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A y
\‘.’/ Motivation for Work UR/[
<&

 Need for a tracking illuminator for tactical
and strategic applications of high energy

laser systems

 Requirement: Eye safe (1500-1600 nm) pulsed laser with
high energy per pulse

 Eventual system will more than likely involve either
a solid state laser or a hybrid fiber/solid state laser

e Investigating the development of pulsed fiber laser
at 1550nm
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\‘.’/ Related Work Uﬁ/[
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*All previous work has unpolarized output

*The following papers account for interpulse power
In pulse energy estimate:

— Pulse energy [1] 1 mJ (35 um core, M? not specified), [2] .5 mJ
(HOM, M?not specified), [3] .1 mJ (M? = 1.04)

sInterpulse power not discussed in the following:
— Pulse energy [4] 1.15 mJ (M? = 1.6), [5] 1.5 mJ (M? = 1.65)

L. Kotov, Optics Letters 40(7)(2015)1189.

J. W. Nicholson, Optics Express 20(22)(2012)24575.
|. Pavlov, Optics Letters 39(9)(2014)2695.

E. L. Lim, Optics Express 20(17)(2012)18803.

V. Philippov, Proc. of the SPIE 5335 (2004)1.

a b N E
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\'.’/ Experimental Layout
\ 4

Waveform
shaping

1st ASE
filter

1550 nm
50 mW

ASE
filter

Pump dump and
splice

Pump dump and

980 HR SPlice
1550 LR

Multimode fiber to
OSA or photodiode

Polarization maintaining throughout
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\/ Output Pulse from 2nd stage of 5
\ system in 10/125 fiber with no shaping UNM

'
10/125 EYDFA - 2"d stage
0.04 4
0.035 ~ ——output 0 A LD current on M""“'
25/300 stage - 3
0.03 -
——square wave output from DAC
— 0.025 -~ 2
= =
S 0.02 5.
0 1 g
8 0.015 H o
o] o]
0.005
-1
0 | v/ Al Al My
-0.005 ' ! ' ' ' -2
-6.E-07 -4.E-07 -2.E-07 0.E+00 2.E-07 4.E-07 6.E-07
Time [seconds]

 Unshaped pulse out of second stage of system — notice extreme
steepening of leading edge of pulse

Pulse steepening must be mitigated by shaping the input pulse to
avoid premature damage to the fiber
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\‘.’/ Shaping of Front Edge of Pulse UQM
\ 4

* Computer generates an arbitrary waveform in Python

Computer
generating and feeds it to the TSW1400EVM which is a high speed
pattern data capture and pattern generation platform
T SW1400 (configured for 700 mega samples per second). The
E\C%E TSW1400EVM repetitively produces a digital waveform
which is fed to the DAC3482EVM, a digital to analog
THS3201 g Al converter. This board then produces an analog
\AEE waveform which is fed to two THS3201EVM’s in series
cwsisrgenm - TTinbo}H Eom |-=3- in order to amplify the signal to the 4 V’s required to
ISO open the electro-optic modulator (EOM).

White noise

Computer generated
arbitrary waveform

T S

JDSUEOM [

TSW1400EVM
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\’/ Temporal pulse shapes after ey

UNM
< the 2nd stage of system
4 Shaped input 300 ns pulse width, 1.0 ——10kHz | 300 ns pulsewidth
3 kHz /\
2 2 T 05
go o :
Vv 2 00 - AN
2 ‘ ‘ 2 1 0 1 2
-300 -100 100 300
time [ps] -0.5 time [us]
_ 0.3 - i —10 kHz
sIncreased leading edge Ft: —gg:::
steepening with reduction in — /\ —40kHz
repetition rate. S o
«2"d EOM turn on is visible 2 ol
prior to leading edge of pulse 2 0
-0.1
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Study of the output of 2nd

Waveform
shaping

stage of the system

w 2"d Stage

1st ASE
filter

7/125

1550 nm

1t EOM

ASE

filter

Pump dump and Pump dump and
980 HR splice splice
1550 LR
Measurements

Multimode fiber to
OSA or photodiode taken here after

2nd ASE filter
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4 Pulses out of 2nd stage with both ASE filters ~
/ present and switching (on/off) of 2nd EOM 1\ M

