Summary of work performed in Cates' lab at UVa: 3/10/2009  -3/13/2009

Dave G. and Mark Dalton

During the week of 3/10/2009 Mark Dalton and | performed several tests, building FP cavities of
low to moderate finesse locked to a Coherent Verdi laser to demonstrate the "proof-of-principle"
required to pursue this technology for the Hall C Compton polarimeter.

In brief, we found that it was straightforward to build and lock cavities with gains > 100 with a
relatively simple setup. It is not clear from our tests what the ultimate gain limit might be, but we
were able to achieve cavity gains on the order of 300, albeit with a less stable lock.

Some definitions of cavities:

1. CVI-Virgo mark 1:

Input coupler = CVI 1 inch mirror with R,,m=98%, Radius of curvature= 1m
Output coupler = Virgo 7 mm mirror Rpgm=99.9%, flat

Cavity length=98 cm

2. CVI-Virgo mark 2:
Same as mark 1 with both mirrors more thoroughly cleaned.

3. Virgo -27:

Input coupler = Virgo mirror with Rnom=99.9%, Radius of curvature=50 cm
Output coupler = Virgo 7 mm mirror Rnom=99.9%, flat

Cavity length=27 cm

4. Virgo -45
Same as Virgo-27, but cavity length=44.5 cm

5. Virgo -44
Same as Virgo-45, but cavity length=44 cm.

6. Virgo -REO-44

Input coupler = Virgo mirror with Rnom=99.9%, Radius of curvature=50 cm
Output coupler = Research Electro-Optic (REO) mirror with Rnom=99.99%, flat
length= 44 cm

7. Virgo -REO-43
Same as Virgo-REO-44, length=43 cm

8. Virgo -REO-27
Same as Virgo-REO-43, but length=27 cm

The measured transmission of each mirror was as follows:

1. CVI, R=98%: Teas=0.0103

2. Virgo, flat: Treas=4E-4 (Tmeas=4.7E-4 after cleaning)
3. Virgo, rad.=50 cm: Teas=5.4E-4

4, REO flat mirror: Tyeas=1.5E-5



Power scaling tests:

Initial measurements were performed Tuedsay, 3/10/2009 using cavity 1 (CVI-Virgo mark 1).
P_verdi = nominal power out of Verdi laser

P_inc = power incident on cavity input coupler

P_trans = power transmitted out of cavity (locked)

Gain = (P_trans/T)/P_inc

P Verdi P inc P trans Gain
0.1wW 27.3 mwW 1.0 mW 91.6
0.2W 56.6 mW 1.5 mw 66.3
2.0 mW (better lock) 88.4
0.5WwW 145.0 mW 4.5 mw 77.6
5.0 mW (better lock) 86.2

The maximum power was limited by poor transmission through the EOM (80%). This could easily
be fixed with a better mount.

At the largest input power, the power stored in the cavity was about 12.5 W.

Cavity variation tests:

Next, we built a series of cavities with goal of varying the cavity linewidth, finesse, and gain.

As described in Chapter 5 of R. Loewen's thesis (SLAC-R-632), from knowledge of the input and
output mirror transmissions (T1 and T2), the incident power (Pinc), the power reflected from and
transmitted through the cavity when on resonance (Pref and Ptran) one can extract:

b = 1/(T1+T2+L1+L2) = Ptran/(Pinc*T2 + Ptran*T1-Prefl*T2)

From b, the cavity finesse immediately follows:

Finesse = 2*pi*b

as well as the Gain:

Gain = 4*T1*b**2

The total cavity loss is then 1/b and the combined mirror losses

L1+L2 = 1/b-T1-T2

Finally, the laser power matched to the TEMg, mode of the cavity is:

Co = (Pinc*T2 + Ptran*T1-Prefl*T2)**2/(4*Ptran*T1*T2*Pinc)

Note that ¢, already accounts for the "impedance" mismatch that comes from non-optimal

reflectance matching of the cavity mirrors. In principle, ¢, should be 1.0 for a laser that is perfectly
mode-matched to the cavity (and assuming no linewidth issues - to be discussed later).




