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Abstract

Spectral widening by using the cross-phase modulation in a linearly birefringent

optical fiber is investigated numerically. The coupled nonlinear SchrSdinger equation

that describes the wave propagation of ear_h polarization in a birefringent optical fiber

is discussed. Based on this equation, we generated computer simulations for different

values of birefringence and dispersion. We found that a smooth output signal with

intensity fluctuations of less than 10% and a spectral width of more than 50 A is

" possible with low dispersion and low birefringence, e.g., D = -10 psec/nm-km and

An = 2 x 10-5. We also found that the Raman effect does not play an significant

role.

....-
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1 Introduction

Spectral widening by using the cross-phase modulation in a birefringeat optical fiber ".

has been proposed and carried out at Lawrence Livermore National Laboratory. 1, 2 In

these experiments, a broad band noisy pump beam and a narrow band smooth signal

beam are launched into the two axes of a polarization maintaining fiber. Through

cross-phase modulation, the intensity in one polarization axis of a fiber can affect the

phase of the beam in the other axis, and vice versa. These phase variations induce

a frequency shift which is then transformed into spectral broadening. When self-

and cross-phase modulation dominate, the instantaneous frequency change is propor-

tional to the time derivative of the optical intensity in the other axis. The spectral

broadening of the signal beam which is in one axis depends on the statistical charac-

teristics of the pump intensity, which is in the other axis, so that spectral broadening

of the signal beam is proportional to the average intensity of the pump beam and the

propagation distance. However, in most cases, complication arises because the signal

beam changes shape as it propagates due to dispersion, birefringence, and the Raman

effect. As a consequence, the signal beam develops undesirable intensity fluctuations.

In the interim report that we submitted in May, we showed preliminary simulation

results, in which birefringence, dispersion, and the Raman effect are all taken into

account. We demonstrated by a comparison between the simulations and experiments

that the effective core area is 2.8 times the actual core area. We also noted that the

Raman effect has only a minor effect on both spectral broadening and the location of

the central frequency.
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In this report, based on the knowledge that we had before, we describe a matrix

of simulation results for dispersion D = -5,- 10,-20, and -40 psec/nm-km (normal

: dispersion) and birefringence An - 5, 10, 20, 40, and 80 x 10-e. For low dispersion

and low birefringence, it is possible to obtain 50 A over a short length of fiber.

For example, a spectral width of 50 A is obtained when D --- -10 psec/nm-km,

An - 20 x 10-6, and the fiber length is 6 m. We added the Raman effect to one

run at each dispersion value and found no significant influence. For completeness, we

include the formulation and results from the interim report.

2 Basic Equations and Normalizations

The equation that describes the wave evolution inside a birefringent optical fiber can

be derived from Maxwell's equations by using the slowly varying envelope approxima-

tion. The two pulse profiles, U and V, in the two polarization axes of the birefringent

optical fiber satisfy 3

.i)U OU 1 . .O2U won2

z--O--_z+ ik' at _k _ + _(IUI 2+BIVI_)U= O,
(1)

.aV ..aV 1l.O2Vz-_-z + z__ + _on2(BIUI2+ IVI_)V= 0,

when the Raman effect can be ignored, where z is the propagation distance, t is time,

Wo is the ca_er angular frequency, and c is the speed of light. The dispersion relations

for the two axes are k(w) and l(w) respectively and Id = ak/Ow],,,o, l' = al/aw],.,o,

Id_ = a2k/Ow_l,.,o, and l" = a2l/aw21,,, o. We will discuss the relevant numerical values

shortly. The parameter n_ is the Kerr coefficient. Its numerical value is n2 - 3.2 x



,

10-2° m2/W. 4 The cross-phase modulation is represented by B, which is'2/3 for a

linearly birefringent optical fiber.

