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Signal enhancement by spectral ●qualization of’ high-frequency broadband

signals transmitted through optical fibersn

J. W. Ogle,** P. B. Lyons, and M. A. Holzman**a
Los Alamos National Laboratory

L03 Alamos, NM 87545

A new technique i3 discussed for signal ~trength ●nhancement of high-frequency (>1 GHz),
spectrally-broadl analog signals th-ough 1 km of optical fiber. The conventional method for
optical measurement of high-frequency gamma ray signals is to use an optical fiber placed in
the f;Bmma radiation beam as a Cerenkov transducer. The radiation-induced optical signal is
degraded by material dispersion in transmission through the fiber. To reconstruct the slg-
npi (which is carried by each wavelength) and preserve the high-frequency components, a nar-
row-band filter selects an appropriate bandwidth (1 mm). The filtered signal is detected
using a high-speed, microchannel-plate (t4CiJ) photomultiplier detector and recorded on high-
~peed oscilloscopes.

This new technique replaces the narrow-band filter with a bravelength multiplexer device.
The broadband signal input is dispersed by a grati~g, and narrow spectral componet]ts are
COJlected into an array of fibers used as optical delay lines to compensate for the material
d~spersion in the kilometer of fiber. The delay fibers, each cut to an appropriate length,
,,ouple the spectrally equalized light onto the detector. This technique improves the fre-
CIuency response by ellm~rlating the wing contributions Of narro:f-band filters, and increases
the signal magnitlidc by utilizing more of the available broadband spectrum, The new tech-
rique is applicable to any optical system wherein material dispersion limits system band-
width.

The use and benefits of fiber optics for transmission of high-frequency analog transient
phenomena have been reported before. ”2 Our ability to take advantage of the frequency re-
sponse of high-grade, commercially available, single-window graded index fibers operated at
the optimum designed wavelength is limited b) material dispersion. Thus, in the optimum
wavelength regioc, the narrawer the sDectral width of the signal the higher the frequency
response of the system. ]

A spectral ●qudlizer (SPEQ) device has been developed” that retains the frequency re-
sponse of a narrow spectral width (<1 nm) while collecting light from a relatively lerge
spec’.rai band, This is achieved by canceling the effect of material dispersion over a
limjted (50 nm) spectral region. 13 this paper we wili give a brief review of the spectral
●qu~lization concept, diacusa design consideration, and report experimental verification of
improved efficiency,

A spectrally broadband impulse of light ia temporally broadened by material dispersion
when transmitted through a length of optical fibers The resulting detected signal will be
characterized by the spectral attenuation of the fiber and the spectral reaponae of the de.
ttctor, An example of this is shown in Fig, 1, the r~sult of a sO ps FHHM, 6 MeV electron
pulse Traversing an optical fiber and producing llght by the Cerenkov process’ with a
dependence on wavcl~ngth of )-J. The resulting 50 PS light impulse is dispersed by trans-
mission through 1 km of optical fiber to ● signal l~ating more than 100 ns. When fiber ab-
sorption 1s considered, along with the response of the exiended S-20 or GaAs HCP photomlllt~-
plier cathode surfoces, the ,~eak aigna] smplitude is at 800 nm. To prevent the system re-
sponse from being dominated Oy material dispersion, the pulse broad~lling contribution abould
bc considerably less than the ,Ietector response (200 ps FWIIM).’ This limits the accopteblc
detectable lpcctral width to <1 nm at gOrJ nm ●nd ellminatea the use of moat of the avrilable
light.+

The SPEQ utilizes mwre of the ●vailable light. To accomplish this the high-frequency
ten?pornlly dispersed broadband spectrum is Inserted into ● spectrograph. The apstially
separated wavelengths ● re col]ect~d by ● horizontal ●rray of ‘equalizingw fibere. Eacn

T This work perform~d under the ●uspices Of th$ US Department of Energy.
‘a TIIiu work performed while the author uos with WAG, Inc., Ssnta Barbara, California,
~Q@ Consultant, Boulder, Colorado,
+ At 800 nml material dlspcrslon In 1 km of fiber is 11O-12O pR/nm.
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Fig. 1. Broedband Cerenkov spectrum created by a 50 PS eleCtrOn Pulse,

transmitted through 1 km of optical fiber and detected by an
extended S-20 MCP photomultiplier tube.

equalizing fiber is a delay line. It 13 cut in length relative to the rest to adjust for
the material dispersion in the original fiber. All signals exiting the equalizing fibers
will then be jn temporal coincidence with each other. All signala are incident on the same
photodetector (Fig. 2). The resulting increased photodetector aignsl relative to thdt
using the single-filter approach, is a function of the spectrograph efficiency and the num-
ber of fibers used.

