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Improvements t.o m High-Frequency Fiber-Optic System for Plasma Diagnostics

J.W. Ogle, P.B. Lyons, L. L.ooney

Los Alamos National Laboratory, P.O. Box 1663, MS 410, Los Alamos, NM 87545

L. Hocker, M.A. Nelsen, P.A. Zagarino, T.J. Dzvies

EG6G, Inc., Santa Barbara Operations, Santa Barbara, California

and

R,D. Simmons, R. Selk, B. Hopkins

EG6G, Inc., Las Vegas OperaLions

A system for high-f’requency recording of plasma diagnostics has previously been reported.
Substantial improvements have been made in the syztem response, dynamic range, and calibra-
tion of the system. Plastir-clad silica fiber is used as a radiation-to-light converter
using the Cerenkov process. A spectral ●qualizer device is used to compensate for the
mater.al dispersion in the fiber, increasing the frequency response (-1 Gl!z-km) ●nd the
dyn”.,nic ‘ange (a factor of >20 over a FHHM 1 nm, 50S transmitting interference filter). The
ca!Abr&tion system uses a pulsed injection laser diode (<100 ps FWHM) in.jetted into the
fiber at the radiation ●nd of the fiber and detect@d by a microchannel plate photomultlplier
tube on the recording ●nd, The injection laser diode 1s triggered by a synchronous tri~grr
delay unit, which also trigg~rs a sampling or r?al time scope after ●s much as 10 US delay
with <50 ps jitter. The syst?m improvements will be desribod in more d?tail and the utility
of these components in other plasma rtiaRnostic systems will be discussed.

Introduction

In the last few years, Los Alamos Natienal Laboratory has been developing analog fiber
optic systems for gamma and neutron diagnostic measurements at the Nevada Test Site. 1-~ The
gammn diagnostics systems have been approachlnfl i GHz-km system responses, The neutron
systems have been spatially and temporally resolved with “c time response of 80-100 MHz-km,

This paper will give ●n overview of the gamma-diagnostic system with the ●mphasis on
improvements, It will address th~ light source, the fiber transmission line, the detection
sys??m ~nd the calibration system, The system as r~ported in ref~rence 1 was limited in
dyna%ic range by itl overall sensitivity and radiation damage to the optical converter. It
was ●lso llmlt~d in fr~qll~ncy respo~se by the detector and the material dispersion in the
fiber, The system sensitivity and frequency response have both be~n improved with th?
developm~nt of Spectral Equ~iiz~rs kl~ (SpEg) ●nd third gf}neration microchannel plate (Mcp)
photomultiplier tubes (PMT),

High bandwidth analog gamma signals derived from nuclear ●nplosiona may hnve components
grester than 1 Gtiz, These will a~cecd the r@cording capability of conventional coaxial
systems (<UOO MHz-km) ●nd may ●xceed that of state-of-the-art fiber optic systems, However,
if the system frtqu~ncy response la known, mathematical deconvolutlctn can lead to recovery
of higher frequency components, To obtain ●n in-nitu a stem response measurement ●

rcalibration system was developed which produc~s an impu ae of light. with ●

full.width-half-maximum (FHHM) 1.s: than 100 pa.

gntem Description

The 8yntem, as shown in Fig, 1,
Cerenbov converter material,

conslata of ●n opproprlnte calibration source, ● suitable
optical fibers, ● Spectral Equalizer, ● fast photodetector ●nd

a recording system, C@renkov llmht ia generated whenever ● charRed particle travoraea a
transparent medium with a velocity @xcecdlng the veloclty of light in the medium. ~erenkov
llght is spectrally broad and ahous ● A-J d~pend~nce on wavolonfith, For ● convortcr with
n = 1.5, ●n ●lectron with en~rgy ●xceeding 17U k@V wtll Eenerate C@ronkov llght. Cerenkov
light 1s hl hly directional (for a celllmated electron beam) ●nd this requires ●ppropriate
●lignment o ! converter, fiber, ●nd @lectron trajectory, The gammm-electron conversion may
occur in the Cerenkov conv?rtcr or in an external converter,

-work perrormed under th~ auaplcos of the US Department of En@rgy,



Ennl
trirqar

t
—

~ s-ml Mcp-+
S#hn,

quall?w
Uwgllng

v
-Ilb-

GI
Calg:tmn

6
Roaloltofl . .

Fig, 1. Schematic of high frequency plasma diagnostic system.