.t

The Raman effect at one frequency is described in terms of the pump intensity

and the Stokes intensity. They have the following relationship

dI. = aRI_I., (21dz

where Ip and I, are the pump and the Stokes intensities respectively. The coefficient

Ga depends on the frequency difference between the pump and the Stokes waves

and is proportional to the pump frequency, Wp. For an optical fiber made of fused

3ilica, GR has a maximum value of 1.1 x 10-13 m/W at a frequency difference of

13.2 THz and a pump wavelength of 1 #m. If the bandwidths of the pulses are much

less than 13.2 THz, Ga can be approximated by a linear function in the frequency

domain, which corresponds to a first derivative in the time domain. 4 In such an

approximation, Ga = Ca f, where f is the frequency difference and Ca is 8.3 x 10-zz

" m-sec/W from the measured quantities above. Note that in a birefringent fiber, the

perpendicular Raman response has to be taken into account. 5 In the slowly varying

envelope approximation mentioned above, the Raman contributions are included by

adding terms at the end of each sub-equation,

ou +(c,:olvl' ol a' ouv.)i -8-;..m.. 0--'7--+ C,U o-T + c,v -_ = o,

OV ( JO_ OJUJ' OVU* ) (3)i -_z _._° + c,v + c2v o--7-+c3uo--Y-=o,

where C, = CR/2 isfortheparallelRaman effectand C'2and C3, whose valuesare

both equaltoCl/3,arefortheperpendicularRaman effect.6
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The complete equation is the combination of Eq. (1) and Eq. (3). Normalization
i

of the equation is convenient for doing numerical simulations. We carry out the

" normalization as follows. By setting new variables,

t z U V

• _= _, _= _, _= _, v= _ (4)

and choosing I = C/won_Z, T = 1 psec, and Z = 1 m, We obtain

.Ou Ou 02u 2 uOlUl'_ Ouv"_ +i6_ +'b-_ +(lul_+ Ivl_)u+c, _ +c,u +c_v--_ = 0,
Ovu" (5)

.0% o% O'v_ _s 2 Olul",_ - ieN +eb-_s2+ ( lul2+ Ivl')v+ c,v +c2v--N-s +cau Os = o,

where 6 = 1.67 x 103An, and An is the difference between the refractive indices of the

two polarizations. The parameter e = 0.294 x D, where D is the chromatic dispersion

measured in psee/nm-m. The intensity normalization I has a value of 5.24 W/#m 2.

The Raman coefficients are given cl/3 = c2 = c3 and 21rct = 1.86 x 10-2. 6

We solve Eq. (5) using a second order accurate beam propagation method. 7 Given

the initial pulse profiles, we calculate their evolution according to Eq. (5). The output -

profiles are further analyzed to obtain the power, the peak power/average power, the

central frequency, and the spectral width of each polarization. The broadband pump

has a spectral width of 450 GHz, which corresponds to 2 psec variations in the time

domain, and the number of sampling points in the time domain must be large enough

to resolve these structures. It is not practical to simulate entire pulses, which have

" durations of 10 nsee. Instead, we simulate a time slice by using a time window of

, several hundred pieoseeonds.



i

3 Numerical Simulations (from the Interim Re-

port)

In this section, we review the numerical simulations and the comparison with exper-
q

iments previously described in the interim report. The emphasis in this section is

upon determining the effective area of the experimental fiber and the importance of

the Raman effect.

Prom the experimental results, 1,2 we find the parameters that are needed in the

numerical simulations. The wavelength used is A0 = 1.053 #m. The refractive index

difference used is An = 6 × 10-5, and the dispersion used is D = -0.04 pscc/nm-m.

The pulse energy of the signal is 1 ttJ and the duration is 10 nsec. The broadband

pulse has an energy of 5 #J, a duration of 15 nsec, and a spectral width of 450 GHz.

In the simulation o_"this broadband noisy pump beam, we assume a random phase

relation for all the modes. The fiber core size is 4 #m × 6 pm, or 24 #m 2. The optical

intensity in each polarization can be obtained by calculating the ratio of pulse energy

to pulse duration and then dividing by the effective core area, which is defined as

A_ = (f IDA)2 (6)
f I2dA ,

where I is intensity and A is area.

The effective core area is roughly twice the actual core area, a but the exact value

must be determined empirically. To do so, we carried out a series of simulations in

which the Raman effect is neglected, i.e., cl = c2 = ca = 0. Spectral broadening in
t

both polarizations is then observed. As we increase the effective area relative to the

6
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measured area, we find that the intensity decreases and, hence, the spectral broaden-
e

ing decreases. The best agreement with the experiments was found when A_ = 2.78

: x the core area. This can be seen by reference to Table 1, which summarizesall the

simulations which were previously included in the interim report.

