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Abstract 

We propose an experiment at Fermilab to study a conjectured effect called "holo­
graphic noise" that may arise from new Planck scale physics: the measured posi­
tions of bodies may wander randomly from ideal geodesics of classical relativity, in 
measurement-dependent directions, by about a Planck length per Planck time. The 
experiment will search for this holographic jitter in the relation of mass-energy and 
space-time by looking for correlated phase noise between two neighboring 40 meter 
interferometers. The goal of the experiment is to provide convincing evidence for or 
against the hypothesis that relative transverse positions of bodies display this particu­
lar new kind of quantum noise , whose power spectrum is independent of frequency and 
has a spectral density determined only by the Planck time. A positive result of the 
experiment would be a major step forward in understanding the emergence of space­
time and mass-energy from a unified theory of spacetime and quantum mechanics . A 
negative result will impact the macroscopic interpretation of unified theories. 
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A Introduction 

This document is a proposal for an experiment at Fermilab to study a new conjectured 
ph?slcal effect calle~ "holographic noise". The goal of the experiment is to provide convincing 
eVIdence for or agaInst the hypothesis that relative transverse positions of bodies display a 
particular new kind of quantum noise, whose power spectrum is independent of frequency 
and has a spectral density determined only by the Planck time. It could be described as the 
first high-frequency, time-resolved test of the equivalence principle with Planck sensitivity. 
A positive result of the experiment would be a major step forward in understanding the 
emergence of spacetime and mass-energy from unified theory. A negative result will impact 
on the macroscopic interpretation of unified theory. 

We plan to build two 40-meter power-recycled Michelson interferometers to be used in close 
proximity to each other. The signals from the dark ports of the two interferometers will 
be cross-correlated at frequencies up to 4 MHz, corresponding to the round trip light travel 
time. Separate lasers, vacuum systems , and detectors will be used for each interferometer so 
that conventional noise from these two completely independent systems can grow by at most 
the square root of integration time in the cross-correlation function. However, if holographic 
noise exists and causes a common jitter in the underlying space-time neighborhood that the 
two interferometers co-occupy, then the two devices will see this common source of noise. This 
correlated phase noise adds coherently in the cross-correlation function and grows linearly 
with integration time. It can be measured with;::::: 50" significance relative to the un correlated 
noise sources after 1.5 hours . The interferometers will be designed in such a way that , if 
there is a positive signal, they can be moved relative to each other to test the predicted 
variation of holographic correlation with space-time separation. The interferometers will 
likely be deployed in large leased space to allow these reconfigurations . 

Once the project is approved, we plan to prepare a Field Work Proposal to obtain funding 
from DOE. The construction cost (exclusive of scientist effort) is estimated to be under $2M, 
and is dominated by procurements for optics, electronics, and mechanical components. The 
estimated lead times for these purchases are all 10 weeks or shorter, so we allocate three 
months to the construction phase , which ends when all of the components are available "on 
the floor" of the operations space. For operations, we plan on six months to commission 
the interferometers , followed by up to 2.5 years to measure holographic noise and study 
systematic effects. 

A.I Holographic noise prediction 


The notion of a spacetime event is not easily interpreted in the context of quantum mechanics. 

For one thing, the notion of a pointlike event does not take account of the particle/ wave 

duality of quantum mechanics. For another, events themselves are not , even in principle, 

observable quantities , but are measured only by interactions of mass-energy. These issues, 

although studied for many years, still present a challenge to any theory that seeks to unify 

spacetime with mass-energy and quantum theory. 


For example , one well known paradox is that no quantum particles can exist in classical , 

3+1D spacetime above the Planck energy, because of gravity. A state of a particle spatially 
localized within a Planck volume lies within the Schwarzschild radius for its energy, behind 
an event horizon where it can never be seen. Some unified theories suggest that beyond the 
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Planck time, Apic == tp == VnG N I c;5 = 5.4 X 10-44 seconds, physics changes charac~er in 
some fundamental way, so that a 3+1D spacetime effectively behaves like it has a mllllmum 
length or a maximum frequency at the Planck scale. 
The theory of black hole evaporation, whereby a black hole state converts to free quantum 
particle states in flat spacetime , also suggests a fundamental bound at the Planck scale. The 
correspondence is remarkably precise: the entropy of a black hole , identified with the total 
number of degrees of freedom, is one quarter of the area of its event horizon in Planck units. 
This idea has led to the conjecture that all of physics may be "holographic", encoded in 
some way on null surfaces or light sheets at Planck resolution. However, there has been no 

experimentaJ test of this conjecture. 
In this proposal adopt a particular hypothesis about new Planck scale physics that has 
macroscopically measurable consequences. Specifically, we identify the Planck scale as a 
maximum frequency in any frame , and then assert that observable relative positions of bodies 
in that frame are entirely defined by wavcfunctions with t.he Planck frequency limit. The 
paths that connect events and the relationships of bodies in classical spacetime then have 
the same status as rays in optics: they are an approximate description of a configuration of a 
syst.em of waves. Rays have a fund ament.al indet.erminacy imposed by diffraction limit.s; t.he 
actual physical system, consisting of wave energy (or in this application, position probability), 
is not sharply confined into classical lines and points. A time-averaged classical metric does 
not capture these wavelike qualities . Just as in wave opt.ics , diffractive blurring of position 
in such a system can occur on observable scales much larger than the Planck length , given 
a macroscopic propagation distance to provide a suitably long lever arm. 

