, has several advantages over 
single-crystal or other two-crystal 
schemes: 

<*> 
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• High conversion efficiency over a 
large dynamic range of drive intensity 
and detuning angle. 

• Easier crystal alignment. 
• The same crystal configuration as 

the two-crystal methods of generating 
the third harmonic, making the 
transition torn a 2u> to a 3w output 
much simpler. 

Consider a pair of KDP crystals cut 
for type-H phase matching [in'(a) we 
show the first crystal of the pair}. In the 
quadrature scheme, the optical axes of 
the crystals are arranged so that the 
planes containing the direction of the 
laser beam and their optical axes (the 
kz planes) are mutually perpendicular 
(b). This arrangement has two impor
tant properties. First, in type-II phase 
matching, the incident wave is polar
ized at 45 deg to the kz plane of the 
crystal. Thus, in the quadrature scheme, 
if the incident wave is correctly polar
ized for efficient conversion in the first 
crystal, it is also correctly polarized for 
efficient conversion in the second 
crystal (b). Both crystals can therefore 
convert efficiently. 

Second, the second harmonic waves 
generated in the two crystals are 
orthogonally polarized (hence the term 
quadrature). The output from the first 
crystal thus has the wrong polarization 
to experience gain in the second crystal. 
If the conversion efficiency is ljj in the 
first crystal and ife in the second, the 
output from the first crystal is IJ,7 
(where 7 is the incident intensity of the 
fundamental w s f 0 and the input 
intensity to the second crystal is 
(1 — Vi)i- Because the second crystal 
does not change the output of the first, 
the overall output is simply the sum of 
the output from each crystal. The 
overall conversion efficiency is then 

1 - 11 + 12 (1 - nii • 

The advantage of quadrature conver
sion is that it enables us to arrange for 
the second crystal to convert whatever 
light is left unconverted from the first 
crystal. _r. » • 

The conversion properties of a single 
crystal of KDP 1.4 cm thick are plotted 
as contours of constant conversion 
efficiency in (c). Consider a large-
aperture laser beam incident on the 
crystal. Because of the unavoidable 
slight aberrations present in any laser 
beam, the intensity and local direction 
of the beam (angular detuning) will 
vary over its face. As the crystal acts 
locally in converting the laser light to 
the second harmonic, the conversion 
efficiency varies ftorn point to point 
over the face of the beam. The relevant 
conversion efficiencies ore defined, 
therefore, by the range of intensities 
and angular detunings present in the 
beam. This range defines an area on 
the detuning-intensity plot. For efficient 
conversion, the efficiency within that 
region must be high. Clearly, any 
energy in the laser beam that meets the 
crystal with an intensity and detuning 
for which the conversion efficiency is 
low will remain unconverted. For 
efficient operation, the crystals thus 
must convert efficiently over a suffi
ciently large area in the intensity-
detuning plane. The required size of 
this area depends on the quality of the 
incident laser beam. As shown in (c), a 
single 1.4-cm crystal converts efficiently 
in a roughly rectangular region (defined 
by the 90% contour) 200 to 400 /wad 
wide from 4 up to about 20 GW/cm2. 
Any laser light falling in this region 
will be converted to the second 
harmonic with an efficiency greater 
than 90%. 

Figure (d) shows the same plot for 
two 1.4-cm crystals arranged in quadra
ture (see b). In this case, the 
90% contour occupies a much larger 

. region—about 1 mrad wide at 
. 6 GW/cm2 and falling to„0.5 mrad wide 

at 15 GW/cm2. The quadrature system 
is clearly much more forgiving of beam 
aberrations than is a single crystal. For 
the beam quality expected from Nova, 
angular detunings are not expected to 
exceed 0.2 mrad. In this case, the quad
rature system gives a conversion effi
ciency greater than 80% for intensities 
above 2 GW/cm2. 



Fig. 4 
Frequency-conversion subsystem o/ 
Nova, showing KDP crystal positioning 
and target-focusing optics. LegendB 
show the operations necessary to set 
the subsystem for (a) red, (b) green, or 
(c) blue light. The conversion wave
length can be changed without replac
ing major components. 

highly reflective at the beam's funda
mental wavelength (Fig. 4). In our de
sign, the two frequency-conversion 
arrays, operating in series, are placed 
between the last turning mirror and the 
focusing optics in each aim. This allows 
us to miminize the number of compo
nents required to perform under high-
power incident light at more than one 
wavelength. 

The multiwavelength portion of the 
system includes the focusing optics, 
debris shields, a vacuum barrier, and 
beam dumps. Of these, only the beam 
dumps are wavelength unique: these 
absorb the undesired residual funda
mental (1.052-nm) or harmonic 
(0.53-um) wavelengths. Changing the 
wavelength of the laser output thus re
quires only a slight reorientation of the 
crystal arrays, a minor repositioning of 
the target-focusing optics, and replace
ment of the beam dumps. Because no 
major components need be replaced, 
the system is thus highly color flexible. 