[ 4
o’ (300 ns pulses)
0.60 300 ns pulsewidth, 2nd EOM 0.48 300 ns pulsewidth, 2nd EOM not
. ] . |
_ pulsed ——10 kHz pulsed —10 kHz
:; 0.44 —20kHz| 7 0.32 '
) | —30kHz | &
g 028 —40kHz| 5 0.16
S 012 - 2
o 0.00
004 5 48 98 )
time [us] -0.16 time [us]
0.016 300 ns pulsewidth, 2nd EOM 0.016 300 ns pulsewidth, 2nd EOM not
pulsed —10 ||(|-|z PUlS 80 —10 |I(Hz
| [Showl |
70008 - ——30kHz | g 0008
= 40 kHz | =
2 0.000 - . . 2 0.000
8' _'2 k-:_i.';':1;‘..7Lj7.‘,4’8'-h‘.22';;f._’_\ w L’.’I.Zm 8'
-0.008 fime [1is] -0.008 fime [us]

* No interpulse spiking when 2"d EOM is active

e Even with second ASE filter, without the 2" EOM pulsing, there is significant
power between the pulses that must lie within the ASE filter passband.
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\/) Pulses out of 2" stage with both ASE filters ~
N present and 2" EOM switching (on and off) N

1 us pulses

1 us pulsewidth, 2nd EOM pulsed 1 us pulsewidth, 2nd EOM not
|

0.44 0.28 |
— —10kHz | _ pulsed —10kHz
2 0.28 I ——20 kHz z ——20 kHz
— 30 kHz | — 0.12
) o . n
2 i I —40kHz | ¢
=] . =]
(=1 (=1
2 a8 o 0.04 5 a8 98
time [pus] time [pus]
0.016 1 us pulsewidth, 2nd EOM pulsed 1 Ms pulseW|dth 2nd EOM not
. |
— 10 kHz sed ——10kHz
5 —20kHz| 3 ——20 kHz
5 0-008 - —30kHz | g 2020 —30kHz
= 40kHz| 5 40 kHz
3 3 | b
(o) 0.000 J.“ - IL. T T IL o 0.000 1 H‘l “*A
- zL R T 48
-0.008 time [ps] -0.020 time [ps]

*No interpulse spiking when 2" EOM is active as seen with 300 ns PW.
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\/ Spectra after second stage before €N\
<» and after ASE filter for 300 ns pw UANM

Before ASE filter After ASE filter

o .10 kHz rep rate, 300 ns PW o 10 kHz rep rate, 300 ns PW
_ 1530 1540 "550 _ 1530 1540
£ £ ——2nd EOM pulsed
o -20 c . il
™y ") 20 ——2nd EOM not pulsed
S, 3,
z -40 = 2 -40
2 i k k"ﬂ"’ 2

-60 wavelength [nm] -60 wavelengt

o 20 kHz rep rate, 300 ns PW o _20kHz rep rate, 300 ns PW
__ 153 1540 550 __ 1530 1540 550
£ £
£ -20 < -20
[=1] o
5. ‘ S,
2 -40 2 -40
(=] (=]
g "\'ﬁ ]

wavelength [nm] -60

*The 1535 nm power is reduced by 30 dB due to the ASE filter

e Higher 1535 nm power when 2"d EOM pulsed is due to higher inversion since the noise
between pulses is reduced.

wavelength [nm]

Approved for public release; distribution unlimited AF n
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\
\"/ Setup to measure spectrum

e and power between pulses

Fiber laser output

_’

QQ“

o

Photodiode or
power detector

—4—=3)

3 EOM

=

EOM intensity modulation is polarization dependent
so need to couple to slow axis of PM fiber

*Attenuates output power below damage limit of EOM
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\‘.’/ EOM open/close timing U?/[
<&

*The 1st EOM is driven with a shaped pulse to prevent front edge steepening
(pulse is shown as square below for illustration purposes)

*The 2" EOM is driven with a square pulse that opens <100 ns before the
pulse arrives from the 15t EOM and closes 2 psec later

*To pass the intrapulse power, the 39 EOM is opened <200 ns before the pulse
arrives and is closed 3 psec later thus blocking the interpulse power