Specifically, we assert that information in measurable correlations between observables at 
t.wo events is limited to information that can be carried on Planck wavelength null fields 
over a light cone that includes both events, and that correlations of position observables 
are described by a simple effective theory based on wave optics (Hogan , 2008a,b; Hogan 
and Jackson , 2009 ; Hogan, 2009). The new indeterminacy arises because the wavefunction 
encoding the transverse component. of position spreads by diffract. ion. Just as in diffraction 
of classical waves, the resulting transverse position uncertainty of a system satisfies 

(T(L) ~ vAoLI (27r) (1) 

after longitudinal propagation over a length L , if this transverse information is encoded with 
minimum wavelength AO = 2Ap. The normalization of the minimum wavelength is implied 
by the black hole entropy-area relationship S = AI4GN = AI(2Ap)2. 

In the context of an interferometer , measurement of a phase signal collapses the position 
wavefunction of the underlying space-time. Random mode phases of waves with different 
frequencies lead to an indeterminate outcome that varies with time. The variations add a new 
kind of Planck amplitude noise to the signal like a bounded random walk of the beamsplitter. 
During the time it takes light to traverse an arm, the beamsplitter "wanders" transversely 
over a spatial interval approximately given by the geometric mean of the apparatus size and 
the Planck length. The wandering is correlated for nearby interferometers to the extent that 
their light cones overlap, because they must collapse into the same states. 

The effective theory of holographic noise based on the above principles is precisely calibrated 
using black hole entropy, and gives zero-parameter predictions (Hogan, 2009) for observables 
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Figure 1: A summary of the holographic uncertainty hypothesis. 
Top panel: A set of null wavefronts of infinite transverse extent with wavelength 2>' p defines a precise 
direction in space, a family of parallel paths. Plane waves in three dimensions can be used to define a 
classical spacetime at Planck resolution in three dimensions. The exact wavelength is chosen to match 
the known information capacity of a black hole event horizon. 
Middle panel: Suppose spatial positions of bodies are encoded on the wavefronts. Transverse local­
ization (within a wavefront) corresponds to a spatial wavepacket of a certain width, as indicated by 
the small vertical arrows. If the positions are localized on any wavefront , then the resulting transverse 
momentum spread (due to the Heisenberg uncertainty principle applied to Planck wavelengths) causes 
an uncertainty in angle, or in relative positions on different wavefronts. Transverse localization thus 
corresponds to a superpositioll of differellt rays, or families of paths. In each family the paths are 
still nearly parallel but differ from t.he classical reference spacetime of the first panel. In reality the 
transverse coherence falls off on a scale comparable to the path length , as the paraxial approximations 
break down. 
Lower panel: vVhen a measurement of transverse position is made, it. fixes a classical t.ransverse posi­
tion, chosen from the distribution described by the transverse wavefunction. Relative to the reference 
spacetime, a continuously measured transverse position appears to execute a random walk of about 
Planck length per Planck time, shown here as a wandering of matter in the wavefront plane. In an 
interferometer of size L, the random walk seen in the signal is bounded by the time 2L/c, because 
wavepacket spreading over longer time intervals is not measured. In other words, on short time scales 
less than the light travel in the arms, the beamsplitter has a transverse jitter with respect to the beam 
corning from the end mirror, but on longer time scales, the beamsplitter and end mirror undergo a 
common correlated transverse motion. 
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Figure 2: Neighboring interferometers will experience correlated phase noise if the causal light cones 
of the reflection events in each device have significant overlap. In this diagram, the horizontal plane 
represents the plane of the interferometer arms, and the vertical axis represents time. The green dots 
represent reflection events a t the beamsplitters , BS , and the end mirrors, 1ifl and M2. The causal 
diamond is the intersection of the past light cOile of one beamsplitter reflection event, shown here, 
a.nd "he fut.ure light cone of anot.her (t.he reflection of the cones drawn here t.hro ugh t he horizontal 
plane). The measured signa l is only correlated with events in the enclosed spacetime volume. On the 
left , the two interferometers are separated and their causal diamonds do not overlap. The space-time 
wavefunctions of the two beamsplitter positions collapse into independent states when the dark port 
photons are measured , and there is no correlation between the phase noise seen in each interferometer. 
On the right , for two neighboring interferometers, the spacetime volume enclosed by the causa l diamond 
overla.ps considerably, so the two beamsplitter wavefunctions collapse into nearly the same space-time 
state and their random walks are highly correlated. The resulting correlated phase noise is expected 
to decrease monotonically as the two interferometers are moved apart. 

For small displacements of two aligned interferometers offset along either ann by b.L, the 
cross correlation of effective beamsplitter position is estimated to be 

(Ap/,rr)(2L - 2b.L - CT), o< CT < 2L - 2b.L (7) 
0, CT > 2L - 2b.L. (8) 

In the frequency domain, the low frequ ency limit of cross-correlation becomes 

f « c/2L. (9) 

The holographic interferometer experiment proposed here t ests these predictions. Either a 
positive or a null result should throw light on the little understood macroscopic classical 
limit of unification theories . 

A.2 Comparison with other experiments 

No experiment has yet been done to search specifically for holographic noise. However, two 
existing gravitational wave interferometers may be capable of detecting the effect as a new 
noise source, and we have obtained information about their results. 

