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Abstract

The need for pulse energies exceeding 4 kJ and pulse lerdhss in Sandia'Z-Beamlet
laser (ZBL) requires that the single-frequency spectruritsdiiber-laser master oscillator be
converted to a phase modulated spectrum with a modulatidexin 5. Because accidental
injection of single-frequency light into ZBL could resutt damage to optical materials from
transverse stimulated Brillouin scattering, the presarfgghase modulated (PM) light must
be monitored by a reliable failsafe system that can stopea E®ot within of a few 10’s of ns
following a failure of the PM system. This requirement is imgtombining optical heterodyne
detection with high-speed electronics to indicate thegmes or absence of phase modulated
light. The transition time for the failsafe signal resuitiffrom a sudden failure using this
technique is approximately 35 ns. This is sufficiently stiorsafely stop a single-frequency
laser pulse from leaving ZBL's regenerative amplifier withapproximately 35 ns margin of
safety. This manual and technical reference containsldétaistructions for daily use of the
PM failsafe system and provides enough additional infoiongbr its maintenance and repair.
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1 Introduction

This manual and technical reference provides instructfonshe use of the phase modulation
(PM) failsafe system developed at Sandia National Labaegtdor theZ-Beamletiaser (ZBL).

In addition to instructions on its use, the manual also glesienough information to maintain,
repair, and if necessary reproduce the entire PM failsadéegy. The operating instructions are
contained primarily in Sec® and3, while the remainder of the manual contains technical tetai
about the design and assembly of the PM failsafe systenudirgd why we use phase modulation
and optical heterodyne detection to generate the failsgfalsused by ZBL's timing electronics.

Conventions used in this manual: The only conventions we attempt to adhere to are capitaliza-
tion of manufacturer's names and instrument names, cegaitain of front panel labels on
various instruments, and anything referred to specificallyxplicitly such as “the Regen” or
“ZBL's Regen,” as compared to “a regen.” Some examples:ithe tonstant setting on the
Lock-In Amplifier is referred to as “Time Constant” because a front-panel input param-
eter, and “Servo Amp” is a single instrument, whereas “séep” is an unspecific, generic
term for an amplified and filtered network comprised of detes;tvarious instruments and
other devices.

Because the use of phase modulation is dictated by the ridemfige associated with trans-
verse stimulated Brillouin Scattering (SBS), Séd.provides a brief discussion of why transverse
SBS can cause damage in high energy laser systems, and hoeaS8B® suppressed. Safe oper-
ating limits for two different modulation indices relevantthis PM failsafe system are discussed
in Sec.1.2

1.1 Z-Beamlet Mission Requirements: Higher Energy Requires Phase Mod-
ulation to Suppress Transverse Stimulated Brillouin Scatgring

The pulse energy of Sandia National Laboratorié®8eamletaser has beer 4 kJ since it was
originally brought on line, with the length of any single palnominally< 2 ns. To meet future
requirements of th&-Accelerator's magnetized liner inertial fusion programa@liF), ZBL's
energy must be increased to generate second harmanjg(#2ses of at least 6 kJ, which requires
modifications to ZBL. In its standard configuration ZBL usesrale-frequency CW fiber laser as
its master oscillator whose output is acousto- and elemptazally modulated to produce single or
multiple pulses with initial shapes and temporal sepandto specific applications. These pulses
are injected into a regenerative amplifier (regen). The Regmutput is then injected into ZBL's
amplification chain, which after full amplification usuahgsults in temporally square pulses with
lengths> 1 ns. To extract additional energy requires pulse lengths ns, where the longer
pulse, greater fluence (an?), and 30 cm beam diameter together provide conditions deymdb
reaching the threshold for transverse stimulated Brificggattering, a nonlinear process that is
usually observed only for large diameter beams found iniFkdItaser systems. Typical of most
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nonlinear processes, transverse SBS turns on suddentyeafteeding an initial threshold, and
once excited it can be amplified to the point where it lead®tmas if not catastrophic damage,
so it is mandatory that ZBL's operating conditions remailolaethe SBS threshold.

A complete physical description of transverse SBS is cormalel beyond the scope of this
manual, however in simple terms the buildup of acoustic gnétom SBS can forms grating
that scatters light perpendicular, or transverse, to tte@rmbpropagation direction and confines
it within a thin layer below the surface an optical elemerftthe scattered light is sufficiently
powerful the possibility for serious damage exists for gfids of optical materials. The gain
process that initiates and amplifies transverse SBS in thegeeter optical elements is reasonably
well understood and it has been observed experimentabgribed theoretically for most relevant
operating conditions, and also suppressed using spectratléning techniques. A partial listing
of previous work relevant to transverse SBS in large lasstesys can be found in Refd{7].

Although various types of spectral broadening can probsipppress SBS, a conceptually sim-
ple spectrum that is effective for this purpose consists oltiplie discrete laser lines with non-
degenerate frequencies, where the peak power for eachidodMine remains below the SBS
threshold. An arbitrarily composed multi-line spectrurapever, can’t be used because beat fre-
guencies between the discrete laser lines can result inateppitude modulation (AM), and AM
alone can also lead to optical damage in high energy laséerags For example, consider two
pulses with equal energy, one having a smooth temporal @welnd the other being deeply am-
plitude modulated with a modulation period much shortenti@ pulse length. The series of short
spikes in the pulse with AM may or may not be capable of iniigtand amplifying transverse SBS,
but a single spike might possess peak power that exceedsbgdimage thresholds for processes
other than SBS, so AM must be avoided. This is especially ifrtiee spectral line separation
results in a beat frequency period that is much shorter thamtiration of the pulse. Fortunately
the unique characteristics of a multi-line spectrum defiivem phase modulation produce optical
power that is constant in time, or for short pulses, tempemaklopes that are smooth and possess
no AM. Consequently phase modulation is the only practiaf W produce a multi-line spectrum
that can be used to suppress transverse SBS.

Although PM provides the appropriate spectral and tempmratacteristics, any perturbation
of the relative phases and amplitudes of the discrete Imés spectrum will result in unwanted
AM. Given the modulation frequency of 14.8 GHz currentlydiseZBL's PM failsafe system, and
amodulationinde® ~ 5.5, the resulting PM spectral width approaches 1 nm. Thisffeegnt for
dispersionin optical fibers to induce phase shifts thatit@sAM for propagation distances greater
than a few meters, and it’s also sufficient for gain narrowingBL's Regenerative Amplifier, and
in subsequent amplifier stages, to produce AM by modifyireggpectral amplitudes of the PM
sidebands. Because induced AM from these mechanisms ily ligtiesirable, implementation of
PM-based spectral broadening must include thorough tesfithe temporal characteristics of the
amplified pulses to confirm there is no significant conversibRM to AM. Previous work with
PM light in large laser systems such as the Omega Lagjeh¢ National Ignition Facility (NIF),
and Laser MegaJoule (LMJB,P] has demonstrated PM to AM conversion, and various teclasiqu
for reducing PM to AM conversion have been developed. Sinéehniques will be employed on
ZBL as necessary during deployment of the PM failsafe sysamah they are discussed in Séal
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To suppress transverse SBS the spectral line separatidrerueed the SBS line width, which
for the optical materials used in ZBL is approximately 1 GHzpractice larger line separations,
or equivalently higher PM frequencies, are typically enypld, with the ZBL PM failsafe sys-
tem using 14.8 GHz. In addition traditional sinusoidal modulation is typigalised, where the
resulting PM sidebands have inhomogeneous spectral aEnsibwever non-sinusoidal modula-
tion has been shown to produce PM sidebands of equal spdetrsity. [L2] Although uniformly
distributed optical power in the PM spectrum might offer adifional margin of safety, tradi-
tional sinusoidal drive with a sufficiently large modulatimdex, say3 = 5, can easily and safely
suppress SBS, so we have not pursued any alternative miotudahemes.

1.2 Safe Operating Limits for ZBL Using Phase Modulated Light

The PM failsafe system uses a modulation index that resulésdarrier amplitude of zero, with
two examples bein@ = 5.52 andf3 = 8.65, as shown in Se@&.2. Using these twg3’s, and
thresholds for transverse SBS that were measured durifigreaork on the Nova Laser?], we
can estimate a margin of safety for operation of ZBL at higdregrgies with longer pulses. To do
this we distribute the fluence for a given pulse energy ambegelative amplitudes of the PM
sidebands and make sure the fluence for any sideband alomd iselow the SBS threshold.

In Ref. [2] they measured a threshold conditidf ~ 2.3 J- nse(;z/cm2 for A =350 nm in fused
silica and compared their results to predictions that asstita SBS gain is transient for pulse
lengths of a few ns, and obtained good agreement. The trdarggae is proportional tdﬁfmp, so
with Apymp(1w) = 1053 nm throughout ZBL's amplification chain, alghmp(2w) = 527 nm in the
2w generation crystal and subsequent transmissive optiagl@regth-scaling suggests could
be as high as ZOnse(;z/cm2 throughout ZBL's amplifier section, and as high asr?)s.]agz/cr'n2 inthe
2w crystal and in subsequenwptics. Although wavelength scaling works to our advanttigas
not been rigorously confirmed and there appear to be no lellabasurements of thedtransverse
SBS threshold, sblt ~ 2.3J- nsecjcm2 can serve as a lower limit with the understanding that it
represents a very conservative limit. In addition to theuifice of wavelength scaling the gain
time for transverse SBS and the aperture transit time dubedéam diameter also affedt,
and ZBL's 30 cm square beam profile is smaller than in R&f. hut again we’ll neglect these
differences and retaiHT ~ 2.3J- nse(;,/cm2 as a useful limit.

Without additional amplification ZBL can probably reach axinaum 1w energy of 4 kJ for
a pulse length> 1 ns, so assuming 1 ns as a starting point results in an opgredndition of
~ 4.44]. nsedcmz. If we increase the @ energy to 10 kJ and assume a more realistic pulse
length of 4 ns, this value increases~o44.4 J- nsedcmz, which should definitely exceed thevl
transverse SBS threshold for single frequency operatione Inow use a PM spectrum wifh =
5.52 we find the 4th-order sidebands have the largest amplatidbout 01568, so we multiply
10 kJ by that factor and divide by 2 to account for the sidebatd- frequencies and with all

114.8 GHz is higher than necessary for the purpose of suppgesansverse SBS, however it's prudent to develop
the system to operate at this frequency, and up to 17-18 GHedfled, because it would ease incorporation of
a spatial beam smoothing technique based on spectral sispeshould that become necessary. See for example
Refs. 4,10,11].
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else equal get.38J- nsec/cmz, which exceeds our conservative limit of3d- nsecjcm2 but not
by a significant amount. If we repeat this exercise uging 8.65 the 7th-order sidebands are the
largest with amplitude of about D14, and the result is.23J- nsec/cmz, which is closer to the
conservative limit. Although this simple exercise sugggst 8.65 might be the best choice, the
additional bandwidth might weakly affect®generation efficiency but more likely also worsen
the PM to AM conversion problem, so it may be undesirable.ardlgss of the final choice ¢,
wavelength scaling for transient SBS gain suggests ZBL IsHmiable to operate safely below the
SBS threshold for the energies required by the MagLIF progra

As a final extreme example usirf§§= 5.52 and a pulse length of 6 ns, what is the largest
1w energy that can be used without exceeding the wavelenglbesdw value of Hy ~ 20J-
nsedcn’ ? The answer is around 38.3 kJ, which is almost certainly taioéble for ZBL.

12



2 The Major Subcomponents of the PM Failsafe System

The major subcomponents of the PM failsafe system includeetisandia-built 19 inch rack-
mounted boxes that are labeled Laser and Optical CompgriRiitand Control Electronics, and
DC Power Supplies, and a rack-mounted fiber laser amplifien PG Photonics. Another Sandia
built subcomponent housed in a Thorlabs 19 inch rack-moartda grating compressor that is
used to compensate for dispersion primarily from the 30 ng lpolarizing (PZ) fiber that delivers
the PM pulses from the master oscillator room (MOR) to thedRag the ZBL High Bay. The four
boxes assembled at Sandia use primarily components-®#bklf (COTS), but they also include
low-voltage electronics that were custom designed as partontrol system. The complete PM
failsafe system also includes an SRS SR510 Lock-in Ampléiéew Focus LB1005 High-Speed
Servo Controller, and an external controller for the NP Bhimts “Rock Laser” that is housed
inside the Laser and Optical Components Box. The NP PhadrRork Laser is the stabilized
single-frequency fiber laser whose output is phase modutatprovide the broadened multi-line
spectrum for injection seeding the Regenerative AmplifieBL’s front end.

Manuals for the commercial products are available onliomftheir vendors, and in some cases
from the binder for the PM Failsafe System in the MO292 Docauiniepository. Some of these
manuals are also available in the directqiyr SO1960NKZBL _PM_Failsafe on the Documenta-
tion Server. The manual and technical information for ther flooxes assembled at Sandia, and
instructions for operation of the ZBL PM failsafe system gngral, are found in this document.
Sections2.1-2.4 below provide a brief description of the function of each loé rack-mounted
Sandia-built boxes, and Tabfel in Sec.A.1 lists all of the external electrical and optical connec-
tions for the system. Detailed descriptions of the contehtsach of the Sandia-built boxes, and
the principles of their operation, are found in Séc.

2.1 Laser and Optical Components Box

The Laser and Optical Components Box has two outputs: Onélgmrcoupled optical port that
accepts an SMPM or PZ patch cord with an FC/APC connectorpiftatides the PM light that
is injected into an IPG Photonics Amplifier and then eveyuato ZBL's Regen; the other is a
2 GHz heterodyne beat note that is the fundamental elecsigaal for the failsafe system. The
optical power at the fiber-coupled port at 1053 nm>i$ mW, the PM frequency is 14.8 GHz,
and the modulation index is nominally32, however single-frequency light is also available for
specific system settings. The electrical signal is gengrayean 8 GHz DC-coupled optical de-
tector that converts an optical heterodyne beat note intBRaelectrical signal. The 2 GHz RF
signal is filtered and amplified in the RF and Control EledsiBox where it's power is detected
to provide the failsafe signal.

Inside the box the optical heterodyne beat note is genetetied two PM spectra: One is the
“main” PM spectrum at 14.8 GHz that is injected into ZBL's Regand the other is a 12.8 GHz
“reference” spectrum witl = 2.42. A single first-order sideband of the reference spectm i
selected using a scanning Fabry-Perot étalon as a filterthes sideband is then mixed with the
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main spectrum in SMPM fiber to generate the heterodyne beat Because the optical detector
is DC-coupled the beat note rides on top of a DC level thates lmoved by electrical filtering.
For the system to be operational, and the failsafe armedétdden must be locked to the first-
order sideband of the reference PM spectrum as describegcil848. The complete contents of
the Laser and Optical Components Box, and the functionslaffals internal components, are
described in Sect.2

2.2 RF and Control Electronics Box

The main function of the RF and Control Electronics Box isdawert the 2 GHz RF beat note into
a high-speed TTL output that serves as the failsafe sigried.cbnversion process involves band-
pass filtering, amplification, RF power sensing, and a finatpass filtering step. The resulting
“trigger” signal then passes through a two-stage latchrtasnd circuit, and then drives the control
input of a 5 GHz solid-state switch that provides high-terlar low-to-high TTL transitions. The
signals from the switch are fanned out through 180 MHz, 250buffers so that if necessary the
failsafe signals can continuously drive @doads. A toggle switch on the front panel selects the
TTL transition, with two equal channels for high-low or Idwigh. Figurel shows the front panel
of this box.

Heterodyne-to-TTL Gain: Adjust )
Only During Speed Test Triangle Wave
+12Volts 12 Volts  12.8 GHz VCO 12.8 GHz Monitor  14.8 GHz Power 14.8 GHz Monitor 148 GHz VGO Low Frequency Frequency
DC Output DC Output PLL TV Monitor (12.8/8 = 1.60) On-Off (14.8/8 = 1.85) PLL TV Monitor Tralngle Wave
High
wo @ ) 0O 9 098 67O
Fail-Safe TTL Ch 1&2 TT LED LED
Signal Outputs Transition E @
talon Servo- Servo Input for 20 KHz Dither 20 KHz
i . 12.8 GHz PM VCO PLL 14.8 GHz PM
Ch ZO hOV\;] [E)E;;?:?oﬁ:pgli Amp Monitor 148 GHz Input On-Off Input Etalon Lock for Etalon Lock Lock In Ref
Normal ¢l O VCO O O O
Operation O
Failsafe @ Failsafe \ED LED
Status Armed LED i
Latch & Hold O Heterodyne Heterodyne @ 12.8 GHz PM 80 MHz ZBL 14.8 GHz PM Etalon Drive Latch-&-Hold_ 1-Shot Fallsaf(_e Trig.
Reset Slgnal Input Signal Monitors Drive Output System Clock Drive Output Output Q-Out Monitor Monitor
Failsafo Latch & Hold O @) 1286 () O O Q Q oM Q
Disable (down)
Momtor 2 GHz 200 MHz Enable
OLep Sine Sine IPG Amp
) . . i Interlock
Cooling Fan Power Phase Modulation Failsafe: RF And Control Electronics P
isable

Figure 1: Front panel of the RF and Control Electronics Box. A photdigven in SecA.11.

