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Abstract 
This report documents the characterization of the Picosecond pulse fiber laser, as it is being 

commissioned as the seed laser for the RF gun at the New Muon Laboratory. This laser has 

undergone repair since the summer of 2010, and the downward power trend that was revealed in 

last year’s power measurements has been fixed. Further testing was done to determine the 

performance including, the wavelength, mode-locking, pulse spacing, phase noise, and phase 

shift was measured. The new results reveal ASE issues that will need to be corrected prior to 

implementation in the New Muon Lab.  
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Introduction 
The A0 Photoinjector (PI) has evolved significantly over the years especially in terms of its RF 

seed laser. First it was a Nd:YLF passively mode-locked oscillator that required the need of a 

pulse width compressor. This laser was replaced with a commercially purchased Time-

Bandwidth GE-100 IR laser, which is also passively mode-locked, but had a considerably shorter 

pulse width. This enabled the removal of the compressor region. However, this laser had its own 

disadvantages including high timing jitter. This resulted in the laser pulses being unequally 

spaced; therefore this laser could also be upgraded. The laser proposed to replace the GE-100 is 

the Picosecond Pulsed Fiber Laser by Calmar, which will provide a much decrease jitter for 

better stability. 

Background 

A0 Photoinjector 

The A0PI houses a 1.3 GHz RF gun and a TESLA test facility (TTF) radiofrequency (RF) cavity. 

It is used as an R&D physics division, and provides services like its 16 MeV electron linac   (1) 

to many users. It also collaborates with many institutions including Argonne, Cornell, DESY, 

Lawrence Berkeley National Laboratory (LBNL), the National Institute of Nuclear Physics 

(INFN), Northern Illinois University (NIU), Rutgers, University of California, Los Angeles 

(UCLA), University of Chicago, University of Illinois and University of Rochester (2). This 

research is known as Advanced Accelerator Research and Development (AARD) and A0PI has 

contributed greatly to accelerator research partnering with the International Linear Collider (ILC) 

to create a new accelerator research facility called the New Muon Laboratory (NML).  

A0 RF gun 

Neodymium-doped yttrium-lithium fluoride (Nd:YLF) laser was previously in operation at A0PI. 

The Nd:YLF laser is passively mode locked and produces 5 ps long pulses at 81.25 MHz. After 

being amplified, doubled than quadrupled, these now UV pulses hit a CsTe photocathode 

emitting a 14.8 MeV low emittance electron beam, which is accelerated in a 9-cell 

superconducting cavity. This beam goes through some beam manipulation to a user experimental 

area and then a beam dump. 
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Figure [1]: Previous A0PI RF-gun. (3) 

 

New Muon Laboratory 

NML will simply be an up-scaled of A0PI with many upgrades. Originally home to a giant 

Chicago cyclotron magnet, the NML location was remodeled to be an AARD test facility (4). 

The new NML will provide >40 MeV beam for testing RF cryomodules for Project X and ILC 

on the low energy end. Some upgrades are scheduled to occur before this move including some 

beam experiments, instrumentation upgrades, and technology upgrades. Falling under the 

technology upgrades, the commissioning of the new electron gun will allow for the following 

advantages: 

- lower dark current in the cathode changer and coaxial RF coupler 

- Longer bunch train length 

The reduction of dark current and the lengthening of the bunch train will allow for increased 

imaging sensitivity, and better control of the pulse train properties.  

Furthermore, in NML this 40 MeV electron beam will be accelerated in 3 cryomodules each with 

eight 9-cell cavities that can generate up to approximately 900 MeV. These cryomodules can be 

easily installed and removed from the beam line for testing purposes. The injector is proposed to 

produce a bunch intensity of greater than 3 nC/bunch, a bunch length of less than 300ps, a bunch 

train length of 3000 bunches at 3 MHz, and a repetition rate of 5 Hz similar to ILC bunches. The 

facility may also be able to support an approximately 10m diameter ring in the user test area, but 
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this has not yet been finalized (5). Currently, NML is completing the tunnel expansion for the 

high energy side, but the low energy end is fully operational but beamless. It should be complete 

by 2012.     