The extracted cavity properties are listed below:

Cavity Length | T1 T2 Pinc Pref Ptran | b F c0 L1+L2 | FSR Av Gain
(cm) (mW) | (mW) | (mW) (%) (MHz) (kHz)

CVI-Virgo mark-1 | 98 1E-2 4.0E-4 | 27.3 5.93 1.0 53.1 333.3 | 0.79 | 0.81 153.1 459.2 | 92
CVI-Virgo mark 2 | 98 1E-2 4.7E-4 | 26.8 5.93 1.6 60.9 382.4 | 0.83 | 0.57 153.1 400.3 | 127
Virgo-27 27 5.4E-4 | 47E-4 | 26.8 15.63 | 1.5 2475 | 1555 | 0.90 | 0.30 555.6 357.2 | 119
Virgo-45 44.5 5.4E-4 | 4.7E-4 | 26.8 18.36 | 1.0 227.7 | 1431 0.73 | 0.34 337.1 235.6 | 82
Virgo-44 44 5.4E-4 | 4.7E-4 | 26.5 18.39 | 0.8 190.7 | 1198 | 0.83 | 0.42 340.9 284.6 | 65
Virgo-44 (clean) 44 5.4E-4 | 47E-4 | 26.6 1763 | 1.1 228.7 | 1437 | 0.78 | 0.34 340.9 237.3 | 88
Virgo-REO-44 44 5.4E-4 | 1.4E-5 | 26.6 15.00 | 0.10 462.1 | 2904 | 0.58 | 0.58 340.9 117.4 | 269
Virgo-REO-43 43 5.4E-4 | 1.4E-5 | 26.6 12.40 | 0.13 483.3 | 3037 | 0.69 | 0.69 348.8 114.9 | 349
Virgo-REO-27 26.7 5.4E-4 | 1.4E-5 | 26.6 14.24 | 0.12 507.6 | 3189 0.58 | 0.58 561.8 176.2 | 325
Virgo-REO-27* 26.7 5.4E-4 | 1.4E-5 | 26.6 12.40 | 0.14 507.1 | 3186 | 0.67 | 0.67 561.8 176.3 | 373

Some comments:

Virgo-REO-44 was never able to lock cleanly, so the extracted gain, etc. may not be quite accurate.

Some cavities were disassembled to check transmissions etc. and then reassembled. That is the
reason for some small changes in geometry. In addition, the last cavity was never able to be locked
"cleanly”, so the last entry is my estimate of the gain and coupling correcting for the noisiness of

the lock.

We spent a lot of time attempting to optimize the feedback with the CVI-Virgo cavity. Plots of the
results of this work are below. Given the relatively noisy error signal coming out of the mixer, the
less than ideal mirror mounting, and the limited travel of the PZT used for the feedback, the locking
stability was remarkably good in some cases.

In the figure below | show 2 scope traces of the cavity locked. The blue trace is the transmitted
power on the photodiode (goes to zero when unlocked as in the trace on the right). The magenta

trace is the signal fed to the PZT driver from the NIST servo electronics, and the orange trace is the

error signal from the mixer going into the NIST servo.
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Finally - from the above, measured c, values | attempted to extract the intrinsic linewidth of the
Verdi laser.

At various points, Mark and | estimated the amount of power unable to couple into the cavity due to
improper mode matching. For the 1 m cavity, this was on the order of 20%, while for the shorter
cavities, it seemed to be more like 10%. Correcting the measured ¢, values above for the mode-
match mis-coupling, one can assume that the residual is due to the intrinsic linewidth of the laser
being too broad to couple to the cavity.

The corrected cq is shown in the figure below. The solid curve is my estimate based on a Verdi
linewidth of 131 kHz. The second plot below shows my attempt to extract the linewidth explicitly
this is derived using the convolution of the cavity linewidth with the laser linewidth.

There is a fair bit of uncertainty in this extraction i for example, there is some floor below which we

were insensitive to additional spatial modeswhi ch woul d i n turn i mpact my #fc
measured cp. The error bars on the two plots are intended to reflect this uncertainty to some

degree. In any event, this gives some hint as to the intrinsic laser linewidth.
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Appendix: Photograph

Just for fun, | include a photograph of a locked cavity below. Note that the stored power is rather modest
T on the order of 10 W at most.

This photo shows our CVI-Virgo cavity. The green light from the laser enters the cavity from the left. The
input coupler is a 1 inch diameter, 98% patrtial reflector from CVI while the mirror on the rightis a 7 mm
diameter mirror from Virgo Optics (now defunct) glued to a PZT.