The RF and Control Electronics Box also provides the RF pdarehe phase modulators and
includes two phase-locked loops (PLL). The PLLs stabilime12.8 GHz reference PM frequency
and the main 14.8 GHz PM frequency against the 80 MHz ZBL sysfeck so that they produce
a heterodyne frequency of 2 GHz. Because the heterodynadbiatesults from optically filtering
the reference PM spectrum, which requires locking an éted@ sideband, this box also provides
low-voltage electronics to aid in that task. These eleatimclude: A 20 KHz sine-wave dither
sent to the étalon to generate an error signal; a square-ved@rence for the Lock-In Amplifier
that demodulates the error signal; a low-frequency trianghve sent to the Servo Amp arg
oscilloscopes for optimizing demodulation signals anddserving etalon fringes, and also for
driving a home-built scanning étalon for monitoring theimBM spectrum; amplification of the
0-10V Servo Amp output up to 5-45 V for controlling the refare étalon, and an output monitor
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for the Servo Amplifier's output signal.

The RF and Control Electronics Box also provides the intdelior the IPG Photonics Fiber
Amplifier. The interlock becomes active only if two signale present; the étalon fringe signal
from the reference PM, and the trigger signal for the 5 GHZdwes in the failsafe system. The
interlock can also be activated for single-frequency itijgcseeding of ZBL's Regenerative Am-
plifier. In this situation the main PM drive power is off anceth is no failsafe trigger, so a front
panel toggle switch can deactivate the need for the DC weléagociated with the trigger signal.
The deactivation can only be used when the latch-to-gronddald circuity is also deactivated,
as described in Sed.3.8

The RF and Control Electronics Box is the most complex corepoof the failsafe system.
Complete details of its internal components and how theyaipes provided in Seel.3.

2.3 DC Power Supplies Box

The DC Power Supplies Box contains six individually fusegdmghassis linear supplies that pro-
vide electrical power to the RF and Control Electronics Bdthese supplies are intentionally
housed in a separate box to reduce coupling of stray 60 Halsigmo the low-voltage and RF

electronics. The photograph of its interior in FBshows the locations of the linear supplies,
labeled by voltage values. Tahldists the part numbers for the linear power supplies.

Table 1: Parts list for Fig2 — DC power supplies

\Voltage  Manufacturer Part number

+5 Power One HAA5-1.5/0VP-AG

+12 Power One HBB15-1.5-AG

+15 Power One HBB15-1.5-AG
+15(3A) Power One HC15-3-AG

+24 Power One HAA24-0.6-AG

+48 Power One HB48-0.5-AGt

T Same as-12 V supply, adjusted ta-15 V. T Adjusted to+50 V
Data sheets for the linear supplies in Fj.are available only on the Documentation Server in the dirgct

\\FS01960NTZBL _PM_Failsafe ICs_andlinearsupplies.

2.4 Rack Mounted Grating Compressor for Dispersion Comperation

The Grating Compressor is housed in a Thorlabs RBX32 slitleaml that contains an aluminum
breadboard for mounting optical components. This sliderack also contains the “Chopper,”
a free-space-coupled EOM-based amplitude modulator usedrismit relatively longus length
pulses at 250 Hz to reduce the otherwise 100% duty cycle d®Wdight from the fiber amplifier.
The Chopper, which precedes the compressor, is requirealibedhe two-stage fiber-coupled
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Figure 2: Locations of the linear supplies inside of the DC Power SepBox.

Mach-Zehnder amplitude modulator (Shaper) that providegihal high-bandwidth pulse shaping
prior to injection into the Regen can't tolerate averageaappower at 1053 nm much greater than
about 20-25 mW.

The grating compressor is in a Treacy configuration to corsgkerfor the estimated total 2nd-
order dispersiok’z = 1.68 x 10° fs? in the 30 m long PZ fiber that transmits the shaped pulses
from the MOR to the Regen. The dispersion was estimated asguhe PZ fiber has a fused silica
core, however the estimate neglects a small amount of additidispersion from propagation
in the fibers in various other components, including the fibethe IPG Photonics Amplifier.
The compressor is required because the dispersion frore thegs would convert a fraction of
the PM light to amplitude modulated light. Additional désaabout the compressor, including a
photograph of the compressor assembly, are provided in5€d, and in a SAND report that
discusses deployment of the PM failsafe systeifj [
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3 Daily Operation of the PM Failsafe System

For day to day operation the PM failsafe system should be taiaied in a fully warm condition,
where only the seed laser optical poweotthe power for seed laser’s control hand the fiber
amplifier are turned on and off. If the seed laser is off this&ie system will be in an unarmed
state, where the VCOs that power the two phase modulatorbevdff, even if their switches are
in the on position and their red power-on LEDs are illumidat&o arm the failsafe system you
must first check the status of two toggle switches and théovidhe procedures below:

1. The Latch & Hold Disable toggle switch located in the lovieft corner of the RF and
Control Electronics Box must be in its up position.

2. The Failsafe Status toggle switch located above the L&telold Disable switch must be
down to select the Latch & Hold Reset condition, which igsotiee failed condition and
allows the VCO power to be on — as long as their power switchesma. When the system
is unarmed and not in use but you want to maintain the RF alaais in a warmed-up
condition, the Failsafe Status toggle switch should betetthe down position.

Only after the étalon for the reference optical spectrunoéked as described in Se8.4 can

the system be fully armed by moving the Failsafe Status #ogulitch to its up position. Any
disruption to the conditions required for the system to rieraamed will cause the latch-to-ground
and hold circuitry described in Sed.3.8to deactivate the system, thus requiring reset by an
individual trained in its opereration.

3.1 Power On Settings

There are three main power switches on the Sandia-builtsthred must be in their on positions
for proper operation of the PM failsafe system:

Front panel rocker switch on DC Power Supplies BoxProvides power for all RF components
and all other electronics in the RF and Control Electroniog.B

Back panel rocker switch on the RF and Control Electronics B This switch should remain
in the on position at all times. It provides power to a 5 V linsapply that powers all
of the cooling fans in this box.

Front panel cooling fan power on RF and Control Electronics Box This toggle switch must be
on and its LED illuminated when the rocker switch for the D@eosupplies is on. The RF
electronics can probably operate without damage with the &df, but the power output of
the voltage controlled oscillators (VCO) and RF amplifidrattdrive the phase modulators
will be affected without cooling.
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There are four additional toggle switches near the centeheffront panel of the RF and
Control Electronics Box that will be on with their LEDs illunated during normal operation. The
only time any of them will be off is for testing the operatioitioe PM failsafe system, or for single
frequency operation. These switches are:

14.8 GHz VCO Power switch for the 14.8 GHz VCO.
12.8 GHz VCO Power switch for the 12.8 GHz VCO.

14.8 GHz Power On-Off Power switch for the 14.8 GHz RF amplifier. This amplifier is @n
separate power supply in the DC Power Supplies Box, and$awit toggle switch, because
it can require as many as 3A during startup.

VCO PLL On-Off This switch interrupts the power for the PLL that forces tde81GHz VCO
to phase-lock to the 80 MHz ZBL system clo€kWhen this switch is off the system will
enter a PM failure state. Note that you shouldn’t test thparse time of the failsafe system
using this switch, or any other toggle switch, because theglaw mechanical switches and
are not debounced. The procedure for carrying out a speedndssetting a threshold for
failsafe response is described in SAc/.

3.2 Warmup Time

Electrical systems The electronic warmup time for the system is about 20 minhtegever it's
best to leave the DC power supplies, the RF electronics, laaadoling fans for the RF
electronics, on at all times. The electronics can be operiatenediately after a fully cold
startup but doing so is not recommended.

Laser system The warmup time for the NP Photonics fiber laser may be as IsrZfaninutes.
Before the temperature stabilizes oscillation alternattgveen single- and multi-mode so
the heterodyne beat note will also be unstable. Due to trgew@rmup time the NP Photon-
ics Control Module should be left on at all times. The lasselitdoes not have to left be on,
just the laser’s heater, and it’'s on when the Control Modsilen. Even when warm, turning
on the laser changes its temperature due to heating from pghtpso the green Temp LED
will probably go off for a minute or so. Wait until the green DEs illuminated again before
locking the étalon to a PM sideband.

Optical system There might also be warmup time due to absorptive heatirfiggigtalon’s mirrors
when it's locked to a PM sideband. This effect is probably bea hasn’'t been rigorously
confirmed. Heating and thermal expansion are inferred bsingcthe étalon and observing
the Servo Amp’s output using tHetalon Servo Amp Monitor on the front panel on the RF
and Control Electronics Box. Heating is enhanced when thie® is locked on resonance
because almost all incident optical power is coupled inecctvity. After warmup, unlocking

2This switch is an artifact from a VCO control scheme no lorigarse, where the previous 15 GHz and 17 GHz
frequencies were offset-locked using their differencgdiency, relative to stable reference oscillators.
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the étalon to reset the Servo Amp’s integrator is optiosadha voltage drift for 24 hour time
periods is probably less than 15% of the Servo Amp’s outpugea

3.3 Observation of the Heterodyne Beat Note

The PM failsafe system was designed so that users can olzsasterodyne beat note only when
the étalon that filters the reference PM spectrum transaiitst-order sideband. This restriction
ensures the system will operate correctly and is imposeddsriing a 1.7—2.3 GHz bandpass filter
after the optical detector. Without filtering a user couldgmtially select a different sideband and
the system would probably not function correctly. For exbanthe étalon could be locked to a
second-order sideband of the reference PM spectrum andgg@i4 GHz beat note by interfering
with a second-order sideband from the main PM spectrum. @&z signal could in principle
be processed by the electronics described in &8cland shown in Figl2, but if its amplitude is
either too small or too large, the system could behave uingiedady. To aid users in selecting the
correct sideband the RF and Control Electronics Box offemsdifferent front panel monitors for
observing the beat note.

One monitor directly samples the 2 GHz sine wave so its usainexjan oscilloscope with
sufficiently high bandwidth. This is the actual electrong@abnote sampled by a directional coupler
so its amplitude changes as the étalon is scanned acrolsséndine. The other monitor’s output
comes form a-10 prescaler that produces a 200 MHz sine wave of fixed andgljtso it can be
observed with almost any newer digital oscilloscope. Thesgaler's input bandwidth is 0.1-12
GHz and it's minimum detectable power is abetlt5 dBm (~ 0.03 mW), so if random noise with
sufficient amplitude is present at its input it will divids frequency by 10. To reduce the influence
of noise the input signal is filtered with another 1.7-2.3 G¥dndpass filter, and the output is
filtered with a 225 MHz low-pass filter, as shown in Fi. When the étalon is far enough off
resonance the frequency and amplitude of the 200 MHz sine walV fluctuate randomly, but
when a stable 2 GHz beat note is present at the prescalets g output of the-10 monitor
will stabilize and appear as a 200 MHz sine wave of foxed ationgbd.

3.4 Locking the Etalon to a First-Order Sideband of the Reference Phase
Modulator’s Optical Spectrum

The PM failsafe system can generate a failsafe event onlyeeétalon that filters a first-order
sideband from the reference PM spectrum is actively locee of these two sidebanéiJo ob-
tain and maintain lock requires user interaction with twmaoeercial instruments; the SRS SR510
Lock-in Amplifier and the New Focus LB1005 Servo Controlighich we usually refer to as the
Servo Amp. The front panels for these instruments are shaviaigs.3 and4. Active lock also

3When the system temperature is stable the étalon mightrisir the top a fringe for a long time without active
lock. The heterodyne beat note’s amplitude might be sufftdier normal operation, but operating in this manner is
tantamount to living dangerously, so don't do it. If the gystwon’t maintain active lock then it can’t be relied on to
work properly, so any problem should be diagnosed and dedec
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requires electronics inside the RF and Control ElectroBus, but they’re not user accessible and
shouldn’t require adjustment.

Figure 3: The front panel of the SRS SR510 Lock-in Amplifier. The seggim user might occasionally
adjust are the Sensitivity, the Time Constant (Pre, not)Ptst Reference Phase, and the Offset. After
initial adjustments these settings will probably remaichanged.

Figure 4: The front panel of the New Focus LB1005 Servo Controllery8é&mp). The only setting a user
might occasionally adjust is the Gain. The P-I Corner and Eogaquency Gain Limit (LFGL) will remain
unchanged unless the PM failsafe system is modified. The [@ffset is not required so it was disabled by
a back panel switch. To obtain lock the user will adjust the&wCenter knob, which controls the étalon’s
cavity mirror separation and therefore selects a specifisigband, and if necessary the Sweep Span knob
to observe fringes on axy-oscilloscope. The Lock Off — LFGL — Lock On toggle switch apeand closes
the servo loop.

Settings for the Lock-In Amp and Servo Amp should be stablessthe PM failsafe system
is modified in some way, e.g., by changing the lengths of sab&tween the RF and Control
Electronics Box, the Lock-In Amp and the Servo Amp, or peghly changing the RF drive
power to the main phase modulator to operate at a differedutation index. In the event of these
modifications the Phase of the Lock-In Amp’s Reference dignght have to be reset, and also
perhaps the Lock-In Amp’s Sensitivity. For the Servo Amg, @ain and the P-1 Corner might also
require adjustment. Procedures for making these four ardgrds are given in Sec8.4.4-3.4.7.

In the absence of modifications the settings shown in Tabkflect the correct settings for the
Lock-In Amp and Servo Amp after the PM failsafe system wasailhesd and tested.

3.4.1 Locking theEtalon: The Simple Case

If the PM failsafe system is warm, the laser temperature wegiqusly stable and the laser itself
has been on long enough so its green Temp LED is illuminatedi tlke Sweep Center knob on
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Table 2: Settings for the Lock-in Amp and Servo Amp

Setting Value

Lock-in Amp

Signal Filters All set to In
Signal Inputs Switch and Input on A
Sensitivity 1mVv

Dynamic Reserve Normal
Display X

Expand x1

Rel Off

Offset On

Time Constant (Pre) 30 rfs

Time Constant (Post) None
Reference (frequency) f

Reference Phase (degrees) 54
Waveform Sine

Servo Amp

Input A (-B with ground cap)
Output Setto0-10V
Input Offset 500 (zero volt8)
PI Corner 100 Hz

LF Gain Limit Prop®

Gain ~ 290 (variable)

(a) The Lock-In Amp’s Time Constant will occasionally beasted to obtain lock and diagnose system performance.
(b) The input offset is disabled but the knob is set to its def@ial position of 500, or zero volts.

(c) The LF Gain Limit is set to proportional. For any otheru@ldB) the LFGL is disabled when the Servo Amp’s
toggle switch is in the Lock On position.

the Servo Amp is set so the étalon transmission is close &ak pf a first-order sideband, then
locking the étalon requires little more than putting thek ®@ff — LFGL — Lock On toggle switch
in the Lock On position to close the servo loop. In practiagsiially works best to use a two-step
process: Move the toggle switch to the LFGL position firstjitvaafew seconds, then try moving
it the Lock On position. If the servo hops out of lock just tryaén until you achieve lock to the
top of the fringe? When closed the Servo Amp’s output continuously adjustethn’s cavity
length so it remains locked to the peak of the fringe. If anllmscope is monitoring the 2 GHz
heterodyne beat note it should be observable at a reducelitiaebefore the étalon is locked,
and at full amplitude afterwards. If the 200 MHz beat note @itored instead, as shown in Fig.
its fixed amplitude will change from random noise to a stabie svave. To monitor the voltage

4The difficulty “grabbing the fringe” is due to the Lock-In Arisg30 ms Time Constant. The long Time Constant
makes sense for an étalon with low thermal drift and a natvandwidth laser with very good long-term frequency
stability, but it does require setting the Sweep Center Kioohmaximum transmission through the étalon. To best
way to succeed is to allow the system to thermalize by regBagaljusting the Sweep Center knob until the étalon
transmission sits still at the top of a fringe. This mightdakore than a minute so don’t be impatient.
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for transmission of a fringe before and after lock, the baxumted toggle switch on Channel 2 of
the 35 MHz analog scope must be in “Fringe Detector” posjtaanshown in Figs. When stable
lock is obtained the Failsafe Status toggle switch desdribé&ec.3 can be moved to the Normal
Operation position and the IPG Photonics Fiber Amp can beetliion to inject light in ZBL's
Reger?

Figure 5: These two oscilloscopes are used with the PM failsafe systéma upper digital scope monitors
the pulses used to drive the “Shaper,” a Mach-Zehnder amdglimodulator that controls the pulse shapes
injected into the Regen, and it also displays the 200 MHzrbdteme beat note from the 10 prescalar.
The lower analog scope operatesior yt-mode and displays three signals selected with the box-tedun
toggle switches: Servo Monitor (Chl), the output of the Sefwnp that is amplified to drive the PZT in
the reference étalon; Error Monitor (Ch2), the error otifpam the Servo Amp; Fringe Detector (Ch2), the
output from the fringe detector for the reference étaloar X¥y-mode the toggle switch on Chl is moved
to Triangle Wave. In this photograph the the étalon is ldct@the peak of the fringe, which produces a
DC signal of about 90 mV. The Servo Monitor signal is about kich is near the mid-range of the servo
output.