The GEO-600 interferometer has had "mystery noise" which has limited their strain sen­
sitivity for about two years. The holographic prediction approximately accounts for all of 
the unexplained noise at frequencies above about 500Hz, its most sensitive frequency. At 
that frequency, the mystery noise is about 30 percent of the total noise. GE0600 is in the 
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Figure 3: Predicted frequency spectrum of holographic noise displacement l~(f) for a single Michel­

son interferometer with L=40m. Because the holographic signal (Equation 5) adds in quadrature to 
the noise of a single interferometer and is subdominant, this spectrum is difficult to measure cleanly in 
an individual interferometer. Instead, we will measure the cross-correlation of the noise ~x (f) (Equa­
tion 9) in two interferometers operated in close proximity. The component of the noise product due to 
the holographic jitter of the common underlying spacetime will sum coherently and grow linearly with 
time, while the product of the uncorrelated random noise in the two devices will sum with a random 
phase and grow only as the square root of time. In this way, the correlated noise can be easily isolated. 
For 6£ --> 0, the normalization ~ x (f) = ~(f) . Using 1064 nm photons, the corresponding phase noise 
spectral density is <Pholo "" 6 X 10- 14 radians/ JRz, a level easily probed with a modest requirements 
on interferometer design and integration time. 
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With these parameters , each interferometer achieves a phase noise sensitivity of ¢n(f) = 
10- 128 X radians/ VRz. The sampling time is 2L/c = 270 ns. For predicted holographic 

phase noise levels (see Figure 3 and appendix H) around ¢holo ~ 5 X 10- 14 radians/ VRz, 
Eq. 13 indicates that the observation time to achieve a signal to noise of unity is 3 minutes . 
Approximately 1/2 hour is needed to achieve a 3 sigma result in the holographic noise power. 

The proposed 40 m devices are similar to those successfully implemented in the Garching 
30 m and Caltech 40 m interferometers more than 20 years ago (Shoemaker et a1., 1988; 
Zucker, 1992), albeit with slightly tighter requirements on the optics, still well within the 
capabilities of current mirror coating technology. In fact, the gravitational wave problem is 
far more difficult than the interferometry required to detect holographic noise because of the 
focus on low frequencies. By ignoring the noise below 10 kHz, and focusing on holographic 
noise at higher frequencies, our holometers avoid the problems with thermal , seismic, and 
acoustic noise that dominate gravitational wave detector commissioning time. The detector 
construction is further simplified by the use of standard components for the lasers, optics , 
mounts and vacuum systems. Indeed, the holometer 's size, complexity and sensitivity a.re 
quite modest when compared to the prototypes from the gravitational wave community. 

Moreover , by using the cross-correlation technique, the correlated phase noise which forms a 
small fraction of the total shot-noise-dominated phase noise can be robustly isolated. This 
technique compares favorably to a single interferometer scheme in which various systematic 
uncertainties (laser power , efficiencies, gains) would have to be understood at the percent 
level to be able to convincingly measure small excesses in noise above the shot noise expec­
tation. 

C Interferometer design 

C.I Power Recycled Interferometer 

A power recycled Michelson interferometer senses the beam splitter motion as shown schemat­
ically in Figure 6. The Michelson topology senses only the differential motion of the beam 
splitter while rej ecting laser noise. The Michelson is operated close to a dark fringe: the arm 
lengths are controlled using feedback so that light from the two arms destructively interferes 
at the beam splitter's output port. The constructive interference at the input port looks, 
in effect, like a high reflector returning the light from the arms to the laser. The power 
recycling mirror (PRM) resonates the returned beam, storing the light in the interferometer 
ann multiplying the power incident on the beam splitter for a fixed laser power. The power 
recycled topology enables the 2 kW of laser power incident on the beam splitter required for 
reasonable integration times using low power commercial lasers. 

The interferometer has two length degrees of freedom, the common arm motion (CARM) 
and the differential arm motion (DARYl). The CARM error signal is derived from a. Pound­
Drever-Hall style RF detection at the REFL port using 25 MHz RF sidebands. The DARM 
error signal is derived using DC readout at the AS port , in which a small offset is intentionally 
introduced into the DARM length. The offset provides a static DC field so that there is a 
linear coupling of length to intensity at the interferometer output . In Figure 6, the output 
port has two photo-diodes for diagnostic purposes and for power handling. 
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Figure 6: The holometer optical layout is based up a low noise Nd:YAG NPRO laser producing 
2 W of 1,064 nm light. The light is intensity stabilized using a DC coupled photodiode, and the 
frequency is stabilized to the common mode arm length. The int.erferometer consists of a power recycling 
mirror, beam splitter, and end mirrors enclosed in an ultra high vacuum system. Although the readout 
photodiodes are shown enclosed in a vacuum system , initial commissioning will use in air photodiodes. 
The diagram also details the posit.ions of opt.ional subsystems - a fixed spacer reference cavity, laser 
mode cleaner, and power control - which will be installed as required . 

The interferometer has been modelled with the Optickle software package , paying particular 
attention to the DC offset and the PRM transmission. The Optickle input parameters are 
given in Table 1, note that a small arm length asymmetry is assumed in order to include the 
effect of laser noise couplings. Figure 7 shows the variance of key interferometer parameters 
as a function of the PRM transmission , TpRM , and the static DARM offset, 8x. The inter­
ferometer noise floor is determined by the quadrature sum of shot noise , Johnson thermal 
noise in the transimpedance resistor, and voltage noise for the first amplifier. 

Parameter 
Input Laser Power 
Arm length BS-EM 
Arm asymmetry (X-Y) 
PRC length PR-BS 
End Mirror Transmission 
Beam splitter Transmission 
AR reflectivity 
Mirror loss (PR, BS , EM) 
Differential arm loss 
Substrate loss 
Transimpedance resistor 
Voltage noise 

Value 
0.75 W 

40 m 

1 mm 

0.5 m 


10 ppm 

0.50 


10 ppm 

50 ppm 

25 ppm 

10 ppm 


100 ohm 


3 nV/VHZ. 


Table 1: Optickle simulation parameters used to estimate the TpRM and Ox. 
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Figure 7: Interferometer parameters as a function of the power recycling mirror transmission (y 
axis) and the arm cavity offset (x axis). The noise limited phase contours show the interferometer 
differential phase sensitivity assuming shot noise , e1edronics noise , and Johnson thermal noise of the 
transimpedance resistor are the limiting noise sources. The black diamond indicates a good operating 
point with T pRM = 1,000 ppm , and 6:r = 400 pm. For these settings the phase noise sensitivity is 
8.1 x 10- 12 radians/vlh, the beam splitter power is 2 kW, the AS port power is 11 mW and the shot 
noise signal is 1. 8 times larger than the dark noise. 

