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Abstract

The formation of pristine silica fiber sections in an ultra high vacuum en-
vironment requires the critical control of production parameters. Glass tem-
perature and fiber draw force must be precisely controlled to produce favorable
results. Process controlis achieved by automating the operation of a high power
CO, laserand the acquisition of data with a dedicated microprocessor. This com-
bination, with the integration of ocular control through the application of digital
image processing techniques, has subsequently led toa consistent and reproduc-
ible means of forming high quality pristine glass fiber test sections on the order
of 25 umto SOumin diameter. Fibers formed is this manner are tested to failure
(in situ) by applying loads at various rates in controlled environments. This
report presents the techniques and devices used to develop this automated
fabrication and testing system.

This work was performed at Sandia National Laboratories and supported by the Department of
Energy under contract number DE-AC04-76DP00789.
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Introduction

Silica based optical fibers are
rapidly assuming a pivotal role in ad-
vanced' energy and defense related
technologies. In many cases, the relia-
bility of the fiber optic system is con-
trolled by the mechanical properties
of the silica glass fiber. As part of an
effort to understand the mechanical
properties of high purity glass fibers, it
is necessary to examine the strength of
pristine fibers that have not been ex-
posed to abrasive or chemically reac-
tive agents. Studies of silica glass fi-
bers in the pristine condition allow us
to assess the potential of the optical
fibers and provide the opportunity to
examine, in a controlled fashion, the
role of chemical species in degrading
the fiber strength.

In order to form contamina-
tion-free surfaces, we use an ultra high
vacuum chamber as a means of ex-
cluding particulate and chemical spe-
cies during the fabrication procedure.
The silica glass is heated within the
vacuum chamber by means of a CO,
laser to facilitate fiber drawing. After
formation, samples can be tested to
failure in controlled environmental
conditions. Since fiber drawing and
testing are conducted in situ, the han-
dling and fixturing problems associ-
ated with delicate fiber sections are
eliminated. '

Although this fabrication and
testing procedure offers many advan-
tages for the production and examina-
tion of pristine glass fibers, itis difficult
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to accurately control the heat treat-
ment conditions and fiber draw para-
metersinavacuum environment. This
paper shows how microprocessor
control of the critical processing para-
meters can be used to establish a pro-
cedure for fabricating reproducible
pristine fiber test sections.

Materials & Geometry

Samples (Figure 1) are pre-
pared from sections of 1-mm O.D.
Amersil T0O8-WG Commercial quartz

rod. A 10-mm length of flame cut rod

is fused at each end to larger (2-mm
0.D.) sections of generic fused silica
(GFS)rod. The GFSsectionsare then
formed into small radius hooks for
connection to the drawing apparatus.
After cleaning, the 1-mm O.D. section
of silica is lightly fire polished to re-

Kl

1I-mm
TO8-WG

2-mm
GFS

Figure 1 Prepared & Drawn Samples
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move any surface imperfections or
scratches which might adversely effect
the ultimate strength of the fiber.

Samples are then positioned in
the vacuum chamber in a vertical
alignment with the base hook attached
to an internal load cell, and the upper
hook attached to a length of stainless
steel beaded chain. This configuration
provides multiple free pivot points
when the sample is positioned for fiber
formation. The elimination of lateral
fixturing forces is essential to the lin-
ear draw of the fiber.

In order to form the fiber, the
load chain is fixed to a rotary manipu-
lator which is externally driven with a
mechanical advantage of 3:1. Draw
force is provided by a 100 gram exter-
nal dead weight. After the fiber is
formed, the manipulator driveis trans-
ferred to a linear stepper stage for the
application of controlled loads.
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Apparatus

The environmental chamber
(Photo 1) is constructed of 7-cm stain-
less steel sections oriented in an elon-
gated vertical configuration. Pumping
is provided by a 50 I/s turbomolecular
pump which achieves a base system
pressure of 1x 10* torr. The system is
equipped with a residual gas analyzer,
a capacitance barometer, thermo-
couple gauges, and an ion gauge. All
instrumentation is linked to the con-
trol computer via the IEEE-488 data
interface (Figure 2). .