The spectrograph (Fig. 3) oonnists of a horizontal array of fibera (Fig. U) consisting of
2 graded index fibers identical to the long signal fiber and 34 equalizing Corning-type SDF
fibers with lJO pm core and 140 pm clad diameter. A two-el~mer?t collimating lens whose
parameters are tabulated in Table 1, is looated on, ●nd p~”pendioular to, the OP. Cal axis‘f
of the graded index fibers. A diffraction grating 1s luoatcd in the Littrow geometry on the
opposite side of the lens from the fiber ●rray. Light from a graded index fiber is colli-
mated by the lens, diffracted by the grating ●nd refocused on the horizontal fiber ●rray by

reducing ● epeotrally disperaad signal ●croaa the fiber array.
~;Ft;e;ah.~6 nm spectral width.

Each fiber ac-
Each iiber is cut to a different length in order to com-

pensate for different ●rrival times and thus phaae shift each wavelength to bring them all
into coincidence. The equalized eis~ala fro,,l all thm fibers are detected by a single
deteator roduoin

!!
● n enhanced amplitude ●nd frequency response cor~mred to the narroiieat

commerojm ly avai ●ble int@rferenoe filters.

Table 1.

Glusn type:

Element 1: n, w

Spaoifioationa of Two-Element ~eea

LASF9 (E150322), grade 1, normal QualitY

80.0 mm Element 2: RI t plan~
50.0 mm R, s 133.0 mm
6.o mm T ¤t~mm
50.0 mm D ■ 50.0 mm

All uurfaoeb dro ~irefleotive coated leas than 1/2S between 750
●nd 850 nm, leet! than 3/41 between 525 and 850 nrn,

To detelmine the number of uaefu’. equalizing fl!mra, the aouroe mpeotrum, the wavelength-
dependent fiber frequenay reaponao, the SPEQ lella oharacterietioa, ●nd the deteotor spectral
response must be oonsirler?d.

Where Cerenkov radistlon iS the aouroe, with ita peak production in the blue the fiber
attenuation ●nd deteetor apectrsl ruaponae combine to make the peak broudband signal in the
nei~hborhood of 1300 nm for 1 km of fib~t. T}IS optjmum wavelength for alngle-window fiber
frequenoy ‘“osponse la spproxlmetoly 850 nrn fur currently ●vailsble oommeroial high bandwidth
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Fig. 2. Conceptual diagram of spectral Fig. 2. Schematic of spectrograph.
equalization.
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Fig. 4. Spectral equalizer fiber array.

fibers. The frequency response is increasing from 800 nm to the peak around 850 nm. How-
ever, from 800 nm toward shorter wavelengths the f,.equency response is rapidly decreasing.
To use wavelengths much shorter than 800 nm will be detrimental to the frequency resncnse.
There is, however, an ●ven stronger limitation on using the shorter wavelengths. The lens
in the SPEQ was designed for minimum spherical aberration and a minimum acceptable number Of

glass-air interfaces, In order to achieve good coupling (better than 90% peak) with a two-
element fil.ss, 77.3 mm focal length lens, glass with an index of refraction of 1.833 was
used. This causes lateral. chromatism and decreases the coupling efficiency most rapidly for
snorter wavelengths. Figure 5 1s a compl(ter calculation of the peak coupling efficiency as
a function of wavelength for various paraxial focal pOSitiOnS. The point of diminishing
r! urns starts to be realized around 790 r,m, a lower limit for the usable spectrum.
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Fig. 5. Peak center wavelenr,th coupling us o function of arroy pnr:~xioi
focal position for A. = 814 nm. Fibers are numbered consecutively
from 17 to -17.
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The u Per limit is determined
!S-20 pho ocathodes the signal Is

bmj.
by the spectral response of the detector. Fcr extended
a factor of 2 below peak amplitude by 840 nm and is drop-

8 ping rapidly. Therefore, 040 to 850 nm become an upper limit. Recent MCP photocathode “
technology has made avatlable GaAs surfaces that extends this upper region to 900 nm region.
To determine the practicality of eqUallZlng over a 50 nm spectral region the relative fiber
lengths must be examined.