The simulated interferometer operating parameters of TpRM = 1, 000 ppm and Ox = 400 
pm, shown with a black diamond, are a compromise between phase noise sensitivity, rjJ(f) '" 
8 X 10- 12 rad / ffz, and tolerance for each mirrors specific values of loss and absorption. 
With the slightly over-coupled configuration shown here, the cavity will remain over-coupled 
even if the loss is higher than predicted. Equally important, the power on the beam splitter 
and output photodiodes is manageable, if not exactly comfortable. The 2 k W of beam 
splitter power is larger than the LIGO interferometers, and somewhat less than the 5 kW 
used by GEO. The 5 m W per photodiode can be managed with modifications to the diode 's 
DC gain described below. 

C.2 Interferometer response 

The interferometer frequency response, has also been modeled in Optickle for a realistic 
configuration with imperfect optics and arm lengths. The arms are modeled with a loss 
asymmetry of 25 ppm and a length asymmetry of 1 mm. At the operating point , the 
interferometer has a finesse of 6,200 and a corresponding cavity pole of 365 Hz. The transfer 

17 




functions shown in Figure 8 depict the length degrees of freedom to the respective sensors, 
including the cross terms. Of particular interest are the DARM to DC readout transfer 
function, showing a flat amplitude response with a phase delay, and the CARM to REFL_I 
signal showing the cavity pole. The two phases of the reflection error signal , REFL_I and 
REFL_Q, denote the In-phase and Quadrature-phase components of the RF demodulation 
in the PDH detection. The RF phase has been set so that the CARM error signal is in the 
In-phase quadrature by convention. 

halometer Sensing Matrix with L- offset 
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Figure 8: Transfer functions of the Holometer degrees of freedom to the sensing ports. The CARM 
and PR transfer functions to REFLI are idelltical in magnitude and differ by a delay ill phase, The 
DARM and BS degrees of freedom are fiat , while the CARM DOFs have a cavity pole at 365 Hz, 
corresponding to a finesse of 6,000. 

The cross terms in Figure 8 will determine the performance requirements of the CARM 
servo loop and the laser frequency and intensity noise servos. For instance, the Michelson 
topology suppresses the CARM contribution to DARM by 90 dB at 100 kHz. From the 
cavity pole at 365 Hz to 3.5 kHz , the CARM signal couples to DARM via the DARM offset 
with a 1/ j2 dependence. Above 3.5 kHz, the coupling arises from the macroscopic arm 
length asymmetry of 1 mm. Obviously, the CARM servo requirements are coupled to overall 
requirements on the interferometer configuration. A full noise budget analysis is required to 
specify the frequency, intensity, and DARM servos , 

C.3 Lock acquisition 

The very high interferometer finesse presents difficulties for lock acquisition because the 
CARM error signal is only linear over a few tenths of a picometer range , a fraction of the 
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cavity bandwidth. Fortunately, the DARM offset controls the effective transmission of the 
Michelson , thereby controlling the interferometer finesse. The CARM fringe and the RF 
error signal are shown in Figure 9 for a variety of DARM offsets. As the offset is varied from 
the operating point at 0.4 nm to an offset of 16 nm the interferometer finesse varies from 
6,000 to 600, easing the lock acquisition process. 
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Figure 9: The CARM fringe as a function of the DARM offset for variable finesse locking. The CARM 
fringe finesse varies from 6,000 for the 0.4 nm offset to 600 for the 16 nm offset. This feature will be 
used during lock acquisition. 

There are several difficulties associated with variable finesse locking that must be considered. 
First , the changing finesse shifts the cavity pole from 365 Hz at the operating point up to 
3.5 kHz for the largest offset as shown in Figure 10. Consequently the CARM servo must 
either have a very high bandwidth, a very low bandwidth, or compensate for the moving 
pole as the interferometer is brought into resonance. Second, the optical gain for the CARM 
degree of freedom decreases by the square of the change in finesse and may become electronics 
noise limited at large offsets, saturating the CARM actuation. Finally, as shown in Fig. 7 
the power on the AS photodiodes may exceed 0.5 W as the interferometer sweeps through 
critical coupling. The AS photodiodes will have to be protected with a shutter and the 
DARM DC signal sensed with a high-gain, Jow-power photodiode during lock acquisition. 

C.4 Laser 

A Nd:YAG, Non-Planar Ring Oscillator (NPRO) is the interferometer's input laser. Las­
ing at 1.064 p,m , the Nd:YAG NPRO has been used extensively in the gravitational wave 
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Figure 10: As the DARM offset decreases, the Finesse increases and the cavity pole moves from 
3.1 kHz for the 16 nm detuning to 365 Hz for the nominal 0.4 nm detuning. The optical gain increases 
from 150 to 190 dB W 1m over the same span. The CARM servo will have to compensate accordingly. 

and preCIsIOn measurement fields because of its inherent low noise (few kHz free running 
linewidth) and extremely high reliability (several NPRO's used in LIGO have operated con­
tinuously for more than a decade) . Commercially available NPRO 's range in power from 
0.5 '0.1 to 2.0 W . More costly Master-Oscillator , Power Amplifier lasers using an NPRO seed 
laser are available up to 35 W. The Optickle simulation above uses 0.75 W of input power; 
given normal optical losses a 1.0 W or greater NPRO is necessary. 

