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1 Introduction 
The Fast Shutter is designed to protect the photodiodes at the anti-symmetric (AS) port of the 
LIGO interferometer from being damaged by the optical pulse that occurs upon loss-of-lock. At 
full power operation, this pulse can contain 45 J of energy, in a pulse width of 5 msec, FWHM. The 
Fast Shutter is an electro-magnetically actuated mechanical beam block/reflector. It is located in 
HAM6, mounted between the second and third output beam steering mirrors (OM2 and OM3). The 
shutter protects all AS port photodiodes except for the diode (ASC_AS_C) used as the trigger for 
the shutter; this diode is protected simply by sufficiently attenuating the beam it receives. The 
shutter, when closed, reflects the optical pulse into a special beam dump (which is also thus part of 
the Fast Shutter system). The Fast Shutter is also known as the TOASTR: Turbo Optical Anti-
Symmetric Transient Rejector. 

2 Shutter requirements 
The TOASTR is required to protect the photodiodes at the anti-symmetric port from damage. 
Experimental studies of damage to InGaAs diodes from optical pulses are reported in LIGO-
T1100208. From this work we conclude: for diode exposure to thousands of identical optical 
pulses, the maximum safe single-pulse energy, for a beam diameter of 1 mm, is 50 mJ.  
Shutter speed. Simulations of the lock loss transient (time domain) are reported in LIGO-
G1000489 and LIGO-T1000294. The conclusions reached there, consistent with the preceding 
damage limit, are that the shutter needs to be: 

• 90% closed within 1 msec of being triggered 

• 99.9% closed within 2 msec of being triggered 
Shutter aperture. In the ‘open’ state, during low-noise operation of the interferometer, the shutter 
must be sufficiently clear of the beam to avoid any noise from beam clipping. From previous 
experience, to avoid beam clipping noise any aperture should be 10 or more times the beam size 
(1/e2 intensity). Thus in the ‘open’ state, the shutter’s reflector must be at least 10 beam radii away 
from the beam center. 
Shutter lifetime. The shutter should have a minimum lifetime of 10,000 cycles. This corresponds to 
being used (triggered) 5 times a day for 5 ½ years (in reality we might expect a higher rate of 
triggering in the first year or two, and a lower rate later on, during science runs). 

3 Linear motor basics 
The TOASTR is made using a linear electro-magnetic motor, energized with a high current pulse to 
drive the movable coil upwards into the beam path. Here we describe the basic physics of the 
concept using Figure 1. 
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Figure 1. Conceptual sketch of the linear motor design for the fast shutter. The multi-turn coil is 
represented by the thick blue line. At the top is a side view of the motor, with a top view shown at the 
bottom. There are 4 rectangular permanent magnets, arranged as shown. The coil would be wrapped on a 
bobbin (not shown), and free to move up and down in the gap between the two sets of magnets (i.e., along 
the direction indicated by the white arrow labeled ‘Force’). The position of the coil as shown is before any 
current is applied (i.e., shutter open). 

Before the shutter is triggered (in the open state), the movable coil straddles the upper and lower 
pairs of magnets. At the instant the current pulse is first applied, both horizontal sections of the coil 
thus experience a force in the same direction; the polarity of the pulse is such that this force is 
upwards. As long as the coil straddles the upper and lower magnets, the force is: 

𝐹 𝑡 =   2 ∙ 𝐼 𝑡 ∙ 𝐿 ∙ 𝐵, 
where L is the coil length, and I(t) is the total current through the coil cross section (i.e., current 
times number of turns).  
Under the simplified assumption that the force is constant over the travel, the coil has a constant 
acceleration, a; the acceleration required to travel 6 mm (the nominal distance from shutter to 
beam) in 1 msec is 𝑎 ≥ 1.2×10! m/sec2. For a total coil assembly mass of 20 gm, a force of 240 N 
is required. Assuming L = 5 cm, B = 0.75 T, and 400 turns on the coil, a current of 8 amps is 
required. This will turn out to be a bit of an underestimate due to dynamical effects explained later, 
but this gives the order of magnitude of the parameters. 

A novel aspect to the magnetic design is the use of opposing magnetic polarizations between the 
upper and lower permanent magnets.  The effect of this opposing field is to provide a decelerating 
force that arrests the coil - without mechanical contact - at a predetermined point in its upward 
travel.  This feature obviates the need for a dedicated mechanical stop thus eliminating mechanical 
damage and reducing the peak acceleration experienced during the arresting phase of operation.  A 
mechanical arresting feature is included to stop the coil in the event of a catastrophic malfunction, 
but no contact is made to the mechanical stop during normal operation. 
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4 Linear motor design 
The linear motor assembly is shown in Figure 2.  