The stainless steel beaded
chain is suspended from a rotary
manipulator which is fixed to the top of
the chamber. A 22-kg capacity load
cellisattached (invacuum)to the base
of the chamber. The total separation
of 46-cm creates a long draw path for
fiber formation. The entire vacuum

IEEE-488 Data Bus
. Quadrupole
80286 /8 MHz Image gnalysns Spectrometer C
Microprocessor : : Array Processor
Digital Voit
Meter c
Load
—>1 Transducer \ lon Gauge K
Laser Shutter Relay
;:> Control \ Vacuum System / Scanner C
&
:_—-'\‘/ LaserPower | Draw Fixture | Temperature
Control Scanner C—
——— Analog Digitat <>

Figure 2 Block Schematic of Logical Information Flow
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system is suspended from a hard fix-
ture which provides x-y-z manipula-
tion for sample positioning. With this
arrangement, the sample can be accu-
rately positionedin the CO,beam path
which enters and exits the vacuum
chamber through two potassium bro-
mide (KBr) windows (2-cm O.D. x 6-
mm thick).

Digital Image Processing

User written control and analy-
sis routines control all aspects of fiber
formation and measurement. Rou-
tines written in the C programming
language (Listing 1) combine library
functions containing image process-
ing, IEEE-488 interface control, and
numerical analysis routines.

The sample is imaged through
a 31X microscope using a pixel array
CCD camera. Video information
from the camera is transfered via RS-
170 interface to a real time image
processor at a rate of 30 frames per

second. The analog inputsignalofOto -

7.14 mV is digitized at the image proc-
essor by a flash A/D converter at a 10
MHz rate. This 8-bit digitization pro-
duces an image with 256 discrete grey
scale levels which are treated as inte-
ger values when accessed by the com-
puter. Theresultingimage isstoredin
a 512x 480frame memory array and si-
multaneouslydisplayed on a highreso-
lution color monitor.
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Fiber Formation

Due to the high softening point
(>1700°C.)of fused quartz,anintense
heat source is required to draw fibers.
As shown in Figure 3, the carbon diox-
ide laser produces radiation at a nomi-
nal wavelength of 10.6 um. Since the
optical transmission of fused quartz is
essentially zero above 4.0 um, this la-
ser light proves to be an excellent heat
source for this application.

The laser used in this system is
capable of producing 25 watts of
power with an exit beam diameter of
3.6-mm. Since the power density of
this beam is not sufficient for fiber
formation, the original laser beam is
directed through a zinc selenide focus-
ing singlet. This lens system produces
a well defined focal waist of 1.2-mm
diameter with no pre-expansion of the

100
]
T
r
; | 002 Laser @ 10.6um
s Quarz
m 501
i
s
! e
i
o 1
a -
0 +—r——Trrrrr—r—ir v T
] 10 15 20
Wavelength (um)

Figure 3 High Absorption of CO? Laser Line by Fused
Quartz

laser beam. With the laser operating
ata power setting of 16 watts, the nec-
essary temperatures are achieved.
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Prior to placing the sample in
the vacuum chamber, the diameter of
the TO8-WG section is accurately
measured to a resolution of 1.0-um
using a digital micrometer. This meas-
urement is used as a calibration of the
optical system once the sample has
beenmounted. Lighting isadjusted so
that the sample section is defined as a
darkbar ona light background (Figure
4). A line of pixels is scanned and
stored as a single dimension integer
array. Since undesirable reflections
contained within the bar are difficult
to identify and exclude, the array is
first evaluated from left to right to
identify the left edge of the sample.
The array is then indexed and read
from right to left to define the right
edge of the sample. With this tech-
nique, the reflections and specular
defects encountered within the body
of the dark bar have no effect eitheron
edge detection or the resulting calcu-
lation of sample width.