Although there are decades of experience using NPRO 's in low noise interferometers, those 
instruments are low frequency devices whose low noise band extends to 10 kHz. Of particular 
concern is the frequency and intensity noise at the laser's relaxation oscillation frequency, 
60-70 kHz, which lies outside the band of most current instruments. Furthermore, the laser 
in a gravitational wave detector or other precision experiment is filtered and stabilized with 
high finesse cavities to achieve shot noise limited performance. Consequently, the intensity 
and frequency noise characteristics of an NPRO in the holometer band from 10 kHz to 4 MHz 
are somewhat uncertain . Note that the differential readout of the Michelson interferometer is 
immune to laser noise to first order, however there may be excess coupling from imperfections . 
To deal with excessively high laser noise , the optical design in Figure 6 includes provision for 
an optional Frequency Stabilization Servo (FSS) and a Pre Mode Cleaner (PMC) . The former 
stabilizes the NPRO to a fixed spacer , high-finesse reference cavity with a high bandwidth 
servo, while the latter provides passive filtering of laser noise using a high-finesse cavity. 
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C.5 Detectors 

Commercial Thor Labs PD255 photodetectors have been modified for the holometer experi­
ment to have a gain close to 1/ 2 at low frequencies and about 50 above 100kHz when loaded 
with 50 ohms. The schematic diagram is shown in Figure 11. The transfer function of the 
detector has been measured with an AM laser light source and referenced to a fast New 
Focus photodetector. The transfer function of two detectors are shown in the left panel of 
Figure 12. The input voltage noise is approximately 3 nV /VHz with an input resistance of 
100 ohms. The shot noise from 2.8 milliamperes of photocurrent equals the input noise of 
the preamplifier. The shot noise as a function of intensity at a variety of frequencies between 
1 to 30 MHz has been measured with an Incandescent light source illuminating the detector 
through a low pass optical filter . The filter is opaque at wavelengths shorter than 8500A. 
The right panel of Figure 12 shows the results of these measurements. The noise exhibits the 
expected dependence but the absolute value is about 15% smaller than expected, possibly 
indicating some space charge storage in the detector. The detectors satisfy the requirements 
for the proposed holometer noise experiment for the initial phase where the detectors are 
placed outside the vacuum. 
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Figure 11: The schematic diagram of the modified PD255 phot.opreamplifiers. The modification 
consists of placing the 0.1 mfd capacitor in series with the 100 ohm resistors in the feedback paths of 
the LT1222 operational amplifiers. The capacitor limits the DC gain to 1/2 while keeping the gain 
above 100kHz at 50 when the amplifier is loaded with 50 ohms. 

C.6 Noise Sources 

Thermal noise in the transimpedance resistor and preamplifier noise Assume that 
we will be using RF components standard 50 ohm terminations. The thermal noise 
current generated by a 50 ohm resistor at 300 K is 2 X 10-11 amp/ VHz and decent 
amplifier input noise is 1 x 10- 9 V / VHz. The Poisson noise of the modulated light 
should exceed these values by at least a factor of 3. The photocurrent that can be 
modulated needs to be 3 milliamperes or larger. With InGaAS photodiodes that have 
a quantum efficiency of 0.8, the power hitting the photodetector should then be about 
4 milliwatts/ photodiode. With two photodiodes the antisymmetric power needs to be 
8 milliwatts. These back-of-the-envelope numbers agree well with the more realistic 
Optickle simulation results above. 
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Figure 12: Left: The optical transfer function of the modified detectors. The det.ector is illumi­
nated by an infrared laser AM modulated up to 70 MHz. The laser drive system has some frequency 
dependence so that a reference spectrum was taken with a fast 0.25mm New Focus photodetector to 
normalize the transfer function. The critical aspect for the holographic noise experiment is the smooth 
and slowly varying phase response which assures reliable cross correlation between the interferometers 
in the MHz band. Right: Shot noise measured from an incandescent source observed through a low 
pass optical filter. Points were taken at a variety of frequencies between 1 to 40 MHz and at several 
photocurrents.The square root dependence with input light power is obeyed but the absolute value of 
the shot noise is about 15% smaller than expected. The deviation could arise from space charge in the 
photodiode. Data taken and plotted by David Kelley. 

Poisson noise due to Ml M2 reflectivity unbalance The power at the antisymmetric 
output is second order dependent on the fractional difference in reflectivities of !VII and 
!VI2. The antisymmetric power varies as Pin~~R) 2. The reflectivities should be matched 
to 2 x 10-3 in order to minimize the shot noise from the resulting contrast defect. 

Poisson noise due to rms relative motion of the mirrors Ml and M2. The relative 
motion of the two end mirrors should be smaller than the fringe offset determined by 
the amplifier noise. If one allows the relative motion to be equal to the offset, it cor­
responds to about 400 pm rms motion. If the relative vibrational noise in the space is 
4 microns rms with most of the energy at 10 Hz and smaller, the feedback loop gain 
of the fringe control signal needs to be about 104 with a bandwidth of at least 10 kHz. 
The design of this servo with appropriate PZT controllers is one of main design tasks 
for the experiment once the vibration has been measured. There may be resonances 
in the structure which will require special filtering in the control system. There may 
also be pleasant cancellations due to common mode motion in the building. All this 
argues for a digital control system with the simplicity of digital filtering to control the 
feedback. 

Equivalent phase noise from amplitude fluctuations The excess amplitude noise in 
the light above the Poisson fluctuations needs to be controlled to a level equal or below 
the Poisson noise. The Poisson fluctuations of the 4 milliamperes per photodiode 
corresponds to a relative intensity noise of 9 x 10-9 . The holometer signal band will 
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Figure 13: Power spectral density of vertical displacement seismic noise measured at the E4R building 
at Fermilab Baklakov et al. (1999) . If noise levels at the chosen experimental site can be kept below 
1J.lm rIllS as indicated here , the resulting phase noise in the interferometers can removed using feedback 
loops involving conventional mirror position actuators. 