*To pass the interpulse power, the bias on the EOM is adjusted to close the
EOM <200 ns before the pulse arrives and to open the EOM 3 usec later thus
blocking the intrapulse power

—> <— .2 usec < 3 usec
3" EOM
—>| |« .1lpsec <«— 2 psec
2" EOM
15t EOM

Approved for public release; distribution unlimited
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Suppression of intrapulse ey

- by 34 EOM
$» power by
1.6 yd 0.8 P - 3 - 3.1
, 1T s pulsewi 20 kHz, 1 s pulsewidth
1.2 | | 0.6
= — 0.4
= 0.8 | 2
: || g °2 |
2 0.4 2 TN
Q. \“ o 0.0 . i
0.0 0.2
-0.4 i S‘Ed-o.4
[ |
1.6 0.8
, 1 ps pulse
1.2 | 0.6
= — 0.4
E 0.8 .;.
g g 0.2
0.4
2 2 0.0

0.0

-0.4

\ time [ps] /

O
N

-0.4

\ time [ps] /

*The intrapulse energy is effectively blocked by the 3" EOM when measuring
interpulse spectra.
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2"d Stage interpulse power €y

(/'
\

o UNM
Qr IS Inband
10 kHz, OSA synced, 300 ns PW 10 kHz, OSA synced, 1 ps PW
10 T T T 10 I I T
1530 1535 1540 1545 15550 1530 1535 1540 1545 1550

'€-10 : -10 g
i —intrapulse —intrapulse
g -30 —interpulse -30 —interpulse
9 -50

N
=)

wavelength [nm]

*The spectra of the power between the pulses is identical to the
spectra of the intrapulse power.

*This could be because the interpulse spikes are reflections

Approved for public release; distribution unlimited AF n
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§.{ Results from 3rd stage outptf(]\M A\
\ 4

Waveform
shaping

1st ASE
filter

1550 nm

50 mW
1St EOM

ASE
filter

Pump dump and
splice

Pumg dump and

980 HR SPlic
1550 LR

Multimode fiber to
OSA or photodiode

|

Measurements
taken here after

31 stage
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A 2 Leading edge power spikes from
\ ¥4

3'd stage in PM10/125 fiber when
’ 2"d EOM turns on

0.6 PD triggered, 300 ns PW 16 PD triggered, 1 us PW
5 04 5 1.2 |
S, 0.8
0.2 5
$ 04
0.0 kaw_\:m 2 1 N Azl A -
n' 0,0 S Pkt s T Md-#———_..-,,m =
02792 0-5 1.5 0.4-0.5 0.5 1.5 2i5
time [ps] time [us]
. DAC triggered, 1 us PW
0.2 0-4 EF;UIVI turn on
— —_ //\ 2nd EOM turnion
. =- . 1
E-O.l E —
o o
50.0 _J. M 3 o
o -0. . . o 0.0 e . SRS S
_0‘1 -1._0-1 0.0 1.0 2 O
time [ps] time [ps]

eFor 10 kHz rep rate

*The bottom are normal pulses and the top are triggered from high peaks of the
PD output —indication that there is a lot of variability in the shape of the pulse

Approved for public release; distribution unlimited A F n
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Spectra out of 3'd stage &N
10/125 EYFA

10 kHz, OSA synced, 300 ns PW

10 | |

10 kHz, OSA synced, 1000 ns PW
10 : .

wavelength [nm]

1530 1540 1550 1560 1530 1540 J|550 1560

E-10 i ‘£-10
[=a] o
o, n o, "
[ - '30 | - -30
[} [}
: :
S -50 S -50

-70 -70

wavelength [nm] wavelength [nm]
20 kHz, OSA synced, 300 ns PW 20 kHz, OSA synced, 1000 ns PW
10 : : 10 | |
1530 1540 1550 1560 1530 1540 1|550 1EJ60

E-10 ' £-10
2] [=a]
g | 2 ﬂ
— -30 ~ -30
[} [
g =
8 -50 8-50 -

-70 -70

wavelength [nm]

«Without 39 EOM (not separating interpulse and intrapulse power)

sIncreased 1535 nm power compared to 2"d stage (both interpulse & intrapulse

power)

