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ABSTRACT

The spatial uniformity of the sensitivity of EG&G DT110 silicon photodiodes to radio-frequency amplitude-modulated laser light was characterized. By raster-scanning the diodes under a
beam much smaller than the diode, and recording the resulting signal variations from the detector,
maps of the diode sensitivity were created. The fractional RMS fluctuation of the sensitivity was
–4
6 ± 1 ×10 , with a parabolic variation around the center of the diode as the principal component.
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Silicon photodiodes are widely used to measure the intensity of light, due to their large
dynamic range, fast response, high quantum efficiency, and ease of calibration. Knowledge of the
spatial uniformity of the photodetector is important for many measurements, for example due to a
need for high calibration precision1, or due to changes in the beam position or intensity distribution on the photodiode leading to unintentional cross-coupling from spatial changes to measured
photocurrent. Integrating spheres are often used to give independence of the measurement to the
illumination pattern, but with a significant loss in overall optical efficiency. Measurements of the
uniformity for steady-state signals have been made,1, 2, 3, 4, 5 but many applications use radio-frequency intensity modulation to carry the information on the light beam,6, 7, 8 and the spatial uniformity at these frequencies is the subject of these measurements.
Our specific application is the interferometric detection of gravitational radiation in the context of the LIGO Project9, where spatial non-uniformity of the photodiode can allow scattered
light to become a source of noise in the detection system12. The intensity at the antisymmetric port
of a Michelson interferometer, held at the minimum of intensity, is measured with a photodiode.
A TEM 00 gaussian laser beam is used to illuminate the interferometer, and a phase modulation
system10, 11 is used to interrogate the interferometer to measure minute changes in the position of
the interferometer’s optical components. Light can scatter out of the main illuminating beam due
to imperfections in the optical components, and through subsequent scattering (e.g., from a baffle
in the vacuum system) can fall onto the photodetector, either by scattering directly onto the photodetector, or by recombining with the main beam at an optical surface. Light which recombines
with the main beam has, in general, a negligible TEM 00 component, but can be described as a
superposition of higher order TEM nm, n, m ≠ 0 modes. If the photodiode response is perfectly
uniform and the photodiode is large (compared to the beam size), then the scattered light is
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orthogonal to the principal TEM 00 beam, and the overlap integral between the two will be zero
due to the orthogonality of the different modes. Plane waves which scatter from e.g., a baffle onto
the detector at an angle also have a spatially varying phase across the surface of the detector
whose overlap integral with the main beam will approach zero if the detector is uniform. If, however, the photodiode response is spatially non-uniform, then this non-uniformity acts as a crosscoupling term between the scattered and principal light, and interference terms will lead to a sensitivity to these undesired paths.
Since length and angle detection in LIGO will be performed with light which is modulated at
radio frequencies (RF), this experiment measured the response of the photodiode to light with RF
amplitude modulation. These measurements were performed at 2.6 MHz, which was chosen for
convenient modulation and demodulation.
Figure 1: The Experimental Setup
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To map the sensitivity fluctuations of the diode, it was raster scanned under a laser beam
which was intensity modulated at 2.6 MHz; changes in the output level of the scanned diode were
interpreted as changes in the sensitivity. The intensity modulation was impressed on the light with
an acousto-optic modulator, and the power in the 2.6 MHz band was kept constant with a feedback loop which monitored the light level with a stationary reference diode. To decrease the sensitivity to changes in the light level, and to better utilize the dynamic range of the electronics, the
signal we examined was the difference of the scanned and reference diodes.
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The experimental setup had several elements: the intensity-stabilized illumination source, the
intensity modulator, the photodiodes and scanning system, the signal amplifiers and demodulators, and the data acquisition system. The layout of the experiment is shown in Figure 1, above.
The illumination source was a 1.3 mW He-Ne linearly polarized laser (PMS model STP 1M),
enclosed in a thermally insulated box. The light was passed through a cleanup polarizer to insure
that any variation of the polarization vector would result only in amplitude modulations at the
beamsplitter. The light beam was mechanically chopped at 900 Hz to narrow the equivalent bandwidth of the measurement.
