1. Introduction

Room 208 of the Free-Electron Laser (FEL) Facility at Jefferson Lab (hereafter referred to as User Lab 1) is
one of seven user labs that will receive output from the 10 kW IR Upgrade FEL (see figure 5.1). The IR Upgrade
FEL’s ultrashort pulses in the infrared will be used for both basic and applied research. Laser hazards from the FEL
as well as other class 3b and class 4 lasers are present in this user lab. These hazards are mitigated by a controls
system, the Laser Personnel Safety System (LPSS, described later) that prevents laser radiation from entering the lab
if the users’ experimental setup allows the laser radiation to escape at hazardous levels. The lab has three operating
modes; a hutch mode, an exclusionary mode, and alignment mode. All modes of operation will be described in
this document. This Laser Standard Operating Procedure (LSOP) gives a description of the IR Upgrade FEL and
other class 4 lasers present in the lab, the hazards present; a description of this user lab and the procedures for safely

conducting experiments in it.

The terms and acronyms are defined for this system in the LPSS glossary [1].

2. Personnd

Users of the FEL in this user lab must have completed the EH&S Orientation to Jefferson Lab (SAF100),
General Employee Radiation Training (GERT, which is SAF800), (or, alternatively, Radiological Worker Training
I, which is SAF801F), and Oxygen Deficiency Hazards Training (ODH, which is SAF103). They must & so satisfy
the following requirements before using the FEL to conduct experiments:

1. Be qualified for laser use by the Jefferson Lab Occupational Health Physician as detailed in
section 6410 of the Jefferson Lab EH&S manual. This qualification need not be repeated on a
regular basis but must be done once during the user or employee’s time at Jefferson Lab and must

be completed before the users operate any class 3b or class 4 lasers (SAF114E or equivalent).

2. Read over the laser safety section of the Jefferson Lab EH&S manual. The web link for this is:
http://www.jlab.org/ehs/manual/PDF/6410LaserSafety.pdf

3. Take a laser safety course administered by the laser safety officer at Jefferson Lab (SAF1140).
4. Read this document.

5. Have a safety walk-through of the user lab carried out by the laser system supervisor (LSS) for the
FEL (now Steve Benson, the course is SAF115U1) and pass a test to verify that they have

understood how to use the lab in a safe manner.

A list of qualified laser personnel is available on the operations server at:

http://felweb.acc.jlab.org/internal/FEL /users/




Only personnel qualified for User Lab 1 may make up this lab’s LPSS or be in the lab when it is made up. In
addition, if the FEL is to be used in any User Lab, an FEL operator must be in the FEL building to send laser light to
any of the labs. A list of FEL Laser Operators is also on the operations server. All FEL Laser Operators are

permitted to make up all User Labs.

Other Jefferson Lab personnel or outside visitors may only enter a user lab when the lab is not made up (no
lights should be illuminated outside the lab). Visitors to the FEL facility must be accompanied at all times by
someone with ODH and GERT or better training. They may visit the user labs when they are in an open state. The

laser safety officer (LSO) for the lab may grant exceptions to this rule in special circumstances.

Maintenance and installation personnel for class 3b or class 4 laser systems may be in the user lab when it is
made up if they are escorted by an approved laser user and they have provided verification to the lab LSO that they
have completed laser safety training at their company. They are permitted to use laser safety eyewear specified by
their employer for use with the laser being installed or serviced. When outside personnel are doing such work in the
laser lab, the lab must be posted with the LASER MAINTENANCE blue notice sign provided in the document holder on

the door.



3. ThelR Upgrade Free-electron laser

The IR Upgrade Free-electron laser can be operated at wavelengths from 0.9 ym to 10 ym with changes in
the laser optics. The laser can operate at power levels up to 20 kW from 1 ym to 3 ym in the infrared. It can
operate at up to 10 kW at 6 microns and over 5 kW at 10 microns. The laser emits coherent harmonics with large
amounts of power as well. The power in the nth odd harmonic is approximately 107 times the power at the
fundamental wavelength. As an example, if one is operating at 3 ym with 10 kW of optical power, the laser emits
up to 10 W at the third harmonic (1 #m) and 100 mW at the 5th harmonic (600 nm). Even harmonics are down by
approximately 10", In this case, the 2nd and 3rd harmonics are class 4 by themselves and the 4th and 5th
harmonics are class 3b. Though the laser is in principle capable of operation in the visible, operation for this LSOP

will be at wavelengths longer than 0.9 ym.

The FEL time structure consists of sub-picosecond pulses at five different repetition rates; 74.85 MHz,
37.425 MHz, 18.713 MHz, 9.3563 MHz, and 4.6781 MHz. The energy limit per micropulse is approximately the
same in all cases (the average power is halved as one decreases the repetition rate by a factor of two). The laser may
also be operated in a so-called vernier mode where the repetition rate is an integer multple from 1 to 16 of the 4.678
MHz round trip frequency. The pulse length may vary between 0.2 and 3 psec FHWM depending on the electron

beam setup, the cavity Q, and the cavity length offset.

The beam size is ~4 cm diameter at 3 um when it is transported to the second floor (and enters the Optics
Control room and then the User Labs). The size will vary in proportion to the square root of the wavelength. The
divergence is very small, so the beam is almost the same size in all seven user labs downstream of the OCR.

Different wavelengths will have different beam sizes but the range will only be 1 to 5 cm in diameter.

As the FEL beam enters User Lab 1 there is an enclosed linear stage supporting mirrors (each one is designed
to reflect a given optical wavelength range) that directs the beam upward. This assembly is known as a mirror
cassette. After leaving the mirror cassette, the beam can be diverted via an insertable mirror to a water-cooled beam
dump. This insertable mirror is used as a local shutter and is called the Lab Shutter. If this insertable mirror is
withdrawn, the beam is turned in another mirror cassette and transported through a Brewster window, through a
harmonic blocking filter used for alignment mode and a hutch interlock bypass shutter, and onto an optical bench at

a height of 51 inches off the floor.



Other lasers used in User Lab 1 are Class 3a or class 2 helium-neon lasers used for alignment, and the

following Class 4 lasers:

Laser #1
Type of laser Frequency doubled CW Nd:YV O,
Manufacturer Coherent
5100 Patrick Henry Ave
Santa Clara, CA 95054 (800) 367-7890
Model Verdi 5W
Serial numbers 021083623
Wavelength 1 0.532 mm
Power at Wavelength 1 5w
Pulse rate Cw
Beam diameter (1/¢e°) 2.25 mm +10%
Beam divergence, full angle 0.5 mrad
L aser #2
Type of laser Mode-locked picosecond Ti:sapphire
Manufacturer Coherent
5100 Patrick Henry Ave
Santa Clara, CA 95054 (800) 367-7890
Model Mira900-F
Serial numbers 020980796
Wavelength 1 0.7-0.98 mm
Power at Wavelength 1 0.65W
Pulse rate 74.85 MHz
Beam diameter (1/€°) 0.8mm
Beam divergence (1/€), 1.7 mrad
Laser #3
Type of laser Q-switched Nd:YLF
Manufacturer Quantronix, Inc.
41 Research Way
East Setauket, NY 11733 631-784-6100
Model 527 DQ
Serial numbers 346
Wavelength 1 0.527 mm
Power at Wavelength 1 20W
Pulse rate 1 kHz (adjustable to 3 kHz)
Pulsewidth 150 ns @ 1 kHz
Beam diameter (1/€°) 3mm
Beam divergence (1/€), 5 mrad



aser #4

Type of laser

Manufacturer

Model

Serial numbers
Wavelength 1

Power at Wavelength 1
Pulse rate

Beam diameter (1/€°)
Beam divergence (1/€),

Laser #5

Type of laser

Manufacturer

Model

Seria numbers
Wavelength 1

Power at Wavelength 1
Pulse rate

Beam diameter (1/€°)

Beam divergence, full angle

Laser #6

Type of laser

M anufacturer

Model

Serial numbers
Wavelength 1

Power at Wavelength 1
Pulse rate

Beam diameter (1/€°)
Beam divergence (1/€),

Regeneratively amplified Ti:sapphire

Quantronix, Inc.