SSee italicized text in Se@.5if the IPG Photonics Amp disrupts the étalon lock.
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3.4.2 Locking theEtalon: Finding a First-Order PM Sideband

If there is no heterodyne beat note, or no transmission tirdlee étalon, then locating a fringe for
a first-order sideband might require a few more steff® explain the process we’'ll turn off the
12.8 GHz VCO and begin with single frequency operation. Thight not always be necessary,
but a single frequency reference spectrum reduces amypiguit provides a good starting point.
The instructions below, and the fringe patterns and otlggrads in Fig.6 will guide you through
the process of locating, and locking to, the correct étélioge.

1. Turn the 12.8 GHz VCO power off using the toggle switch omftlont panel of the RF and
Control Electronics Box.

2. Put the analog scope ¥y-mode with the box-mounted toggle switch connected to Chan-
nel 2 in the Fringe Detector position, and put the box-moditbggle switch connected to
Channel 1 in the Triangle Wave position. The knob labeledrigie Wave Frequency on the
front panel of the RF and Control Electronics Box controkstia sweep rate of 1-130 Hz.
Set the sweep rate near its lowest frequency.

3. Rotate the Sweep Span knob on the Servo Amp clockwise tim Isggeeping the étalon
cavity length. The knob clicks in and out of its off positidncrease the Span until you see
more than one fringe, as shown in Fgfa). Adjust the Servo Amp’s Sweep Center knob so
the fringes are at roughly equal distance from the centdreo$tveep, as shown in the figure.

4. Now turn on the 12.8 GHz VCO power and you should see thgdrpattern in Fig6(b).
To reproduce the fringe height as shown you’ll have to chahgegain on the scope. You
might also need to adjust the Sweep Span. Note that the ntamufeequency exceeds the
étalon’s 10 GHz free spectral range (FSR) so you'll seelapping PM sidebands.

5. Now rotate the Sweep Center knob so that the fringes orethsitle of Fig.6(b) are in the
center of the scope’s screen, and then reduce the Sweep Bjilajou reproduce the fringe
pattern in Fig.6(c), where the gain has been reduced compared to (b). If foeseason
you accidentally zeroed in on the fringes contained in thehdd yellow boxes in Figh(d),
these are the wrong fringes. (The fringes on the right of &ilg) also work but the pattern
in Fig. 6(c) will be reversed.)

6. Rotate the Sweep Span knob until it clicks into its off fiogi. Put the scope back intd-
mode, trigger on line with time base around 1 ms, and moveoihglé¢ switch on Channel 1
to Servo Monitor. Now rotate the Sweep Center knob until thieage you see in the scope is
close to the height of the taller fringe in Fi§(c). The voltage will drift some but should stay
within about half of the peak height of the fringe. To makeesywu've selected the correct
fringe observe the 200 MHz heterodyne beat note on the tggitae to see if it stabilizes
(the 14.8 GHz VCO and amp must be on). Now make sure the Sernitdbd@oltage is near
the center of the servo range, about 4—-6 V, however sliglglydr or lower servo voltage is
OK.

SMisalignment of the reference beam to the étalon is unjiks there is no discussion of the alignment procedure.
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Figure 6: (a) Etalon fringes for single frequency operation. Power isfarfithe 12.8 GHz VCO that drives
the reference phase modulator. (b) Fringes with the powediopbthe 12.8 GHz phase modulator. The
modulation index is 2.4 and and the étalon’s FSR is only 1@ &bihigher-order PM sidebands overlap. (c)
The two fringes on the left in (b), with a change in the gain affdet. The taller fringe is the first-order
sideband used to generate the heterodyne beat note. Th®frdie heights of these two fringes depends
on the modulation index so it may be different than shown .hgheAny of the fringes in the yellow dashed
boxes are the wrong fringes and won't produce a heterodyaerage. (e) The signal from the Fringe
Detector when the étalon is locked to the peak of the fringgpér trace at- 90 mV in this example) and
signal from the Servo Monitor, about 4 v. (f) The error siginam the Servo Amp’s Error Monitor.

7. Push the Lock Off — LFGL — Lock On toggle switch on the Servophto the LFGL position.
If the scope trace “snaps” to the top of the fringe, then pinsh switch to the Lock On
position. If the étalon drifted outside of the “capturegahand didn't lock to the peak of
the fringe, repeat steps 6 and 7 as necessary. The Sweep Ketigequires a light touch so
be patient. Also, you’ll achieve lock more reliably if yourdmue to adjust the Sweep Center
knob for a minute of so until the system stabilizes to the paimere the &talon transmission
sits still near the peak of the fringe.

8. Finally, you might need to check the gain on the Servo Amyit. tRe box-mounted toggle
switch on Channel 2 in the Error Monitor position to view then® Amp’s error signal
shown in Fig6(f). Nominally the error signal’s baseline should be in thege of 10-40 mV
(that's the value for this system and its unique settings euta be different for some other
servo applicatioh If the error signal is larger increase the gain slightlgpvNput the toggle
switch in the Fringe Detector position and make sure they&isignal isn’t oscillating. If
it oscillates the gain is too high and the servo loop mightobse unstable. Note that the
amplitude of the oscillation depends on the Lock-In Ampm&iConstant, so set the gain
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using the nominal value of 30 ms. Two examples of oscillaitnthe fringe signal are shown
in Fig. 8.

3.4.3 TheEtalon Won't Lock: How to Check Settings for the Lock-In Amp and Servo Amp

If the procedure in Sed3.4.2failed then settings for the Lock-In Amp or the Servo Amp are
probably incorrect, or there is a component failure in theteay. Neglecting the last possibility,
you’'ll need to confirm the Lock-In Amp and Servo Amp are set apectly. Section8.4.4-3.4.7
describe how to check and adjust important settings foeth&es instruments. Adjustment of one
setting can affect another so there’s repetition and realcydamong the following procedures,
but four shorter procedures are probably easier to digastdtsingle long one. After checking the
settings and making any needed adjustments, repeat thedanecin Sec3.4.2 If the system still
won't function correctly, and the étalon can’t be lockdukr refer to Secgl.2—4.3 for additional
technical details, or obtain help from qualified persorinel.

3.4.4 How to Adjust the Lock-In Amplifier's Reference Phase

Background: The method we use to lock the étalon to a PM sideband is esf¢oras dither lock-
ing, or sometimes first-derivative dither locking. We usis thethod to lock to a peak rather than
a simple “side lock” because it achieves maximum transmisgirough the étalon and therefore
maximizes the amplitude of the heterodyne beat note. Agiptio of this method is limited by
various considerations, but those are left to a brief disioumsof dither-locking in SecA.3. For
now it's sufficient to say our system is well suited to thishieicue. To achieve lock we dither
the étalon cavity length at 20 kHz and use the same 20 kHzeatlrence to a Lock-In Amp to
demodulate the time-varying voltaydt) =V (w(t)), that is generated by the étalon’s fringe de-
tector. The resulting error signal is proportionabd/dw, wherew is the angular frequency and
wp locates the peak of an étalon resonance. Dither lockingimresia specific phase relationship
between the Lock-In Amp’s reference a¥i¢t) so it must be set correctly, which is the subject of
this section. The procedure below describes how to telefthase is correct, and how to adjust it
if necessary.

1. This procedure is simpler using a single frequency spetso put the toggle switch for the
12.8 GHz VCO on the front panel of the RF and Control Electsidox in the off position.

2. Place the Lock Off — LFGL — Lock On toggle switch on the SeArap in the Lock Off
position. Set the oscilloscopexg-mode and put the toggle switch on the scope’s Channel 2
in the Fringe Detector position. Rotate the Sweep Scan kndbeServo Amp so the étalon
cavity length is swept at low frequency. Use the Sweep Cdamteb on the Servo Amp to
place an étalon fringe in the center of the sweep then rethec€weep Scan so the fringe
width is about ¥5 of the sweep range.

’If the author is available he’s the best person to contadte®tise, this manual and its technical reference sections
should contain enough information for a good experimemtsott things out.
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3. The lock-In Amp’s Pre Time Constant was probably set at 30bot it must be set to
1 or 3 ms to accurately observe the characteristics of theodalated signal (the error sig-
nal), so change it if necessary.

4. Now put the toggle switch on Channel 2 in the Error Monitosition and you should see a
signal that is similar to the signals in Fig. The error signal will likely be much larger than
the fringe signal so set the scope’s gain accordingly. Adgsound Channel 2 and set zero
volts to the vertical center of the scope, then observe tieasagain.

Figure 7: (a) The demodulated étalon fringe signal from the Lock-mpAas seen through the Servo Amp’s
error monitor. To reproduce this signal the Lock-In Amp’snéi Constant needs to be set on 1 or 3 ms. (b)
The same signal as in (a) with the Lock-In Amp Reference Phaged by 180. Only one of these two
signals has the correct phase to lock to the peak of a fringe.

5. Ifthe error signal looks very similar to either of the sadgin Fig.7 then the Lock-In Amp’s
Reference Phase is probably OK, but we’ll test that as we wmdugh the rest of these
steps.

6. If the baseline of the error signal deviates much from gdotihen use the Lock-In Amp’s
Offset adjustment to return the signal’s baseline to groufidhe signal appears clipped,
and the LEDs for the Lock-In Amp’s Sensitivity are blinkingd; then set the Sensitivity
to a higher value. Additional details on setting the LockAlImps’ Sensitivity are given in
Sec.3.4.5

7. The lock point in the error signal is at ground along theestslope, so if the signal is
asymmetric the system probably won't lock very well, or ¥ symmetric but out of phase
by 180 it won’t lock at all. Observe this signal and compare it to $igmnals in Fig.7.

8. To optimize the Reference Phase use the Lock-In Amp’srBete Phase buttons (Fine, not
90°) to make the demodulated signal as large as possible and stymiabout ground. The
maximum in the signal may not be immediately obvious so ogttion might require a few
iterations. You might find the error signal is already op#ied, and if it is you should be
able to lock the étalon to the fringe without any further gdadjustments.

9. To achieve lock, turn off the sweep, put the Channel 2 ®guglitch in the Fringe Detector
position, set the Lock-In Amp’s Time Constant to 10 or 30 md ase the Sweep Center
knob to locate the peak of the fringe. Put the Servo Amp’s lggvitch in the LFGL
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10.

11.

12.

position and the system should appear to lock. Note thatitigéesfrequency fringe is much
larger than a first-order PM sideband so the servo gain migi high and the signal from
the fringe detector might oscillate. Turn down the gain itessary to further optimize the
lock.

If the fringe detector voltage moves away from the peakapproaches zero, the reference
phase is likely off by 180 Deviation from the peak is usually not subtle and could be
described as being “blown out of lock,” but how quickly thisgpens depends on various
Lock-In Amp settings. If you observe this behavior afteresay attempts to lock then try
using the Lock-In Amp’s Reference Phase® 3uttons to shift the phase by 180 The
demodulated signal should switch phase as shown in7Fig.

If you do obtain a satisfactory lock then set the Servo Artgggle switch to Lock Off and
turn on the 12.8 GHz VCO. Use the procedure in Se4.2to locate the correct fringe for
the first-order sideband and re-establish lock. You'll nigeskt the Lock-In Amp’s Pre Time
Constant back to 30 ms, perhaps reset the Lock-In Amp’s Bétysiand also reset the servo
gain to get a “tight” long-term lock. Note that the respons¢hte Sweep Center knob will
be slower for the 30 ms Time Constant.

Finally, if you're new to stabilization techniques sasdither locking, be patient and realize
it may require several iterations to get things right.

3.4.5 How to Adjust the Lock-In Amplifier’'s Sensitivity

To correctly set the Lock-In Amp’s Sensitivity for long-teioperational lock (i.e., with the 12.8 GHz
reference PM drive on, not off, as in S&:4.4 make sure the 12.8 GHz VCO is on and follow the
instructions in Sec3.4.2to locate an étalon fringe that corresponds to a first-oridrsideband.
Also, you must have the Lock-In Reference Phase set corrastllescribed in Se8.4.4

1.
2.

Begin by repeating steps 2—4 in S8ct.4

Use the Triangle Wave Frequency knob on the RF and Conkegtriénics Box to set the
sweep frequency to its lowest value of about 1 Hz.

. While sweeping the étalon’s cavity length select a seiityivalue where there is noticeable

deflection of the Lock-In Amp’s needle with the Display on XtHe LED for that setting is
flashing red the sensitivity is too low, so set it to a highdugaMany times the correct value
will be about two settings below where the LED flashed red,, esglucing the sensitivity
from 200uV to 1 mV.

Ideally we want close to full deflection of the needle whilgeeping through the steep-
sloped portion of the demodulated signals shown in Fig.o actually see this much deflec-
tion you'll probably have to put the Sweep Span knob in itgpofition and manually sweep
using the Sweep Center knob. If it’s difficult to manually mtain the zero-volt lock point
on the steep slope then you might need to set the sensitivibetnext lower setting.
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5. At this point the sensitivity should be close to optimunt ibyou later find it's difficult to
obtain lock using the Sweep Center knob on the Servo Amp iKst®further reduce the
sensitivity.

3.4.6 How to Adjust the Gain for the Servo Amplifier

To optimize the adjustments in this section you must be abledk the étalon. If that is not the
case then see Se&4.1, 3.4.2 3.4.4 or 3.4.5 The procedures here are also used in Set7.

1. After you have determined appropriate settings for thekbla's Sensitivity and Time Con-
stant (currently 30 ms), lock the étalon to a first-order Ri#ésand and observe the étalon
fringe signal with the analog scope’s hannel 2 toggle swst&ttto Fringe Detector, and with
the scope triggered on line. Adjust the scope’s time baseesssary, usually about 1 ms.

2. Adjust the gain knob on the Servo Amp until the fringe slg@pears like the one shown
in Fig. 8(a), where there are very small excursions from the averalyvIf the gain is too
low the fringe signal might drift away from the peak of thenfye. If the gain is a little too
high the signal will exhibit small oscillations as shown iig.F8(b), and if the gain is so high
that the servo loop begins to oscillate, the fringe signghhappear as shown in Fig§(c),
however a lower Time Constant of 10 ms might be required teesthe oscillations.

56
W m( GOS-83

|

Figure 8: (a) The étalon fringe signal when the gain is set corredthere will usually be some very small
excursions in the fringe signal. (E)alon fringe signal showing a small amount of oscillatidman the Servo
Amp’s Gain is slightly too high. This amount of oscillatianundesirable so the gain should be reduced until
the fringe signal appears approximately the same as in @t that the amplitude of oscillation depends on
the Lock-In Amp’s Time Constant, so use the setting for ltergn lock to make these adjustments, currently
30 ms. (C)Etalon fringe signal with gain set intentionally too highitaluce oscillation. This is done for
estimating the P-1 Corner frequency for the Servo Amp asriest in Sec3.4.7.

3. For additional guidance for setting the gain, set the @abAtoggle switch to Error Monitor
and observe the error signal. For the settings in TAkie baseline for the error signal should
be in the range of 10-40 mV. Note that this value of the ergmaliapplies to this system in
particular and not to some other servo application.
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4. Adjustthe gain knob to observe the behavior of the ergoradi If the gain is low enough that
the fringe signal might drift away from the peak of the fringjee error signal will increase.
If the gain is too high so that oscillation begins to set irg @nror signal will also indicate
oscillation. We don’t want the servo system working too hewdbserving the error signal,
in addition to the étalon fringe signal, provides good gmice for finding a stable operating
point.

3.4.7 Selecting the P-I Corner for the Servo Amplifier

The P-I corner frequency is the 3 dB break frequency afteckvtiie servo loop’s proportional gain
dominates over integral gain. The P-1 corner must be detexdnior each servo system and this is
easy to do using a simple rule. As before in Sd.6setting the P-I corner frequency requires the
abilit to lock the étalon, at least for a short period of tinfeyou can’t obtain lock see Sec3.4.1,
3.4.2 3.4.4 3.4.5 or3.4.6as necessary.

1. Begin by repeating steps 1 and 2 in Séd.6and then set the Servo Amp Gain until you
reproduce the fringe signal oscillations shown in RB(g). The oscillation might not be
identical in appearance to the signal shown in B{g) and it might not have a well-defined
easy to determine oscillation frequency. It's OK to redureeltock-In Amp’s Time Constant
from the nominal setting of 30 ms to enhance the oscillatidmsg don’t reduce it below
10 ms.

2. Approximate the oscillation frequency from the fringgrsal on the analog scope. This is
easy for some dither-locked systems because oscillatipaap as a stable sine wave. |If
that’s the case trigger on the signal and read its frequdhtlye oscillation signal appears
to contain multiple frequencies as in FR&(c) then determine a “best estimate” frequency.

3. After estimating the oscillation frequencfpse use this simple rule to determine the P-I
corner frequencyfp_:

fp,| = %: (HZ) (l)

4. fp_; in EqQ.1 probably won’t coincide with one of the values availablenfirthe Servo Amp’s
P-I Corner knob, so select the nearest frequency.