R.E.O. two years ago at a cost of $10k per coating run, $lk per substrate, with a 9·week 
lead time. We will need three coating runs (one for each of the three types of mirrors) and 
will coat extra mirrors in each run so we have spares on hand. We summarize these costs in 
Table 2. 

Item No. cost 
End Mirror 6 $16k 

Power Recycling Mirror 4 $14k 
Beam Splitter 4 $14k 

Mounts 8 $24k 
Interferometer Optics Total $68k 

Table 2: Costs for optics and mounts for the interferometers. 

As shown in Figure 6, the laser table holds the laser , systems to control the beam, and steer 
it into the interferometer. We tabulate the cost of each subsystem, based on the number of 
components, in Table 3. 

D Electronics 

As shown in Figures 3 and 8 and discussed in Section C.2, the signal is a power variation at 
the antisymmetric port from DC to about 4 MHz. At low frequencies, below 20 KHz, the 
positions of the end masses of the interferometer are servoed to maintain the system at a 
constant preset DARM in spite of low frequency vibrations with amplitude that would exceed 
the linear range of the interferometer. Low frequency influences including seismic nOise, 

25 




D.l 

and mounts for the interferometers. 

high above DAR!\1 servo noise sources are those 
outlined in Section C.6, system is open-loop. which is cap­

analyzed for holographic between the two interferometers. 
data to absolute time from 

Most the 

Frequency Control Systems 

a set of control The loops 
photodiode 

digital loop 
the 

to implement dig-
can modified in from 

outlined in Section C.3. 

lmv filtered to 100 bandwidth 
for to disk for all when the 

26 




# Mfr. Part No. Item Each 
(K$) 

Total 
(K$) 

2 NI PXle-1075 18-Slot 3U PXI Express 
Chassis 

5.6 11.2 

2 NI PXIe-8106 Dual Core Controller (Win­
dows XP) 

4.2 8.4 

2 NI Additional RAM and System 
Disk, Screen, Keyboard 

1.0 2.0 

2 NI PXIe-6672 Timing and Synchronization 
Module with TCXO 

1.8 3.6 

8 NI PXI-7852R LX50 Multifunction RIO (8 
AI, 8 AO , 96 DIO) 

3.8 30.4 

4 NI PXIe-5122 2-CH, 100 MS/s Digitizer 
w/8 MB/ch 

5.8 23.2 

2 NI HDD-8264 12-Drive, 3 TB , 2U, Cabled 
PCle RAID HDD Enclosure 

5.6 11.2 

2 NI Sets of high density cables 1.8 3.6 

2 NI LabVIEW Development Sys­
tern and add on modules and 
drivers 

6.9 13.8 

2 Laser Intensity servo (locally 
built) 

6.0 12.0 

2 Vescent 
Photonics 

D2-115 High-Speed Laser Servo 6.0 12.0 

2 Preamps, Nyquist filter, and 
buffer amps , distribution cir­
cuits (locally built) 

10.0 20.0 

2 Piezo controller systems 10.0 20.0 
DAC Sub Subtotal 

Intensity and Frequency Servos Subtotal 
Total Electronics 

107.4 
64.0 

171.4 

Table 4: Electronics Parts and Equipment Cost Estimate 
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Figure 14: Schematic diagram of the electronics for each interferometer. Residing in a PXIe chassis 
are the low frequency control loops, implemented with digital filters, and the high-frequency data 
acquisition boards and data storage. Not shown are the remote buffer amps and Nyquist filters. 

interferometer is running. If needed for diagnostics, full bandwidth servo information can 
also be stored. 

D.1.a Laser Frequency and Intensity Servos 

The Nd:YAG NPRO laser intensity is stabilized using a DC coupled photodiode following a 
pick-off mirror located as shown in Figure 6. The bandwidth of the intensity servo is high 
enough and its design simple enough that it will be implemented in analog. The design of 
this circuit will follow that of the Advanced LIGO prototype which uses a similar laser . 

The frequency of the laser is locked to the common mode interferometer arm length using 
PDH stabilization (Black, 2001) . As shown in Figures 6 and 14, the servo error signal is 
obtained from the reflected light from the interferometer power recycling mirror and the 
Faraday Isolator. The laser is equipped with a frequency adjustment input which adjusts 
the laser cavity length with an internal PZT at high frequencies and a temperature control at 
low frequencies. The error signal is derived from a PDH locking system at the interferometer 
reflected port. The baseline plan is to control this loop using a commercially available laser 
stabilization unit. 
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Figure 15: Schematic overview of one vacuum system. Please note that the components are not 
drawn to scale. Each of the round vacuum service vessels is 2 feet in diameter , the beam pipes are 
nominally 6 inches in diameter , and the arm length is 40 meters . 
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Figure 17: One baffle, which is to be inserted into the beam tubes. (Units are meters) 

Item I qty I cost I line 
Frame 1 $3,000 $3,000 
HEPA 4 $700 $2 ,800 
Light 2 $200 $400 
Walls 40' $40 $1 ,600 

I TOTAL I I $7,800 I 

Table 5: Cost for one small clean room 

each arms that house the return mirrors. Each interferometer should be able to use four 
optical tables such as Newport ST Series with size 5 ft x 6 ft x 8 in ($7585 ea.) with CI-2000 
Series vibration isolating legs ($4650 per table). An additional amount of $20k is added for 
pumps and other table accessories for a total estimate of $120k. 