41 Research Way

East Setauket, NY 11733 631-784-6100
Titan DQ-100fsec

038
0.7-0.95 mm
3w

1kHz

4 mm
0.1 mrad

Frequency doubled CW Nd:VY O,

Spectra Physics, Inc.
1335 TerraBella Avenue

Mountain View, CA 94043 (888) 387-8370

MillenniaXs
0000-283A

0.532 um

mnow

Ccw

2.3 mm £10%

0.5 mrad, [2.83 mrad]

Mode-locked femtosecond Ti:sapphire

Spectra Physics, Inc.
1335 TerraBella Avenue

Mountain View, CA 94043 (888) 387-8370

3960C
2292
0.7-0.95! m
13W

78 MHz
2mm
0.6 mrad



Laser #7

Type of laser

M anufacturer

Model

Serial numbers
Wavelength 1

Power at Wavelength 1
Pulse rate

Beam diameter (1/€°)

Beam divergence, full angle

Frequency doubled CW Nd:YV O,

Coherent
5100 Patrick Henry Ave
Santa Clara, CA 95054 (800) 367-7890

Verdi V10

46448, V10-A0024, 124876, V10-A6790
0.532 mm

mnow

Ccw

2.25 mm +=10%

0.5 mrad



4. Hazards

IR Upgrade FEL

The FEL can produce a hazardous diffuse reflected beam in addition to the more obvious hazards from the

direct or specularly reflected beam. It also poses a significant skin hazard for direct exposure. Cloth and other

flammable materials can ignite when exposed to the laser beam, presenting a clear fire hazard. The most dangerous

time is when the laser is used the first time for a new experiment. The potential for a class 4 laser hazard in the

room exists at the fundamental and perhaps up to the 3™ harmonic. The class of the laser is always 4.

Three modes of LPSS operation exist:

1)

2)

3)

Alignment mode: Before running full power beam or when operating a conventional laser in local mode,
the beam is aligned in a so-called “alignment mode”. The LPSS then limits the electron beam to 250
usec. pulses at 2 Hz. The micropulse repetition rate is limited to 4.6781 MHz. The FEL is in principle
capable of providing 400 mJ of light to the user lab in 2 Hz pulsed operation. In practice, the energy
delivered will be significantly less than this. Pulsed lasers that emit greater than 125 mJ are classified as
class 4 so the laser classification is the same in alignment mode or full power mode. The hazard in the
alignment mode case is mitigated by the use of laser safety eyewear and care in working with the beam.
Exercising caution during alignment so that the beam is not directed onto any part of your body
minimizes the chance of burns to the skin.

It is also possible to operate conventional class 3b and class 4 lasers in alignment mode either
simultaneous with the FEL or in LOCAL LASER mode. The hazards from these lasers are discussed below.
The best way to ensure that no harm comes to the user@ eyes is to wear appropriate safety laser safety
eyewear at all times when working with a laser and to be aware at all times of the high power beam@

location.

Hutch Mode: After the FEL is aligned it can be operated in full power mode. When in hutch mode, the
LPSS and an interlocked hutch ensure that users are not exposed to the FEL beam while it is being
delivered to the room. There should therefore be no beam hazards. Before operating the beam without
laser safety eyewear for the first time, the enclosure must be checked by the laser system supervisor to
verify that no laser emissions above class I exit the hutch and that the beam and all spurious reflections
are properly terminated in the enclosure. Because the hutch is not swept after an access during operation
there is a potential laser hazard when operating in hutch mode. For this reason, access is limited to

personnel trained in the specific safety issues for the lab.

Exclusionary mode: When operated in this mode the users are not allowed in the lab during beam
delivery. There is therefore, in principle, no laser hazard when in exclusionary mode. It is essential

however that no users ever be in the lab during full power laser delivery. This is ensured by the lab



access controls, close circuit TV monitoring, and training of the users. It is essential that the power be
ramped up slowly the first time the laser is turned on after a configuration change to make sure that all
beams are properly terminated. It may be possible for the laser to burn through the lab walls in some

situations.

Other Class 3 and 4 lasers

Asseen by the NHZ for skin calculationsin table 4.1, al of the other class 4 lasers can pose a significant
skin hazard for direct exposure. The NHZ for skin is larger than 12 metersfor the safest laser. Severe burns are
possible with any of these lasers. Cloth or paper can ignite quickly when exposed to the laser beam presenting a
clear fire hazard. The most dangerous time is when the beam is being routed to an experiment for the first time. All
laser wavelengths from the class 4 lasers penetrate to the retina of the eye and so present an extreme eye hazard.
Since the output from Ti:sapphire laser and the mode-locked Nd:YV O, laser cannot be seen, it isimperative that
laser safety eyewear appropriate for the laser being operated be worn at al times. Appropriate laser saf ety eyewear
isavailable outside User Lab 1. To minimize accidental exposure, beam tubes have been added along the beam path
between lasers. Laser safety eyewear are necessary all the time since initial alignment of the Nd:YVO4 and
Ti:sapphire will be performed with the lasers running well above threshold. If all green laser beams are enclosed in
interlocked beam enclosures or |abeled beam enclosures requiring tools to open, the user may use laser saf ety
eyewear which alow green light to pass but block longer wavelengths. A sign on the door is used to indicate which
laser safety eyewear isrequired. Itisvery important to stay aware of the state of the lab and keep the signs up to
date. AnIR viewer can be used to see the beam for alignment.

Some of the laser systems in user lab 1 have components that have to be on all the time for the laser to
function properly when it is turned on. Examples are:

a.) The Coherent Verdi lasers keep their diodes warm and the head powered.
b.) The 527 DQ laser may keep a low current in its drive laser lamps and run its water system even when the
laser is off.

All these laser systems are kept from lasing by the LPSS. In order to lase they need to have a signal provided

by the LPSS. Without that signal any command to lase will fail.
Nominal Hazard Zones

To illustrate the hazard more fully it is useful to calculate the nominal hazard zone (NHZ) for the various
lasers, both for a specular reflection and for a diffuse reflection. This is done for both eye and skin exposure. For a

specular reflection the nominal hazard zone radius is given by

R(m) = 1 J1.27
100> V MPE

where @ is the full angle divergence of the laser beam, P is the laser power in Watts, and MPE is the maximum
permissible exposure in W/cm®. For a diffuse reflection with an albedo p and scatter at an angle 6, the nominal

hazard zone radius is given by:



R(m)—L Ppcosf
100 ¥ nMPE

In the table below we show the calculated nominal hazard zone radii for specular and diffuse reflections for
the various lasers in this user lab. For the diffuse reflection we assumed a worst-case albedo of unity and a worst-

case angle of 0°.

The nominal hazard zone for the FEL varies with the laser power and wavelength and how the beam is
handled. For pulsed 10 micron operation the energy density out of the Brewster window is less than the MPE. If
the beam is focused down to a 2.5 mm diameter, as is usually done, the energy density is greater than the MPE by a
factor of 20 and the NHZ extends out to 12 meters, which is already outside of the user lab. This is about as small as
the NHZ gets. For operation at 1 ym with 10 kW the NHZ extends out to 500 km! If one collimates the beam down
by a factor of 10 this shrinks down to only 50 km. Even this is much greater than the size of Jefferson Lab. Any
CW operation, even with low power, long wavelength, and a large divergence, has a NHZ of over six meters, which

is outside the user lab.

Due to the very large power and small divergence of the FEL it has an enormous NHZ radius even for skin
exposure. Clearly one must be extremely careful in dumping the beam. Note the large NHZ radii for diffuse
reflections. This means that hutches must be carefully designed to catch or attenuate all the scattered light or to have

a much lower albedo.

All the hazard zone radii for even skin exposure for specular reflections of the conventional class 4 lasers are
larger than the lab itself. This means that one must be quite careful to avoid any exposure to the direct laser beams.
The NHZ radii for diffuse reflections can be high for eyes so laser safety eyewear is necessary at all times. The

diffuse hazard to skin is not so bad. One must keep one’s hands away from dumps by a few inches.