 
 

Figure [2]: NML underground tunnel expansion of beam line and ring (6) 

 

Summer 2010 Results 

During the summer of 2010, the Picosecond Fiber Laser (PSL) was first received for initial 

testing, but a significant setback stopped tests from proceeding. The power was monitored over 

certain time periods yielding a significantly decreasing power trend as time increased. This 

power issue was deemed unacceptable, because the bunch laser needed to be as stable and as 

constant as possible. The problem was attributed to the electro-optic modulator (EOM), and 

required the installation of a feedback loop to correct for the power trend (7). As a result, the 

PSL was sent back to the manufacturers for repair. Recently, it was returned to be re-tested, 

because the previous issues had been resolved. This report will explain the progress made in the 

characterization of the PSL after the repair of the laser system, and the new issues that will need 

to be addressed prior to replacing the GE-100 laser in NML.  

Methods 

Picosecond Fiber Laser (PSL) 

The PSL is potentially a more stable upgrade to the GE-100 laser and it will be the laser used in 

the New Muon Laboratory as the seed laser for the RF gun. This replacement has to major 

benefits: longer diode life time and decreased jitter. The PSL unit is proposed to have a diode 

lifetime of 50,000 hours which is 10 more than the GE-100’s 5000 hours. This will greatly 
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reduced the cost of the system and it will reduce the down time required for the diode 

replacement. 

This upgrade will also enhance the stability by decreasing the jitter in the pulse train. This is 

important because every fluctuation in the seed laser is reflected in the electron beam. This is 

why it is extremely crucial that the pulses remain as close to identical as possible in every aspect 

including pulse width, power, repetition rate, etc. It is also important because when performing 

tests, if is necessary to keep the environment identical throughout the experiment to reduce the 

amount of variables. If one aspect of the experiment changes regularly, than there is one more 

variable to keep track of and could completely alter the results of the test and the thus reducing 

repeatability. This is especially important when these tests are being done by clients or users who 

do not maintain the beam themselves. 

The final properties of the PSL are listed in Table [1]: 

Table [2]:Improvements from implementing the PSL 

Desired Specifications Value 

Pulse width  4.9 ps  

Wavelength  1053.15 nm  

RF in 1.3 GHz 

Output power 50 mW 

 

The laser cavity contains a Ytterbium diode fiber amplifier (YDFA). There are some significant 

advantages that accompany the use of a Ytterbium doped gain medium. Some of these 

advantages include the ability to amplify pulses to a much higher energy, an effective 

amplification between about 975 to 1200 nm, high efficiency of output power, wide range of 

pump wavelengths which allow for the option of being pumped by a diode laser (8). In this case, 

the YDFA is pumped by 1054 nm. The cavity also houses an output coupler that emits the 

amplified light, an electro-optic modulator that modulates the losses of the cavity to support 

mode-locking, and a filter to regulate the linewidth. The pump laser which is a 980 nm diode 

laser can be manually adjusted via the pump current by turning the knob on the front panel. 

 
Figure [3]: Front Panel of PSL. 
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The pump current and the modulator bias can be set to achieve optimum mode locking. Mode 

locking is the means by which the laser can create ultra-short periodic pulses (refer to (7) section 

on mode locking).  

 
Figure [4]: Simplified schematic for the PSL (9).  

 

Electrical Pulse Generator (EPG) 
The second addition to the upgrade, the electrical pulse generator selects the 81.25 MHz 

harmonic pulses to progress to the low dispersion amplifier. It also provides pulse width control 

between 50 to 200 ps, a tunable repetitions rate, an output amplitude from 0.5-7 V, and a very 

small amount of added jitter (10). Final output power of these selected pulses will be about 1 

mW. No issues were encountered when using this device, but the amplifier did create a potential 

issue that will be addressed later in the report.    

Low Dispersion Amplifier (LDA) 
The low dispersion amplifier is the final addition to the upgraded seed laser system. The 

desirable specifications of this amplifier include an average power from -3 to 10 dBm (11). The 

desired output power is about 1 W. 

When the 81.25 MHz pulses travel to the amplifier, amplified spotaneous emission (ASE) effects 

occur allowing for another wavelength of light to be emitted. This ASE light is being amplified 

along with the 1054 nm pulses, and can increase over time to become a potential danger. The 

most probable reason for this is because the amplification stage is too long, and ASE has time to 

develop. Fortunately there are solutions for this issue that will be discussed in the Future Work 

section. 
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Figure [5]: Actual setup. 