5. Lock the system and test the suitability of the P-I cornegdiency (if you reduced the Lock-
In Amp’s Time Constant then reset it to 0 ms). If the lock istab$e against small changes in
gain or environmental perturbations (yelling or whistliig acoustically coupled systems,
pounding on the optical table) then try the next closest Brher frequency. There should
be one P-I corner that results in the most stable lock.
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3.5 Activating the Latch-to-Ground and Hold Circuit to Arm t he Failsafe

The PM failsafe system includes a latch-and-hold circusicdiéed in Sec4.3.8that grounds the
inputs to the fast switches shown in FitR for any failure in the PM failsafe system. When a
failure occurs the fast stage of this circuit responds iruaB0 ns and temporarily holds the switch
inputs at ground for about 2.5 ms. During this time periodititerlock for the IPG Amp will
trip and a relay interrupts the power for both VCOs, effegiivshutting down the system. The
shutdown process occurs approximately 2 ms after theliBifians fast response. After shutdown
the PM failsafe system can be reactivated only by an indalithained in its operation.

As described at the beginning of S&the Latch & Hold Disable toggle switch must be in its
up position, and the Failsafe Status toggle switch must bledmlown position to select the Latch
& Hold Reset condition to turn on the VCOs so the étalon thiri the reference PM spectrum
can be locked. After the étalon is locked the Latch & Holagit can be activated by moving the
Failsafe Status toggle switch up for Normal Operation. Wtiengreen LED is illuminated the
Failsafe system is armed and the IPG Photonics Fiber Amptiia be turned on to inject light
into ZBL's Regen. Any subsequent failure of any part of thetegn will ground the inputs to the
fast switches, turn off the IPG Amp, and turn off the VCOs t{hawer the phase modulators.

Note: Rotating the key on the front panel of the IPG PhotoAioglifier to its on position
sometimes generates a high-speed free-space RF field thauffecient strength to affect various
components in the PM failsafe system. A typical result floisidisturbance is thétalon might
come unlocked, which results in the system shutting dowirtlaesre were an actual failsafe event.
There appears to be no practical way to eliminate this "featwf the IPG Amp, so if it continues
to disrupt the system, try this alternate sequence of evéhté\djust Sweep Center for maximum
étalon transmission; (2) Turn on the IPG Amp; (3) Quickly the Servo Amp toggle switch in
the lock position; (4) Quickly put the Failsafe Status t@gigl the up position. Steps 3 and 4 must
be completed well before the IPG Amp completes its turn-quesee or else the interlock signal
from the control electronics will shut it down.

3.5.1 The Special Case of Single Frequency Operation

Single frequency operation is a special operating modeherRM failsafe system that is used
solely for diagnostic purposes. Configuring the systemifagle frequency operation circumvents
normal operation of the latch-to-ground and hold circuittlse IPG Amp can be activated, but

the interlock for the IPG Amp will otherwise function norrhal If the system electronics are

redesigned at a later date single frequency operation caoniea standard operating mode but
for now it can only accessed using the following procedure.

1. Turn off the power for the 14.8 GHz VCO using the toggle stwion the front of the RF
and Control Electronics Box. If the failsafe system was mesly armed this will trip the
interlock for the IPG Amp.

2. Put the IPG Amp Interlock toggle switch in the down posittbat is labeled PM Disable.
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This replaces the failsafe TTL trigger with 5V DC in the IPG Armterlock circuit and
bypasses a solid state relay on the latch-to-ground anctivoladt board that would normally
open the shorted circuit that activates the interlock. @pen of the IPG Amp interlock is
described below in Se8.6.

3. Put the Failsafe Status toggle switch in the down positibeled Latch & Hold Reset so the
12.8 GHz VCO will remain operational.

4. The position of the Latch & Hold Disable toggle switch doesatter so leave it in the up
position (enabled).

5. If the étalon is not locked to a 12.8 GHz PM sideband therosk one of the two sidebands
where the peak of the fringe is near the nominal voltage eeslesn the oscilloscope. There
will be no heterodyne beat note that normally indicates treect PM sideband but it doesn’t
matter for single frequency operatoin. This step is reqlioegprovide a short circuit for the
IPG Amp interlock.

6. Turn the key for the IPG Amp to its On position and configinepower output accordingly.
For PM output this is nominally 0.8 W.

7. Do not accidentally move the Failsafe Status toggle $witcits up position for Normal
Operation because doing so will trip the interlock for th&IRmp.

3.6 Operation of the Interlock for the IPG Photonics Amplifier

There are two operational states for the interlock thatrodsmthe IPG Photonics Fiber Amplifier.
The default state is for injection of phase modulated ligtd ZBL's Regenerative Amplifier, while
the other allows injection of single frequency light. Eitls¢éate requires the presence of two TTL
signals to provide a short circuit the interlock: One is dedi from the first-order PM sideband
that is transmitted through the étalon; the second is ddrikom the failsafe trigger signal, or for
single-frequency light, from 5V DC supplied by the low-\age circuit board. The intentional
redundancy of requiring two signals adds a margin of saf@tyle use of PM light because the
system must be fully operational or the IPG Amp will shut dov#or single frequency light the
requirement that the étalon be locked ensures that lighfasted into the amplifier before it can
be activated, otherwise it can suffer serious damage. Tieelack circuit consists of pre-amps
and Schmitt triggers for each signal followed by an AND gétat drives a solid state relay that
forms the short to deactivate the IPG Amp’s interlock. Therillock circuit is shown in See..3.4
The latch-to-ground and hold circuit board described in 86:8contains a secondary solid state
relay that interrupts the short and trips the interlock ia @vent of a system failure, and single
frequency operation bypasses this secondary relay, baegrdt otherwise affect the operation of
the interlock.

The interlock states are selected by a toggle switch in thedoight corner of the front panel of
the RF and Control Electronics Box that is labeled IPG AMRilaick. The toggle has positions
for “PM Enable” and “PM Disable,” where the disabled positieplaces the failsafe’s trigger
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signal with 5V DC. In the PM Enable state the étalon must loi&dd to a first-order sideband

of the 12.8 GHz reference PM spectrum so that the resultitigadfheterodyne beat note can be
detected and converted to the failsafe trigger voltagechvisi TTL high. For the PM Disable state
the 14.8 GHz drive will be turned off, but the 12.8 GHz PM drsleuld remain on at all times

and the étalon should remain locked to a first-order PM egfez sideban®.

3.7 The High-Low and Low-High Failsafe Transitions

On the left side of the front panel of the RF and Control Elauits Box there are two SMA
bulkhead connectors labeled “Failsafe TTL Signal Outpéits”Chl and Ch2, and one toggle
switch labeled High-Low and Low-High.

When driving a 5@ load on a high speed oscilloscope the high—to—low tramsdxurs from
about 2.8 V to ground, and the low—to—high transition frorougrd to< 2 V initially, then up
to ~ 2.8 V after a delay of approximately 25. After the heterodyne beat note disappears, the
transition time to a level of 1 V, up or down, can be adjustexfrapproximately 28—-40 ns. A
typical 30 ns negative-going transition is shown in FAg9 in Sec.A.7 where instructions are
given for carrying out a failsafe speed test.

The delay of 2pis that follows the initial positive-going fast transitiartd 50Q is undesirable
but it would be difficult to entirely eliminate it. Fortundyat probably doesn’t matter because the
low—to—high trigger-inhibit inputs on the SRS DG645 pulsmerators that are used throughout
ZBL respond near 1 V for a positive going edge, and their inpyiedance is typically closer
to 1 MQ. The charge-up time into %0 observed for a high speed measurement will likely be
reduced when driving 1 @ loads. The SRS DG 535 pulse generators that were ordered with
custom trigger inhibit inputs are active for TTL high andiinted by a falling edge at about 1 V, so
the high—to—low transition works well with these instrurteeNote that a high—to—low transition
terminated intdb0Q is preferred from a safety standpoint because loss of thie faidsafe signal
for any reason inhibits triggering, whereas using low—tghto inhibit the trigger could allow
triggering during a system failure.

8For the PM Disable state the interlock can probably operitte the 12.8 GHz reference PM drive off and the
étalon locked to a fringe from the single-frequency speutrbut if you've read Sec8.4.13.4.7you know it's not
worth the hassle of changing the Lock-In Amp and Servo Amfirges, so don’t do it. An additional AND gate
that would require the reference PM drive be on could eliteine ability to lock to a single-frequency fringe, but
there’s no reason to operate the system that way so it wasiclotied in the design of the circuit board. Also, you
might figure out that about 90 mV could be applied to Etalon Fringe Detector Input on the front of the RF and
Control Electronics Box to duplicate the voltage for normpérating conditions when the étalon is locked to a first-
order sidebandThis should never be done under any circumstances becacusmjiletely decouples operation of the
amplifier from the presence of seed light. Absence of sektidan result in serious damage to the amplifier.
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3.8 Periodic Test of the PM Failsafe System

The PM Failsafe System should be tested periodically torerniswill function as expected. The
test is simple and consists of generating a failsafe evertubning off the power to the main
PM VCO using its front panel toggle switch on the RF and Cdriectronics Box. A digital
oscilloscope with bandwidth of 500 MHz is adequate for obisey the failsafe signal during the
test. The required steps are listed below.

1. The PM Failsafe System must be armed as described ir8B&do. carry out this test.

2. Attach an unused Failsafe TTL Signal Output on the RF anatrGbElectronics Box to a
digital oscilloscope with bandwidth of 500 MHz and set thensition toggle switch for
High-Low. Set the vertical scale to 500 mV with 8Dtermination and set the time base to
20 ns. A lower bandwidth oscilloscope can be used if thereiking else available.

3. Set the scope’s trigger for auto roll mode and you shoukknke the failsafe signal’'s DC
voltage level of about 2.5 V.

4. Now set the trigger to detect a falling edge the with thggeer point one time division or so
from the left edge of the display and set the trigger leveldoud 1.5 V. Set the scope for a
single sequence acquisition.

5. Turn off the power for the main PM VCO using its toggle switn the front of the RF and
Control Electronics Box and acquire a waveform. If this is tinst test and the scope will be
dedicated for this test you might want to save this wavefosrarae of the scope’s reference
waveforms so it can be displayed again as a good exampleliseguent tests. An example
of reference and secondary failsafe signal waveforms fertéist are shown in Fig.
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Figure 9: Example high-low failsafe signal waveforms for a periodisttof the PM Failsafe System.
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6. If the waveform you observe oscillates wildly or doesall fo ground and stay at ground
then don't rely on the PM Failsafe System. If you set the Titamrstoggle switch to Low-
High then replace “ground” in the previous sentence with L'Tiigh.” Either way, if the
system failed the test the problem must be diagnosed anelated:

7. In the event of a failure or poor behavior of the failsafsteyn, there are two other signals
that can be observed, they are: Latch—&—Hold 1-Shot Q-OutiMg and Failsafe Trigger
Monitor. These signals are available from two BNC bulkheaxdnectors in the lower right
corner on the front panel of the RF and Control Electronics.Beor a normal system test
the 1-Shot Q-Out Monitor should go high to about 1.5 V thenpdim a little below 1 V
so that it remains above ground for a total>ef2 ms, while the Failsafe Trigger Monitor
should make a high—to—low transition to ground and stayeth&€he edges of these signals
should display transitions as fast as the failsafe signdl@ecede the failsafe signal by
approximately 10 ns. If the behavior of these signals israten described here, the cause
must be determined and the problem corrected.

8. If all is well, re-arm the system as described in SeB6.

34



4 Principles of Operation of the PM Failsafe System

Sections4.1-4.3 describe the principles of operation of the PM failsafe eystind provide de-
tails about two of the three Sandia-built rack-mounted bakat comprise most of the system.
We begin with a short discussion of how optical heterodycbn@ues are used to detect phase
modulated light.

4.1 Use of Optical Heterodyne Techniques to Detect PM

Detection of phase modulated light using heterodyne teglas is based on generating an optical
beat note that is converted to an RF electrical signal usimglaspeed detector. Although optical
heterodyne techniques can achieve extremely high satsiti4], in free-space their usefulness
can be diminished by aberrations in lenses, beam tilts, peam overlap, refractive turbulence,
and speckle. On the other hand a system consisting of masgtiB\&fiber like the one shown in
Sec.4.2is largely immune to these effects because the interactangesvare confined to a wave-
guide with the dimensions of the lowest-order spatial modibe only challenge posed by the
fiber based system in Set.2is that some form of phase stabilization might be requirechbse

it forms an amplitude-splitting Mach-Zehnder interferdarenith a phase modulator in each leg,
where two waves derived from the same source are indivigloasidulated at different frequencies
and later recombined to generate the beat note. We refeese thaves as the “reference” and the
“main,” where the main PM spectrum is characterized by adnigiodulation frequency and higher
modulation index3. The number of PM sidebands, their amplitudes, and theecaamplitude,
are determined by, and if the twof’s result in nonzero carrier amplitudes then the carriers
interfere to generate a slowly varying baseline, i.e., tfogyn an étalon fringe analogous to the
fringes observed with single frequency lightThe degree to which the resulting slow baseline
drift can influence the amplitude and stability of the higkguency heterodyne beat note depends
on eachB3 and how much the system is exposed to environmental petioinisasuch as acoustical
coupling and temperature variations. Fortunately thesdiequency perturbations can be largely
eliminated by selectin@’s that result in zero carrier amplitude so that the hetenedyeat note
maintains a stable amplitude. For this reason the ZBL PMd#al system us¢&s with zero carrier
amplitude!® Although loss of the carrier reduces the number of discieéslin a PM spectrum by
one, modern fiber-coupled LiNk(phase modulators easily compensate for the loss becagse lar
B’s with more than enough additional sidebands can be pratus&g modest RF drive power.

Figure10shows two simulated PM spectra used in the ZBL phase modultdilsafe system,
where the solid red sideband indicates the portion of trereette PM spectrum that is filtered by
an étalon and mixed with the main PM spectrum to produce éinafbeat note. The amplitudes

9See SecA.2 if you are unfamiliar with phase modulation and the effedhef modulation indeg.

1%During initial development the PM failsafe system ugiin ~ 4.8 and a temperature tuned solid étalon with
a free spectral range 100 GHz, but its finesse was too low to uniquely isolate a siffigst-order PM sideband as
desired, so it suffered from carrier interference. Use eftigh-finesse 10 GHz tunable étalon as a filter eliminates in
terference, but we retained the zero-carfisrbecause we anticipate employing the slow-d@#ifhonitoring technique
described in Sed.5 in a future version of the PM failsafe sytem.
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of the sidebands are correct for PM waves with= 2.42 and3 = 5.52 that have equal total
power, but the actual amplitudes of the interfering sidelsan the failsafe system are different. In
addition, the system currently uses a main PM frequency & G4z and reference PM frequency
of 12.8 GHz. The plot is intentionally truncated at thBth-order sidebands for clarity. As shown
in Fig. 10the beat note frequency for interference of thle-order sidebands is 2 GHz, while higher
interference frequencies from non-equal sideband ordegs;+1-order reference interfering with
+2-order main at 19 GHz, are integrated by the optical deteftte to its 8 GHz bandwidth so the
power for the higher frequencies contributes to a DC offsété detector’s output. A 1.7-2.3 GHz
bandpass filter eliminates the DC offset and other remaifmemuencies outside of its pass-band
before the detector’s output is processed to generatesafisignal.
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Figure 10: Plot of PM spectra for M= 2.42 (red) and M= 5.52 (blue) showing how first-order sideband

interference generates the 2 GHz heterodyne beat note aistiek fPM failsafe system. In this example the
main modulation frequency is 17 GHz and the reference fregues 15 GHz, and the solid red sideband

represents the first-order sideband transmitted by tHerétarhe main and reference frequencies in the
current system are 14.8 GHz and 12.8 GHz, respectively. ééor additional details.

4.2 Details of the Laser and Optical Components Box

The Laser and Optical Components Box houses the stabilibed faser and all fiber-optical

components required to generate the optical heterodynenme. This box also contains a
gain-adjustable transimpedance amplified detector foethlen fringe signal and a fiber-coupled
8 GHz detector for the heterodyne signal. A functional diagrof the contents of this box is

shown in Fig.11, and Table3 contains a list of its major components, except for the mecha
ical parts in a cage assembly that houses the étalon andufdicg optics. Specifications for

some of these components are included in the PM FailsafeeBith@t is located in the MO292

Document Depository, and they are also available from theubDentation Server in directory

\\FS01960NTZBL _PM Failsafe.

Because fiber optics are susceptible to perturbation fromusdical coupling, the top panel
and three of the side panels are lined with vibration-akhagrborbothane sheets held in place by
plexiglass. The numerous switches and bulkhead connectong front panel make it difficult
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to attach the same sound-deadening liner to its interidasey so this panel can transmit sound,
but the contents of the box are reasonably well decoupled the surrounding environment. The
front panel connections are listed in TaBlel.