Table 4.1 Nominal hazard zone radii for the lasers in this user lab. All distances are in meters.

Specular Reflection NHZ Radii Diffuse Reflection NHZ Radii
Laser Ocular (m) Dermal (m) Ocular (m) Dermal (m)
FEL at 1 ym 640,000 45,000 8 0.56
FEL at3 ym 47,000 47,000 1.8 1.8
FEL at 10 ym 6,400 6,400 0.8 0.8
FEL 3" Harm 28,600 1.430 0.36 0.018
(0.5 ym)
Verdi V5 (0.532 ym) 1010 113 0.25 0.028
Mira (0.8 ym) 169 12 0.14 0.01
527 DQ (0.532 ym) 902 23 23 0.056
Titan (0.8 pym) 125000 440 6.27 0.044
Verdi V10 (0.532 pym) 1430 160 0.36 0.04
Millenium 1430 160 0.36 0.04
SP 3960C 680 48 0.2 0.014

Certification and Required Use of Laser safety eyewear

The best way to ensure that no harm comes to the user@ eyes is to wear appropriate safety laser safety
eyewear at all times when working with a laser and to be aware of where the high power beamsare. Laser

eyewear useistherefore mandatory in the FEL when a Class 3b or 4 hazard is present.

Pay car eful attention to the laser safety eyewear selection. The appropriate laser safety eyewear should
have colored tape that matches the tape on the magnetic sign on the door. When in doubt, read the label on the laser

safety eyewear to make sure that they match the required attenuation for the laser being used.

The calculations for the required laser safety eyewear attenuations are in Appendix A.1. A summary of the

eyewear certified for use with the FEL is listed in Tables 4.2 and 4.3.
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Table 4.2, Required laser safety eyewear for FEL vs. operating region.

Wavelength Range | Deliverable Fluence | Required attenuation Eyewear material Thickness(mm)/
(Optical Density) Tape Color
0.9-1.1 ym 1 J/em? 6 BG42 3/blue
1.1-1.4 ym 1 J/em? 5 KG3 3.2/red
1.4-2.3 ym 40 J/em? 3 KG3 3.2/red
2.3-2.8 ym 40 J/em? 3 KG3 6/black
2.8-10 ym 20 J/cm® 3 KG3 3.2/red

Table 4.3. Laser safety eyewear requirements for single frequency lasers in User Lab 1 (all values rounded up

to nearest integer)

Laser Required Recommended Laser safety Tape Color
Attenuation eyewear
(OD)
Coherent Verdi Nd:YVO, V5 4 @0.53 ym | Trinity #1126 Green
(0.53 pm)
Coherent Mira Ti:sapphire 4 @ 0.7-0.98 | Trinity #1126 or Lase-R-Shield Blue
(0.7-0.98 pm) pm BG42
Quantronix 527 DQ Q- 6 @ 0.53 ym | Trinity #1126 Green
switched Nd:YLF (0.53 ym)
Quantronix Titan 100fsec 7 @ 0.7-0.95 | Trinity #1126 or Laser-R-Shield Blue
(0.7-0.95 ym) pm BG42
Spectra Physics Millenium X 5@ 0.53 ym | Trinity #1126 Green
(0.53 pm)
SP 3960 laser (Tsunami) 4 @ 0.7-0.95 | Trinity #1126 or Lase-R-Shield Blue
(0.7-0.95 um) pm BG42
Coherent Verdi Nd:YVO, V10 | 5 @ 0.53 ym | Trinity #1126 Green
(0.53 pm)

Thelaser usersareresponsiblefor keeping the magnetic signs up-to-date. Before exposing any green

beams, it is important to make sure the magnet for green laser operation is on the door. Before putting the magnet
sign for Ti:sapphire-laser-only operation, it is important to check that all green beam paths are enclosed. This is easy

to verify both by inspection and by using the lab area monitor when the lasers are running.
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Non-beam hazards

The non-beam hazards present in User Lab 1 are, in order of their likelihood, electrocution, oxygen

deficiency, and fire.

Some of the experimental equipment has electronic controls. Only qualified personnel shall do work on
electronics. Proper lock, tag, and try procedures must be followed. Users working on electrical equipment must

have completed SAF104, Lock, Tag, and Try.

There is a nitrogen line used to let up the vacuum system and an overpressure relief valve of no larger than 2
PSI must be used in conjunction with this line. An orifice restricts the flow rate to prevent rapid inerting of the lab.
In addition, there are oxygen sensors in the room that activate an alarm if the percentage of O, falls below 19.5%.
The oxygen sensors are monitored in the MCC. The lab is considered an ODH 0 area. Users may bring in a small
Dewar of liquid nitrogen to fill detectors if necessary. Quantities up to 4 liters are not a problem. An ODH

assessment will be required for any larger quantity.

It is important to keep any combustible or flammable materials away from the beam at all times. The laser
user should be aware at all times of the location and function of the fire extinguisher in the lab (next to the door).
The FEL and the other class 4 lasers are interlocked to smoke detectors near the ceiling. These smoke detectors must

not be tampered with.

The user must keep cables and cords routed out of access routes in order to reduce trip hazards. Reroute

cables or wires if necessary to reduce these hazards.

In summary, the hazard for ALIGNMENT MODE operation is comparable to other class 4 lasers on site, or in this
lab. Care must be taken to avoid skin or eye exposure during alignment, especially where the beam is focused.
Coherent harmonics present a class 3b laser hazard. A harmonic blocking filter will attenuate harmonic wavelengths
shorter than 0.8 ym sufficiently that they will present a class I hazard. It is important that all hutches are inspected
before operation in hutch mode and cleared of all personnel before use, all beam paths are inspected before

operating in exclusionary mode, and that no one is allowed in the lab during exclusionary mode.
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5. Thelaser environment in the user lab

The free-electron laser is located in the accelerator vault. The laser light is transported from the FEL to the
OCR and the User Labs through an evacuated metal transport line (see the LSOP for the OCR for more details).
The FEL shutter is interlocked to the vacuum for this transport line so the FEL cannot be operated with the beamline
in an incomplete (esp. open) state. All optical transport vacuum pipes are labeled as such, and are not to be opened

without permission from the optical transport system owner (presently Michelle Shinn, x7565).

The FEL beam needs five pieces of equipment to be moved to get into the user lab. The first two are a pair of
FEL shutters. They are located in the FEL optical cavity. Inserting either of these shutters spoils the Q of the FEL
cavity and shuts off the laser. The third is the OCR shutter that must be withdrawn for the beam to reach the user
labs. The fourth is the mirror cassette that must be off its home position to send the beam into the lab. The fifth and
final is the lab shutter, which must be withdrawn to send beam into the lab. Only the FEL Laser Operator can move
the first four of these. Similarly, only the FEL Laser Operator can provide the enabling voltage for the lab shutter.
The user may lock out the lab shutter however if it is necessary to prevent the laser from entering the lab. This may

be accomplished using the key in the lab or by a switch in series with the key.

As shown in Fig. 5.1, the beam exits the OTS into the lab through a Brewster window and travels in a plane on the
table at a height of 51 inches off the floor. The first optical element after the window is a hutch interlock bypass
shutter. Just after the shutter is an insertable dichroic filter used to kill the coherent harmonics in the lab. This must
be inserted for alignment mode to function. The beam is focused to a waist by a plano-convex lens and terminates
on a power meter. Any modification to this basic beam delivery system must be treated in the FEL Experimental

Safety Approval Form.

User Lab 1 is a Class 4 laser controlled area (as defined in section 4.3.10 of the ANSI Z136.1 standard)
during laser delivery to the room. It has only one entry and exit point. To ensure enclosure integrity, a magnetic
lock (maglock) secures the door when the interlock is energized. There are four entry modes, as indicated by the

three lights on the door and the flashing yellow strobe outside the lab.

1) Open: When all lights are off, anyone can enter. The lab contains no class 3b or class 4 laser hazards.