In the simulated results, the analyzed data is followed by the pulse profiles and

spectra of both polarizations. In the analyzed data, we calculate at various prop-

agation distances the pulse intensity (Itsy), the peak intensity/average intensity

(pk/avg), the central frequency (fcent), and the spectral width (fwidth). The defi-

nition of the last two quantities are:

f l (w)l dw
cent = fl_(_)l_d , (7)

:fw£dth= 2_/2ln(2)[/-w21_(w)[2---_ ],/2l f I(w)l - (fcent)2 ' (8)

where fi(w) represents the Fourier transform of a certain pulse profile u. The factor

in the spectral width is the ratio of the FWHM width to the variance of a Gaussian

function.

Simulated results are attached at the end of the report in the Appendix. Set #1

corresponds to Ae_ = 2.78x the core area. As the pulses in each polarization propa-

gate down the fiber, their spectral widths increase. At the beginning of the propaga-

tion, the signal pulse broadens rapidly and tends toward a limiting value. Its intensity

becomes nosier as it propagates because of the dispersion. Additionally, the frequency

centroids of the two polarizations shift apart because the two polarizations are bound

together throut_,h cross-phase modulation and their frequency centroids shift in the

7



directions required to eliminate the velocity difference. The central frequency of the

slow axis shifts down since in the normal dispersion regime lower frequencies travel

faster. The pulse in the fast axis shifts correspondingly to higher frequency.

When the Raman effect is included in the simulations, the results are almost

unchanged because the spectral widths of the pulses are small. The results are in Set

#2 for the same parameters as in Set # 1. A small fraction of power is transferred from

the fast axis, which has a higher central frequency, to the slow axis as expected with

the Raman effect, i.e., the higher frequency component pumps the lower frequency

one. We also notice some additional frequency downshifts in both polarizations.

Again, this result is expected with the Raman effect. 4

Twelve computer simulations using various effective areas, some of which include

the Raman effect and some of which do not, are summarized in Table 1. For each

simulation, we list the spectral widths as the fiber length increases. When the effective

area equals 2.78 x the actual area, the spectral broadening becomes comparable with

the measured values. This value was determined by interpolation from runs 3 and 4

and was confirmed in run 5 in which the spectral widths are close to the experimental

values. The measured values are obtained from the experimental data, 1, 2 using 1 ._ =

27 GHz (at A - 1.053 #m). The Raman effect has only a slight effect as comparison of

run nos. 2 and 5 to run nos. 3 and 6 shows. The attached Sets #1 and #2 correspond

to run nos. 5 and 6 respectively• Three runs, nos. 7, 8, and 9, with effective areas

60, 96, and 120 #m 2 are included for reference. The dispersion of the fiber in run

no. 10 is half of that of run no. 5 while the birefringence in run no. 11 is half of that



of run no. 5. All other parameters are the same as those of run no. 5. In run no.
0

12, both the dispersion and birefringence are half of that of run no. 5. For all the

• propagation distances in runs no. 10, 11, and 12, the spectral broadening is larger

than the corresponding one in run no. 5. The spectral broadening also takes a longer

distance to saturate when compare to that of run no. 5.

4 Numerical Simulations (New Results)

In this section, we describe the results which we have obtained since we submitted

,',heinterim report. The emphasis is upon determining the conditions under which it

is possible to obtain 50 A of spectral width.

We carried out a matrix of simulations with D = -5, - 10, -20, and -40 psec/nm-

km (normal dispersion) and An = 5, 10, 20, 40 and 80 x 10-8. We did four additional

runs to check the impact of the Raman effect. In Table 2, we summarize these 24

. runs of numerical simulation and list the output signal spectral widths. The effective

core area in all these simulations is taken to be 66.72 #m 2, which is adopted from

the results of the interim report and close to the effective core areas of most optical

fibers.

In these simulations, we also analyze on the fluctuations of the signal pulses. The

ratio of the signal intensity variation to its average intensity (var/avg) is calculated

for each simulation. The definition is

v_/_g = (<I_(t)l'> - < I_(t)l_>_)'/_< i_(t)l_> , (9)



xl
where < x >= f_-xl x(t)dt/2xl and 2xl is the window size of the simulation, which is

100 picoseconds. This ratio can be used as a measure of the fluctuation of the optical

intensity.