2 EOMs + 2 ASE filters
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A )
N
Q0

Output of 39 stage <-20dB interpulse €%

noise relative to pulse peak

10 kHz, 1 ps pulsewidth

20 kHz, 1 ps pulsewidth

0.4 0.8
— 0.007 | —zoomed | 0-3 | _0.007 0.6
< —full height| - 0.2 | & 0.4
o o
g 0.002 - 0.1 g 0.002 i 0.2
Q. Q.
- 0 n 0
-0.003 time [ys] -0.1| -0.003 time [u] -0.2
10 kHz, 300 ns pulsewidth 20 kHz, 300 ns pulsewidth
0.3 0.4
0.005 0.005
— 02|~ 0.3
=
E 0.002 & 0.002
g - 0.1 g
9.0.001 o | 8000t
0. - -0.003 . -0.
0.003 time [ps] 0.1 time [ps] 0.1
N .
2 E OAI}J{)Ir?/ed for %bfs\riag; Islt!i Euﬁ)'r: ?\Iimited A F n
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A .
\'.’/ Results from 4th stage outputoy
<

Waveform
shaping

1st ASE
filter

1550 nm

50 mW
1St EOM

Pump dump and
splice

Pump dump and

980 HR SPlice
1550 LR

Multimode fiber to
\ OSA or photodiode

Measurements
taken here after
4th stage
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Output of 4" stage -18 dB
peaks between pulses

300 ns pulsewidth, 2nd EOM 1 us pulsewidth, 2nd EOM pulsed

0.006 — 0.006
200a | PUlsed|out Of 4th stage —siwz | — YT
5 —6.6kHz |5 —6.6 kHz

%, 0.002 10 kHz |.% 0.002
£ 0.000 __20kHz | g 4 599
~0.002 2.0.002
-0.004 -0.004
time [pus] time [pus]
1.500 300 ns pulsewidth, 2nd EOM 0.600 1 ps pulsewidth, 2nd EOM pulsed,
pulsed, out of 4th stage out of 4th stage
5 1.000 3 kHz "5 0.400 - 3 kHz
3’ | | —6.6 kHz 3’ —6.6 kHz
= 0.500 10 kHz = 0.200 10 kHz
2 ‘ “ —20kHz 2 Il ——20 kHz
& 0.000 o . - a 0.000 . .
-2 98 198 298 -2 98 198 298
-0.500 -0.200
time [pus] time [pus]

*Spikes at 3 and 6.6 kHz visible above noise. (more visible at lower rep rates)

*The increase in the level of the interpulse noise with time after pulse is probably due

to increased inversion not any capacitive effect

2 EOMs +

Approved for pubAeS ase; di lrlbugn unlimited
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Measured energy per pulseey
NM

\

o for | 3
Qr or last 3 stages
1.E-03 0.8
300 ns, 2nd stage
= Alps 2ndstage | @& 0.7
> ]
& 9.E-04 & # 300 ns, 3rd stage § §0.6
c ™
; B 1 ps, 3rd stage é §0.5 /
S 6.E-04 A 300 ns, 4th stage | © —+—300 ns pulsewidth
Q. )
[ ® 1 us, 4th stage E 04 -#-1000 ns pulsewidth
° 0.3 | |
3.6:04 0 10 ﬁ? 30
° Repetition rate [kHz]
n ® A o A
0.E+00 & ' X N
0 10 20 30 40 50
rep rate [kHz]

eInterpulse energy is not removed from the above estimates
*Pulse energy increases inversely with rep rate
*Pulse energy more than doubles after each stage.

eIntrapulse energy fraction increases with increased inversion
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J

Energy of pulses from 4t stage

* Scope data shows that pulse is blocked by 3" EOM

¢ with interpulse power removed YNV
0.030 300 ns pulsewidth, 2nd EOM 3 kHz, intrapulse, 1000 ns PW
' pulsed, out of 4th stage | | |
5 0.020 ' " - _ 1100 1300 150(1 1700
%0.010 5
: 2
e 0.000 &
-0.010 | e
0.030 309’{5 pulsewidth, Zyé EO wavelength [nm]
/ pulsed, out of 4?( stage _ _
?;O-Ozor / e Fraction of power intrapulse
< 0010 \V‘-«AM / was .32 giving .3 mJ as the
2 0.000 \ A energy per pulse for 300 ns
oo -s\ 0 10 and 1 us pulse widths, 3 kHz
' O~ times] reprate 5 eows + 2 ASE filters

* Full spectrum (intrapulse) shows no 1064 power from Yb.