2) Hutch mode: When the green (LASER USERS ONLY) light is on, the lab is in hutch mode and any laser user
approved for the lab can enter after presenting a smart card to the card reader next to the door. The maglocks
and the door interlocks are bypassed for 15 seconds after the card is accepted. If the door remains open after
this delay, the lab LPSS will crash. If an approved user does not have a working smart card they may ring the
doorbell next to the lab door and have someone inside the lab let them in using the EXIT button on the inside of
the door. Users needing to leave the lab may also press the EXIT button to leave the lab. Again, the maglocks

and door interlocks are bypassed for 15 seconds when this is done.
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3) Alignment mode: When the yellow (GOGGLES REQUIRED) light is on, the LPSS is in alignment mode. In this
mode, any approved laser user may enter the lab using a smart card or after being let in by another approved
user. Itisessential to wear laser safety eyewear when the yellow light ison. The maglocks and door
interlocks may be temporarily bypassed using the smart card reader or the EXIT button as when the lab is in

hutch mode. There are three submodes in alignment mode:

a) LOCAL LASER mode: This mode is selected using the LOCAL LASER/FEL mode key. When in this mode the
lab shutter and the mirror cassette are locked out so that FEL light cannot be delivered to the lab. The lab
will stay in alignment mode even when the accelerator is running CW. Only local lasers may run and laser

safety eyewear is required at all times. The LPSS will only make up if the mirror cassette is at home.

b) FEL mode: The FEL light can be delivered to the lab as long as the accelerator is in a limited duty-cycle
state described in section 4. A harmonic blocking filter must be in place to deliver the FEL beam to the lab.

This filter consists of a GaAs plate that stops all light with wavelengths shorter than 800 nm.

¢) HENEALIGNMENT mode: It is possible to operate the system with the local laser/FEL switch in FEL mode
and the harmonic blocking filter pulled out but the FEL shutter and the upstream ultraviewer HeNe are both
inserted. The upstream ultraviewer HeNe laser can then be used to align an experiment. An FEL Laser

Operator must activate HENE ALIGNMENT MODE using a key in the OCR.

4) Exclusionary mode: When the red (NO ACCESS) light is on, no access is permitted. The lab is in EXCLUSIONARY
MODE. If a smart card is presented to the card reader, the maglocks and door interlocks are not bypassed. The

exit buttons crash the lab in this mode. All this is summarized in table 5.1.

Table 5.1 Summary of the allowed access states for the laser labs

Protection Other

Light on Door

Operational Mode

Requirements

None

Goggles required

Open None required None
Hutches
Hutch Class | laser enclosure interlocked/floor
mats
Harmonic
) Laser Safety Eyewear blocking filter in
Alignment Required when in FEL
mode.

No Access

Exclusionary

Sweep procedure
must be followed

Check beam
paths before
sweep

A red lab crash button exists on the lab LPSS control box next to the door and outside the door on the wall. If

an unsafe condition exists in the lab (e.g. a fire or medical emergency) the laser user can push one of these crash

buttons to put shutters in to turn off the FEL beam and any other class 3b or class 4 lasers in the lab.
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When the electron accelerator is not running, the FEL cannot run. During this time the laser shutters may be
opened to allow alignment lasers to pass through the optical transport. The LPSS allows the laser shutters to be
opened as long as the personnel safety system of the accelerator is not in BEAM PERMIT. If the state of the
accelerator changes to BEAM PERMIT, the laser shutter is closed and the LPSS goes to a safe state. The master LPSS

must be reset before beam can be delivered.

When the accelerator is in BEAM PERMIT, the master LPSS maintains as state with at least two shutters closed
between the FEL and an unprotected user. There are three shutters between the FEL and a user lab, the OCR
shutter, the mirror cassette, and the lab shutter. If the mirror cassette is set so that laser light travels through the
mirror cassette and down the line it is said to be in the home position. When the mirror cassette is in the home
position the lab shutter cannot be opened. If alab LPSS crashes during FEL beam delivery, the FEL shutters and the
OCR shutter are closed. The cassettes in all user labs that are receiving beam are returned to their home positions
and the problem is corrected. Once the labs are made up again, the cassettes can be put back in their previous

positions and the FEL and OCR shutters can be opened.
Fire Protection System
The fire protection system is a layered system that includes:

1. Detection systems such as local smoke detectors in the laser personnel safety system (LPSS), building

smoke alarms connected to the building fire alarm panel, and manual pull boxes and,

2. Suppression systems consisting of wet pipe sprinklers throughout the upper level of the FEL and portable

fire extinguishers.

The LPSS smoke detectors not only provide a machine protection function (personnel are unlikely to be
present when they detect smoke) they also reduce the likelihood of fire spreading due to the FEL and are thus a good
idea from a fire safety standpoint as well. The LPSS smoke detectors are connected to the building Fire Alarm
Control Panel (FACP) and are programmed to activate a trouble signal if they detect smoke. The smoke detector that
has been activated by smoke will display a slow flashing red LED on the plastic cover of the detector. The FEL

Laser Operator must find the cause of the smoke production and eliminate it before resuming laser beam delivery.

The building smoke detectors activate an alarm signal in the FACP that will sound the building audible
alarms. If an LPSS smoke detector is activated, the building audible alarm will not sound. The building audible and
visual alarms sound when smoke in the area exceeds the trip level of the building smoke detectors. These are
connected to the FACP in the FEL lobby and are monitored by the MCC and Security Guard Post 2 at the main gate.

They do not affect the state of the FEL or accelerator.
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Manual Pull boxes are present near the building exits and should be used when smoke or a fire is observed
but the alarm has not yet activated. Operating a manual pull box is the fastest and best way to evacuate the building

and notify emergency responders.

Portable fire extinguishers are present in all laser labs, usually next to the door. They are class C and can be

used to extinguish small fires.

Fire suppression sprinklers are present in all labs and will activate (spray water) if the heat from a fire reaches

165°F for a period of 5 minutes. Each sprinkler head activates individually as the heat from a fire spreads.

UserLab 1

i FEL Beamline H I
@ Sweep Button 2 Sweep Button 1 @
AY AY
Dump
LEGEND
u FEL Beamline
- Optical Table
Ti:sapphire Laser - LPSS
[l uPssMagnet
Hr\o Extinguisher - Stacker Cavity
\¥ - Fume Hood
M_ - Fire Extinguisher
= = =
— Sweep Path

Figure 5.1. Plan view of User Lab 1. Location of the fire extinguisher, and the LPSS panel, are shown. Both the
FEL, Millennia and Tsunami (Ti:sapphire) lasers terminate in the indicated targets unless a different configuration is
called out in an ESAF.

16



6. Procedures

M aintenance and Certification

Only approved Jefferson Lab personnel may work on the LPSS (including wiring to the interlocks on user’s
class 3b and class 4 lasers). The LPSS system owner grants approval on the basis of appropriate training. Likewise,
work on the OTS is by Jefferson Lab personnel who are approved by the OTS owner. After work is completed,
checks of the functionality must be completed before the FEL is run. If work is done on the LPSS, the system must
be re-certified before laser operation. The FEL certification is done using an alignment HeNe laser. Modification
of the LPSS by unauthorized personnel is cause for disciplinary action. The LPSS must be certified every 6 months
even if no work has been done on it. A separate certification procedure is provided for each class 3b or class 4 laser.

In addition, the safety eyewear should be checked for any damage that would compromise their integrity.

If there is a problem with any of the systems owned by Jefferson Lab, a user should report the problem to an
FEL operator or to the facility manager as soon as possible. Users must not try to fix the system since they are not

qualified to work on it.

Lock Tag and Try procedures must be used when working on equipment in the User Lab. This applies not
only to electrical or electronic equipment but also equipment such as robotics that presents a physical hazard,
compressed gasses, or any laser hazard. If work on the optical transport in a User Lab is needed the OCR shutter

must be locked out using a hasp and personal lock. The shutter must then be cycled to make sure it does not open.