E.4 Support Stands 

The support stands for the interferometer are expected to be simple stands constructed out of 
prefabricated flexible building material such as unistrut. The stands will allow for alignment 
of the vacuum system and will utilize pipe support with off the shelf vibration isolation . The 
stands will be bolted to the floor. \Ne estimate $750 for each support. Note that Figure 15 
shows 2 of these supports for each arm, while this budget assumes 10 supports for each arm. 
This yields a cost estimate of $30k for support stands. 
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Figure 18: One large version of the portable clean room and two small versions will be used while 
accessing the cleel.Tl optics inside the vacuum service vessels. Laminar How from the ceiling maintains 
a clean environment, once loose debris and dust. is cleaned from the floor. Monitors inside each of the 
clean rooms will ensure that the system is working as expected a fter a move, before we open the vessel 
to access clean optics. 
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the construction phase. We will use funds from the FRA grant of A. Chou and S. Meyer 
to purchase the LabVIEW systems specified in this proposal in November, 2009. This will 
allow us to begin training in the use of this system to controlling and aligning optics in the 
current laboratory space we are using at Fermilab. A separate system will be installed at U. 
Chicago to characterize detector and readout noise . 

We will also purchase some of the optical components required for the laser tables. We will 
use them in the existing linac laser lab at Fermilab to continue training of key personnel and 
development of control algorithms and software. 

Obtaining a suitable operations space will be handled by the Chicago Office of the DOE. The 
Fermilab FESS studied options for constructing or modifying space on site and renting off 
site. Their conclusion is that it is more cost effective to rent commercial space near Fermilab . 
Modifying existing buildings at Fermilab or building a new site cost at least ",$LM, and these 
solutions do not provide flexibility for modulating the cross correlation signal. We will work 
with the Department of Energy Chicago Office to specify the requirements, so that they can 
obtain a lease for space by June 1, 2010. 

vVe plan to begin the operations phase of the project on June 1, 2010. After initial assem­
bly, we will work in parallel to commission the laser tables and the vacuum systems. After 
installing the interferometer optics in the vacuum system, we can then operate the interfer­
ometers and measure their performance in place. Once both interferometers are working , 
we will begin the correlation measurements. One run to obtain significant signal/noise takes 
< 1 day. Moving one of the interferometers takes one or two days, so in principle all of 
the measurements could happen in two weeks. However , the challenge of this project is to 
demonstrate that we understand the systematic effects of correlated and uncorrelated noise 
from prosaic sources. The apparatus is designed with maximum flexibility with this goal 
in mind. Vve will move the interferometers and swap parts to study the systematics. Our 
conservative schedule calls for 1/ 2 year of commissioning and two 1/ 2 years of measurements. 
We will work with laboratory management during operations to refine this schedule. 

F.l Tasks 

The experiment consists of the following systems. We use these categories to estimate cost, 
schedule, and resources for the design, construction, and operations phases. 

Laser Table Optics optical components and mounts for the reference cavity, mode cleaner, 
power controller, faraday isolator, and mode-matching optics 

Interferometer Optics power recycling mirror, end mirrors, and beam splitter, and mounts 
for the interferometers. 

DAC System Hardware and software to control mirrors and read out detectors 

Intensity and Frequency Servos analog feedback loop for laser intensity and frequency 

Operations Space Compute Infrastructure networking, servers, printing, and security 
at the operations site 
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FNAL data at Fermilab 

Vacuum and tubes 

Vacuum Pumps Instrumentation pumps, monitors, residual gas 

Support Stands for service and vacuum 

the layout installation 

Table (mechanical) portable, table with acoustic 

Clean to installing optics 

Safety movable optics, 
vacuum safety equipment 

Space retail, or light space operations 

DAC 


Laser 

1 month lead time 

Fermilab Computing 

and Instrumentation 
10 weeks lead time 

Laser Table 

Portable Clean Room 

Warehouse 

4 week lead 

6 week lead time 
review laser and vacuum de-

and plans; 1 

8 weeks bid and approve 

'Table 7: Duration of Tasks 
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$32K 

Vacuum Pumps and Instrumen­
tation 

--------------------~------~~~----------+--------
Baffles 
Portable Clean Room 

Stands 

(goggles, 
inter­

$900K 

8: M&S Costs 

F.2 Roll Up 

in non-scientist 
salary (fully-loaded). construction with $58k non-scientist salary. 
With a 

During this design we 

the construction The total cost 
over years is $970k and non-scientist salary. a the 

is $676k/year over three years. 
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ME=mechanical <OUr.HI"'" 

1.00 EP 1.00 EP 

1.00 MT 
LOOMT 
1.00 MT 
1.00 MT 

Table 9: FTE months non scientist effort: 

EE=Electronics ET=Elect.ronics 

The FTE cost uses PPD rates for FY2009 inflated by 

included, 


Servos 

Vacuum Vessels and Tubes 

Vacuum Pumps and Instrumen­
tation 
Support Stands 

i Baffles 
Table (mechanical) 

Portable Clean Room 

2.00 
0.50 MT 
0.25 CP 
0.25 CP 
0.25 ME 

0,25 ME 

0.25 ME 
1.00 ME 
0.25 ME 

4.00 ET 0.50 ET 

0.25 CP 

1.00 MT 

1.00 MT 
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G Appendix: Gaussian beams 

The expansion of the transverse radial size of a Gaussian beam of wavelength A upon prop­
agation over a distance z from its waist position is given by 

(18) 


where Wo is the waist radius , defined implicitly in the 2-dimensional Gaussian intensity profile 
in radius r: 

2_2·r 

I (r) = Ioe --;;;g-	 (19) 

and ZR is the Rayleigh range 

(20) 


Equation 19 is the conventional definition of the beam waist as the 1/e radius in electric field , 
corresponding to the l / e2 radius in photon intensity. By comparing Eq. 19 to a conventional 
Gaussian function 

_r2 

I(r) = Ioe~ (21) 
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Figure 19: Due to the Heisenberg uncertainty principle, a beam of wavelength A which is localized 
in transverse position to a precision ao = wo / 2 will subsequently diverge with divergence half-angle 
e = 6pt/p = A/ (47raO)' While this diffraction angle is tiny for wavelength Ap = liMp , the effects can 
be amplified by multiplying this small angle by a large propagation distallce. A simple minimization 
calculation shows that for fixed wavelength , the minimum beam size at a distance L from the focus 
point is a(L) :?: JAL/(27r). 

it can be seen that Wo = 20'0, and in general the radial size parameter w(z) is twice the 
transverse Gaussian width of the beam at longitudinal position z. VVe can now see how 
Eq. 18 follows from the Heisenberg uncertainty principle applied to transverse coordinates. 