We find that the signal spectral width decreases as birefringence increases under

fixed dispersion. Since the walk-off effect increases for both polarizations at larger

birefringence, the phase changes due to the cross phase modulation are relatively

_miform because the noisy pump beam walks through the signal pulse. This averaging

effect reduces the signal spectral width.

For fixed birefringence, spectral width decreases with increasing dispersion except

when the birefringence is large (A = 80 x 10-8). When dispersion is large, the

change in shape of the optical beams due to dispersion becomes significant in both

polarizations. The fluctuation in optical intensities also leads to a more uniform

phase shift and hence reduces signal spectral width. However, high birefringence and

therefore larger walk-off is expected to destroy the averaging effect of pulse shape

fluctuation.

For the same spectral width, the signal beam is smoother at lower birefringence

and lower dispersion. There are several instances in which the signal spectral widths

exceed 50 A, or 1350 Ghz, especially at low birefringence. At high birefringence,

although 50 A is reachable, the signal suffers from too much fluctuation. To obtain

1350 Ghz, the var/avg is 0.068 at 4 m in run no. 1, Table 2; while it is 0.524 at 8 m
e

in run no. 16. Low dispersion and low birefringence improve the smoothness of the

signal beam. In order to verify that the Raman effect has no impact on this results,

.... 10



we included the Raman effect in several cases which are listed in Table 2 as runs
e

21-24.

The main difficulty at low birefringence is that it is difficult to maintain a high

polarization extinction ratio. Theoretically, the polarization extinction ratio can be

arbitrarily high if there are no defects and twists in the fiber. Extinction ratios larger

than 10 dB are possible over 100 m for birefringence as low as 1 x 10-5 with careful

handling of the fibers in the experiments so that they are free of twist and stress. 9

Since the fiber length used is only a few meters, the birefringence may be decreased

further while still maintaining a good extinction ratio.

5 Conclusions

We have formulated and studied numerically spectral broadening of optical pulses by

using the cross phase modulation of a birefringent optical fiber. With low dispersion

and low birefringence, one can obtain a smooth signal output with a spectral width

of more than 50 A. To do so, while maintaining a good polarization extinction ratio,

one must use high quality fibers and handle them carefully.
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_n effective Raman Propagation Spectral width

o. area/=m 2 inc!uded distance (m) of the signal (GHz) Comment
1 24 No 1.5 1091.0

. 3.0 1372.9
4.5 1604.6
6.0 1727.4

" 7.5 1872.2
9.0 2005.1 .....

10.5 2072.7
" 12.0 2108.6

,,,,

2 48 No 1.5 707.2
3.0 959.4

" 4.5 1063.9
6.0 1151.4
7.5 1293.9
9.0 1430.7

.... 10.5 1489.9
12.0 1530.6

3 48 Yes 1.5 707.5 Compared with run no. 2, the
3.0 960,2 Raman effect does not signifi-
4.5 1065.6 cantly change the spectral
6.0 1159.5 widths.
7.5 1312.2
9.0 1458.1

10.5 1528.4
12.0 1595.4

4 72 No 1.5 500.0
,,,,

3.0 757.7
4.5 844.3
6.0 885,9
7.5 934.1
9.0 1000.4

10.5 1074.8
12.0 1159.7

,,

5 66.72 No 1.5 535.1

3.0 793.9 811.7 GHz (Measured)
4.5 882.7

6.0 939.9'''! 947.0 GHz (Measured)
7.5 1036.5

• 9.0 1106.9

. 10.5 1206.3 1217.5 GHz (Measured)
12.0 1302.7

6 66.72 Yes 1.5 535.2 Again, the sl_ectral widths

3.0 794.6 are not significantly changed
4.5 883,3 by the Raman effect.
6.0 940.0
7.5 1038.5

• 9.0 1113.6
,,,

10.5 1220.9
12.0 1325.8
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I Run I D (psoc/nm-km)/ FI,amn.n Propl_tion Spe_rld width (O_)l ........ [ '
1No. [ _n, (x 10-6) distance (m) varlavg C_mment I