Off-Normal Procedures

In the event of fire in the user lab, a fire extinguisher in the room may be used if the person so chooses, and
his or her escape route is clear. If the fire cannot be extinguished in this manner, the user should leave the room, pull
the nearest fire alarm box and exit the building. If the fire alarm sounds due to a fire outside of the lab, all personnel
must immediately evacuate the building. In the event of a building fire alarm, the FEL Operator must terminate
lasing by crashing the optical control room LPSS (push the red crash button next to the OCR door). The FEL Laser
Operator must also close the drive laser shutter in order to shut off the electron beam. The operator should then
verify that personnel have evacuated the user labs and then exit the building and gather at the muster point (just
outside the main door). The operator should then dial 9-911 and x4444 and report the fire. Every month the fire
extinguisher must be checked for proper pressure, intact pin and seal, and overall condition and documented by

dating and initialing the card attached to the extinguisher.

In the event of a building ODH alarm the users must crash the LPSS and exit the lab. The crew chief in the
MCC must be contacted at x7045 or 9-630-7050 once the building is evacuated. Finally the ODH sensor in the

experimental enclosure must be re-calibrated if necessary.
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In the event of a laser accident the following procedures must be followed:
Ocular Exposure During Normal Business Hours

. The victim should be initially evaluated by JLab Medical Services if possible. If the situation seems

critical, call 9-911 and then Medical Services (269-7539 or page 584-7539). The victim should remain still
with both eyes closed while waiting for the ambulance and Medical Services staff to arrive at the scene. If

the situation is not critical, call Medical Services only and let them know that the victim is en route.

Medical Services will administer first aid. This typically entails taping ocular protective cups over both
eyes and then transporting the victim to a hospital emergency department or ophthalmologist, depending on

the severity of the injury.
Medical Services will also assure that the victim is subsequently examined by an ophthalmologist.

After the victim recovers from the acute injury, Medical Services will provide her/him with a letter

explaining the injury.

Ocular Exposure After Normal Business Hours. Same as above except that Medical Services will not be

involved initially. All victims should be transported to a hospital emergency department. Medical Services should

be informed on the next business day.

1.

Skin Exposure During Normal Business Hours

The victim should be initially evaluated by JLab Medical Services if possible. If the situation seems
critical, call 9-911 and then Medical Services (269-7539 or page 584-7539). If bleeding is present, it should
be controlled using direct pressure from a gloved hand over gauze. If the situation is not critical, call

Medical Services only and let us know that the victim is en route to our office.

Medical Services will administer first aid. This typically entails controlling bleeding and applying a

dressing.

After initial evaluation by Medical Services and/or the emergency department, Medical Services will assure

appropriate follow-up, including evaluation by a plastic surgeon if needed.

Skin Exposure After Normal Business Hours. Same as above except that Medical Services will not be

involved initially. If the situation warrants, the victim should be initially evaluated at a hospital emergency

department. Medical Services should be informed on the next business day.
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Normal operating procedures:

Alignment procedures begin with a rough alignment of the experimental setup with a HeNe laser. If the

ultraviewer HeNe in the FEL is used to align the experiment, an FEL Laser Operator must set up HeNe alignment

mode. Once the setup is aligned with the HeNe, the FEL will usually be used in alignment mode to check the spot

size and focus on the target. All phases of the alignment should occur at full lighting levels in the lab if possible.

General rules for alignment are as follows:

Before Alignment starts:

1.

6.

To reduce accidental reflections, remove watches, rings, dangling badges, necklaces, and reflective
jewelry before any alignment activities begin. Use non-reflective tools if possible.

Limit access to the room/area to authorized personnel only. No multi-tasking!

Consider the need for additional personnel during alignment. It may go much smoother with two
people.

Gather all equipment and materials needed prior to beginning the alignment.

Remove all unnecessary equipment (especially tools and combustible materials) to minimize the
possibility of stray reflections and non-beam accidents.

If the magnetic laser eye protection sign on the door needs to be changed, change it before starting.

Rules during alignment

1.
2.

9.

Co-axial low power lasers should be used when practical for alignment of the primary beam.

Laser Protective Eyewear shall be worn at all times during the alignment. Make sure that the eyewear
used is appropriate for the laser wavelengths present.

There shall be no intentional intrabeam viewing with the eye.

Reduce the beam power through the use of ND filters, beam splitters and dumps, or reducing power at
the power supply. Avoid the use of high-power settings during alignment as much as is practical.
Keep the laser beam under control. Close the shutter when moving optics, keep mounts secured to the
table. This takes a bit longer but pays off in results and safety.

Areas where the beam leaves the horizontal plane shall be labeled.

Terminate stray or unused beams.

View invisible beams with IR/UV cards, business cards, viewers, and thermal fax paper, Polaroid film
or IR viewer. Be aware that specular reflections off some of these devices are possible, and that they
may smoke or burn.

Align pulsed lasers by firing single pulses or at a very low repetition rate when practical.

10. Remember to replace covers, beam blocks and barriers after alignment.
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Sweeping the lab

A sweep

of thelab isalways required before laser light can be delivered to the lab. It is essential that all

personnel be cleared from the lab beforeit is made up. Leaving anyonein the lab during a sweep isa serious

safety violation. The sweep procedure is the same regardless of the state of the lab. Always follow the procedure

below.

The sweep is preceded by a pre-sweep to ensure that the lab is ready for laser operations. Ensure the

following:

o ®

o

e

Verify that the workspace is safe (no flammables in the beamline, all beams terminated).
Verify that all personnel working in the lab have left before sweeping.

Verify that a “ready-to-sweep” light is illuminated on the LPSS box in the lab.

Verify that the correct laser safety eyewear sign is on the door.

Verify that the LPSS certification for the laser to be used is up to date.

The presweep has to be carried out only once a shift or when the lab has been opened for an extended period.

Once the pre-sweep is done, start the sweep:

1.

If there is a walk-in hutch, make sure the door(s) is (are) open and the hutch interlock bypass shutter

is closed. If in FEL mode, enable the lab shutter.
Present a valid card to the card reader outside the lab.

Enter the lab and close the door behind you. This event starts the sweep sequence. If the door is not
opened for 60 seconds after presenting your card, the sweep is aborted. If the door is opened for
more than 6 seconds, the sweep is aborted. When the sweep sequence starts, the LPSS chassis plays

a warning announcement that the lab is being swept.

Search the lab for any personnel present. Assume that the personnel are unconscious or
unresponsive. Look under all tables and behind all obstructions. If the door is opened at any time
during the sweep, the sweep will be aborted. To ensure a proper sweep press the sweep buttons in
the proper order as called out by the map on the door. The next box in the sequence is the one with
the green light illuminated. Boxes that have been armed have both green and yellow lights

illuminated.

If anyone is found in the lab during the sweep they must be escorted out of the lab and the sweep

must be repeated starting from the beginning.

When all sweep buttons have been pressed and you are sure that no personnel remain in the lab, close

up any hutches and withdraws the hutch interlock bypass shutter.

Press the green COMPLETE SWEEP button on the LPSS chassis. This starts a second recording stating

that class 4 laser operations will commence soon and that all personnel must leave the lab.
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Exit the lab and present your card a second time. This must be done in 15 seconds after the
COMPLETE SWEEP button is pressed. The lab will be made up 30 seconds after the button is pressed.
The entire sweep procedure can take up to 4 minutes from the time the first sweep button is pressed.

Don®rush the sweep. Take your time and make sure everyoneisout of the lab.

Alignment of the FEL has the following specific procedure:

1.

© o =2

11.

12.

13.

14.

15.

The laser is turned on in normal operation mode and tuned up for optimal lasing with the OCR shutter
closed.

The accelerator is put into one of the timing states allowed for alignment mode (4.678 MHz
micropulse repetition rate and macropulse duty cycle less than or equal to 5x10™*) and the electro-optic
cells are optimized for the low duty cycle.

The duty cycle is verified by the two independent systems in the alignment mode chassis to be less
than one part in 10°. The alignment mode chassis is then reset.

The alignment mode key in the optical control room is turned to put the FEL into alignment mode.
Turning the alignment mode key inserts the dichroic filter in the lab that attenuates visible harmonics.
One authorized person carries out the standard sweep procedure listed above. When the 30 second
delay is over, the lab LPSS goes into laser permit mode and the yellow GOGGLES REQUIRED light must
be illuminated on the door.