On the bottom of the box the laser and all optical componentsding a cage system that
holds the étalon assembly, are mounted to an aluminum boaad that rests on five Sorbothane
feet. Because Sorbothane is somewhat sticky the feet amaauited to the bottom panel on the
box, so this box must remain horizontal and upright at alesmit must never be tilted, shaken,
dropped from any height, or be subject to any form of roughdhag.
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Figure 11: Functional diagram for the contents of the Laser and Optmahponents Box. The mode
matching lenses for the confocal scanning étalon, anditfsub collimating lens, are not shown in the figure
but appear in order in Tabl& numbers 10-13, along with all other numbered parts. The &ibwlifier is

in a separate rack mounted box. See text for additionalldetai

Anyone experienced with lasers, fiber optics, and elegties, should find the the operating
principles of the Laser and Optical Components Box to bersg¢ecature. Figurd l, along with
the discussionin Sed.1, should be sufficient to understand how the fiber-optic camepts in this
box work together to provide phase modulated light to seedsZBegen, and how they generate
the heterodyne beat note. In general this is a“hands off”llEpause nothing inside should ever
require adjustment unless a major component must be repldoethat case there are only two
important considerations:

Laser replacement If the laser fails and can't be repaired it must be replacdd wiaser that has
specifications for long-term frequency stability and linelthr that are similar to those for
the NP Photonics Rock Laser. The laser power should not éx@@e85 mW at 1053 NM
because higher power could damage the fiber-coupled LiNt&Yeguide modulators. Al-
though these modulators accommodate optical power in tigeraf 1W for telecom wave-
lengths, the combination of photo-refractive effects amalger mode diameter at 1053 nm
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Table 3: Part list for Fig.11— Laser and Optical Components Box

No. Description Manufacturer  Part number
1  Fiberlaser NP Photonics RFLSA-2000-1-1053-PM-5S0
2 Optical Isolator Thorlabs 10-J-1064APC
3 50/50 fiber splitter Thorlabs PMC1060-50B-APC
4  Phase modulator EOSpace PM-0K3-20-PFA-PFA-106-DCG-UL
5  10/90 fiber splitter Thorlabs PMC1060-90B-APC
6  Fiber collimation lens  Thorlabs TC12APC-1064
7  Scanning étalon Thorlabs SA210-8B
8  Fringe detector Thorlabs PDA36A
9  Fast detector Thorlabs PDA8GS
10 Etalon input lens Thorlabs C280TME-1064
11 Etalon input lens Thorlabs C110TME-1064
12 Etalon input lens Thorlabs LA1509-C
13  Etalon output lens Thorlabs LA1708-C

t The NP Photonics fiber laser and IPG Photonics Fiber Amplifexe sold together by NP Photonics using a single
part number.

¥ The two EOSpace phase modulators are identical with seriabers 121623 and 121626.

8 The gain setting for the finge detector is 20 dB with a bantwad 1 MHz.

§ The C280TME and C110TME lenses form a down-collimating i€eph telescope.

restrict the maximum continuous optical power for each nattu to about 30 mW.

Etalon realignment In the unlikely event the étalon becomes damaged, a replkxcemust be
essentially the same otherwise the mode matching optitfauie to be replaced as wéll.
Replacement requires realignment and it must be done digretbherwise the coupling ef-
ficiency into the fiber for the 50 combiner will be poor. The confocal étalon alignment
is correct when its transmitted beam, on resonance, fornrggéesspot in the far field. It's
possible to achieve what appears to be good coupling andihiggse with a less than ideal
far field beam pattern.

4.3 Detalils of the RF and Control Electronics Box

This section provides brief descriptions of the functioh¢he various subsystems housed inside
the RF and Control Electronics Box, including figures witkcuit diagrams for each subsystem.
Part numbers for the individual components are in tablesvbéhe figures. Complete specifica-
tions for these components are included in the PM Failsafeld@ithat is located in the MO292
Document Depository, and they are also available from theuDentation Server in directory
\\FS01960NZBL _PM_Failsafe.

The descriptions of the subcomponents are not completedry eletail, but an engineer or

Hpepartment 1682 (it's designation when this manual wagewjtowns a replacement étalon.
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experimenter with some knowledge of RF electronics, sonc&draund with simple analog cir-
cuits that use standard IC’s, and some patience, shouldleecabnderstand the failsafe system’s
electronics. To aid in that task some explanation of howotericomponents work together will
be provided, and if it becomes necessary to trouble-sh@otiticuit board, the locations of the
IC’s are shown in FigA.11 in Sec.A.9. The locations of the IC’s on the latch-to-ground and
hold circuit board do not identically match the diagram ig.F20 but they are easily identified
otherwise.

4.3.1 The Electronics for Converting the Heterodyne Beat Nie to TTL

Figurel2shows the RF components that convert a 2 GHz electrical léatmto a high-bandwidth
TTL failsafe signal. The conversion process uses pre- astigroplification, power detection, and
low-pass filtering, but does not use phase-sensitive delatiolu as required, for example, by the
techniques shown in Figé.3 andA.4. Instead, optical heterodyne detection effectively plings
role of demodulation by down-shifting the 14.8 GHz moduatirequency to a 2 GHz optical beat
note. Although 2 GHz falls in the microwave band it's a low egb frequency that suitable optical
detectors and RF power detectors are inexpensive andyeadilable. Use of power detection is
particularly convenient and reliable because unlike elsdtdemodulation techniques it requires
no local oscillator.

Although RF power detectors are simple to employ, their ougignals might require filter-
ing before they are used in high bandwidth applications siscthe ZBL PM failsafe systeff.
When the power detector’s output is observed with sufficemtdwidth it is seen to consist of a
DC baseline plus occasional residual high frequency spikesliminate any possibility of spu-
rious triggering of the 5 GHz switches in Fig, the spikes must be removed by a low-pass filter.
Prior to filtering, the power detector’s output can be amgdifas necessary using high-bandwidth
DC-coupled amplifiers until the baseline reaches a levelgkeeeds the TTL threshold for the
switches. After filtering, the remaining DC provides what eadl the failsafe trigger for the sys-
tem. The trigger controls the inputs to the pair of switctreg have their RF inputs biased at 5V,
and the switches are followed by 180 MHz fast buffers. Thédsfare included to ensure that the
failsafe system can continuously source enough currerddeices that have input impedance of
50Q. As discussed in SeB.7the 5 GHz switches have outputs for high—to—low and low-igit-h
transitions.

Immediately following the 2 GHz band pass filter in Fi@ the beat note amplitude is typically
a few 10’s of mV so it must be amplified for its detected powerdsult in an adequate DC
voltage. To provide enough gain prior to power detectionsdygtem employs several stages of
amplification, so it’s possible to unintentionally saterttte input of a subsequent amplifier. At the
onset of saturation the temporal response of the systenmatittase to 100’s of ns from a nominal
value of about 25-40 ns. To prevent this from occurring thvealsde attenuator that follows the
directional coupler can be adjusted to control the ovesth gThis adjustment can done correctly

12There are active and passive RF power detectors. The Crgistektors used in this system are passive and are
observed to sometimes transmit residual high frequenoci¢isesr output must be filtered. This might not be true for
active RF power detectors.
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only while monitoring the system’s response time using pfeesd test described in S&c7. If the
amplitude of the heterodyne beat note following the 2 GHzlhjzerss filter in Figl2 changes for
any reason, a speed test should be carried out immediatedgédthe variable attenuator.
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Figure 12: The subsystem that converts the 2 GHz beat note into a TTI $&yeal is located on the left
side of the RF and Control Electronics Box as shown in Rig.3. The 5 GHz switches (10) are mounted
on the left-side panel of the box, and the four buffers (1&)rapunted on a separate circuit board on the
same panel near the front of the box. The 8 GHz optical datét)as located in the Laser and Optical
Components Box. The switch and buffers within the dashedviere disconnected so their front panel
connections could be converted for use by the latch-and-foafjround circuit. See Tabkefor parts list.

Table 4: Part list for Fig.12— Heterodyne electronics

No. Description Manufacturer  Part number
1  Detector Thorlabs PDAB8GS
2  Bandpass filter Mini-Circuits VBFZ-2000
3 Wideband amp Mini-Circuits  ZX60-V68
4  Bi-directional coupler Mini-Circuits ZX30-20-20BP
5  Variable attenuator Mini-Circuits  ZX73-25080
6  DC coupled amp Mini-Circuits ERA-b-TB-431-5+
7  Power detector Crystek CPDETLS-4000
8  DC coupled amp RF Bay DCA-50-14
9  Low pass filter Mini-Circuits SLP-758
10 Highisolation switch  Mini-Circuits ZASWA-2-50DR
11 High speed buffer Burr-Brown BUF634
12  Power splitter Mini-Circuits ZFRSC-1234S
13  Attenuator Mini-Circuits BW-S3W2+
14 =10 Prescalar RF Bay FPS-10-12
15 Low pass filter Mini-Circuits  VLFX-225
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4.3.2 The 14.8 GHz PM Drive and Phase-Locked Loop

The 14.8 GHz PM drive provides power for the main phase madulls frequency is controlled
by the PLL in Fig.13, which locks it to ZBL's 80 MHz system clock. The referenceduency of
12.8 GHz is also locked to the 80 MHz clock, as shown in E#4j.and the relative phase stability
of the two drive frequencies is more than sufficient for gatieg the 2 GHz heterodyne beat note
and the failsafe signal. Unfortunately the phase stahality4.8 GHz drive relative to the optical
pulses injected into ZBL, which are timed relative to the 8BIMclock, is not sufficient for the
time-averaged or time-interleaved measurements one mmgké using a sampling oscilloscope.

The RF signal for the phase detector in the PLL is generated the external termination port
on the main phase modulator in the Laser and Optical Compeiax. This signal returns to the
RF and Control Electronics Box and passes through/&8@ower splitter as shown in Fid3.

Half of the split power is sent to @8 prescalar to generate 14.8/8 GHz monitor signal, while the

other half passes throughb and--37 prescalars and into the RF port of the phase detector in the
PLL.

From RF 1 2 3
Output for M @ 3)
12.8 GHz PM
Band
n Slitter oy, {1 18 oy [ n o P oy [ 12:8/8 GHz
Filter Monitor
50% 1.7 GHz
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Figure 13: For the subsystem that provides the 14.8 GHz drive for the mplaase modulator, the PLL that
phase-locks to the ZBL 80 MHz system clock is located on thletiside of the RF and Control Electronics
Box, while the 3W RF amp and VCO are located near the centeshawn in Fig.A.13. The LM317
adjustable regulator and the LM358N op amps are locatedeolothvoltage circuit board. There isa 10 dB
attenuator before the 50/50 splitter for the 14.8 GHz inpat ts not shown in the figure. The divider and
filter for the 12.8 GHz monitor are located near the 14.8 GHmponents so they are included in this figure.
See Tablé for parts list.

The tuning voltage (TV) from the phase detector has a ran@else#.9 V, typical of RF com-
ponents intended for use in PLLs. Unfortunately the higigfrency VCO's that drive the phase
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Table 5: Part list for Fig.13— 14.8 GHz drive and PLL

No. Description Manufacturer Part number
1  Power splitter Mini-Circuits ZX10-2-188
2  +8Prescalar RF Bay FPS-8-20
3 Bandpass filter Mini-Circuits VBFZ-1690
4 =5 Prescalar RF Bay FPS-5-15
5  +37Prescalar RF Bay FBS-37-7
6  Phase detector RF Bay PDF-100
7  Bandpass filter Mini-Circuits  VBFZ-2000
8 VCO Herley V6120A
9  Attenuator Mini-Circuits BW-S15W2 and BW-S1W2-
10 3WRFamp Mini-Circuits ZVE-3W-183
11 Variable attenuator Narda 4791

modulators require TV’s up to 15 V so the complete PLL apperaicludes a summing ampli-
fier that adds a DC offset to the phase detector’s TV. The smgmmp is actually an inverting
amp followed by a differential amp, a configuration that eirtvents impedance matching issues
arising from the 5@ outputs of instruments such as high speed servo ampifieFae summing
amp with its adjustable DC input, the VCO and subsequentifisrplnd a variable attenuator, are
shown in the lower half of Figl3. The variable attenuator provides control of the drive poiee
the main phase modulator to allow selection of more than dMespectrum, such as those with
B =5.520 or3 = 8.654, as shown in FigA.1.

The variable attenuator is located inside the Laser ancc@igfiomponents Box and this box is
closed during normal operation, so it’s difficult to accdsoutput port to measure the RF power.
We can however measure the residual RF power at the front paties box because it’s returned
to the PLL in Fig.13, along with the residual RF power from the 12.8 GHz referenoelulator.
Knowing that about 620 mW enters the attenuator and itstiosdoss is about 1 db, and for min-
imum attenuation the residual power is about 48 mW, the maxipower dissipation is around
450 mW and results if8 > 8.6. The modulators use external termination to eliminatdihga
from an internal resistance of 1) and evidently little power is lost to any other form of madér
heating. The low dissipative loss was confirmed by monitptite modulator’s temperature, which
increases by only a feC at maximum power. The power dissipation is therefore prilgndue to
the capacitance of the modulator, which for 14.8 GHz and 480works out to be a few pF. For
the other two modulation indices with zero carrier amplgyél = 5.52 andg = 2.4, the residual
power is 23 mw and 10 mW, respectively, but the additionalicéidn in RF drive power due to
increased attenuation is unknown.

13The two stage summing amp is convenient but is a holdover fiarearlier configuration of the PM failsafe
system that required locking a PM sideband to a temperatabdized étalon. In that system the @Dutput of the
Servo Amp had to be summed with a DC offset to reach the apiatepmoltage for the VCO’s TV. Unfortunately the
Servo Amp’s lowZ,; sank all the current in a conventional summing circuit baseé single op amp, so it didn’t
work very well. So in that case two amps — one acting a lot likeiifer — was better than one
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4.3.3 The 12.8 GHz PM Drive and Phase-Locked Loop

The 12.8 GHz PM drive provides power for the reference phasdufator. Its frequency is con-
trolled by the PLL in Fig.14, which locks it to ZBL's 80 MHz system clock. As before witheth
14.8 GHz drive, incompatibility between the phase deté&iov and the VCO's TV require using
the same summing amplifier arrangement shown in E8g Otherwise the only significant differ-
ence from the 14.8 GHz drive is the absence of a variablewsten so the RF power is controlled
with fixed attenuators in increments of 1 dB, which is fine egtoto obtainB ~ 2.405, as required.
)
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Figure 14: The VCO and RF amp that provide the 12.8 GHz drive to the retergghase modulator, along
with the PLL that phase-locks to the ZBL 80 MHz system clodle cated on the left side of the RF
and Control Electronics Box in FigA.13 below the latch-to-ground and hold circuit board. The LM317
adjustable regulator and the LM358N op amps are locatedelothvoltage circuit board. See Tat@idor

parts list.

Table 6: Part list for Fig.14—12.8 GHz drive and PLL

No. Description Manufacturer Part number
1 Phase detector RF Bay DPF-100
2  +20Prescalar RF Bay FPS-20-13
3  +8Prescalar RF Bay FPS-8-18
4 VCO Herley V6120A
5  Power splitter  Mini-Circuits ZX10-2-188
6  Attenuator Mini-Circuits BW-S10W2
7 RFamp Mini-Circuits ZVA-183
8  Attenuator Mini-Circuits BW-S3W2




4.3.4 The Interlock for the IPG Photonics Fiber Amplifier

Operation of the IPG Photonics Fiber Amplifier’s interlodkcait was previously discussed in
Sec.3.6. As seen in Figl5 it requires two input signals to defeat the interlock; onangdhe
TTL level trigger sent to the 5 GHz switches, and the otherétadon fringe signal when the
etalon is locked to a first order PM sideband. Both signalstrba amplified to~ 5 V DC, which

is accomplished using non-inverting amplifiers. The amgalifsignals are sent to non-inverting
Schmitt triggers, and then to an AND gate that controls amcally isolated solid state relay
that short-circuits the IPG Amplifier’s interlock. The irtgsuo the AND gate see ground through
100 KkQ resistors to eliminate leakage current generating a fafe condition for the amplifier.
The output of the Schmitt trigger for the PM failsafe TTL sagjoan be replaced by 5V DC to allow
operation with single frequency light, if necessary. Ndtattthe front panel PM Enable/Disable
switch for the interlock also bypasses the relay labeledcthand hold reset” on the latch-to-
ground and hold circuit board in Fig0 when the switch is set to PM Disable.
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Figure 15: Circuit diagram for the IPG Photonics Amp interlock on thevlgoltage circuit board. The
low-pass filter (1) is part of the heterodyne-to-TTL subsgsishown in Figl2, and the Latch-to-ground
and hold circuit board is separate from the low-voltageuiircoard. See Tabl@ for parts list.

Table 7: Part list for Fig.15— Interlock circuit

No. Description Manufacturer Part number
1 Lowpassfilter  Mini-Circuits SLP-750
2 Schmitttrigger  Phillips 74HC7014
3 AND gate Texas Instruments SN74HCTO8N
4  Solid staterelay Avago ASSR-1411-001E
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4.3.5 The Op Amp Circuit for the Etalon

The maximum voltage that can be applied to the étalon’s RZB0 V. The Servo Amp’s nominal
output range is-10 to+10 V however PZT’s can’t be exposed to negative voltages sc¢nvo
range is setto 0 — 10 V. At 633 nm the voltage per FSR (10 GHZ)asiB5 V so the servo range
alone is insufficient for sweeping and locking the étalanwe amplify the Servo Amp’s Output.
The circuit in Fig.16 does so with voltage gairy 4 and output range of 5 — 45 V using an Apex
high voltage op amp. The Apex op amp’s maximum supply vol@ifference is 300 V, but our
comparatively low output range permits using supply vatagf only—12 V and+50 V.