Cerenkov Converter Material

In principle any transparent materiel can function as the Cerenkov material. In
practice, the converter should not develop radiation-induced light absorption. The induced
absorption of any converter must be known in crder to determine if data corrections are
required. Fused silica converters (actuallyr plastic clad silica (PCS) fibers) have bet?n
characterized and fielded. Laboratory studies have indicated that ITT PCS fiber is the most
radiation resistant converter measured to this date, Studies have alao shown that thermal
blea:hing increJses the recovery rate of transient Qbsorptions. These results are pre~ented
in ref.7. We are fielding experiments with the converter at higher temperatures (>1OO C).

Optical Fibers

SystemJ fielded to date have used the wavelength regia’n from 790 nm to 840 nm, which 4 ~
near the region where commerci~l fibers are bandwidth optimized. The bandwidth degradation
caused by material dispersion in the region is corrected by spectral equalizerer which are
described in Vef. 4 and 5, Siecor cables uith Corning Glass fibers have been fielded. The
fibers have been single window fibers with 62.5 urn core diameters. Longer wavelengths
(l,2um) would offer advantages in decreased material dispersion and optimized modal
dispersi~n (for commercial double window fibers) and a simplified system, but suitable
linear, high voltag-, high bandwidth detectors ●re not yet available ● t 1.2 urn ●nd longer
wavelength.

Fibers ●re characterized using ● Hamamatsu ‘Picosecond Light Source” with a FWHM <100 ps
at 820 nm, The spectral FWHM is U nm. The light is optically coupled to ● 2 m length of
62.5 urn core step index fiber for mode mixing. The step index fiber is coupled to a 2 m
length of 62.5 urn core graded index fiber which is the input to SPEQ. The SPECQ consists @f
● linear fiber array (input and ou:put fibers), ● collimating lens and ● moveable
diffraction grating mounted in the Littrow configuration. The SPEQ is used as a variable
narrowband filter, In thib configuration onl

!
one of the output fibers is used, This fiber

is ● Corning Glasa ahort-distance- fiber (SDF with a step-like profile and a 100 um core.
This fiber la connected to the test fiber. ●a shown in Fig, 2, At this point the light has
been well mode-mixed by the chnracteristlcs of the different fib~ra it has traveraed and it
has been spectrally limited to ● FWHM =0.90 nm, thus minimizing the material diaperaion
contribution (=100 ps/nm.km @ 820 nm) to the bsndwidth. Hith this configuration ●ll mades
of the graded index test fiber ●re ●xcited. The signal ia detected by a Varion VPM-173 MCP
PMT with a FWHM ■ 185pa ●nd recorded on ● computer based sampling system,

The us- of a sampling oaclllaecope dictates the need for ● triggering system with leas
thm!l 50 pa jitter between the light pulse out of the “Plcoaecond light sourcen and the
delayed trigger to the sampli,lg oscilloscope. It will be described in more dettil in the
aallbrmtlon aartion. Figure 3 iu ● typical impulse response for 1 km of hiRh grade Corning
Glasa fiber, as ❑eaaured with this system.

In this Bylltem, ● short length of PCS fiber 1s Iequlreri to tranafer data out of the high
radiation environment. A transition to high bandwidth grade-index fiber is then required to
maJntain high system bandwidth. Some types of transitions (poor w~lded jolnta, for ●xample)
oar introduce serious mode mixing, Whet) such mining oucurs betuecn a low bandwidth (high
N.A.) ●nd ● high bandwidth fiber, the ●nticipated bandwidth of ● link can be seriously



degraded, even with very short PCS lmgths. Carefully designed Lran3itions do not severely
mix modes and will sample only the modal volume of the PCS fiber within the N.A. of the
graded fiber (typically -0.2). With such a clean transition the’ PCS fiber will contribute
only -20 ps/m to the system bandwidtn. Some welded PCS-graded systems heve shown -150 PS
dispersion for each meter of PCS fiber; the same value observed for obaervetion of only PCS
fiber (with nll modes observed) over few meter lengths.
20-30 pslm dispersions.