I -5/5 No 2.0[ ....... 7081,4/0.0"180 :
4.0 1300.4/0,0675 _ 50 A. smoothest "
6.0 1734.3/0.143_-! > 50 A ....
8.0 2002.7/0_2440

I0.0 ' 2190.2/0.3377
,,. ,, 12.0 2443:S/0.4043

2 iS/IO No .... 2.0 ...... 707.4/0.0179 ......
4.0 1293.9/0.067i
6.0 17i4.8/0.1422 > 50 A '

.....8.0 1959.4/0_386
10.0 2104,5/0.3293

...... ........ 12.0 2249.5/0.4011 ....
3 -5/20 ....No' 2.0 703.7/0.0178

....4.0 .... 1267.910.0'658
6.0 1643.0/0.1352 > 50 A
8.0 1834.3/0.2182

10.0' 1925.2/0.3022
12.0 1986.7/0.3712

. , /,'. , ,, ,,., , ,,,.,

4 -5/40 No 2.0 688.7/0.0175
4.0 1172.3/0.0807-

,. 6.0 14'M.9/0.1141 > 50 A
80 isox.s/o.leTo

10.0 ' 1539.8/0.2i45
i ........ 12.0 ..... 1642.1/0.2563

S -5/80 No 2.0 632.5/0.0i60 ......
4.0.... 889.310.0457
6.0 904.910.0699
8.0 889.4/o.osso

o.o sgos/o o4o
120 88i.5/0,1173
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. lRun[ D (psec/nm-km)/ _an Propagation spectrMwidth (GHz)/ ......

I.No. [ An (×I0-0)_ -_ distance(m) vazlav$ ,.,_ Co.mment
s -1o/s _o 2.0 f_7.olo.035o

• 4.0 1183.4/0.1284
J' 6.0 1462.4/_2653] > 50 A - ',, L ,...........

8.0 1665:6/0.3783
.......I0.0 1948.0/0.4418

12,0 _ -- ............ 2150.i/0.47_-- ,,? ",',' .,,

- z -i0/I0...._0 2.0 _SS.llO.03so
4.0 liz8.o10.t27_ .,

6.0 1441.6_.2622 > 50 A
8,0 '1634.7/0_735

1010 1819.8/0.4395

12:0 ......1987.0/0.4755±_, , _,, , ,, ',,_, ,,,,,,,,, , • , ,.......

s -lOpO No 2.0 682.s/o.034Sj
4:0- _s4:9/o._2sf_jt,, ,,,, , ,,, , ,

6.0 13st.oJo.2_ga> soA
8.0 - 1487.0/0.3611

10.0 -- 1577.2/0.4:46.4

12:0 1672.2/0.4964

o -lo/4o NO 2o _s 3/o.os4z ".....
4.0 1072'.6/0.1152
6.0 .... 1220.7/0.2121

.....8.0 1268.7/0.3006

.... I0.0 132312/0.3654 > 50 A

12.0 ............1424.1/0.4062
', -- .,,',,, ,,,, u,, ,, .m, ....

I0 -I0/80 - NO 2.0 _..... 615.8/0.0314
4.0 ......... 837.010.0881

6.0 &59.4/0.1354
8,0 ..... _9/o:tTtt,,, ,,

10.0 920.9[0.1965
12.0 - 927'13/0.2133.......
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Run D (psec/nm-km)/ Raman Propagation SpectrM width(GI_)/No. Art (xl0-s) distance(m) v=urlav8 Co.n_nnent_.
Il -20/s No 2.0 6S0.0/0_06Z2

4.0 t0X6.Zlb.23SS-
" 6.0 12_2.3/0.3925-

8.0- 1491.0/0.4654 > 50 A

_ _ lO.O-_ 17!2.8/0.5050
- 12.0- 1838.8/0.5375

12 _-2o/io No - 21o _9.S/o.o6n _ _
4.0 lolo.4/o.2-345

......... 6.0 12'22.3/0.382_1
• 8.0- 1474.3/0.4604 > 50 A "
....... I0.0• 1663_/0.4907-

.......... 12.0.... 1823,i/0.5i69

13 :-20/20 No .... 2.0:; 646.2/0.0688.... I

4.0 988.7/0.2295
6.0 " 1160.|/0.3751

.....8.0 1314.6/0A459_ _5o A ........
10.0.... ,1428.0/0.4895
12.0 1442,i/0.5293 ., ,,