1kQ

1N4001 ¢

=T Input Clamped
at +1V

+50 V
1kQ

From Servo
+ 1kQ
Amp Output 4\/\/\/ ’}\ /\/\/\/ Output Limits:
PA82J +5V to +45V

100kQ ——— (2) Etalon

A2V
— Servo 50 k
Monitor y&
Gain ~ 4
10 kQ

N4

Figure 16: Circuit diagram for the op amp on the low voltage circuit lwbtrat drives the étalon. The étalon
is housed in the Laser and Optical Components Box. See Bdbteparts list.

Table 8: Part list for Fig.16— Etalon op amp

No. Description Manufacturer Part number

1 HVopamp Apex PA82J
2 Etalon Thorlabs SA210-8B

The op amp circuit is simple and includes a monitor bufferdbserving the servo output,
however it also includes two additional features worth poghout. Although the servo output is
limited to 0 — 10 V the op amp’s input is clamped-atl V to make certain its output can’t swing
below zero and damage the étalon’s PZTn addition, because the étalon behaves like a pure
capacitive load, oscillation can occur at resonant freg@snwhen it is coupled to an amplifier. In

14ves, the output can be clamped as well but with positive-arpyt from the Servo Amp there was little reason to
do so. The clamp is there mostly to keep the étalon from baiivgn all the way to zero volts.
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fact this system suffered from small amplitude oscillasi@ a resonant frequency much higher
than the 20 kHz dither frequency used to generate the egoakior locking the étalon. To elimi-
nate the oscillation the output to the étalon is dampenetti®yl K2 and 100 K2 resistors. There

are ways to rigorously analyze systems such as this one butumately important parameters for
the Apex op amp are not well know#.In this case the values for the damping resistors used here
are experimenter’s best guesses, but they work well so Hedtation is no longer observed.

4.3.6 The Waveform Generators on the Circuit Board

There are three waveform generator IC’s on the low voltagriitiboard; two are used to generate
sine-wave dither signals and corresponding square waeeerefe signals at 4 kHz and 20 kHz,
and the other is used to generate the 1-130 Hz triangle wawbhdoServo Amp Sweep In and
for the X-channel on oscilloscopes. The circuit diagramdibthree is shown in Figl7 and the
resistor and capacitor values are given in TableThe resistors labeledRand Rz control the
symmetry and duty cycle of the waveforms, while Bffects only the frequency. The voltage
dividers for the sine- and square-waves in Hig.are required to reduce the amplitude of these
signals as necessary.
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Figure 17: Circuit diagram for the three Exar-8038A waveform genaré@s on the low voltage circuit
board. See Tabl@ for resistor and capacitor values.

15For example see the analysis of op amps coupled to capalcitids, and various possible solutions, on Analog
Devices’ website, www.analog.com/library/analogdialegarchives/31-2/appleng.html.
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Table 9: Resistor and capacitor values for Fig.— Waveform generators

Frequency R Ra Rg R C
4 kHz 1k 1k 1k 10k 2<0.047uF

20 kHz 11k 1k 1k 10k X 1nF
1-130Hz 500k 10k 10k 1M .B6uF

4.3.7 The Voltage Regulators on the Circuit Board

The voltage regulators on the circuit board are all TO-22¢kpges with passive heat sinking.
Supply voltage ist 23 V depending on the sign of the output. Diagrams for the thfierent
types of regulators are shown in FIiB. One of four LM317 adjustable regulators suppheks V
for the LM358 op-amps used in the summing circuits for the VIB3Cs in Figs. 13and14, another
two supply DC offset voltages for the VCO TV’s, and one is wetdis All other fixed-voltage
regulators provide supply voltages for components on ahthefcircuit board, excluding any of
the RF components with SMA connectors, which are powerechbylihear supplies in the DC
Power Supplies Box. The off-board components powered bydfgelators and their respective
voltages can be determined from TaBle.
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Adjustable +12V, +15V -5V, 12V, 15V +5V, 5A
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\ oo T T 10 WF 10 pF
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Figure 18: Voltage regulators on the low voltage circuit board in thed®E Control Electronics Box. See
Table10 for parts list.

4.3.8 The Latch-to-Ground and Hold Circuit Board

The RF power detector in Fig2 generates a DC voltage, referred to as the failsafe trigigetrjs

a nonlinear function of the power in the heterodyne sigrfahd trigger falls below the threshold
for the 5 GHz switches in Figl2 then the failsafe output makes a high-to-low or low-to-high
transition, depending on the position of front panel TTLAB#on switch. The transition time
following disappearance of the heterodyne signal is 30-s4@d@&pending on the overall gain in the
amplification chain, and should the heterodyne signal sulgidecover, the reverse transition is
essentially identical. Figurgd shows an example of multiple transitions, where the powettfe
main PM VCO was shut off using its mechanical toggle switeluiting in high-speed transitions
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Table 10: Part list for Fig.18 — Voltage regulators

\oltage Manufacturer Part number
Adjustable Texas Instruments LM317
+5(5A)  Micrel MIC29501-5.0BT
-5 National Semiconductor LM2990T-5.0

+12 National Semiconductor LM340T-12
-12 National Semiconductor LM2990T-12
+15 National Semiconductor LM340T-15
-15 National Semiconductor LM2990T-15

that appear random in time due to mechanical switch bouneeelifinate the possibility of
multiple high-speed transitions during an actual faillneTTL trigger must stay low after a falling
edge, thus holding the inputs to the 5 GHz switches near graatil an operator resets the system.
This type of well behaved response to changes in the heteeosignal can be obtained from a
latch-to-ground and hold circuit connected to the inputh#ofast switches.
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Figure 19: An example of the failsafe output when the main PM drive id siftusing the toggle switch for
its VCO. To observe these random state changes due to svatoice the Latch and Hold Disable toggle
switch on the front panel of the RF and Control Electronicg Bast be in the Disable position.

It would be convenient to use a commercial latch-and-holdol@btain the desired response
to the heterodyne signal, however most IC’s of this type asghed for data multiplexing ons
time scales and therefore respond too slowly. Consequaritip-stage latch-to-ground and hold
circuit was developed where the fast stage pulls the TTlgé&ighear ground in about 30 ns and
holds it there while a slower second stage shuts off the VC@epe- 2 ms later to disable the
system and safely latch the failsafe until the system isti@g@ human operator. This circuit is
shown in Fig.20.

The fast stage of the circuit uses a high speed buffer with g2 to sample the TTL trigger.
The buffer output controls a retriggerable one-shot whoseifQut drives the bases of two bipolar
NPN transistors in parallel so that when Q goes high and at&sithe bases, the collectors —
which are attached to the inputs of the fast switches — qui@gproach ground. For high current
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applications the use of bipolar transistors in paralletibutes bad design practice but the currents
in this circuit are only a few 10’s of mA, and a faster trarmitis obtained using parallel transistors.
Approximately 30 ns after failure of the heterodyne sigie butputs of the 5 GHz switches
change state, while the RC time constant of the one-shottamagits Q output in the high state
for ~ 2.5 ms.

The slow stage is built from a quad op-amp with one invertimgsing amp and one non-
inverting summing amp, where each amp samples the failsafetiigger. The two remaining
amps provide DC offset control to the inputs of the summingsuso their outputs maintain ap-
proximate+ symmetry about ground. The two summing amps are connectedsaite coils of a
mechanical relay with the polarity set so its contacts rensiosed when the trigger is TTL high,
but if the trigger falls to TTL low the output of each summing@changes sign to reverse polarity
across the relay’s coils. The mechanical relay then inpgsrthe power for each VCO so that af-
ter the failsafe trigger reaches TTL low there is no posi$jbaf generating the heterodyne signal
required for the failsafe trigger to return to TTL hig®.

The slow stage circuitry also provides a reset conditioaugh the front panel toggle switch
labeled Failsafe Status that temporarily restores powéngdv/CQO’s and simultaneously opens
the circuit for the interlock to the IPG Photonics Fiber Antipis disabling the amp. After an
operator resets the system — which requires re-lockingthlen to the reference PM sideband —
the Failsafe Status switch can be put in its Normal Opergtimsition so that the two summing
amps see the failsafe trigger at TTL high, thus closing theyi® contacts. On the circuit board
in Fig. 20 the reset condition is controlled by various ASSR-1411dsstate relays, and by the
EDE2008 Pushbutton Debouncer, whose buffered output tearifyoforces the outputs of the
summing amps to maintain the polarity required for the rétagiose its contacts. A second quad
op-amp, followed by a Schmitt trigger, samples the failgafe trigger to illuminate a green LED
on the front panel, and set the front-panel Failsafe Mortwof TL high, whenever the failsafe
trigger is in its high state. The Failsafe Monitor has slovesponse than the Failsafe TTL Signal
Outputs and is intended for use with control systems thatidoterrupt ZBL or Z countdowns.

4.4 Techniques for Reducing Conversion of PM to AM

Sectionl.1 discussed conversion of PM to AM and indicated that steps imeisaken to com-

pensate for unwanted AM to maintain the safe operating simaftorded by the use of PM light.
Sectionst.4.1and4.4.2below describe implementations of dispersion compensating a grat-

ing compressor and spectral amplitude modification usingedrimgent filter that are required to
reduce AM to acceptable levels.

8When the electronics are redesigned during developmergabsequent version Il of the PM Failsafe System the
mechanical relay will be replaced by a suitable solid stal@yror a switching transistor.
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Figure 20: Latch-to-ground and hold circuit board in the RF and Conlalctronics Box. See text for
description and Tabl&1 for parts list.

4.4.1 Use of a Grating Compressor for Dispersion Compensaiin

The PM failsafe system was originally deployed in the 986IHB@y close to ZBL's Regenerative
Amplifier, thus reducing the propagation distance of PM ligihfiber to at most a few meters.
Originally SMPM fiber (Panda) was used to deliver PM lighifréhe output of the pulse-shaping
Mach-Zehnder amplitude modulator to the Regen, which waasaonable choice given the fiber's
short lengtht’ Unfortunately coupling of the electromagnetic pulse (EN®Bn sources such as
cable bundles carrying current to the main amplifier flasipisfior ZBL and Z-PetaWatt (ZPW)
can completely disrupt the failsafe signal. Each bundl¢aios approximately 100 cables and each
cable carries about 10 kA at 18 kV, and coupling to the RF mdadats induced a failsafe event with
a signal similar in appearance to the switch-bounce triansitshown in Fig19.1® During initial
deployment the latch-to-ground and hold circuitry dessdlim Sec4.3.8was not yet installed, but
had it been in place the system would have entered its sivat-dtate or suffered other spurious

’SMPM Panda fiber is generally a poor choice for PM light beedis initial orientation of the linear polarization
relative to the slow and fast axes can change over long pegjpegistances, i.e., it doesn’t actually act like a palari
so the difference in slow/fast-axis dispersion can enhanogersion of PM to AM. Reduced PM to AM conversion
is achieved by using polarizing (PZ) fiber, where stresdiimgence is imposed using a bow-tie configuration.

18Evidently the EMP was strongly coupled to the high-bandwRIE components, but perhaps less so to lower fre-
guency components such as the Lock-in Amp, the Servo Ampassakiated circuitry because the étalon maintained
lock to the reference PM sideband during many of the eartg teken ZPW or ZBL were fired. No attempt was made
to identify those components most strongly coupled to thePElisturbance.
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Table 11: Part list for Fig.20— Latch-to-ground and hold circuit board

No. Description Manufacturer Part number
1 -5V Regulator Texas Instruments LM2990T-5
2 —15V Regulator Texas Instruments LM2990T-15
3  +5V Regulator  Texas Instruments UA7805C
4 415V Regulator Texas Instruments LM340T15
5  Bufferamp Intersil HFA1112
6  Solid state relay  Avago ASSR-1411
7  Ad]. regulator Texas Instruments LM317
8  One-shot Texas Instruments CD74HC123
9  NPN transistor Fairchild SS9018
10 Quad op amp Texas Instruments TLO84ACN
11 Signal relay Axicom FP2 Relay
12 Opamp ST Microelectronics LM358N
13 Debouncer Digital Engineering EDE2008
14  Schmitt trigger Philips 74HC7014
15 GreenLED Lumex SSI-LXH600DG-150

failures. Because adequately shielding sensitive eleicsocan be difficult and costly, the PM
failsafe system was moved a safe distance away to the MORhwhiaccessed from the ZBL
control room. Relocating the system required a fiber run @oRkgen of 30 m using polarizing
(P2) fiber, which increased the total material dispersidifigently that AM of at least 10% of
peak height was observed on the pulses propagating thrbwegiber. Figure21(a) shows a 1 ns
pulse after propagation through the fiber without PM whilg. Ril(b) shows the same pulse with
the PM on and an increase in AM of about 10%. Injecting this @amof AM into the Regen is
considered unacceptable so dispersion compensation musel to reduce it an acceptable level.

Using an estimate of the group velocity dispersion (GVD)ftmed silica ok” = 559 f&/cm
at 1054 nm and fiber length of 30 m gives total dispersiok’af= 1.68 x 10° fs?>. To compensate
for second-order dispersion at this level a compressorenTtieacy configuration was designed
that consists of grating pairs in a double-pass configurafic] The compressor, which is shown
in Fig. 22, uses 1500 groove/mm gratings with an input angle 6f @8fracted angle of 422°,
angular separation of 227°, and grating separation of 9—10 cm. The entire assemblyghwdiso
contains a free-space coupled EOM-based amplitude madwalled the “Chopper,” along with
the compressor, is housed in a slide-out rack assetfibthough the estimate df’z neglected
other fiber components in the system that propagate PM kglet) as the IPG Photonics Amp, the
compressor was designed to offer enough adjustment to asodate for these additional sources
of dispersion.

Following installation and optimization of the grating cprassor, additional measurements

19The Chopper protects the fiber-coupled Mach-Zehnder angglitnodulator responsible for final pulse shaping by
reducing average power t0 25 mW. The MZ modulator material is LiNbQwvith dimensions similar to single-mode
fiber forA ~ 1 um and is therefore susceptible to photo-refractive damé@ige EOM-based Chopper deliversl us
pulses at 250 Hz to reduce the average optical power to aesade |
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Figure 21: (a) 1 ns pulse at the Regen without PM where the pulse heigisticas are approximately 7%
of peak height. (b) The same pulse with PM where the pulsenhgggiations are now approximately 17%.
Although PZ fiber maintains polarization and eliminatespheblems associated with SMPM fiber, the total
dispersion still converts PM to AM for sufficient propagatidistances, thus requiring use of dispersion
compensation techniques. These pulses were recorded adibgr-coupled detector with bandwidth as
high 50 GHz connected directly to a 20 GHz oscilloscope.

using 8 ns pulses show a negligible increase in AM with the PMIa Fig. 23(a) the PM is off,

Figure 22: Grating compressor and EOM-based amplitude modulatorreseféo as the Chopper. The red
jacket on the fiber patch-chords denotes PZ fiber. The 30 m RE fiibm the Shaper to the Regen has a
metal reinforced jacket that is silver in appearance.
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and in Fig.23(b) the PM is on but the increase in AM is only2.7%. This reduction in AM due to
dispersion compensation is more than adequate for inpp€M pulses into ZBL's Regenerative
Amplifier.

(o)

At regen PM on (Arb)

At regen PM off (Arb)

o 2 4 6 8 10 ° 2z 5 8 10
Time (ns) ime (ns)
Figure 23: (a) 8 ns pulse at the Regen without PM that displays charstitenoise from a 50 GHz detector
and a 20 GHz oscilloscope after propagating through a 30 mbeL firhe grating compressor in F22
was installed when these data were recorded. (b) The sarse with PM on that displays an increase in

AM of only 2.7% due to dispersion compensation from the gratiompressor shown in Fig2.

4.4.2 Use of a Birefringent Tuner for Spectral Amplitude Modfication

Dispersion compensation is effective for reducing PM to Admwersion in long waveguides such
as the 30 m PZ fiber, however it can’t compensate for anoth@cemf AM, namely gain nar-
rowing in ZBL's Regenerative Amplifier. Any modification tbe spectral amplitudes of the PM
sidebands, even if it is symmetric about the carrier frequewill induce AM, and subtle changes
associated with multi-pass gain-narrowing can lead toifsagmt PM to AM conversion. For-
tunately a birefringent filter (BRF) can induce spectral dtage modification that can at least
partially compensate for this effect. Birefringent filten® commonly used as intra-cavity tuning
elements in single-frequency CW lasers, usually in a nplétte configuration that achieves high
transmission over a broad tuning range while simultangausiucing sufficient cavity losses to
select a single model§, 17] For use in a regenerative amplifier the design is much singid
consists of a single BRF plate as a spectral filter that haanannission bandwidth much broader
than the gain-bandwidth of the lasing medium. For use in ZBégen a plate thickness of 6 mm
was sufficient to largely eliminate AM induced by gain narnogv

As shown in Fig.24 the BRF is placed inside the Regen at normal incidence jist #ie
thin-film polarizer that is used as an output coupler. The BR#otated until a minimum in the
AM is observed. Figur@5 shows the output of the four-pass Rod Amp — the next amplidioat
stage following the Regen — for a dual-pulse format with agpnately 1.3 J total energy with and
without PM, where any difference in AM is negligible. Thisas expected result because the gain,
and resulting gain narrowing in the Rod Amp, is much smalantin the Regen.
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Figure 24: Location of the birefringent filter in a rotation mount ingidf ZBL's Regenerative Amplifier.
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Figure 25: (a) Dual pulse output from the ZBL Rod Amp with no PM and tote¢rgy approximately 1.3 J
with the birefringent filter in the Regenerative Amplifierb) (The same pulse with PM on that displays
essentially no increase in AM. This result is expected bsedoe gain, and gain narrowing, in the Rod Amp
is comparatively small compared to gain in the Regen.
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Appendix

A.1 External Connections for the PM Failsafe System

Table A.1: External electrical and optical connections for the PVst# systemAbbreviations Laser and
Optical Components Box (LOC Box); RF and Control ElectriCaimponents Box (RFEC Box); DC Power
Supplies Box (DCPS Box)Numbers for cablesRG58 or RG223 with BNC connector (1); 18 GHz with
SMA connector, Mini-Circuits, blue color (2); Other cahlesy., RG174, with SMA connector (3); SMPM
FC/APC fiber patch cord (4).