The appropriate mirror cassette mirror is moved into place.

The OCR shutter is opened and the lab shutter is enabled.

Users don laser safety eyewear appropriate for the wavelengths present in the lab (see section 4.)

The users present their cards to the card reader and enter the lab.

. Once the user has requested it, the FEL Laser Operator opens the lab shutter and the user uses the IR

camera or other diagnostic to align the beam into their apparatus. The hutch interlocks are ignored
when the LPSS is in alignment mode. Laser safety eyewear must be worn at all times and care must
be used to keep skin out of the laser beam path at all times.

The users align the lase beam to their apparatus. The details of the alignment differ according to the
experiment but the overall rules above must be followed.

When done, the users may leave the lab by pressing the exit button on the door and request from the
FEL Laser Operator that the system be brought out of alignment mode.

The OCR and lab shutters are closed and the mirror cassettes for the labs that had someone enter them
during alignment mode (usually just one lab) are put in their home positions. Those labs are safed by
the laser operator.

The alignment mode key in the OCR is changed to the normal operation position. This drops the
master LPSS and the LPSSs for any labs not in local mode to a safe state and the FEL shutters and the
OCR shutter close. The master LPSS chassis must be reset in the OCR.

The lab is swept according to the procedure above.
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16.

High duty cycle beam is delivered to all labs that want it.

Note that this procedure is suggested but is not the only allowed procedure. The lab may be using the beam in

EXCLUSION MODE or HUTCH MODE and switch to ALIGNMENT MODE. The lab will drop to an open state whenever the

state of the lab changes. It then has to be swept again.

Operation of the other class 4 lasers proceeds in the same way as ALIGNMENT MODE on the FEL. If only the

conventional laser is to be used in the lab, the lab may be put into LOCAL LASER MODE. In this state the mirror

cassette must be in the home position and the lab shutter is locked closed. The state of the FEL is then ignored and

the lab remains in an ALIGNMENT MODE state. Laser safety eyewear appropriate for the conventional laser used must

be worn at all times. If simultaneous operation of the FEL and the conventional laser is required, the FEL must be

ALIGNMENT MODE and the accelerator must be in BEAM PERMIT. Laser safety eyewear appropriate for both

wavelengths must be worn.

HUTCH MODE operation of the FEL for a user lab should go according to the following procedure:

1.

10.

Before the experiment begins, the laser system supervisor uses the key on the LPSS box in the lab to
enable hutch mode. Without this key, the lab is limited to exclusionary mode.

Before sweeping the lab, the users ensure that the hutch interlocks can be made up. When this is done,
the “Ready to Sweep” light is illuminated on the LPSS box even when the hutch interlocks are not
bypassed.

The hutch should be left open and bypassed for the sweep. The “Ready to Sweep” light should still be
illuminated.

The user then uses the standard procedure above to sweep the lab. The hutch must be closed up and
the bypass shutter must be switched to normal mode before the sweep is completed. When the 30
second delay is over, the lab LPSS goes into LASER PERMIT mode and the green LASER USERS ONLY
light is illuminated on the door.

The user or users present their smart cards to the card reader and enter the lab.

Laser capable electron beam is initiated, if the accelerator is not already running beam.

If necessary, the FEL Laser Operator withdraws the FEL shutter, and optimizes the FEL as measured
by the diagnostics in the OCR.

The FEL Laser Operator sets the mirror cassette to the desired position. The OCR shutter is
withdrawn, sending laser beam to the lab shutter dump in the lab.

The hutch must be closed and secured and the hutch interlock bypass must be withdrawn before light
can be sent into the hutch. Usually this will not be necessary since the sweep leaves the hutch locked
up and the hutch interlock bypass shutter withdrawn.

When requested by the user, the FEL Laser Operator enables the lab shutter. The user or users may

now open the shutter and send the beam into the hutch. The first time that this is done on any given
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11.
12.

13.

14.
15.

experimental setup, the laser system supervisor or his delegate must check the enclosure to ensure that
no light is escaping the hutch.

The target is scanned or processed.

The user may close the hutch interlock bypass shutter and the lab shutter and open the hutch doors to
change a sample or alter the experimental setup. After all users are out of the hutch and the hutch
doors are closed, the user may open the shutter and deliver beam to the hutch again. Opening either of
the shutters before the hutch interlocks are made up will lead to a Lab Crash.

It is essential that everyone exit a walk-in hutch before the hutch is closed. If you arein a walk-in
hutch always make sure the door is open.

The experiment ends. The lab shutter is closed and the mirror cassette is moved to the home position.

The FEL operator safes the lab LPSS.

Operation of a class 3b or 4 laser is possible in hutch mode as well. The class 4 laser must have a shutter on its

exit that prevents any user exposure to the laser light (it confines the laser to a class 1 enclosure). That shutter

must close whenever the hutch interlocks are bypassed. If the shutter does not close when the hutch interlocks

are bypassed, the lab will drop to an open state and the laser will be shut off. Any lasers lacking this feature

must not be allowed to lase in hutch mode.

EXCLUSIONARY MODE operation of the FEL for a user lab should go according to the following procedure:

1.

7.
8.
9.

Before the experiment, the laser system supervisor turns the HUTCH/EXCLUSIONARY mode key on the
lab LPSS chassis to EXCLUSIONARY MODE and removes the key.

The user sweeps the lab according the standard procedure above. The key for the Lab Shutter must be
enabled so that beam can enter the lab. When the 30 second delay is over, the lab LPSS goes into laser
permit and the red NO ACCESS light is illuminated on the door.

Laser capable electron beam is initiated, if the accelerator is not already running beam.

If necessary, the FEL Laser Operator withdraws the FEL shutters and optimizes the FEL using the
diagnostics in the OCR.

The FEL Laser Operator sets the mirror cassette to the appropriate position. The OCR shutter is
withdrawn, sending laser beam to the lab shutter dump in the lab.

When requested by the user, the FEL Laser Operator opens the lab shutter, sending beam to the
experiment. This must be monitored closely to make sure no spurious reflections cause problems and
that all beams are properly dumped.

The laser experiment is carried out.

The experiment ends. The lab shutter is closed and the mirror cassette is moved to the home position.

The FEL Laser Operator safes the lab LPSS.

Operation of the conventional class 4 lasers is also possible in exclusionary mode. The lab mode key must be in

EXCLUSIONARY MODE and the LOCAL LASER/FEL mode key must be in the FEL mode for this to occur.
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7.Laser controls;

The FEL is equipped with all safety features recommended in Section 4.3' of the ANSI standard Z136.1-2000
and 2007. A list of these is as follows:

1)

2)

3)

4)
5)

6)

7)

The laser light travels in an evacuated enclosure. The vacuum in the enclosure is interlocked to the

laser shutter until it reaches the experiment, ensuring physical integrity.

There are access restrictions, since the lab’s door has a magnetic lock that forbids access while any

class 3b or class 4 laser beam is delivered into the lab.

There is an activation warning system with both audible and visual warnings before the laser starts (the

ANSI standard requires only one but we use both).
There is a delay before the shutter is opened after the audible and visual warnings.
Hazard signs are posted to warn personnel of the laser hazard.

The laser shutter and the laser beam dump in the User Lab are fail-safe such that, if the power
from the LPSS system is removed, all shutters close. If the LPSS is disconnected from the laser
shutter, the laser cannot be turned on. Similarly, the shutters are spring loaded so that they will

close if air pressure is removed from them.

The LPSS Master chassis has a key switch that must be switched on to energize the LPSS. The

beam shutter in the lab has a key to prevent light from entering the lab.

In addition, two additional safety features not required by the ANSI standard have been added:

8)

9)

A smoke alarm is present which shuts off the FEL if smoke is detected. This reduces the chance

of a fire and is required under lab wide regulations.

During alignment mode, a dichroic beam splitter will be inserted so that wavelengths shorter than
800 nm are attenuated by a factor of 1000 or more. This feature allows us to tune through the near

infrared while using laser eyewear that has good transparency in the visible.