A servo loop using an Acousto-Optic Modulator (AOM) as actuator was used to keep the
intensity of the beam delivered to the experiment constant to about 0.1% over the period of one
scan. The light level is measured by the reference diode and the servo compensator drives an electronic attenuator for the 80MHz signal to the AOM. By varying the RF power driving the AOM,
the intensity of the diffracted beam can be controlled. The loop had a single pole at 1Hz and an
open loop DC gain of 80.
Using lenses (not shown in Figure 1), the beam size was optimized for the passage through
the AOM and the other optics. The final focussing optics were chosen to give a beam spot size at
the diode of 280µm ( 1 ⁄ e 2 diameter). The grid spacing for the measurement points was 211µm;
this ratio insured that each data point was a good average of the portion of the diode being measured, so as to avoid aliasing of higher frequency spatial information.
To generate the intensity modulation at 2.6 MHz, the 80 MHz signal was mixed with a DCbiased 2.6 MHz signal, generating a signal at 80 MHz with a 2.6 MHz envelope, which was then
applied to the AOM. This caused the diffracted beam from the AOM to be amplitude modulated
at 2.6 MHz. The diffracted beam from the AOM passed through another clean-up polarizer, a
waveplate (to adjust the linear polarization angle), and a polarizing beamsplitter. In this way, the
balance of light between the diode being scanned and the reference diode could be adjusted.
All photodetectors used in the experiment were EG&G DT110 silicon photodiodes with the
protective window removed (to eliminate effects of parasitic interferometers and inhomogeneity
in the glass). The EG&G DT110 is a planar diffused, oxide passivated silicon photodiode with a
circular active area of 1cm2 (diameter of 1.13cm.) Each diode was mounted on a small box containing the amplifier circuit shown in Figure 2. An inductor forms a resonant circuit with the
capacitance of the photodiode. This tuned circuit has a Q of 20, centered at 2.6 MHz. A voltage
follower drives the 50Ω output line. The diode is reverse-biased with -128 VDC, which improves
the diode response time, and has been shown to improve spatial uniformity at DC14.
Two detectors were used for a given measurement: the device under test (the scanned diode)
was moved under the beam and mapped by the experiment, and the reference diode, which
remained stationary with respect to the beam and was used to monitor the light level.
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Figure 2: Diode detector and amplifier
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The scanned diode and its preamplifier were mounted on a computer controlled x-y stage.
The stage was moved in a square grid pattern with 44 data points along each side. After the diode
was moved to a given location, the computer waited 0.1 seconds for the filters to settle, then
recorded the differential scanned diode signal and the reference diode signal. The entire assembly
of the final optics, the diodes and x-y stage were contained in a light-tight RF-shielded box.
The reference diode served two purposes. First, it was the detector for the servo system used
to keep the intensity at the beamsplitter constant. Second, it acted as a reference level for the
scanned diode, allowing the measurement of the scanned diode to be a differential, rather than
absolute, measurement. Since the sensitivity variations were only about 0.1% of the overall sensitivity, a differential measurement scheme allowed better utilization of the dynamic range and resolution of the electronics and data acquisition system. In addition, this differential measurement
technique made the experiment much more resistant to any residual light level fluctuations. Note
that this scheme gives the system a second order sensitivity to phase shifts in the RF amplifiers.
The differential measurement was accomplished with a simple RF subtraction scheme which
suppressed the large DC offset from the scanned diode; the recorded signal is the difference
between the scanned diode and the reference diode, with the subtraction performed by a balanced
RF transformer. The RF phases of the input signals are matched by varying coaxial cable lengths,
and by tuning an adjustable “trombone” delay line. The amplitudes of the signals are balanced by
adjusting the waveplate proceeding the beamsplitter. At the beginning of each data run the beam
was centered on the scanned diode and the apparatus adjusted so that the signal out of the differencing circuit was negligibly small.
The signal from the differencing circuit went to an amplifier/mixer box13 to mix the signal
down from 2.6 MHz, and then to a lock-in amplifier, which mixed down the 900Hz chopping to
the baseband. The output of the lock-in was low-pass filtered at 10 Hz before being recorded by
the data acquisition computer (Concurrent model 6400 with an EF12M 12 bit data acquisition
board).
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In addition, the reference diode signal without differencing was also demodulated at 2.6 MHz
and at 900 Hz as above. This signal was the reference for the intensity servo loop, and was
recorded by the computer as a check on the system operation.