Properly welded systems have shown
To properly make this transition IT&T Cannon oonnecto?s have been

used . If the PCS is installed in the ferrule h’lth th? cladding intact it is hard to achieve
a satisfactory polished end. The cladding can be removed for a short distance, the core
cleaned and reclad with a 5 to 10 pm thickness of optelecon recladding polymer after which
proseduras are followed. With this type of connector the ● xcess lose over the geometrical
loss (0.40 to 0.2 NA and 125 urn to 62.5 urn core should yield a -12 db loss) is 1 to 2 db.

I

Fig, 2. Pulse raaponse characterization
system,
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Fig. 3. Impulbe response of 1.015 Km of
Corning g~d~d index fiber.

Detection System

The detection system consists of three parta: (1) a ~pectral ●qualizer (sPEQ), (2) a
photodetector , ●nd (3) a high bandwidth oscillosc’ pe.

Spectral Equolizer

Material dispersion in the fiber broadens a spectrally wid~ pulse (-115 ps/nm-km @ JO()
nm) making it necessary to spectrally lim~t tile detected signai when operating in ● non-zero
dispersion rcglon, One method is to use a narrow band interference !’ilter which spectrally
limits the pulse, thus preserving the modal frequency response ● t the ●xpense of slgncl
●mplitude. A pf~ferable method is to urne a SPEQ to commentate for material dispersion over
● larger spectral region (UO nm G AA c 80 rim), This methcd, when properly implemented,
detects ●bout ~0$ of the available light within AA and hns an @ff@ctiv@ FUHM of 0.9 nm, Tt? ●

use Of SPEQS h~n made it possible to field systems with higher bandwidth and larger dynamic
range than @r@ possible with narrowbanl filtrrs,

Detectors

A detector with high quentum efficiency, bendwidth, and peak linear curreat ta n~cessary
!?OP high frequency, single transient, cn~log syatem~, A gain of 10* is required, Micro-
channol plate (MCP) photomultiplier tub~s (PMT) are iaeal for thie cppllcaton, MCP PHTs
from IT&T and Varian hsve b~cn fielded, Mos’. of the MCPS used mre of the proximity fccus
type with 18 mm phot,ocathodos, Gain on -11 the tubes la ●bout 1-3 x 10h,

Data on the IT&T FU126X MCP PMT [with 60/1 channel l@ngth/channel diameter (L/3)] were
roportod with an impulse reopcnse of about ZOO po FWHM.B The qumntum ●fficiency la ●bout 4$
● t 800 nm for this extended red photocathod?. This MCP PMT is r. ort,ed to be llncar whenR●vonly illuminated until the MCP has b~~n depleted of 1.4 nC of’ c ●rge.

Int@rest in tht u#@ of MCP PMTs in fiber optic ●pplication has led to ● need for
IR-s@nsitiv@ photocathodes, Tuo new third generation tubes, the ITT FUIU1 and the Varian
VPM-225 have ● GaAs photocathode ●long with a filmed MCP, These have beml roport~d to have
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PU1OO responses of 365 Pa
detectors is about 20S et

Oscilloscope

Direct deflected oscil
deflection sensitivity. g

The calibration system
during system hook-up, 2)

and 191 ps, respectively.”
800 nm.

Quantum efficiency on both of these

oscopes are used which have a 2.5 GHz bandw

Calibration System

has been designed to address five funcLions
system integrity checks, 3) SPEQ adjustment

dth and 0.7 V/cm

1) 10s9 measu~ements
checks, 4) system

,.lllse response measuiements~ and 5) total-system dry run capability.

The calibration system is in two sections, separated in distance by the length of the
cable run as shown in Figure 1. At the recording station is a trigger generate-, delay box,
and the aforementioned detection and recording system. In the area of the experiment are a
calibration box containing laser diodes, light ●mitting diodes, and STAR splitters.
Triggers are transmitted to the calibration box through coax cable ●qualized to 100 MHz.

The calibration box is schematically shown in Fig. 4. The LED is used in the dc made to
check connector attenuation duri?g hook-up, optical system cent.inuicy, and SPEQ alignmenL
adjustments. The two pulsed leser diodes are used for system impulse response measurements
and as the light source in a dry run system. Only one laser diode is used at a ttme. Th ●

other is a spare unit which can be used by activating the coaxial switch. The laser diodes
have a FUHFl equivalent to Hamamatsu’s Picosecond light source when measured with a 0.5 incn
IThT U014 photodiode. The unfolded FWHM js less than 100 PS. The peak power ●mitted from a
I m length Of 62.5 urn graded index pigtail iS >0.05 watts.