The first element of the aspheric, f/6 
focusing lens serves as a vacuum bar
rier (Fig. 4). The second element is an 

f/13 aplanatic lens with the last surface 
uncoated. Combined, these two lenses 
provide an f/4 focusing system with a 
4% reflection of the harmonic 
wavelengths for diagnostic purposes. 
The reflection is focused and returned 
to a diagnostic sensor via the same 
turning-mirror system that transports 
the beam to the arrays. By changing the 
spacing between the two lens elements, 
we can control the convergence on the 
diagnostic reflection to accommodate 
arm-to-arm variations in the distance 
from the lens to the sensor. This spac
ing change also helps compensate for 
the focal shift in the target plane due to 
dispersion in the glass. 

Integration of Diagnostic and 
Alignment Systems 
The harmonic wavelengths partially 

reflected froi" 'he focusing-lens system 
are transported by the turning mirrors 
to a diagnostic sensor (about 30 m 
away). The sensor is located behind the 
first turning mirror in an area shielded 
from electromagnetic interference and 
from neutrons produced by fusion reac
tions. As the intensity of the reflected 
beam is low (less than 4% of the har
monic intensity) but overly energetic 
for diagnostic purposes, the mirrors 
need be neither highly damage resis
tant nor highly reflective at the second 
and third harmonics. The reflected sig
nal is used for calorimetry and for 
spatial and temporal measurements. 

The alignment procedure can be con
sidered in two parts. The first is align
ment of the turning mirrors and focus
ing optics to enable the high-power 
harmonic pulse to properly illuminate 
the target. The second is alignment of 
the crystal array in the phase-matching 
direction for efficient harmonic conver
sion of the incident fundamental pulse. 

To align the optical elements of the 
;v,tem at the target, we need to know 
the beam direction. This is provided by 
low-power reference beams that are 
colineaTly aligned with the main (high-
power) laser beam. For experiments 
using infrared (1.052-,um) light, we will 
use the system alignment laser, an in
frared reference beam designed into 
Nova. To align the optics for 
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experiments with green (0.53-yum) or 
blue (0.35-jim) light, we will use an an
cillary low-power, continuous-wave 
laser operating at the same wavelength 
as the desired harmonic. The ancillary 
laser is colinearly aligned with the 
system-alignment laser, thereby provid
ing a low-power reference source of the 
desired wavelength. The turning mir
rors and focusing optics are then posi
tioned using standard target-alignment 
techniques. 

To align the crystal arrays, we use 
the master oscillator pulse train (operat
ing at the fundamental frequency), am
plified by small-aperture rod amplifiers 
with a high repetition rate (0.1 Hz). We 
then orient an array so that it converts 
the second harmonic with maximum 
efficiency as monitored in the target 
chamber. This technique, however, will 
not produce a measurable third-
harmonic signal. We align the array for 
the third harmonic by an open-loop 
correction of its position at the second 
harmonic. This amounts to a tilt of 
4.4 mrad about one axis of the array. 

Summary and Conclusions 
Both theory and experimental results 

indicate that the performance of 
inertial-confinement fusion targets can 
be substantially improved by operating 
the driving laser at wavelengths shorter 
than 1 nm. The most efficient way of 
attaining wavelengths that are three to 
four times shorter than the current op
erating wavelength is by converting the 
laser's fundamental frequency. We have 
designed a frequency-conversion sub
system using multicrystal arrays of 
KDP. When installed with the Nova 
and Novette lasers, the system will op
erate at the second (0.53-iim) or third 
(0.35-/im) harmonic of the fundamental 
frequency (1.052 jim). The operating 
wavelength can be easily changed. The 
system should achieve high conversion 
efficiency and will accommodate non
linear propagation effects over the in
tensity range of interest. Requirements 
for aligning the system and for di
agnosing target performance can be 
met at all three wavelengths without 
compromising the multiwavelength 
flexibility. 

The payoff of such a conversion sys
tem in improved target performance 
promises to be considerable, and KDP 
crystal array technology is currently 
sufficiently advanced to meet Nova 
specifications. Accordinglj, plans are 
for the Novette laser (in late 1982) and 
the Nova laser (in 1984 or 1985) to pro
vide high-energy, short-wavelength 
target irradiations. 

Key Words: Argus; frequency conversion, laser; 
harmonic generalion; inerlial confinement fusion 
(ICF); laser-plasma interaction; Nova; Novette; 
short-wavelength lasers; polassium dihydrogen 
phosphate (KDP). 
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