The maximum relative difference in equalizing fiber lel!gths for 1 km of signal fiber and
a wavelength spread from 790 to 840 nm is 108 cm
of about 3.0 cm.

, with dif.?erenceg between adjacent fibers
The equalizing fibers are trimmed and potted to an accuracy o!” tO.3 cm or

~15 ps. This is well within the accuracy necessary for proper SPEQ performance.

With the introduction of low-frequency flbera (SDF) Into a hi h-frequency s stem there IS

a question of frequency degradation. Modal dispersion in short !engths of ful~y excited,
plastic clad, silica fiber ha? h~$ measured to be 150 ps/ma with an NA near 0.4. In tne
equalizing fibers the modal v .I.Ie being excited is the same as the input fiber (NA ❑ 0.21)
and much less than its total ~dal volume (NA = 0.3). It Is alSO predominately the low-
order modes that are ●xcited, thus decreasing modal diapers?on. Considering the ideal fiber
Proxiles Of the s~gnal fiber (IY = 2.0 at 850 nm) and the equalizing fiber (LI ~ 4.0), the
Signal fiber behaves as an overcompensating fiber for modal distortion Of wavelengths less
than 85o nm. Calculations indicate the SDF fiber profile compensates for the modal distor-
tion of the si nal fiber u
Thus, !

~ to a len gth of 15 m at which time the pulse starts spreading.v
if anyth ng, the sys em frequency response 1S increased for short lengths of’ SDF

fiber. Actual measurements of this phenomena are limited by the detector reapunse time. In
practice equalizing fiber lengths are less than 2 m.

ental r~

The performance of the SPEQ was measured in a dc mocic to check theoretical, with experi-
mental efficiency, and a pulsed mode to measure frequency response.

The theoretical average peak coupling efficiency of the spectral ●qualizer is 0.53
Fig. 5). Experimental efficiency measurements were made using an LED. The proportion of
LEtI spectrum used by the SPEQ was measured on an optical multichannel nnal zer.
theoretical throughput is the product of the input connector transmission [0.’79)~~;e peak
channel transmission (0.53), the channel FHHM (0.86 rim), and the number of channels (34),
divided by the total usable spectrum (46 rim). The measured efficiency la the product of the
input signal (85.8 #W/cmz), the fraction of the spectrum used (0.60), and the fiber optic
pocking fraction (0.71), divided into the output (9.52 IJU/Cm2). Theoretical efficiency is
0.27, experimental 1S 0.26, The excellent agreement between these is coincidental. De-
pending on the connector, array, and grating, this number could vary from 0.24 to 0.27. The
efficiency is defined here as th~ fractional amount of available light that is utilized.

System frequency response measurements and amplitude ●nhancement data are presented in
Table 2. Cerenkov radiation created in the fiber by a 50 ps FWHM electron beam from the
EG&C/Santa Barbara linear accelerator was the optical source. An aluminum ●lectron s’atter
Plate was used to disperse the well collimated electron beam in angle to aasure all fiber
modes were excited. The signal was detected by ● Varian MCP photomultipller tube. The
diagnostic system time response was 200 ps.

Table 2. Experimental Results of SPEQ Performance

~~ ~

800/1.14 nm 55S- 1.0 Uoo
SPEQ 300
SPEQ ::: 222
SPEQ 0.63 210
SPEQs~ 0.50 236

~-Interference filter parameters.

ude (mV)

10-20
125

200

@~ This IS the only !nea~urement, made with the lens desi ned for the SPEQ.
f

All other
measurements were made With an 85 mm Olympus camera ●ns.

The concapt of’ spectral equalization for optical fiber systems limited in frequencY re-
-Lonse by material dispersion haa been descrlbrd. The parnmetera that must bc considered in
daaigning ●nd using a spectral equalizer have been described. A greater thnn 1 GHz-kn, fre-
quency r~sponse system haa been demonstrated using a fa~t spectrally broad Cercnkov light
Source, high-frequ~ncy-single window fiber, and state-of-the-art MCP photoml~ltiplier tubes,



and a SPEQ. The SPEQ waa designed for uae in the 790 to 850 nm region with eaoh equalizing
fiber equivalent to a 0.86 nm FWHM spectral width. Spectral equalizer systems have demon-
strated a signal enhancement of more than 10 over a 1.14 nm, 55% transmitting, interfere~ce
filter.

The basic concept is applicable to any broad spectrum source (an LED, for example) Propa-
gated over a long enough fiber for material dispersion to degrade system performance.
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