I I— - ——— — — —. — —-—

Fig. U. Schematic diagram of calibration box.

The STAR couplers have been manufactured by both CANSTAR ●nd HUGHES. They are of the
fused biconical taper types with three input fibers and 6 output fibers. The fibers have
been 100 Um core, step index fingers. Both manufacturers chose Comings Short Distanze
Fiber (SDF),

The interest in measuring the pulse reeponse of the high frequency system with a sam:~ling
system constrains the delayed trigger (*1O us) to have jitter less than ?25 PS. Thin
requirement led to the development of a aynchonoua trlg~er delay generator, The instrument
was designed ● s three modules in one rack-mountable box: an ultra-steble vacillator (-54
MHz), ● countdown unit (single shot to 1 KHz) ●nd a digital delay unit (capable of 18,500 us
in 0.0185 ua steps), The oscillator la the clock for both the uountdown unit and th~
digital delay module, The pulse from the uountdow~ bnit naa bm~n desynchronized with the
oscillator frequency ●nd la used to initiat~ the delay unit. The delay unit has ● prompt
output, which 1s synchronized with the oaclllator, and a delayed output which 1s ●gain
synchronous. Figure 5@ illuatratcs the ●xperimental arrangement used to meaaure the jitter,
The delayed trigger out is used to trigger a Tektronix 7854 sampling oscilloscope, Th ●

clock frequency 1s recorded. Figure 5b is a trace of the clock puloe with 10 ua delay.
Figur@ 5C la a single sweep of the expanded section of the sine wave. The t~tel jitter is
less than *25 pa,

The prompt trigger la sent through coaxl~l cable to the l-ser diode pulsing network in
the calibration box, The delayed trigger la used to trigger oscilloscopes, or ● sampling
scope, ●t the proper time,



There is one drawback to the calibration system. The SPEQS uae a broad ‘white” spectrum
(>40 rim), but the puleed laser diodes ere <5 nm at FWHM. Therefore the calibration syetem
does not completely include the equalization range of the SPEQ and does not sample the fiber
❑odal bandwidth oter the full epectral range. ?reshot comparison of the calibration pulse
response can identify the magnitude of this ●ffect. To the amount that the SPEQS are staple
and give repeatable results, this limitation maybe negligible.

Delay Box Jlttef

DCIOY box

Fig. 5a. The experimental ●rrangement
used to check the jitter of the syn-
chronous delay trigger generator. (e) !!!

out . .

n7854

Sampling
scope

Fig. 5b. Using Ma of delay the clock
is oampled.

Fig, 5c. A o~ngle aw~ep of ●n ● x anded
!portion of the cloak frequency, he

jitter is les~ than *25 pa.

(b)

9

(a)

System Performance

The boat performance obtained to date uith the MCP detectors and spectral oqualiztrs la
ahoun in Fig. 6 wherea 0.50 km link demonstrated 226 ps FWHM, Anticipated link performance
f“or a 0,S km distance of 1,3S GHz-km flbor predicted using ●quations of r~ference 10 is
244 ps, The ●ccuracy of the measurement is *1O pa ●nd the meaauremont of the flbor band-
width in limited by the detector response (-1,6 GHz), The deteator waa a VPM-225 whioh gave
us B signal of’ 1 volt when using ● linaur accelerator (LINAC) ● a the mlectron aouroe for
generation of the Ceronkov effect in the fibcra. A comparable bandwidth m~aauromont using a
narruwband interference filt~r would havo a signal l~vel 1*SS than 100 mv ●nd ● larger FHHM
caused by material diaper-ion aontributlona. The narroweat intorforenoe filt~r we have been



●ble to purchase is 1.1 nm at 800 nm with 50S transmission. Furthermore, filters have much
❑ ore hranamission outside their FWHH passband than SPEQ.

71 I I 1 I 1

FWtiM~O.226ns
lRT~2.650na

i

-1~
o I 2 3 4 5

Tlm6 ha)

Fig. 6, Impuls? response of a 0.5 Km fiber link with a 50 ps Cerenkov light source,
a SPEQ, and a VPM-225 IICP PIIT detector recorded with a sampling system.
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