From To Cable
Front Panel Connections

RFEC Box:+12 Volts DC Output LOC Box:+12 Volts DC Input 1
RFEC Box:—12 \olts DC Output LOC Box:—12 \Wolts DC Input 1
RFEC Box: 12.8 GHz PM Drive Output LOC Box: 12.8 GHz PM Driveir 2
RFEC Box: 14.8 GHz PM Drive Output LOC Box: 14.8 GHz PM Driveir 2
RFEC Box: Etalon Drive Output LOC Box: Etalon Drive Input 1
RFEC Box: 20 KHz Dither for Etalon Lock Servo Amp: Mod 1 Inpbigk panel) 1
RFEC Box: 20 KHz Lock-in Ref Lock-In Amp: Reference Input 1
RFEC Box: Low Frequency Triangle Wave Servo Amps: Sweep btil@scopes X (Switch Box: Triangle Wave) 1
RFEC Box: Failsafe TTL Signal Outputs SRS DG535 for Regece8IPC 3
RFEC Box: Failsafe Monitor To Interrupt ZBL and Z Countdownst in use) 3
RFEC Box: Etalon Servo Amp Monitor Oscilloscope X (SwitchxB&ervo Monitor) 1
RFEC Box: Heterodyne Signal Monitors Oscilloscope (200 Mizays connected) 3
RFEC Box: 12.8 GHz Monitor (12.8/8 = 1.60) Oscilloscope @hoected) 3
RFEC Box: 14.8 GHz Monitor (14.8/8 = 1.85) Oscilloscope @hoected) 3
RFEC Box: 80 MHz ZBL System Clock 80 MHz clock available in MOR 1
LOC Box: 12.8 GHz PM Output RFEC Box: 12.8 GHz PM Input 2
LOC Box: 14.8 GHz PM Output RFEC Box: 14.8 GHz PM Input 2
LOC Box: Heterodyne Signal Output RFEC Box: Heterodyne Sligmput 2
LOC Box: Heterodyne Fringe Detector Output RFEC Box: Hetgrne Fringe Detector Input 3
LOC Box: Heterodyne Fringe Detector Output Lock-In Amp: i&iginput A (T'd from LOC Box) 1
LOC Box: PM Light Output IPG Fiber Amplifier Input 4
Lock-In Amp: Signal Input A Oscilloscope Y (T'd to Switch Bokringe Detector) 1
Lock-In Amp: Output Servo Amp: Input A 1
Servo Amp: Output RFEC Box: Servo Input for Etalon Lock 1
Servo Amp: Error Monitor Oscilloscope Y (Switch Box: Erroroitor) 1
Rear Panel Connections

DCPS Box:+5V RFEC Box: 45V 1
DCPS Box:—5V RFEC Box:—5V 1
DCPS Box:+12V RFEC Box:+12V 1
DCPS Box:—12V RFEC Box:—12V 1
DCPS Box:+15V RFEC Box:+15V 1
DCPS Box:—15V RFEC Box:—15V 1
DCPS Box:+23V RFEC Box:+23V 1
DCPS Box:—23V RFEC Box:—23V 1
DCPS Box:+15V 3A RFEC Box:+15V 3A 1
DCPS Box:+50V RFEC Box:+50V 1
RFEC Box: To Interlock for IPG Photonics Amp  IPG Photonics girinterlock 1
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A.2 Phase Modulation Spectra

The PM failsafe system uses phase modulated waves with fifevedit modulation indices. One
is the reference wave with ~ 2.42 and the other is the PM wave injected into ZBL, which can
havef ~ 5.52 or 3 ~ 8.65. All B’s used in this system result in PM spectra that have zereecarr
amplitude. To help understand the operation of this systemseful to simulate PM spectra and
this can be done using a well known Bessel function expansibich is presented below, along
with example plots of PM spectra for variofi%.

For sine wave modulation the instantaneous phase is given by

Af
O(t) = 2mfct + = sin(2mfmt)
m
wheref. is the carrier frequency, the modulation frequencf the deviation in frequency either
side of fc, and3 = Af / f, is the modulation index. A phase modulated signal can themrlieen
as
S(t) = Acos{2rtfct + B sin(2mfmt) }.

Using identities for the Bessel functionS(t) can be rewritten in a form that is convenient for
understanding PM spectra,

S(t) = Ady(B) coq2mfct)

+A i Io{ B}[sin{2m( fc+ 2k fm)t} + sin{ 271( e — 2k fp)t }]
K=1

+A iJZKH{B}[cos{Zn( fo+ (2k+ 1) fm)t} + cos{ 27 fe — (2k+ 1) fm)t}],
k=

which tells us the amplitudes of the sine and cosine termstegeér multiples of the modulation
frequency are given by Bessel functions of the first kind ef ¢brresponding order, evaluated at
the modulation index. The power spectrum that results frois gignal consists of a carrier at
fm = 0 and a series of sidebands located-ahteger multiples off, with magnitudes equal to the
squares of the Bessel functions. Given the complex appeamii§(t) this simple result for PM
power spectra makes their simulation on a computer quitg edbthat’s required is to initially
generate a narrow “triangle spectrum” consisting of peditesagiven byl {3} for each sideband
atk- f,, with half-peak values on each side, evaluated up to a serifigi high order for a gives.
The triangle spectrum is then convolved with a Gaussiangtefiihe PM spectra shown in fig. 1
were generated using this approach, whigte 1.0, 2.405, 5.520, 8.654, and are plotted on a linear
scale against the sideband order.
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Figure A.1: Four examples of PM spectra for various values of the modulandex, with3 < 1 generally
considered a small index. The PM reference spectrum alway$ - 2.42 and the main PM spectrum
nominally usesB ~ 5.52 but can be increased f»~ 8.65 if necessary. The absence of the carriers is
intentional to eliminate low frequency homodyne drift iretMach-Zehnder interferometer formed by the
optical heterodyne apparatus, as described in4&2c.

A.3 A Brief discussion of Dither Locking

Dither locking is a frequency stabilization technique tbetks out and locks to a peak or a valley
in some signaf® Example applications where dither locking is used incluatking a laser to
an étalon, or vice versa, and locking a laser to an atomicalecunlar line due to absorption of
resonant light. Dither locking is a low frequency technidjugited by the servo loop bandwidth

20The discussion of dither locking presented here was defie@d notes on this topic from the Cal Tech Advanced
Physics Lab, www.its.caltech.eduph76a/pdh.pdf
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and therefore stabilizes the average frequency, which siéaannot be used to make fast phase
corrections that would be required, for example, to nartosvine width of a laser.

The idea behind dither locking is to sinusoidally modulatedither, the laser frequency at
some frequency?, producing a voltage sign®(t) = V(w(t)) ~ V [@enter+ AwcogQt)].2* If
B =Aw/Q > 1, then the voltage signal behaves as if the laser frequercy slowly oscillating
back and forth.

A lock-in amplifier with reference frequendy can then produce an error sigreko) that is
the Fourier component &f(t) at frequencyQ. ExpandingV (w) ~ Vo — A(w — an)? for w near
the peak frequencgy, we have

V(t) = V[Wentert AwcogQt)]

dv
~ V(Weente) + %(%enter) -AwcogQt) +...

and so the Fourier component is

dv
E ~ %(w)-Aw

~ 2AAW(w— ap).

This error signal has the desired properties #tab) = 0 andde /dw(wy) # 0; thus it can be used
in a feedback loop to lock the laser frequencygt (If this isn’t clear, draw a picture of (w)
nearwy and think about it. No matter what the forméfw), selecting the Fourier component of
a dithered signal produces an error signal proportiondModw.)

One problem with the dither-locking method is that the sdvaadwidth (how fast the servo
can control the system) is limited to a frequency much leas the dither frequencQ, which
in turn must be much less than the frequency stan and thus much less than the line width of
the resonance feature on which one wishes to lock, e.gettien. For a very narrow resonance
feature, dither locking may not work well. In general, if weant to control something well,
we need to control it quickly — in the language of control tlyeave need a servo with a large
bandwidth.

Given these limitations is it reasonable to expect that weat#tain a good dither lock for the
etalon on our PM failsafe system? The following simple ebsar will answer that question. The
etalon used in the PM failsafe system has finessb0 when perfectly mode matched and the
FSR is 10 GHz so its transmission line width is about 66 MHzokling directly at the output of
the fringe detector, the first order side-band peak measuB&smV. With the servo loop open the
sinusoidal variation in the fringe sign¥l(w) due to the 20 kHz dither, measured at about mid-
height on the fringe, is 2 mVpy,. If we assumé&/ (w) andAw have a one-to-one relationship, then

21In the PM failsafe system the laser frequency is not dithesetinstead the length of the étalon’s cavity is dithered
to produce the error signal. There is no fundamental reasyrthe laser frequency couldn’t be dithered instead.
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Awis < 1/40 of 1/2 of the 66 MHz line width, or roughly 800 kHz, but it's probgtdabout half
that, say 400 — 500 kHz due to the line shape of the fringe. 8oabonance width of 66 MHz is
greater tha\w by at least a factor of 50, and it is greater the the ditherfeagyQ = 20 kHz or
the loop bandwidth, so yes, we should expect to obtain a gibdrdock.

A.4 Survey of Failsafe Methods

The PM failsafe system described in this manual is based ticebpeterodyne detection. Hetero-
dyne can offer greater safety than some simpler failsaféoastbecause it has built-in redundancy
that reduces the possibility of a false positive conditiBecause heterodyne is complex and per-
haps more expensive than other competing methods, thisséctefly describes several of those
other methods and points out shortcomings that prevengddube. Finally, because failsafe meth-
ods based on continuous monitoring can have faster respomstilure than methods based on
discrete sampling in time at a fixed rate, all such methodk ssaemodulation of AM on regen
pulses were excluded from the survey.

Detecting a PM sideband using aretalon as a filter This method detects the presence of PM
light by using a temperature-tuned solid étalon to tramsrspecific PM sideband, as shown
in Fig. A.2. Although simple it suffers from two flaws: Sufficient frequoy discrimination
can be difficult with this type of étalon, and the modulatfoequency of 14.8 GHz is less
than the 50 GHz thermal tuning range of the fiber seed lasé&ingaossible a false positive
condition by transmitting the unmodulated carrier. Thelitkood of a false positive is low
but the existence of this risk prevented selection of thikéeque.

Phase modulated Transmitted single
spectrum frequency spectrum

Detect presence of
PM sideband for

failsafe on/off
Temperature tuned solid étalon

used as optical filter

Figure A.2: Detection of PM light using an étalon to transmit a singtiebiand.

Demodulation of AM by reflection of PM light from an étalon This method uses demodulation
to detect AM on a PM spectrum following reflection from anlé@ta AM is present because
the étalon is tuned to transmit one or more PM sideband$i@srsin Fig.A.3.

Demodulation eliminates a false positive from detectioarofinmodulated frequency-shifted
carrier, but demodulation requires good relative phadalgjabetween the local oscillator
(LO) and radio frequency (RF) signal, otherwise the amgétof the low-pass filtered in-
termediate frequency (IF) signal can vary considerablyy fstability is undesirable in a
failsafe system so this technique was not selected.
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Phase modulated Transmitted single

spectrum frequency spectrum
Af=f_-nf
PBS cube
w
Spectrum reflected from v Temperature
étalon contains AM due plate tuned solid étalon
to missing sideband
" Failsafe trigger: Un-modulated
From RE drive for detector continuous signal or pulse with
. — smooth envelope
optical phase modulator o
LO Balanced IF 1 Low-pass ﬂ
mixer filter

Figure A.3: Detection of PM light using an étalon to transmit a singtiebiand and reflect an amplitude
modulated spectrum, followed by demodulation using a lw@dmixer.

Demodulation of AM by transmission of PM through a fiber Bragg grating This method uses
demodulation of AM on a PM spectrum that is perturbed by trassion through a fiber
Bragg grating, as shown in Fig.4.

Reflected AM light could also be detected by modifying thisteyn. This method is initially
attractive because it's almost entirely fiber based anefber requires almost no free-space
coupling or alignment]8], but it suffers the same stability issues as reflection faongtalon
while introducing the additional issue of environmentaitpeation of the fiber structure.
Instability is undesirable in a failsafe system, and adddi instability is even less desirable,
so this method was not selected.

Detection of PM using heterodyne detectionHeterodyne detection also requires filtering using
an étalon, but in the implementation presented here it tygedistinct phase modulated
spectra that are generated independently as shown imABg. Failure of of either phase
modulator results in a no-go situation. In addition to thisdamental redundancy, the lower
frequency of the optical heterodyne beat note — 2 GHz cordpar&2—-18 GHz for methods
that directly generate AM from PM — simplifies conversion {6/ failsafe trigger without
phase-sensitive demodulation using a high-frequencynbathmixer. The failsafe signal is
generated using an RF power detector with a frequency lifdt GHz. Heterodyne was
selected over the other methods discussed in this sectzaube it offers a higher level of
safety. Additional details on heterodyne detection aremgin Secs4.2and4.3.
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optical phase
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Figure A.4: Detection of PM light using a fiber Bragg grating to generai #llowed by demodulation
using a balanced mixer.

A.5 Failsafe Response to Slowly Varying Operating Conditins

The PM Failsafe System provides a good margin of safety agamntended injection of single
frequency light as long as just prior to failure the RF drigedach phase modulator provides the
correct power and frequency, and the modulators are opgratrmally. Under these conditions
sudden failure of any component results in the FailsafegBysafely stopping a pulse from exiting
ZBL's Regen with a 35 ns margin of safety, but how would theteysrespond to slow variations
in its operating conditions? This question is unfortunamewhat difficult to answer. For

PM on
Seed PM spectrum |
injected in to ZBL oV PM off <— Low-pass < DC coupled hi-
Veeeq = 17 GHz filter speed Amp
DC
Reference PM spectrum . \' L)_ Fast
~ Combine PM detect RF power
Vief = 15 GHZ # vy . etector
and filtered detector
Filtered PM sideban_d in 1
sideband SMPM fiber Band-pass Wideband
filter amplitier

—)K E—) /
Tunable Fabry-Perot étalon is locked
to first-order sideband

Figure A.5: Detection of PM light using heterodyne detection. A Fabeye® étalon with FSR= 10 GHz
and finesse of 150 transmits one sideband from a referencgpBdtrsm and it is combined with the actual
seed spectrum to produce an optical heterodyne beat natebéldt note is detected, filtered, amplified, and
converted to DC to provide the failsafe trigger.
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example, if the main PM modulation ind@xain changed slowly by a small amount such that the
heterodyne power never dropped below the threshold todrigdailure event, the system would
remain armed. If the slow change continued ufitikin ~ 2.4, where the heterodyne signal will
be strong but the PM spectrum contains only four strong Jittess system would remain armed
even though the smafain wouldn’t provide sufficient bandwidth to eliminate transse SBS
during a high energy ZBL shot. Although the conditions faggé scenarios to occur aren’t known
and haven’t been encountered, and ZBL's operators wouldelgégent in not noticing changes
in Bmain22 the possibility of their occurrence can’t be ruled out. Whagrticularly worrisome

is changes of this type occurring # 0.5 seconds immediately before a shot. ZBL's operators
might not notice, and if the failsafe didn't respond, ther@mndn’t be much they could do anyway.
Because none of these hypothetical scenarios can be rulesinely, the Failsafe System should
be modified to respond to slowly varying changes, and fotipahis is straight forward to do.

BecauseBmain = 5.52 produces a PM spectrum with zero carrier amplitude, alsimgthod
for detecting essentially any change in operating conatiwould involve detecting the presence
of the carrier. These conditions include the RF drive poweat'®frequency, and any change in
performance of the phase modulator due to aging or damageah deviation fromBmain= 5.52,
or Bmain= 8.65 — should use of that modulation index become necessaryitdwesult in nonzero
carrier amplitude and that would indicate a problem. Dé&eatan be accomplished by applying
a low-frequency phase-dither to the main phase modulatougn its high-Z input, and mixing a
small fraction of its light with a weak un-dithered carrieave. By using a low-bandwidth optical
detector, bandpass or low-pass filtering, and perhaps evgtesrectification, conversion of the
low frequency fringe signal into a DC voltage could providsegondary failsafe signal and pro-
tection against slowly varying small change®imuin. Of course a real detection circuit would also
include adjustable gain and a Schmitt trigger to set an gpjaie threshold for detecting a change
in B, and replacing rectification with phase-sensitive det&atising a lock-in amp would enhance
sensitivity. This method can be implemented using addaifiber-optic spliltter/combiners alone
without optical filtering using an étalon, so it is fundartadly simple and worthy of consideration.
Implementing this approach does require additional edeats and probably a higher power seed
laser, so it would be practical only during an upgrade to tkistiag system. A block diagram
of the additional optical components is shown in FAg6, while additional electronics would re-
quire adding a second buffer, one-shot, and pull-to-grauasistor pair to the diagram of the
latch-to-ground and hold circuit board in F@).