The other class 4 lasers in a user lab are also equipped with the safety features recommended in the ANSI

7136.1 standard, and in addition are labeled as required by the Center for Devices and Radiological Health (CDRH).

The conventional class 4 lasers are interlocked to the room LPSS such that they cannot be operated unless the User

Lab is in laser permit. Items 2—4, and 8 are accomplished through the room lab LPSS. Administrative safety

procedures and training are also used to enhance safety. The laser system supervisor must inspect all high power

laser setups before high power beam is delivered to them and must inspect hutches after reconfiguration to ensure

that the hutch is still a class I enclosure. High power must be introduced gradually in any new configuration to

ensure that there are no beams that are not contained. All laser users must be trained in laser safety. They must be

familiar with this document and this document must be posted on the door to the lab. The laser users are responsible
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for not allowing non-approved personnel in the lab. They are also responsible for wearing eye protection when a
class 3b or class 4 laser hazard exists. Finally, laser users shall be responsible for their own safety. They must be
familiar with all warning signs, lights, and audible warnings, and must know the proper safety action to take in any
abnormal situation. The FEL Laser Operator also monitors the lab during FEL delivery to ensure that laser safety

rules are followed.

Crash buttons are provided on the LPSS chassis and on the side of the door in the corridor outside the lab.
The crash button next to the door closes the laser shutters in the FEL, inserts OCR shutter, and safes all User Labs if
the mirror cassette is set to deliver beam into the lab (i.e., not in the home position). The shutters are latched closed.
Similarly, hitting the crash button disables the power supplies for the class 4 lasers and inserts the laser safety
shutters. The FEL Laser Operator must reset the LPSS Master chassis before the FEL shutter can be opened. The

User Lab must be re-swept before beam delivery can begin again.

All class 3b and class 4 laser systems are kept from lasing by the LPSS. In order to lase they need to have a
signal provided by the LPSS. Without that signal any command to lase will fail. Note that this is not sufficient for
maintenance activities. If work is to be performed on the laser system the power supply must be unpowered and

Lock, Tag, and Try must be used to ensure that the power supply remains unpowered.

If new class 3b or 4 lasers are introduced to the lab or new procedures must be developed for new system
configurations, this LSOP must be updated and re-approved. All personnel must then be reacquainted with the

procedures.

Oxygen deficiency sensors are located in the user labs. The PSS Group must check them every 6 months.
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Appendix A.1. Maximum Permissible Exposure (M PE) levels and certification of

required eyewear

Users must provide the necessary FEL parameters for their experimental setup (e.g., wavelength and power)

to determine the applicable MPE. The MPEs for a broad range of operating wavelengths in the near and mid-

infrared are calculated here. Since the user is only exposed to the laser beam during alignment mode, the required

eye protection is determined for this mode of operation.

The IR Upgrade is an infrared free-electron laser operating at wavelengths between 0.9 and 10 zm in the mid-

infrared. The laser should be capable of providing up to 20 kW of output power at 0.9-3.0 microns and over 10 kW

at 6 microns. The laser also emits coherent harmonics. The power in the nth odd harmonic is approximately 107"

times the power at the fundamental wavelength. Even harmonics are down by approximately 10°™*". The second

harmonic is thus approximately 0.1% of the fundamental, as is the third harmonic. These are class 4 laser hazards in

themselves and the fourth and fifth harmonics are still a class 3b laser hazard. Though the laser is actually a pulsed

laser on a fine time scale (psec pulses at up to 75 MHz), the laser is a continuous laser as far as laser safety is

concerned [3]. The laser can also be operated in pulsed mode with a macropulse-micropulse structure typical of

most FELs in other labs. The two available alignment modes are operation with 4.678 MHz micropulse repetition

rate and either 250 pusec macropulses at a 2 Hz repetition rate or 50 psec. macropulses at a 10 Hz repetition rate.

The following shows the calculated MPEs for both alignment mode and CW mode.

CW mode: In this mode the beam is delivered either to an enclosed hutch or in exclusionary mode. It is not

possible for the user to contact the full beam. The MPE for a CW laser varies as follows:

Wavelength Range M PE for Eyes MPE for skin
0.4-0.7 um 2.5 mW/cm? 0.2 W/cm?
0.7-1.05 ym 10°**D mW/cm? 0.2x10**0D W/cm?
1.05-1.15 ym 5 mW/cm? 1 W/em?
1.15-1.2 ym 5x10"*119 mw/cm? 1 W/em?
1.2-1.4 ym 40 mW/cm? 1 W/em?
1.4-10 ym 100 mW/cm? 100 mW/cm?

These MPEs are summarized in figure Al
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Figure Al. Maximum Permissible Exposure for CW beam. In the region beyond 1.4 microns, the two hazards
are the same for CW beam and the ocular hazard is for the corneaonly. For shorter wavelengths, the ocular hazard
is more severe. In the hatched region the dermal and ocular hazards are the same.

To ensure that hazardous levels of radiation are not present during operation, laser safety eyewear used in the
optical control room must be used whenever light is first sent into a new hutch mode experimental setup to ensure
that there is no leakage of light outside of the hutch. Note that even the scattered light from a target with 10 kW of
laser power hitting it presents a serious scattered radiation hazard. The scattered light may be 36 times the dermal
MPE at 30 cm from a target. The hutch must be designed accordingly. The optical density of any windows in the

hutch must typically be at least OD 2 just for the scattered light hazard.

Note that the other class 4 lasers 1, 2, and 5 through 7 in the lab are CW (for a discussion of why lasers 2 and
6 are considered CW see the LSOP for the drive laser), and their MPEs are shown in the above table as well, e.g. for
doubled Nd:YVO, the ocular MPE is 2.5 mW/cm” and the dermal MPE is 0.2 W/cm?®. For the Ti:sapphire laser the
ocular MPE is >1 mW/cm? and the dermal MPE is >0.2 W/cm?. For the mode-locked Nd:YVO, the ocular MPE is 5
mW/cm? and the dermal MPE is 1 W/cm?®. Using effective areas of 0.385 cm? for the eye hazard, it is easy to show
that the required optical densities for laser safety eyewear are are 3.7 for the Verdi and 4 for the Millenium X and
the Verdi V10. The required optical densities for the Ti:sapphire lasers are 3.2 for the Mira and 3.5 for the Spectra
Physics 3960C. The only time the green light from the doubled Nd:YVO, laser is present is during alignment of the
Ti:sapphire laser. This must be done with laser safety eyewear with a higher optical density (Trinity #1126). Under
normal operation only the Ti:sapphire laser or the mode-locked Nd:YVO, laser will be present. It is then necessary
to use BG42 eyewear. This provides an optical density of greater than 7 from 700 to 1000 nm, which far exceeds

the OD>4 requirement. These numbers are summarized in section 4.

Pulsed operation: Let us first calculate the MPE for the 2Hz, 250 usec. operation. The maximum permissible

exposure for this time structure and wavelengths longer than 1.4 microns is given by 0.56 J/cm? times the fourth root
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of the pulse length and divided by the fourth root of the number of pulses in an exposure time. The exposure time
called for with infrared light (no aversion response) is 10 seconds, so there are 20 pulses in an exposure. The ocular
MPE for wavelengths longer than 1.4 microns is thus 33 mJ/cm?. If the beam size is equal to the worst-case spot
size (1 mm diameter), the energy per pulse must be less than 0.26 mJ. For 50 usec. pulses at 10 Hz, there are 100
pulses per exposure time so the MPE is 14.8 mJ/cm?” for wavelengths longer than 1.4 ym. This is smaller than the
250 psec., 2 Hz case by a factor of 2.3 but the energy per pulse will be lower by a factor of at least 5 so the worst

case is the 250 usec., 2Hz mode of operation. Only this mode will be used in the MPE calculations below.

For wavelengths longer than 1.4 ym the hazard to skin and the cornea is similar. The only difference is the
spot size used for hazard calculations (spot size for skin is 3.5 mm diameter, for eyes, | mm diameter). Clearly, skin
exposure is a hazard as well as eye exposure. Care must be taken to avoid skin exposure during alignment
especially where the beam is focused (In general, the energy density of the incoming beam in the labs is close to or

less than the dermal MPE).