5

LIMITS OF THE MEASUREMENT SENSITIVITY

5.1. Instrumental Noise
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To characterize the operational measurement noise, a series of “stationary scans” were made.
A stationary scan was just like a data run, except the motor drives are disconnected, so that the
scanned diode does not actually move. In this case, the signal should be perfectly constant, since
one is continually measuring the response of the same point on the diode. Figure 3 shows a series
of 8 sequential stationary data runs. Two kinds of noise can be seen in these data. There is some
apparently stationary random measurement noise, so that repeated measurements should improve
–4
the signal-to-noise ratio. This noise has a fractional RMS level of 1.3 ×10 , and determines the
sensitivity of our measurements. In addition, there are non-stationary changes in the signal, on the
order of ten times the RMS noise, which occur once per 1-2 hours. These fluctuations must be
recognized and excluded from the data, or they will improperly influence the results.
Each data run consisted of many scans of the diode. In order to identify and reject the infrequent non-stationary events, all the scans were averaged together, and the difference between
each individual scan and the average scan was computed. The residuals of scans which were
afflicted show large structural elements above the expected stationary noise, and these scans were
excluded from further processing. Even if the scan looks quite rough (as is the case with the dusty
photodiode, see Figure 8), one can say with confidence that the map accurately reflects the surface features of the diode, and is limited in sensitivity by the stationary noise.
The scanned diode was mounted on the amplifier box so that it was simple to rotate the diode
by 180 degrees. As an additional test of the validity of the data, measurements were taken with the
diode in both orientations, and then compared. The resulting measured structure rotates by 180
degrees, indicating that the structure is due to the photodiode non-uniformity.
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Deviation from minimum sensitivity