A.6 ScanningEtalon for the PM Failsafe System

The modulation inde@3 must be measured accurately for the main and reference Pélrapé
grating-based optical spectrum analyzer might be capdbhea@ing these measurements, but a
better choice is a scanning Fabry-Perot étalon with anséaljle free spectral range. Because the
PM failsafe system uses a modulation frequency of 14.8 GHizfas 5.52 or 8.65, where the
highest observable sideband orders-&fe, the total bandwidth can exceed 400 GHz. A typical

22Bain IS continuously monitored by a scanning étalon and disglayn anxy-oscilloscope in the ZBL Control
Room.
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Figure A.6: Block diagram of the additional optical components reqliie detection of nonzero carrier
amplitude for the main PM spectrum. Because each additiimed component and associated connec-
tions consume laser power, a more powerful seed laser wikaly be required to add this capability to
the existing system. Modifications to the electronics waelquire adding a secondary buffer, one-shot,
and pull-to-ground transistor pair to the latch-to-growardl hold circuit board. See Figsl and 20 for
comparison.

large FSR for an off-the-shelf scanning confocal étalabigut 10 GHz, but it's almost impossible
to identify the various sidebands when the spectral widthdme 8 exceeds the étalon’s FSR.
The cost of a custom confocal étalon is prohibitive, esgdcione with 400 GHz FSR where
the dimensions are almost microscopic, so we built a simpleflit étalon using off-the-shelf
components.

This étalon is shown in Figh.7. The mirror separation is set by a linear stage with a diffeaé¢
micrometer (Thorlabs NFL5DP20) that includes a built-inTPZack with 2@um displacement for
scanning. The PZT is driven by a single-axis controller ({Tddms MDT694A) controlled by a
function generator (SRS DS345). Stiff mirror mounts and@unsmirrors withR=0.98 (CVI PR1-
1053-98-1F-1037-UV) form an étalon with sufficient finedsewever the inherent massiveness and
unavoidable flexibility of this design limit scan speeds tiea& Hz. The étalon fringes in Fid
were recorded using this device. The scanning étalon camp@eaded to increase its stiffness
and allow better control over the parallelism of its two rorg by replacing the Polaris mount on
the stage with a PZT actuated mount (POLARIS-K1PZ). The awpd alignment and short-range
scanning are obtained by three built-in PZT stacks. In thisnfthe PZT’s in the mirror mount
would be used for scanning, thus reducing the total mass tiomoompared to scanning using
the PZT in the linear stage. A three-axis PZT controller thaeludes master scanning of all three
mirror PZT’s (Thorlabs MDT693B) would be required to opertiis version of étalof®

23The scanning étalon has already been upgraded as destritvesizer a further upgrade is underway that replaces
the triple PZT Polaris mount with a single tubular PZT staalf Physik Instrumente that will substantially reduce
the mass in motion and hopefully allow scanning frequenciegpproximately 30 Hz. If all works out well this new
system will also include blanking of theroscilloscope output in one direction to eliminate the seloy spectrum
that appears due to hysteresis effects in PZT scannechétalo
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Figure A.7: Scanning Fabry-Perot étalon with adjustable ESB00 GHz and finesse of about 100.

A.7 Procedure for Failsafe Speed Tests

The fundamental limit for the response time of the PM fadgssfstem is imposed by propagation
delays in the RF electronics, however additional limits@udue to the overall gain in the hetero-
dyne to TTL conversion chain. If the gain is too low the faiés&rigger signal may fall below
the transition threshold of the 5 GHz switches and the falsaynal can become unstable, and if
the gain is too high saturation effects in the amplificatitages shown in Figl2 can increase the
response time by a factor of ten, and perhaps even more. Thesghin to an appropriate level
therefore requires measuring the response time of thefaits/stent?

The only practical way to accurately measure the respongzifi to interrupt the heterodyne
signal using a very fast electronic switch. As shown in @ this is done by inserting a spare
5 GHz switch (Mini-Circuits ZASWA-2-50DR) in the path between the 8 GHz detector and the
Heterodyne Signal Input on the front panel of the RF and @biitectronics Box. The switch
requires£5 V power and a TTL trigger supplied by a function generatopwase generator, and
it's a good idea to remove the 8 GHz detector’s DC offset byiragld DC block to the switch’'s RF
input. A setup with these components has been dedicated Nhfailsafe system.

The following procedure is used to measure the response time

243peed” in this section refers to the response time of the &iMdfe electronics in the MOR.
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Figure A.8: High speed switch (left) and potentiometer on the upperiient panel of the RF and Control
Electronics Box (right) that are used to measure and adjesPM failsafe system'’s response time.

The entire system must be fully warmed up to carry out thiastdjent.

Before you begin make sure the reference and main PM spexthahave the correct mod-
ulation indexf. You should not have to adjust either one, but if they are $mweset
incorrectly it will affect the size of the heterodyne beatey@nd the results of the speed test.
See the example reference and main spectr@ fer2.405 andf = 5.520, respectively, in
Sec.A.2.

Put the Failsafe Status switch and the Latch and Hold Disatieh in their down positions.

Obtain a stable heterodyne beat note (see $ddor assistance, if necessary), remove the
blue Mini-Circuits cable from the Heterodyne Signal Inputkhead connector and attach
the loose end to the DC block that's connected to the RF INgothe switch.

Connect the short high speed cable on the switch’s RF OUT t2@tine Heterodyne Signal
Input bulkhead connector.

Set up a function generator or delay generator to producairadf TTL pulses at a rate of

10 Hz and 50% duty cycle and attach a cable to the TTL port oswliteh. Use a Tee or an

additional output to send this TTL signal to an oscillosctp has a bandwidth of at least
2 GHz and trigger the scope on the falling edge from this digna

Connectt5 V power to thet DC ports on the switch and apply power to the switch.
Connect either of the Failsafe TTL Signal Outputs on thetfpamel of the RF and Control
Electronics box to another channel on the scope, and sebdgigéetswitch for a High-Low

transition.

If the system is working properly you should see signals emsttope like those in Fid\.9,
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Figure A.9: An example of a 30 ns high to low transition time for the PMdafe system. The 2 GHz
heterodyne beat note is shown in red, and the output from btieecl80 MHz buffers into 5@ on a
12 GHz oscilloscope is shown in blue. The transition time teval of 1 V is adjustable from about 22—
40 ns, although the range depends @p &f the heterodyne beat note. A delay of 35 ns is probably aptim
as it results in the threshold for a failsafe event at 40-50%g of the heterodyne beat note.

however the response time will probably be different. Setlibseline for the heterodyne
signal so it crosses the falling edge of the failsafe sigh&l\g as shown in FigA.9. This is
approximately the transition voltage for the SRS DG535 af@b8b trigger-inhibit inputs.

¢ If you find the response time is substantially longer tharuad0 ns, say several hundred ns,
then the gain is too high or something else may be wrong. @iker determine the “good”
operating range for the gain by turning the pot on the upgkfilont panel on the RF and
Control Electronics Box labeled “Heterodyne-to-TTL Gaas shown in FigA.8. With the
gain too low the switch won’'t make a transition, or the fdiégssignal might become unstable,
and if the gain is too high the transition time will exceed itominal maximum o¥ 40 ns.
Set the gain so the response time is somewhere between tlextremes, say about 35 ns.

e Set the toggle switch for a Low-High transition to make sume $ystem response time is
similar. As described in Se8.7, when the Failsafe TTL Signal Outputs are terminated into
50Q the 0-1 V Low-High transition time will be about the same, thé charge-up time to
reach the full output voltage will be around [2&.

Now that the response time, or speed, of the failsafe systéebéen set, it may be a good idea
to test the threshold of the failsafe system to make sure/#hiag is working correctly. This is an
optional test but the threshold should be checked occdbidnanake sure the system is working
correctly. The following procedure describes how to meashe threshold for a failsafe transition:
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A.8

To carry out this test you'll need to observe the followingrsils: The étalon transmission
for a first-order sideband for the 12.8 GHz reference PM spetitoggle switch in the
“Fringe Detector” position on the analog scope in the MORg failsafe output, and the
2 Ghz heterodyne beat note using its monitor output. The {famaglitude 200 MHz beat
note cannot be used for this test.

Because you'll need to continuously monitor the 2 GHz hetgne beat note, remove the
fast switch and reconnect the blue Mini-Circuits cable ® lHeterodyne Signal Input bulk-
head connector.

Leave the Failsafe Status switch and the Latch and Hold BEsafitch in their down posi-
tions.

Put the toggle switch on the Servo Amp in the Lock Off positionl use the Sweep Center
knob on the Servo Amp to locate a first order reference sidibarthe analog oscilloscope
(see Sec3.4for assistance, if necessary). If you've located the cosieband the 2 GHz
heterodyne beat note will also be observed on a fast scopeer Wtating the first order
sideband manually sweep across the sideband using the Svegger knob on the Servo
Amp. Observe the change in amplitude of the 2 GHz heterodgatribte on the fast scope.
If the failsafe speed was set to about 35 ns you should obsdribsafe transition when the
beat note amplitude is about 40-50% of it's maximugp.VThese measurements confirm
the system is operating correctly and establish the thid$bpa failsafe transition relative
to the beat note’s amplitude.

If necessary the failsafe threshold can be set so that attoameccurs at a higher value of
the beat note’s maximumpy, say~ 80 % for higher sensitivity to fluctuations in the beat
note amplitude, however this could result in a failsafe dpeetransition time, that could be
well below 30 ns, and at this point the system may become bieséad oscillate in and out
of the failure state.

If you observe oscillations then set the threshold to a snalilue of the beat note’spy.
Stable operation should be obtained for failsafe speed8-ef@ns. If you can’t obtain stable
operation then something is wrong with the system. Refeeth4&3for assistance.

The Margin of Safety to Stop a ZBL Shot

The PM Failsafe System is one part of an overall system thatals various timing signals for
firing ZBL. In the event of a PM failure the PM Failsafe Systamhibits the trigger for an SRS
DG535 that controls the Regen’s post-cavity “Slicer” Pdskeell driver. The Slicer ensures that
only one pulse from the Regen enters ZBL's amplification ighand it provides the last readily
accessible line of defense to stop an unmodulated shotgtmeibhase modulation fail. Because
the ability to safely stop a single-frequency pulse is sodrtgmt, the margin of safety, measured
in time, is a system parameter that must be well known. As of R2l4, that margin of safety
is approximately 35 ns, which means the PM Failsafe Systensately stop a shot 35 ns after
light from the Mach-Zehnder amplitude modulator, or Shapethe MOR enters the PZ fiber on
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its way to the Regen. This margin of safety means the systenals® stop a modulated pulse
within that 35 ns window, but given the consequences of dgipdj single frequency light when
operating conditions might lead to transverse SBS, it'telbéb be safe than sorry.

The margin of safety is measured relative to the monitorai¢nom the arbitrary waveform
generator (AWG) in the MOR that drives the Shaper. Light entee PZ fiber 17 ns after the
monitor signal, and by comparing this reference time to thramete optical propagation time —
which includes transit time for the PZ fiber, and time spenthim Regen cavity — to the overall
electrical signal propagation time, we can determine thes3®argin. The measurement is carried
out by repeating a failsafe speed test, however the dutgdgclthe 5 GHz switch is much lower
because it’s triggered from the 0.2 Hz “heartbeat” so thaait be synched with various other
signals that indicate when a pulse leaving the PZ fiber wountdrethe Regen to be amplified.
The simulated failure time is only 40 ns so that the effects of the falling and rising edges of
the failsafe signal can be observed while it's swept in tiragdnd the reference signal from the
AWG'’s monitor. FigureA.10 shows the signals that are used to measure the failsafe nmalrgi

safety.

Simulated Failure with 5 GHz Switch

ikl

N

AWG Monitor (Volts)
|_\

Heterodyne, Failsafe and

0 ' ' (200 Mo onitor) ]
Light in fiber Last chance
AWG Mon. Failsafe
'1 1 1 1
0 50 100 150 200
Time (ns)

Figure A.10: Signals used to determine the PM Failsafe System’s margsafety to stop an unmodulated
pulse from leaving the Regen and entering ZBL's amplifietse AWG monitor is shown in dark blue and
serves as the reference time for all measurements. The 2Q0hdtdrodyne beat note monitor is shown in
light blue and the failsafe signal is shown in read. The désiegtical black line indicates when light enters
the PZ fiber on its way to the Regen, and the two dashed veréddines indicate the last chance to stop a
shot, with one measured where the heterodyne beat notediaiighe second at the 1 V point on the failsafe
signal’s falling edge. The time from “Light in fiber” to the diast “Last chance” where the heterodyne beat
note fails determines the 35 ns margin of safety. See textdditional details.

Although the current margin of safety is adequate and ther@@plans to increase its length,
it could be increased in two ways. One is to increase theleoighe PZ fiber, which also requires
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adjusting or also perhaps modifying the Grating Compresgoisecond way is to reduce the
electrical propagation time, in particular the long progi#mn delays due to the SRS DG535’s and
DG645’s that are used to control the Regen’s Pockels Celis dould be done during a redesign
of the PM Failsafe System electronics by using its latclgiimind and hold capabilities to pull
the output of one or more DG’s to ground in the event of a failuin other words the trigger
from one of the DG’s in the MOR would pass through its own 5 GM#ch so that it would
be interrupted before it could reach the DG’s in the ZBL HigayB To maximize the increase
in the margin of safety might require relocating various BGind any effort would also require
additional measurements.
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A.9 Locations of IC’s on the Circuit Board

FigureA.11 shows the locations of the IC’s on the low voltage circuitdood he circuit board uses

older style mini-DIP packages and sockets and ideally iikhbe replaced with one constructed
from surface mount components. An upgraded circuit boatflisftype could also include some
of the RF and microwave components because many of them aravalable in surface mount

packages.
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Figure A.11: Locations of the IC’s on the low voltage circuit board in the &d Control Electronics Box.
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A.10 The 37 pin D-Connector

Table A.2: Connections for the 37 pin D-connector inside of the RF andt@b Electronics Box. This
is the interface between the low-voltage electronics hdaotht-panel connections, and other connections

inside the box.

Pin  Description
1  Ground bar
2 IPG Amp interlock (through Avago solid state relay)
3 IPG Amp interlock (through Avago solid state relay)
4 DCinfrom heterodyne (for IPG Amp interlock)
5 No connection
6 +5Voutfor IPG Amp interlock PM enable/disable switch
7 +5Vreturn for IPG Amp interlock switch to Schmitt trigger
8 IPG Amp interlock switch to op amp to amplify heterodyne @OTL level
9  No connection
10 PLL TV from phase detector amp for 12.8 GHz VCO
11 14.8 GHzVCO TV fronk amp
12 12.8 GHz VCO TV fron¥ amp
13 +5V DC for front panel LEDs
14  Return to ground through 6Q0resistor for LEDs
15 No connection
16 —12V DC out for étalon detector in Laser and Optical Compdsi8ox
17 PLL TV from phase detector amp for 14.8 GHz VCO
18 No connection
19 Ground bar
20 Ground bar
21 4 kHz square wave reference for Lock-In Amp
22 Potentiometer for low-frequency triangle-wave freqryeadjust (out)
23 Servo Amp input for étalon lock (to Apex PA82J op amp)
24 20 kHz sine wave dither output
25 4 kHz sine wave dither output
26  Potentiometer for low-frequency triangle-wave freqreadjust (return)
27  Amplified servo Amp output for étalon lock (from Apex PAB@p amp)
28 Low Frequency triangle wave output
29 +12V DC out for étalon and fast detectors in Laser and OpG@cathponents Box
30 20 kHz square wave reference for Lock-In Amp
31 14.8 GHz VCO PLL TV monitor on front panel
32 12.8 GHz VCO PLL TV monitor on front panel
33 Servo Amp output monitor on front panel for étalon lock
34 No connection
35 No connection
36  No connection
37 Ground bar
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A.11 Photos of the Sandia-Built Boxes
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Figure A.12: Photos of the Laser and Optical Components Box with labelthiomajor components.
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Figure A.13: Photos of the RF and Control Electronics Box with labels far tnajor components. The
transparent yellow regions with dashed black outlinesasgcgroups of components comprising subsys-
tems, such as the RF electronics for converting the hetamthgat note to TTL. Note that labels for the
two lower right BNC connectors on the front panel now readttha&—-Hold 1-Shot Q-Out Monitor” and
“Failsafe Trigger Monitor.” The use of these outputs is dssed in Sed.8.
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DISTRIBUTION:

1 MS 1191 John Porter, 1682 (electronic copy)
1 MS 1193 lan Smith, 1682 (electronic copy)
1 MS 0899 Technical Library, 9536 (electronic copy)
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