5 Coil assembly design 
The coil assembly is shown in Figure 3, and its mass parameters are listed in Table 1. 

Mirror

Bobbin

Bobbin channel 
plate Magnet

Magnet keeper
plate

Coil

Figure 2. Linear motor assembly for the TOASTR (D1102130). The mirror is an ion-beam sputtered 
high-reflector (fused silica substrate); the bobbin and bobbin channel plates are of PEEK; magnets are 
NdFeB; magnet keeper plates are nickel-plated 1018 cold roll steel. 
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PEEK	
  bobbin	
   3.18	
  gm	
  

Mirror,	
  D1300969	
   2.58	
  gm	
  

Copper:	
  32	
  awg,	
  23	
  ohms	
   12.25	
  gm	
  

xx	
   xx	
  

Total	
  mass,	
  measured	
   	
  

Table 1. Masses of the fast shutter coil assembly elements. 

 

  

Figure 3. TOASTR coil assembly. The coil form (bobbin) is made of PEEK, and is drilled out in the center 
to reduce mass. The ends of the bobbin are made wider to provide more stability for travel within the 
channel plates (not shown). The mirror is made from a 1” diameter off-the-shelf mirror, ground down in 
thickness for fit, and in width to reduce mass; it is bonded to a tab on the bobbin using EP30-2 epoxy. The 
coil is wound by Polytech Coil Winding, using 32 awg, polyimide-insulated copper wire. The coil is potted 
during the winding process, using Epoxy Pax EP 1730-1. The coils have approximately 300 turns. 



LIGO LIGO-T1400335-v1 

 6 

6 Laser pulse dumping 
For a beam radius of 0.5 mm, the lock-loss pulse energy density can be as high as 5000 J/cm2. This 
is well into the regime of laser drilling (melting and vaporization) of materials1. For alumina 
ceramic (a high melting point material), Wagner gives a ‘machining threshold’ of about 750 J/cm2. 
Therefore, we decided against the approach of absorbing the laser pulse with some material on the 
shutter. Instead, our solution is to reflect the pulse with a mirror, and direct it into a dump that is 
capable of absorbing the pulse energy. 
We believe that a high-reflectivity dielectric mirror made using ion-beam sputtering (IBS) will be 
able to handle the pulse energy, though we’re not aware of any testing in our pulse length regime. 
IBS coatings are typically sold as having damage thresholds of  >40 J/cm2 at 1064nm (Precision 
Photonics or REO, e.g.), but this is for much shorter pulses, 20 nsec. Damage threshold scales as 
(pulse duration)1/2, but still for short pulses (< 100 nsec). For our 10 msec pulse, we should also 
look at the CW damage threshold, which is tested to be >17.6 MW/cm2 by Precision Photonics, 
compared to the peak intensity in the lock-loss pulse of about 2 MW/cm2. So an IBS coated HR 
mirror should be able to handle the pulse with no damage. 
The reflected laser pulse will be directed to a beam dump: a copper tube, gold-coated to increase 
the reflectivity and avoid oxidation of the copper; see Figure 4. The local heating of the dump is 
analyzed as follows. The peak power of the pulse is 8.5 kW (from T1000294). For a beam radius of 
0.6 mm, incident at 45 deg, the maximum intensity is: 𝐼! = 2𝑃!"# 2𝜋𝜔! =   1.1×10!" W/m2. 
The surface temperature of an absorbing material, for a temporally Gaussian laser pulse, is given 
by Bechtel2 as: 

 

∆𝑇 𝑡 =
𝐼!(1− 𝑅)
(𝜅𝜌𝑐)!/!   

𝜏!/!

2!/!   𝜂(𝑡 𝜏) 

, 

where κ,ρ, c and R are the thermal conductivity, density, heat capacity, and reflectivity of the 
material, respectively; τ is the Gaussian pulse half-width; and η contains the temporal evolution of 
the temperature, and has a maximum value of 1.5. From T1000294, τ = 3 msec. Using the material 
properties of copper, the max temperature rise is: ∆𝑇 = 1− 𝑅 ∙ 18,000  ℃. With a gold coating, 
𝑅 > 98%, and ∆𝑇 < 360  ℃, safely below the melting point of both gold and copper. 

                                                
1 R.E. Wagner, Laser drilling mechanics, J. Appl. Phys., 45, 4631 (1974). 
2 J.H. Bechtel, Heating of solid targets with laser pulses, J. Appl. Phys. 45, 1585 (1975). 
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7 Fast Shutter Assembly 
The full TOASTR assembly is shown below in Figure 5. For simplicity, we decide not to include 
any type of sensor in the TOASTR. The interferometer (PSL) laser beam and the trigger detector in 
HAM6 can be used to diagnose the position and functioning of the shutter (discussed below). 
 