Figure 4 is a representation of
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the 1-mm silica section. Figure 5 is an
example of a scanned line which corre-
sponds to the filar line on Figure 4. In
this cross section the edges and the re-
flected portion in the center of the bar
are easily differentiated. The silica
section of a 512 pixel scanned line typi-
cally occupies 360 pixels with a magni-
fication of 31X.

Proper alignment of the
sample is critical to the performance
of the drawing process. To facilitate
this, alowpower helium-neon (HeNe)
laser is co-aligned with the high power
CO, laser. During the setup phase, the
operator interposes a turning mirror
in the CO, beam path to provide a
visual HeNe indication of the pro-
jected beamline. The sample is trans-
lated into the beam through the ma-
nipulation of the linear manipulators
which support the vacuum system.
This alignment is accurately con-
firmed on a projected image at the exit
side of the vacuum chamber.

After initial path alignment

Video Frame

——G ] B=ON=-T OB

512 Pinels Wide

—_—a cote won
=
8

0 100 200 300 400 500

Figure 4 Scanned Line thru a Typical Video Frame

Figure 5 Line Scan of a 1-mm Silica Section
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using the HeNe laser, the turning mir-
ror is removed and a test exposure is
made with the CO, laser. This proce-
dure confirms the vertical positioning
of the beam path with relation to the

scan position of the image processor..

Simulated filars on the display screen
are aligned to the center of a heated
area on the sample as the operator
manually pulses the laser. This proc-
ess serves a secondary purpose by
bringing the section into line with the
vertical pull of the system. Any slight
alignment irregularities are elimi-
nated as thesilica is slightly softened
by the laser heat.

Once the 1-mm sample section
has been accurately aligned and meas-
ured, the drawing process is entirely
controlled by the microprocessor. In
this procedure, all artificial lighting is
removed and the fiber is drawn in a
darkened room. When the shutter is
opened from the control program, the
heating of the silica produces an in-
creasingly intense white light. The
control program continuously loops in
a recursive routine which acquires a
video frame, analyzes a line of pixels,
and compares the results with a previ-
ously entered target intensity con-
stant. As the silica heats, the program
is triggered to a second routine when
the intensity (typically - grey level 220)
indicates that the sample has reached
a softening point (>1700° C). At this
point the program repeatedly scans a
predetermined line and measures the
decreasing sample width in real time
(30/sec). When the measured width is
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equal to or less than a target width
value, the shutter is closed and the
draw is complete.

At this point the fiber section is
illuminated and imaged. The mini-
mum diameter of the drawn section is
located by translating the measure-
ment microscope along the length of
the fiber. Repeated measurements
are taken and averaged to determine
the resulting minimum fiber diameter
and the total length ("2-mm) of the
drawn section. All system and fiber
data are recorded to a file and the
system is reconfigured for fiber test-
ing.

Strength Testing

Fibers produced in vacuum
can be tested to failure under con-
trolled environmental conditions. The
vacuum system is configured with an
auxiliary gas manifold to provide dos-
ing materials during the testing proc-
ess. Gas pressures are.controlled by
monitoring the output of a high resolu-
tion capacitance barometer. Once the
environment has been stabilized, the
linear stage can be driven toloadfibers
atratesof 0.5 to 50.0 grams persecond.
Rate, load, and chamber information
are transmitted to the control com-
puter for data file storage.

A base line of strength data for
a particular material is determined by
forming and breaking a series of fibers
in a high vacuum of <5 x 10* torr.
Silica fibers formed in this manner
have been tested? to stresses in excess
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of 10.3 GPa in the pristine state.