Measurements 

Power:  

The power was the most important measurement that impacted the decision to return the unit 

back to the manufacturers in 2010. Therefore it was important to measure the power fluctuations 

this year prior to receiving the PSL. These results were completed during a visit to the company 

to verify the properties and the results were very promising. 

Mode Locking Performance 

The PSL is designed to actively mode-lock to longitudinal modes of the laser cavity. 

Longitudinal modes are the standing wave pattern produced in a cavity with a length that is a 

multiple of half of the wavelength. 

    
  

 
 ( ) 

Where L is the length, n is an integer, and    is the wavelength. Therefore to lock to one of these 

modes, one would need a cavity of appropriate length and a phase lock loop to support the 

achieved mode locking (12). The difference between good and bad mode locking are depicted in 
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Figure [6] and [7]. As shown in these figures, good mode locking displays a narrow spread of 

sampling points; where as poor mode locking shows a wider spread. 

 
 

 

Figure [8]: Good mode locking diode trace. Figure [9]: Poor mode locking diode trace. 

 

For this mode locking task, the laser provides a phase lock loop that receives four inputs locking 

it to 1.3 GHz: the PZT cavity control, the phase shifter, the modulator bias voltage, and the 

temperature control. 

The phase lock loop controls the length of the PZT cavity for mode-locking. It requires RF and 

phase shifter inputs. The PZT cavity control adjusts the length of the cavity to the appropriate 

length for mode locking. The phase shifter adjusts the phase of the RF signal being inputted into 

the PSL. This should be set to achieve optimum mode locking. The electro-optic modulator 

(EOM) is controlled via the modulator bias voltage. 

The PSL’s EOM modulates the losses of the cavity to support mode-locking. The modulator 

effectively allows for the destructive interference of modes of the wrong frequency. The EOM 

consist of a Lithium Niobate (LN) waveguide that can change its refractive properties from an 

applied voltage. The laser beam travels through the EOM and is split into two, then an RF 

voltage is applied at 1.3 GHz. When a voltage is applied across the LN, the wave shifts in phase 

depending on the voltage, therefore when the RF voltage is applied the phases of the separated 

laser paths shift such that they will interfere to create pulses at the RF frequency (13). The PSL 

also offer feedback modulator bias control to automatically set the appropriate voltage to be 

applied on the modulator.     

Lastly, temperature fluctuations also have a significant impact on the cavity length, so the PSL 

implements a temperature control to keep the system regulated at 36 . 

Phase Noise 

The mode locking process of the PSL is very crucial when attempting to lock to a certain 

frequency for a pulsed laser. Retaining this lock on the desired mode also deals considerably 

with the synchronicity between the laser cavity, the RF source, and the modulator. There are 
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many components at A0PI that need to remain synchronized for the production of photoelectrons 

made for user research. This is the reason why there is a Master “clock” that keeps absolute time 

in this facility. This is known as the Master oscillator, and it generates a reliable 1.3 GHz signal 

accessible to many electronics at A0PI.  

Though these signals all have access to the reference, the main issue arises from keeping all the 

signals in tune, and correcting even that slightest of deviations from the master. It is an 

unfortunate fact that all signals have a tendency to drift in frequency and in phase relative to an 

absolute, therefore there is always a great necessity to measure and correct for these deviations. 

Systems that accomplish this are generally called phase lock loops and even lasers, especially 

pulsed lasers, require this capability when generating uniform pulse trains  (14).  

The technical term for random deviations from the master signal is jitter. Jitter is a property that 

needs to be minimized and corrected since it is inherent. In reality, there are always a lot of 

factors that are causations for jitter. Creating an unstable pulse train causes lower efficiency in 

pulse production and undefined behavior and properties in the final electrons produced. 

Therefore the main reason behind minimizing jitter is to keep the setup predictable so the 

measurements and results are easier to come by and are more reproducible.  