 
Figure 5. TOASTR assembly (D1003318); left: Front view; right: back view. The coil assembly is shown in 
the ‘up/closed’ position. The coil wires (not shown) are connected to the PEEK terminal block; the other 
side of the terminal block is fed with the drive cable (not shown) coming from the chamber feedthrough. 
The height of the linear motor assembly is adjustable as shown. The adjustable hard-stop is provided as a 
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Figure 4. Beam dump for the TOASTR reflected pulse; D1300548. The gold-plated copper tube is 12" long 
and 2" diameter. 
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backup mechanism (the black cylinders are Viton tubing); in normal operation, the coil assembly does not 
contact the hard stop.  

8 Performance 

 
Figure 6 shows optical gate in blue and motor current in red.  The motor current essentially maps out the 
acceleration of the motor windings (bobbin) within the permanent magnetic field.  The first peak 
corresponds to an upwards acceleration transient, the second peak corresponds to a negative acceleration 
(slowing down) in the opposite polarity magnetic field. 

 

 
Figure 7 
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Figure 8 

 

 
Figure 9 

 

 

9 Dynamic Tuning 
By varying the applied pulse width, operating voltage, and total energy storage capacitance internal 
to the driver electronics, the dynamic behavior of the motor coil can be tailored.  The capture 
transients seen in red in the above figures have an oscillatory nature.  The stiffness of the 
electromechanical spring can be adjusted by changing the applied voltage within the driving pulse.  
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The circuitry that drives the coil has an electrical source impedance that provides some damping to 
the coil even after termination of the applied pulse.  As can be seen by comparison of Figure 7 to 
Figure 8 and Figure 9, tuning of these parameters provides a clear region of time (~71msec) during 
which the shutter effectively remains in the blocked state.   

The pulse driver electronics has the ability to provide a low current hold state that can maintain the 
shutter in the blocked state after termination of the fast, high current transient. 

10 Signal chain 
The TOASTR is a hardware shutter; its signal chain is shown in Figure 10. The detector used for 
triggering is ASC-AS_C: the quad photodetector (QPD) in HAM6 that receives a sample of the 
light transmitted by OM1 (first optic in the HAM6 chain). This QPD is connected to a version of 
the QPD transimpedance amplifier (D1002481) that includes quadrant-sum output channels on the 
chassis (uses v5 of the amplifier board, D1001974); this sum output is used to generate the trigger 
signal for the shutter. 
The QPD amp sum output is sent into a standard aLIGO Shutter Controller: D1102312; see 
E1200364 for a description and specifications. The Shutter Controller generates a trigger output 
when the input signal (QPD sum) reaches a threshold; the threshold level is controlled from the 
EtherCAT system. The trigger output is sent to the Shutter Driver, which generates the current 
pulse applied to the TOASTR coil. More details of the Shutter Driver can be found in: 
 

Shutter Driver Requirements LIGO-T1300906 

Shutter Driver Circuit LIGO-D1300780 

 

 

 
Figure 10. Signal chain for the TOASTR, from E1300819. The Shutter Driver is designed to indicate a 
fault condition if either its input or output cable is disconnected. 

 
  

QPD Amp Shutter Controller Shutter Driver Fast Shutter

Inputs:  Setpoint

Outputs:  Trip State
PD Input Level

Sum OutQPD In
QPD 

Hi Power Pulse

Inputs:  
High Voltage
Low Voltage
Reverse Pulse

Trigger

Output Bits:
Ready to fire (capacitor charged)
Pulse in progress (extended to 1 second for 
visibility, will have a duplicate output for watchdog 
blanking)
Power supply outputs (window comparators)
Fault Condition (input or output cable fault)

The output of the shutter controller is logic high during 
normal (untriggered) conditions making it easy to 
design the input of the shutter driver to be able to 
sense an open cable.  The presence of a shorted (not 
pins right next to each other) set of pins on the fast 
shutter end of the cable will allow sensing of the cable 
chain for the driver to shutter connection.
A fixed (set in hardware) duration pulse will be 
generated by the shutter driver in response to a trigger 
event.

Need pulse 
timer

LIGO E1300819-V2
ISC HAM6 Fast Shutter Hardware Chain

Low on 
Fault
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11 Electrical cabling 

Ultra-­‐fast	
  
Shutter	
  Driver

Vacuum
Side

Air
Side

Accu-­‐Glass	
  110700

Accu-­‐Glass	
  KAP-­‐
22AWG	
  (twisted)Accu-­‐Glass	
  110710

Accu-­‐Glass	
  110601

 
 

Accu-­‐Glass	
  
110701

Accu-­‐Glass	
  110601 Accu-­‐Glass	
  
110685

Accu-­‐Glass	
  KAP-­‐
22AWG

Accu-­‐Glass	
  
110710 Accu-­‐Glass	
  110700

 
 

 