Summary

This communication describes
a novel method for the entire forma-
tion and mechanical testing cycle of
pristine silica glass fibers. After initial
sample insertion and alignment, the
experiment is completely micropro-
cessor controlled and proceeds with a
minimum of operator interaction.
Critical parameters for fiber forma-
tion are controlled and recorded by a
dedicated microprocessor and stored
to disk for further analysis. Fibers
drawn in this manner are pristine in
nature and consistently uniform. To
date, this system has been employed to
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gather preliminary base line data in
preparation for a complete study on
the environmental effects on silica
materials.
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Listing 1
/ . PROGRAM: LASERVC2C oone GCLEARSCREEN);
0a300,0xA0000,PSEUDO_COLOR,1);
Description: LASERVC2Ciss program that is used 1o “'ﬁ(’mlllz)-
control the fiber drawing operation. The user nitregsa();
is guided theough the program with pop-up nithats ();
comments that must bs acknowleged before initislize();
contiouing. This will ineure the safety of oper-: setpaxsek((WOOFF);
40cs and the sucoes of the fber drawing sclear(0);
ion. Afer several scroen prompts, the "
mm“ubqn&nbaﬁuu dynemic_lua();
1@ section of silica. When the target width sotpmank(0x0FF);
is detected, the user is prompted for final in- scloac(255,WAIT;
Eoviconment: Vacou L4 Progm i terminatad f+++%* Calculate inicial widch of the sample. **2*¢/
Image soep(1);
Contrast: ~ White on Black. mel):
Control:  Laser control i fished through HP power for(imisi<SiZies+)
;od*.“SZAfathehwrpm asosom i(bdat1{i}< 140){
for the laser shutter. Images of samples are avml
acquired by way of an image processor furm- cntafa]=i;
ished by Imaging Technology model: FG-100- for(imii<Si3ie ¢)
AT and controfled with ITEX 100 program- if(bdat1fi)> 140)(
ming routines. These devices are accessed be=1
shrough a GeneraiPurpose Interface Bus - cntb{bjmi;
(GPIB) and controled withMicrosoft C i{b>=2)break;
Progr g Language R )d-emm
*/
9000 i 2 efiniti s090e )
1*°°*** Header files required for function definitions. ! widthls m
#include “itex100.h"™ i=02au(,bn(;
#include “stdtyp.b” grab(0); .
#include <stdic.h> ibwri(ion8,"R02\\n",3);
#include <graph.b> for(im0;i< =110005i + +){
#include <declb> :-Hl;
A .
pivmrpi s fed (o7
=
[***** Variable definition and declaration. *****/ poses Uner © thra Phasc & *+%°°/
BYTE bdat1{512}; pbl:
char mx[;&{,a](sm_n[m; _clearscreen( GCLEARSCREEN);
chae fname{} = "color L hil™ meas{} = "measure™ ref[|="reference™; printf{(“FIBER DRAWING CONTROL PROGRAM:"); .
int 4,6,6.i.k.fw.pe6, pe7,dvin L dvm2.qm=0; printf(*\n\n\nPhase 1: Position sample in chamber and adjust optics...”);
int lpLrpL.cntal4),cntb{4]width L width?; printf(*\n\n\n\n\nPress RETURN 10 continue...™);
int Mi=OM2=0M3=0M4=0,; cmgetch();
int xm256,ym256; putcharc ();
int x1=256y1=256; switch (c){
int x2y2,jon8,n{10}d; cane
intv,bzvLhl,zlcnt=0; M"‘:L
es0e img 0008 goto ﬂll.
s MAIN program begins. ! beeak.
main() }
{
FILE *
dﬂ'ld’;’;l; _clearscreen(_GCLEARSCREEN);
float tim,mm, mic,ma,wa; printf(™\nPhase 2: Ensure that power supplies have been ON for™);
int test,widih, tot=0; peint{(“\o\n st least 30 minutes before continuing...");
time_t start,finish kime; printf{“\n\n\n\n\nPress RETURN to continue...”);
C-M )
0008 Ini i g YT putcher (c);
[044°* Initialization of devices. ! ch (030
pobmiblind(“PSE”); case
peTmiblnd(“PST"); break;
dvmiibliod(“DVMI™); defavl:
dvn2=iblind(“DVM2™); goto ph;
ion8=iblind(*JIONS™); break;
W"VSEI‘GN‘.’), }
7,710007,4);
ibwrt(dvin1,"RTRSWE",6); ph3:
# 3 _clearscreen({_GCLEARSCREEN);
w2 "RIRSWE 6% printf(“\nPhase 3: Ensure that all operators have eye protection\