" 14 -20/40 No 2.0 633.3/0_0655 " -
4.0 922.3/0.2115
6.0 1004.9/0.3517

so x_7.4/o;437s
10.0 1227.5/0:4669

" ' 12,0 1332.2/0:501 ! > 50 A ......
" ..... ','," J ,;:,: ........... =,, " " ,"I"_,

No 2.0is -20/so sss.8/o.o604
4.0 752.3/0:1_7
6,0 79_3.9/0.2481

8.0 872,7/0,30S0
10.0 960,5/0.3385
12.0 1009.2/0.3634
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Ii

" i Run I D (p_/nm-km)/ Rama_ I Propag_,tion Spectr_ width (GH_)/ .....

[ IN°" _n (× 10-6) ] distance (m) vax/avg Comment,,, ,,,.,
,.,.,,, ,,',,. ,, ',,, ..... , _ ,,,,, ,, ,,, ' , j _

16 -40/5 No 2.0 592.1/0.1257 .....
" 4.0 ...... 848.4/0.3609,,,

6.0 1078. i/0,4815
810 1290.6/0.5239

-- .. ,,, .

10.0 1382.7/0.5744 > 50 A
12.0 1432.1/0.5954

,-, ,. ....

17 -40/10 No 2.0 591.3/0.1258 ........,.

4.0 846.8/0,3586
e.o ' 1095.7/0.4'704
8.0 1307.9/0.5216 > 50 A

10.0 1385.4/0.5637,,,

12.0 1387.5/0.5843

18 -40/20 No 2.0 : " 588.3/0.1251 ....,,i,

4.0 '_,._5.1/0.3509,,.,,,

6.0 1062.1/0.4562
810 1251.9/0.5017

10.0 1332.4/0.5385 > 50 A
12.0 1357.8/0.5534

' '" ,,, 'I"

19 -40/40 No .......2.0 577.1/0.1226
4.0 T/'5.3/0.3300,.,,,,

6.0 906.3/0.4343
8.0 977.1/0.5000

10.() 1018.9/0.5630,.,

12.0 ..... 1050.8/0.5941

20 -40/80 No 2.0 .... 536.5/0.1'134
4.0 649.4/0.2813
6.0 743.6/0,3792
8'.0." 855.6/0.4344

.... 10.0 913.6/0.4830,,n,, ,,,

- 12.0 988.3/0.5074,.

18



]R]D Propagation Spectral width (GHz)/No. An (x I0 -s) distance (m) var/avg Comment ,
21 -5/20 Yes 2.0 703.8/0.0174 Compared with run

4.0 1268.4/0.0603 no. 3 in this Table.
6.0 1642.9/0.1195
8.0 1833.9/0.1870

10.0 1924.6/0.2537
12.0 2000.6/0.3088

22 -10/80 Yes 2.0 615.6/0.0283 Compared with run
4.0 837.5/0.0751 no. 10 in this Table.
6.0 866.2/0.1175
8.0 .... 909.8/0.1575

10.0 961.6/0.1878
12.0 977.4/0.2104

23 -20/5 Yes 2.0 650.2/0.0673 Compared with run
4.0 1016.5/0.2352 no. 11 in this Table.
6.0 1229.6/0.3928
8.0 1524.4/0.4639....

10.0 1755.9/0.5018

12.0 1863.0/0.5338
24 :' -40/40 Yes 2.0 576.8/0.1214 Compared witl_ run

4.0 775.8/0.3240 no. 19 in this Table.
6.0 907.5/0.4216
8.0 979.8/0.4846

10.0 1026.3/0.5435
12.0 1056._/0.5780

• , •

Table 2: A summary of computer simulation of differentbirefringenceand dispersion
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fper = 0.00050 length(m) =12.00000

= 0. 000o Set #1
fro(m) = 1. 50000

dn = 0.00006 B - 0.66667

dispersion(ps/nm/m) - -0.4000E-01

pump en_(uJ) - 5.0000
pump duration ins) = 15.0000

pump spectral width(Ghz) =450.0000
signal eng(uJ) = 1.0000

signal duration(ns) _ 10.0000

effective area(urn**2) = 66. 7200
amask = 0.0000

fmask = 1.0000

plotting parameters :
n=2048

xres= 2. 000

xkres= 0.5000

u: the slow axis (broad band noise)