Approved for public release; distribution unlimited
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Comparison of interpulse and

e .,
-

th
«¢» intrapulse spectra from 4t stage UNM
3 kHz, interpulse, 300 ns PW 3 kHz, intrapulse, 300 ns PW
10 T T 10 T T
1530 1540 1550 1560 1530 1540 1550 1560

e -10 e -10
on on
= = [
— -30 — -30
(3] (3]
= S
8-50 ]”"I 8-50 -

-70 -70

wavelength [nm] wavelength [nm]
3 kHz, interpulse, 300 ns PW, 3 kHz, intrapulse, 300 ns PW,
10 i igger 10 ——internaltrigger
1530 1540 1550 1560 1530 1540 1550 1560

‘£-10 E-10
oo (=]
=l =]
'E'-BO 'E'-3O
g =
9 -50 S-50 -

-70 -70 =

wavelength [nm] wavelength [nm]

*Higher 1535 power compared to 39 stage.

*No significant spectral difference between interpulse and intrapulse power.

3 EOMs + 2 ASE filters
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N\ Energy per Pulse PrOJectlonsU?/[
Q0 N

*The relationship between the gain, core
diameter, input pulse energy and output pulse
energy can be approximated by the Franz-

Wi
Nodvik equation W,,,; = W, In (1 — e (1 — eWs ))

where W; is the input pulse energy fluence and

W,.. is the output pulse energy fluence, W, = =~

20
IS the saturation fluence, and o Is the emission

cross section of the dopant ion, small signal
gain of e%, a is the natural log of small signal
gain.
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Comparison of predicted anam

UNM

A .
Q measured pulse energies
o] e 1.2 - o
'E' 0.19 10 mjcron core fiber E 25 micron core fiber
e I H — 1.0 - i
> n 3™ stage >
5 0.14 2 :i stage ! S 0.8 dB gain 4" #tage
5 I 5 . | |
& | : o 0.6 mdB/,,/T'/
S / — * i
3009 /4 | 5 — :
5 I—30 dB 5 04 I
2 / 1—20dB = |
g 0.04 I T I g 0.2 - T |
0 . 10 20 50 . 100 150 200
input pulse energy [J] input pulse energy [W]

*Measured 4.2, 12.7,166, 330 pJ out of 1st, 2nd 3rd 4th stages, respectively, at 10 kHz

in both 300 ns and 1 us pulses. Allowing for losses through isolators, this implies
that the 2"d stage has 30 dB, 3 stage >30 dB and the 4t stage <10 dB of gain.

« 4t stage gain was limited because higher pump power resulted in damage to fiber

Approved for public release; distribution unlimited
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A » Prediction of pulse energy for
\‘/ a 5t stage in 60 micron core

0
o’

6.0

= 60 micron core i:iber Expect 2-5 mJ out of 60
E —30dB micron core in 300-1000 ns
oo / pulses at a 10 kHz repetition
< ' rate
3 4.0 ~ |
= I
g- |/
2 30
3 I
o
5 |
(@) 2-0 I I I
50 . %50 450
input pulse energy [pJ]
60 um core Er/Yb doped 1550 nm free
phosphosilicate fiber space isolator 4™ stage EYFA output

980/1480
pump
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.
’/ Summary Uﬁf/[

0.3 mJ pulses achieved with 4 stages in 300 ns and 1 us
pulses at a 10 kHz repetition rate. There was a 18 dB
SNR between pulses which will impede obtaining higher

pulse energy in subsequent stages

— Need higher power modulation to remove interpulse power e.g. 5
W AOM, higher power Pockel’s cell

*In-band spikes between pulses have same spectrum as
pulses so ASE filters aren’t effective at removing spikes
between pulses

60 micron core for future stage should enable output
pulses of 2-5 mJ in 300-1000 ns pulses at 10 kHz

*Will utilize solid state amplifier to obtain higher energy
pulses

Approved for public release; distribution unlimited
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