/***** Initialization of Image Processor. ****¢/

\n\n and that srea is secure from entry...\
\n\n\n\n\nPress RETURN to continue...”);
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_clearscreen(_GCLEARSCREEN);
peintf(“\nPhase 4a: Interpose power head in beam path and adjust™);
print{(“\n\n laser power...");
“printf(*\n\n\n\n\nPress RETURN to continue...”);
cwmgetch();

putchar (c);
switch (c){

3 *zggzg

clearscroen{_GCLEARSCREEN);
printf(*\nPhase 4b: Input laser power setting (watts)... “);
scanf(“%{",&wa);
phs:
_clearscreen{_GCLEARSCREEN);
printfC\nPhase $: Input current setting (DC mA)... “);
scanf(“%{",&ma);
phSa:

(!

_clearscreen( GCLEARSCREEN);
priotf(*\nPhase Sa: Remove power head from beam path... “);
peintf(*\n\n\n\n\nPress RETURN to continue...”);

cemgetch();
putchar (c);
switch (c){

case \r":

break;

abault:

%0 phsa;

break;

}
phéc

cloarscreen( GCLEARSCREEN);
M‘h?hl & Enter sample width (mm): “);
scanf{(“%{".&mm);
mics((mm® 1000.0)/Awidth1);
pbZ%: :
GCLEARSCREEN);

P % mwm)m i pincle: “);
scant{“%i",&test);
ph&
_clearscreen(_GCLEARSCREEN);
Ppeindf("\007™);

pdnd("hl’hu'e 8: Ready for fiber drawing operation...\n\n\
Present sample width = %i pixels.\n\
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Targetwidth setat  %i pixels.\n",width,test);
printf(*\n\n\n\n\n\n Turn OFF light source and room lighting.\
\n\n\n\s\n\n\n\n\n\n\nPrees RETURN to open shutter and beat
sample...”);

cmpetch();
putchar (c):
switch (c){
case \:
shon();
break;
defaui:
poto phl&
) break;
1°°°** Detect trigger point. *****/
readhut(fname);
delta_me();
wig .
soap (1)
behline( 120datl);
i00(0.351,512,351,GREEN_OVERLAY < <8);
for(i=mBi<S12i+ +){
il(bdat1fi] >qm)qm=hdm1{i];
(bdacifil<qm)qo=q;
if(hdat1[i)>220)goto init;
poto trigs

[abttad Calwhtzvndth of sample and compare to target. *****/
init:
i=0;

Ip:
snap(1);
brhline(0,255,512,hdat1);
line(0.256512256 RED_OVERLAY < <8);
for(imiji<$12i+ +)

if(hda1[i}>50)

{

Ipl=i;
,m) X

p:
for(i=51L;i> = 0;i-)
f(hdat1(i}>50)

{
plsi;
o

width:

width2=rpl-ipl;

if(width2 < =test)goto end;
else goto init;
end:

[°**** Reset devices to default settings. *****/
tim=deita_ms();

time{ &finish);

nboﬂ().

peintf*\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\nPhase 9: Turn laser off\
with key switch...\n\nPress RETURN to focus image..”);
c=getch();
putchar (c);
switch (c){

case "

beeak;

default:

goto ph9;

break;
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sotpamsk(0uP00);
dynemic_luts();
setpmask(|

ﬁ%m Continuous GRAB mode..\
\n\\n\n\n'\n\aPress RETURN (o measure fiber..™);
cmgatch();
putcher (c);
switch (c){

case v

bresk;

defauie:

o0 ph10;
)

[***** Routine to measure fiber. *****/

snapm:
_clearscreen{_GCLEARSCREEN);

¥ Measure...\n");
Q-anam-&

l‘or(k-l.k<-$.k++)(

saap(1),
behiine(0,255,512hdat1);
hiclear(0,256,512RED_OVERLAY < <8);
text(400,241,0,L,RED_OVERLAY < <8 meass);
biclear(0,351,512,GREEN_OVERLAY < <8);
text{400,336,0,L,GREEN_OVERLAY< <8 ref);
i=0;
beginl:
for (imii<S12 + +i)
if(hdat1[i}<85){

a+=l;

cotafa]=i;