Dist Itsy pk/avg fcent fwidth

(m) (W/um**2) (Ghz) (Ghz)

0.00 4.9960 5.2167 0.0071 449.9909

1.50 4.9960 3.8627 -0.6011 1161.0409

3.00 4.9960 2.8578 -3.8512 1652.5645

4.50 4.9960 3.5717 -8.5691 1822.3330

6.00 4.9960 3.8709 -19.4317 1855.1887

7.50 4.9960 3.4742 -32.9123 1873.1374

9.00 4.9960 3.4022 -48.5109 1901.5847

10.50 4.9960 3.5462 -63.3829 1910.1126

12.00 4.9960 2.9527 -74.6728 1913.9610

v: the fast axis (signal)

Dist Itsy pk/avg fcent fwidth WIDTH EXP

(m) (W/um**2) (Ghz) (Ghz) (Ghz)
0.00 1.4988 1.0000 0.0000 0.0000

1.50 1.4988 1.3417 1.9546 535.0502

3.00 1.4988 2.2582 12.4524 793.8592 811.7
4.50 1.4988 3.4204 23.4915 882.6691

6.00 1.4988 3.6421 39.3792 939.8679 947.0
7.50 1.4988 3.2122 61.5847 1036.4561

9.00 1.4988 3.7110 93.6783 1106.9096

10.50 1.4988 4.0298 122.4575 1206.2636 1217.5
12.00 1.4988 3.9456 151.7978 1302.6926
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u, OLst- O.Ometer v, DLst = O.Ometer
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u, OLst- I.5meter v, OLst- !.5meter
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u, DLst - 3.0meter v, OLst" 3.0meter
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u, Dtst" 9.0meter v, OLst" 9.0meter
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u, Otst" 12.0meter v, Dtst= 12.0meter
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fper - 0.00050 length{m) =12.00000
0.10000 Set #2

fro(m) - 1. 50000

dn - 0.00006 B - 0.66667

dispersion(ps/nm/m) - -0.4000E-Of

pump eng(uJ) - 5.0000

pump duration(ns) - _5.0000
pump spectral width(Ghz) -450.0000
signal eng(uJ) - 1.0000

signal duration(ns) - i0.0000

effective area(urn**2) - 66.7200
J amask - 0.0000

fmask - 1.0000

plotting parameters:
n=2048

xres- 2. 000

xkres- 0. 5000

u: the slow axis (broad band noise)

Dist Itsy pk/avg fcent fwidth

(m) (W/um**2) (Ghz) (Ghz)

0.00 4.9960 5.2167 0.0071 449.9909

1.50 4.9964 3.8672 -2.7067 1160.9778

3.00 4.9967 2.8585 -8.3079 1651.7415

4.50 4.9953 3.5700 -17.4739 1820.0343

6.00 4.9932 3.9009 -36.5357 1846.4571

7.50 4.9927 3.4896 -61.1025 1857.6529

9.00 4.9939 3.4720 -89.4246 1880.8240

10.50 4.9963 3.4654 -118.8392 1898.1362

12.00 4.9999 3.1382 -144.1741 1902.1172

v: the fast axis (signal)

Dist Itsy pk/avg fcent fwidth

(m) (W/um**2) (Ghz) (Ghz)
0.00 1.4988 1.0000 0.0000 0.0000

1.50 1.4984 1.3390 2.4067 535.1697

3.00 1.4981 2.2494 14.1011 794.5739

4.50 1.4995 3.4393 25.6202 883.3265

6.00 1.5016 3.5447 40.8786 939.9976

7.50 1.5021 3.3432 61.5192 1038.4513

9.00 1.5009 3.7103 89.8415 1113.6283

10.50 1.4985 4.1601 113.1967 1220.8720

" 12.00 1.4949 4.1125 135.3833 1325.8064
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u • OLst = 4.5meter v, DLsL = _.5meter
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u, Dtst = lO.5meter v, DLsL = 10.5meter
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