Jitter can also be quantified as phase noise over short term measurements. Phase noise is caused 

by ―random FM and AM modulations (15)‖ on a signal. In relationship to a mode-locking laser 

like the PSL, phase noise and jitter disrupts the pulse train which can randomly affect the pulse 

spacing, pulse repetition rate, and pulse width. The laser power gets distributed to other 

frequencies rather than the desired frequency. Also, since these modulations are randomly 

distributed around the desired frequency or phase, it can be expressed in term of an average of 

RMS volts.  

Phase Shift Detection 

Phase noise can also be quantified by phase shift over a long term scale. The detection technique 

used at A0PI utilizes a band-pass filter to isolate a 1.3 GHz harmonic of the pulse signal and 

reads it along with a master 1.3 GHz into a phase detector. The phase detector determines the 

phase difference between the two signals and applies XOR logic to determine whether or not to 

emit a signal proportional to the difference of the phase of the two signals. The phase difference 

at the time of detection is a summation of the initial phase difference and the frequency variation 

integrated over time and is quantified in mV. Phase noise and phase shift measurements are 

shown in the results section of this report. 

But why was the 16
th

 harmonic of 81.25 GHz tracked rather than 81.25 GHz itself? The reason is 

for better phase measurement accuracy. At 81.25 MHz there is amplitude noise and phase noise 

that are indistinguishable. 1.3 GHz has 16 times the accuracy than 81.25 MHz, because it is the 

fundamental mode of the cavity. Referring to the phase noise measurements in Figures [10] and 
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[11], the RMS volts refers to the amplitude and phase noise rather than just phase noise therefore 

it is less accurate.  

 
Figure [12]: Phase shift detector from Wilbert Samuel Rossi’s laser phase and jitter study schematic (14). 

Results & Discussion 

PSL Results 

The first and most important test was to determine whether the power issue from 2010 had been 

resolved and Figure [13] shows the result of this test. The power remained stable over a period of 

24 hours so the testing could proceed. 

 

 
Figure [14]: Power. 

 

The next few tests check the operating conditions of the PSL. Adequate mode locking was 

achieved prior to each test as verified by the narrow thicknesses of Figures [15] and [20]. 

Similarly, the wavelength of 1054 nm was verified by Figure [16]. The RMS jitter for the PSL is 

considerably less than 500 fs which is the jitter in the time bandwidth GE-100 system (Figure 

[17] and [19]).  
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Figure [15]: PSL diode trace displays a relatively good mode-lock. 

 

 
Figure [16]: RF spectra center around ~1054 nm. 
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Figure [17]: Phase noise where the RMS jitter is 218 fs. 

EPG Results 

 
Figure [18]: Pulse trace after EPG (pulse picker), where the time between pulse is ~12 ns or 81.25 MHz. 

~12 ns 
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LDA Results 

 
Figure [19]: Phase noise with an RMS jitter of 355 fs. 
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Figure [20]: Pulse trace after LDA displays a mean pulse 376.65256 m, and standard deviation 

of 3.687m. 

 

 

 
Figure [21]: Amplified laser power. Shows very little 

fluctuations.  
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Figure [22]: Amplified spectrum shows peak at 1054 nm and some ASE peaks to the left of that. 

 

After some warm-up time, the phase remain stable with less than 0.6 ps change over 8 hours 

(Figure [25]).  

 

An issue that arises after the light travels through the LDA is ASE. As shown in Figure [22], the 

spectrum shows a large amount of ASE and unfortunately these effects cannot be ignored. The 

LDA’s amplified spontaneous emission (ASE) has the potential to increase drastically. This 

occurs because the amplification stage is too long, and may need to be shortened or amplification 

reduced. Even though, it is not difficult to dampen the ASE, it will still contribute to noise which 

is also another unwanted side effect. This is the primary reason why the amplifier unit must be 

sent back to the manufacturers to correct the problem. 
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Figure [23]: Phase drift displays that it was large over first 3 hours, but then flattens out for the next 8 

hours. *conversion 50 mV/ps 

Future Work 
Since the future goal is to move the laser into NML, then tests will continue to be run until then. 

Most importantly, the LDA has to be fixed and the ASE removed. Only then can final 

characterization be completed on the finished system. The proposed solution is to pre-amplify 

the signal prior to the LDA. The amplification stage has too long a duration and ASE develops, 

but this amplification can be shorted by amplifying in stages. Then the LDA amplification can be 

reduced and ASE diminished. 
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