#(i>=512) exit();

else goto begin;

for(n-u;i<513;i+ +)
if(bdat1fi]>85){
- be=l;
}=i;
(i>=512) exiv();
eise goto beginl;
}
}
width=cntb{b]-cntaf1]; /* Output data. */
printf(*\n width%i = %d pixels.” k,width);
tot=width +tot;
}
printf(*\n\n average width = %i”,tot/5);

/ +++%¢ Mouse-Measure routine. ****/
START:

priot (" Click right button to continue.\n");
pisd (' X Y Z7;
T=rpimei(xy):

LOOP: * Display Cursor */
hiclear(x-5y,10RED_OVERLAY < <8);
videsr(xy-5,10RED_OVERLAY« <8);

:;:g P Get Right Button Release */
1

Mousacuu(mummam).

i (M2>0) goto END

Mi=§ /~ Get Left Button Release */
M2=0;

MOUSECMM(&M1,&M2 &M3,&M4);

P Initialize Mouse */
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ﬂ-xl;

2=y

['§ (M2>0) goto RECORD;

Mil=11; 1* Check for X-Movement */
MOUSECMM(&M1,&M2,&M3,&M4);
xlwxl+M3;

yl=yl+M4;

i (xm=x1) goto CON2;

soto MOVE;

CON2:

I'Chntth-Mov-cm‘/

f(y--yl)tﬂo

!-80“3;

y=y+M4

bicloar(x2-5,y2 1GRED_OVERLAY< <0);
viclear(x2y2-5, 10RED_OVERLA Y < <9);
2=cpoml(xy)

=g
ylmy,
goto LOOP;

" PUpdse X &Y - Start Again */

]

RECORD:
ctment+1;
printf(\n  %3i %3 N3i"xy.2);
nfent]=x
hiclear(x2-5,y210RED_OVERLAY < <0);
viclear(x2.y2-5,10RED_OVERLAY < <0);
i{cntm=2)
{

d=n{1}-n(2]);

printf(*u\ width = %3i"abe(d));
cnt=0;

goto LOOP;

}

else

goto LOOP;
ENDIT:

biclear(x2-5y210,RED_OVERLAY< <0);
viclear(x2,y2-5,10.RED_OVERLA Y < <0);
biclear(0,256 512 RED_OVERLAY< <8);
biclear(0,351,512,GREEN_OVERLAY < <8);

phit:

prmll'(“\n\n\n\nDoyouvnmtonputmt(yorn)"“),

GCLEARSCREEN);

prind(*\nEnter sctual fiber width: *);
scanf(“%i".&iw);

/%%°°* Output program parameters. *****/
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" break;
case y":
print(“\n\nEnter name of data file with *.dat’ extension: );

NS2Ne%d
9%5.20" width1,(mic*width1),width2 (mic*width2));
prinef{fp,"\0%i %7.20" test,(mic"test));
Cpriof(fp,"\a%i %5.20" w,(mmic*w));
Cpriodf(fp, "% 3.20",ma);
Cprintf{(fp, "% 120" we);
Cprintl{tp,"\0%e".rd);
Cprioaf{tp, "\ %i".qm);
Cpriod{fp,

break;
Gelauie:
goto aek;
bresk;

) N
print{(*\n\n\n\n\nLASER CONTROL PROGRAM TERMINATED!"),

;do-e(fv); .
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I..... MA]N m m ...../
1*0°¢* Definition of FUNCTION subroutines. ****/
/* Function lson */

Ison()

{
Towrt(pe6,"VSET 12.00,10);
ibed(dvmn1,rd1, 16);

}
I* Function lsoff */
{
"VSET 0.00°,9);
ibed(dven1,rd1,16);

}
* Punction shon */
shon()

{
ibwrt(ps7,"2713°,4);
brd(dven2,rd2,16);

P Punction shoff */
(
ibwrt(ps7,"10007,4);
(L0216
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