From 1.2 to 1.4 um the laser light penetrates the cornea and the ocular MPE is reduced to 68 uJ/cm*. The
appropriate area is 7 mm diameter and the worst-case energy limit is 26 uJ. From 1.05 to 1.2 microns the cornea is
still clearer and the MPE drops to 8.5 uJ/cm?. In the wavelength range from 700 nm to 1.05 ym the MPE varies

from 1.7 puJ/cm? to 8.5 uJ/cm? according to the function

MPE = 1.7 pd/cnf 12077

In the visible, from 400 to 700 nm, the aversion time of 0.25 sec can be assumed and the MPE is therefore 3.6

ul/cm?®. The MPEs are summarized in figure A2.

The FEL is capable of delivering up to 300 mJ/macropulse from 1 to 3 ym and 150 mJ/macropulse from 3 to
10 ym. This energy, deposited in the worst case spot size, results in about 20 J/cm? for the long wavelengths, 40
J/em? for the 1.4-3 micron wavelength range, and 1 J/cm? for the 0.9—1.4 ym range. Though even harmonics are
emitted from the laser, they will be strongly attenuated by the optical transport for all wavelengths using dielectric
mirrors. The broadband mirrors will attenuate the near infrared harmonics by a factor of about 2. A dichroic
attenuator at the exit of the laser into the user lab will be used to attenuate wavelengths shorter than 800 nm by a
factor of >1000. The worst case for the third harmonic is at 700 nm where the MPE is 1.7 yJ/cm? and the maximum
expected flux is ~4 mJ/cm®. The required attenuation is by a factor of 2000. With the OTS supplying a factor of 2
attenuation and the dichroic attenuator supplying a factor of 1000 attenuation, we can operate safely at 2.1 or 1.4

microns.

Laser safety eyewear used for alignment of the IR upgrade beam need to attenuate radiation in the 10-1.4 ym
range by a factor of 1000. Existing 3.2 mm KG3 eyewear has at least this much attenuation over this wavelength

range except for the range between 2.3 and 2.8 ym. For the range of 2.3 to 2.8 microns, 6 mm thick KG3 eyewear
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must be used. For operation between 1.1 and 1.4 ym the required attenuation is 5 (rounded up to include a safety

margin). The attenuation for 3.2 mm thick KG3 is greater than 5 in this wavelength range. For operation between

0.9 and 1.1 pm the required attenuation is 6. This can be provided with 3 mm BG42 eyewear. The eyewear

requirements for the FEL are summarized in table A2

Table A2, Required laser safety eyewear vs. operating region. Calculate values have been rounded up to the

next higher integer value.

Wavelength Range Deliverable Fluence | Required attenuation Eyewear material Reqd
.thickness(mm)
0.9-1.1 ym 1 J/em? 6 BG42 3/blue
1.1-1.4 ym 1 J/em? 5 KG3 3.2/red
1.4-2.3 ym 40 J/cm? 3 KG3 3.2/red
2.3-2.8 ym 40 J/cm? 3 KG3 6/black
2.8-10 ym 20 J/em? 3 KG3 3.2/red
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Figure A2. MPEs for the eyes and skin for 250 usec. pulses at 2 Hz.

29




Pulsed operation of conventional lasers: Let us calculate the MPE for the 1000Hz, 150 nsec. operation of the
Q-switched Nd:YLF lasers. The maximum permissible exposure for this time structure at 527 nm is given by 0.5
wJ/cm? divided by the fourth root of the number of pulses in an exposure time. The exposure time called for with an
aversion response is 0.25 seconds, so there are 250 pulses in an exposure. The MPE is therefore 0.125 puJ/cm?. For
3kHz operation the MPE falls to 0.1 xJ/cm” but the energy per pulse drops by more than a factor of three so the
MPE at 1 kHz is the worst case. For the worst case ocular exposure the pupil area is 0.385 cm? so the maximum
energy allowed to reach the eye is 48 nlJ/pulse at 1 kHz. This is 48 yW of average power. Note that this is a factor
of 20 less than a CW laser so the Q-switched laser must not be considered a CW laser! The exposure from a diffuse
reflection has a different MPE. The smaller of the small source and large source must be used. The source size is 3
mm diameter. A typical viewing distance will be greater than 30 cm so the subtended angle will be 10 mrad. The
radiant exposure time for this angle is 12.2 sec. The MPE for this time is 6.4 mW/cm®. This is greater than the
small source MPE so the small source MPE must be used. The dermal MPE is not dominated by the pulsed
structure. The MPE is therefore 200 mW/cm? or 0.2 mJ/cm? at 1 kHz. The limiting aperture is 3.5 mm so the area is

0.096 cm®. The maximum power that is allowed on skin is therefore 19 mW.
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Figure A4. Ocular and dermal MPEs for t<10 psec at 1 kHz. Shaded region has equal MPEs for cornea and
skin for this pulse structure.

The ocular MPE for 805 nm assuming 100 fsec pulses must be calculated next. The MPE for a repetitively
pulsed 100 fsec laser at 805 nm is given by 15 nJ/cm*C,Cp, where C, is the wavelength dependent factor for the 700
nm to 1050 nm wavelength range. For 805 nm it is 1.62. The parameter C; is one over the fourth root of the number

of pulses in an exposure time. For 805 nm the exposure time is 10 seconds so there are 10,000 pulses in an exposure
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time and Cp=0.1. The MPE is therefore 2.43 nJ/cm? for the 100 fsec 805 nm pulses at 1 kHz. The worst-case area is

0.385 cm? as above so the maximum pulse energy allowed to reach the eye is 0.94 nJ.
Required Laser Safety Eyewear

When calculating the required attenuation for laser safety eyewear, the attenuation is always rounded up to be
conservative. As noted above, the required attenuation for the Verdi laser is 1og(5/0.00096)=3.8 and that required
for the Mira Ti:sapphire oscillator is 10g(0.65/0.00039)=3.3. The Quantronix 527 DQ requires an optical attenuation
of 10g(20/4.8x10-5)=5.7. The Quantronix Titan Ti:sapphire regenerative amplifier requires an optical attenuation of
log(2.7/9.4x10-7)=6.5. All these attenuations are provided by the Trinity laser safety eyewear. The BG42 laser
safety eyewear can be used when only the Ti:sapphire laser light is present. The Trinity laser safety eyewear must
be used for initial alignment of the Ti:sapphire lasers. BG42 laser safety eyewear with argon laser alignment clip-
ons can be used for checking alignment. These requirements are summarized in table A3. Note that the laser safety
eyewear requirements are based on direct intra-ocular exposure so the laser safety eyewear are more than sufficient

for scattered light.

Table A3. Laser safety eyewear requirements for single frequency lasers in User Lab 1 (all values rounded up

to nearest integer)

Laser Reqd Attenuation Recommended Laser safety eyewear
Coherent Verdi Nd:YVO, (0.53 pm) 4 Trinity #1126 or alignment clip-ons
Coherent Mira Ti:sapphire (0.8 ym) 4 Trinity #1126 or Lase-R-Shield BG42
Quantronix 527 DQ Q-switched 6 Trinity #1126
Nd:YLF (0.53 ym)
Quantronix Titan 100fsec (0.8 ym) 7 Trinity #1126 or Laser-R-Shield BG42

Note that the green pump lasers are only open to viewing during alignment of the Ti:sapphire lasers. During
this time the Trinity laser safety eyewear or glass must be worn. As noted above, only personnel who have to be in

the lab for alignment may be present during alignment.

Skin hazards The green pump lasers must be treated with great caution during alignment. The Q-switched
Nd:YLF emits light with a factor of 1000 greater power density than the dermal MPE. The Verdi emits light with a
power density a factor of over 600 over the MPE. They can thus burn skin tissue almost instantaneously. Both
lasers have a scattered light hazard when skin is within 5 cm of a scattered beam. Great care must also be taken
during alignment of the Ti:sapphire lasers. Alignment should be done at low power if possible. The Ti:sapphire

lasers can also burn skin quite quickly.
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