Figure 3: Stationary run. Eight sequential data runs
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To determine the absolute sensitivity, the signal from the scanned diode was attenuated by a
known amount (1.0 dB) and the output signal level recorded. Thus, 10.9% of absolute sensitivity
was measured, allowing a scaling to be done for the scanned maps. The largest systematic error in
our measurements is in the determination of the absolute magnitude of the average sensitivity,
since the data were recorded as differential measurements. We estimate the absolute amplitude
measurements to be no more accurate than ± 7 %, which influences directly the uncertainty in the
numerical value of the non-uniformity we deduce. We are interested in the spatial uniformity, not
the average sensitivity, so errors in the absolute calibration are not critical to our application.
One anticipated limitation to the sensitivity of the measurement is the shot noise in the photocurrent. The fractional variation in a photocurrent IDC in a one hertz bandwidth is given by
δi ⁄ I RF = ( 2 2eI DC ) ⁄ I RF . For these measurements, the average photocurrent was 370 micro–8
amps, leading to a fractional variation of 5.8 ×10 in a one hertz bandwidth. The modulation/
demodulation systems modify this by a small factor of order unity. This fundamental limitation is
much smaller than the technical limitations discussed above, and can be neglected as a contribution.
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5.2. Dust
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It became apparent that dust was a problem from preliminary measurements. Figure 4 shows
two data runs on diode 1, separated by an interval of two days, in which dust particles appear as
narrow peaks. (These surface maps are inverted to better show the loss of sensitivity at particular
pixels, and so a vertical increase indicates sensitivity decrease.) To alleviate this problem, a
HEPA-filtered air source was added for the cooling of the metal box shielding the scanned and
reference diodes. This greatly reduced the rate of dust accumulation.
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Figure 4: Two data runs of Diode 1, about 2 days apart, showing dust accumulation. Note
that the right picture contains the peaks from the earlier picture plus many additional ones.
Initial data run of diode 1
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RESULTS
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Data were taken from one “mostly” clean diode (diode 1), two clean diodes (diode 2 and
diode 3), and one “dusty” diode; each diode was scanned 15 to 30 times per run. All the analysis
was done on a 32 by 32 grid of points taken from the center of the active area. The grid points
were 211µm apart, so the measured square was 6.52 mm on a side, almost the largest square
which could be inscribed on the diode. The square’s diagonal was 0.82 of the diode’s diameter.
The results from the clean diodes were very encouraging: the measured spatial variation in
–4
sensitivity was 6 ±1 ×10 of the average sensitivity (see Table 1), and the form and magnitude of
the spatial response variations of diodes 1, 2, and 3 were essentially similar (see Figures 5-7).
By examining the three surface maps of the three clean diodes (Figures 5, 6, and 7, below), it
is apparent that there is structure in the sensitivity of the diodes. The vertical scale on all the maps
is given as the deviation from the normalized maximum sensitivity. Specks of dust cause dips in
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the sensitivity, where the amplitude of these dips is not bounded by the -.005 amplitude vertical
scale limit. The diodes are most sensitive near the center and gradually lose sensitivity near the
edges. One can fit a paraboloid to this response curve with a coefficient of
– 4 sensitivity-ö
– 10 ± 2 × 10 æè ------------------(see Table 1), and when the best fit paraboloid is removed from the
mm 2
–4
–4
data, the RMS of the residual is between 1.4 ×10 and 2.3 ×10 , essentially the noise limit of
the measurement, implying that structure on the small spatial scale is still beyond the measurement precision of our apparatus. The curvature of the sensitivity is consistent with some DC measurements.4, 14 The RMS variation in sensitivity from the average sensitivity and the curvature of
the best fit paraboloid is shown in Table 1, below, for each of the diodes. Some points on the
diode were contaminated by dust which dramatically decreased the sensitivity. To calculate the
dust-free RMS variation, these points were removed from the list of data, and the RMS of the
shortened list was then calculated.
Table 1: RMS of Sensitivity Deviations for Diodes
Diode

RMS
dust free

RMS

æ sensitivity
------------------------ö
è mm2

5 ×10

–4

– 9 ×10

–4

7 ×10

–4

–12 ×10

–4

6 ×10

–4

– 8 ×10

1

10 ×10

2

8 ×10

3

6 ×10

–4

curvature

–5
–5

–5
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For comparison, Figure 8 shows the map of a diode which was exposed to a dusty (class
~10,000) environment for several weeks. The dust accumulated on the surface completely dominates the map, with the measured structure quite repeatable. The RMS variation of this diode was
–4
–4
14 ×10 , while the RMS of the residuals (single scan - average scan) was only 3 ×10 . Dust can
evidently easily dominate the spatial non-uniformity of the response of an exposed photodetector
surface.
Power spectra of the two cleanest diodes were also computed. The Fourier transform of the
sensitivity was calculated by averaging the power (amplitude squared) of the Fourier transform of
each row and column of the 32 by 32 grid. The power spectra from diodes 2 and 3 are shown
below in Figure 9. The best fit line shows the power falls off roughly proportional to the spatial
δi ( f ) 2
frequency squared, i.e., æè -----------ö ∝ f ( –2.2 ) until the measurement falls into the noise. Note the
I DC
apparent vertical scale difference; this may be consistent with the limited precision of our absolute calibration.
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7

CONCLUSIONS

The spatial variation of the sensitivity of EG&G DT110 silicon photodiodes for radio-frequency (2.6 MHz) amplitude-modulated 634 nm laser light was measured and found to be quite
–4
small. The fractional RMS fluctuations of the sensitivity were 6 ± 1 ×10 , with a parabolic variation around the center of the diode. For presently planned interferometers for gravitational-wave
detection, this places the effect of recombination of scattered light at the photodetector well below
other noise sources.
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Figure 6: Surface Map of Diode 2
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Figure 7: Surface Map of Diode 3
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Figure 8: Surface Map of Dusty Diode
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Figure 9: Power Spectrum of Diode 2 and 3
Power spectrum of Diodes 2 and 3
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