6.p 
0'5 + (1/20'0) 2z2O'(z) = 0'0 @ -z = 

p 27f/>' 

>.z ) 20'5 + ( 
47f0'0 

( >.z ) 2= 0'0 (22)
1 + 47f0'6 

Inserting the factors of 2 to convert a's into w's, we obtain the desired result 

( >'L ) 21+ - (23)w(L) = Wo 7fW2o 

To obtain the minimum transverse size of the beam after propagating a distance z = L, we 
can take the derivative of Eq. 23 with respect to Wo: 

dw 
( >'L ) 2 ( 1) ( 1 ) (>.L) 2 11 + -2 + Wo -2 - (-4) 5 = 0 

dwo 7fWo (>'L)2 7f Wo
1 + ::.:3

7fWo 

==} 1 + (~)2 = 2 (~)2
7fW2 7fW2o 0 

(24)==} Wo = f¥-. 
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this value of Wo back into Eq. 23 

(25)w(L) = 

width of a wavelength Atransverse 

(26) 

H Appendix: Computation of the power spectral density 

holographic strain and 


postulate is that on 

null where the wavelength Ao is twice the length Ap 

This normalization is set by the black hole S = A/4G = 

If the i& limited by the distance between 

an amount 

a(L) 2 (27) 

At roundtrip pass through the arm, the lJ,a~""H"'A" between 
the beam centroid the nominal impact on the beam splitter is from 
a distribution of this width. This can also be viewed as a transverse 
of the beamsplitter, with Since 450 beamsplitter couples 
transverse arms, ""'-,UU.L", or of the 
arm, and noise is introduced into 

To the resulting minimum power spectral of strain we compute 
the power iJ.>(f) of transverse displacement. The natural bandwidth from 

Heisenberg uncertainty principle 1:::..11:::..t ;::;: 1/2 or equivalently Nyquist theorem is: 

1 c1:::..1 = --~-
4L 

as by the time = 2L/c successive the 
position. The variance is then 

(29) 
1T 

where in the equality we substituted AO = Planck resulting 
noise in strain (1/L)· I:::..Y)/2 receives one contribution from the transverse jitter 
in arm and is by 

h(f)= (30) 
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Plugging in tp = jnG/ c5 = 5.39 X 10-44 s, we obtain 

h(f) :::: 1.6 x 10- 22 /~. (31) 

This amount is comparable to the magnitude of the mystery noise observed in the GE0600 
detector, when reduced by a factor of two to account for the folding of the GEO interferometer 
arms. 

The corresponding phase noise spectral density to be detected at the dark port of the inter­
ferometer is 

271" ) 2 S(f) Lif>(f) = . - . 2 . - = y'8irt; . ­( (32) 
Aopt 4 P Aopt 

because we are now measuring jitter in units of the optical wavelength Aopt instead of the 
arm length L. Plugging in L = 40 m and Aopt = 1.064 X 10-6 m for our proposed experiment , 
we obtain 

(33) 

I Appendix: Safety 

The experimenters are committed to following laboratory standard safety procedures and 
other standards found in the Guide to Experimenters book published by the laboratory. 

1.1 Integrated Safety 

We will follow the principles of integrated safety management and work with the Fermilab 
ES&H section to perform work safely. Certain aspects in the design such as beam tubes in 
10 ft sections have been chosen in part because such a length should weigh approximately 
70 lbs which is appropriate for two persons performing the assembly. 

1.2 Vacuum 

The vacuum system will be required to be reviewed as described in the ES&H manual , section 
5033, "Vacuum Vessel Safety" which addresses a number of procedures and requirements for 
the design, fabrication, inspection , and test even if the vessels will be manufactured at a 
vendor. In addition, appropriate engineering drawings will be generated and reviewed. The 
overall design will include features that prevent catastrophic failures if any area is either at 
vacuum or is pressurized such as with dry nitrogen. 

1.3 Laser 

The lasers intended for use will be Class IV lasers which have safety procedures documented 
in the ES&H manual , section 5062.1 , "Lasers." The basic policy that will be followed is that 
no high power laser light ever be allowed to escape the apparatus and that access to any 
area of the apparatus where such light might exist be interlocked using fail-safe techniques. 
In addition, access to any area where high powered laser light might exist will require either 
access by key or by use of a tool. All scientific and technical personnel who will be working 
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high powered will to through 
such as eye will be A 

will be an evolving process working with the 

J Appendix: Response to PAC 

J.1 	 Building a broader understanding in theoretical commu­
nity 

Hogan discussed the holographic noise 'Hv',",,--'" 

workshop There is interest in but the 
connection of theory used with 

or loops 
hole an absolute 

effecti ve theory, 
terms of fundamental 

time or maximum 

One reason for this disconnect is that the best understood in holographic unification 
refer to global mappings, in contrast to the formulation connects with 

and well-controlled results in holographic 
of fields with gravity in highly 

on the bound-
is no similar 

since the field is 
Planck should 

vC'-"v'V'll of holography. 

Both 	the GE0600 and LIGO communities are aware of as 
wave GE0600 is actively 

to publish an result on 
'''"O,v'V'll measurement between two 

although it 

Critical Review by outside 

A the 
will conducted on November 3, 2009. of 

PAC. 

J.3 level to evaluate cost and risk 

appara­
low duty cycle gravity wave .."F,'"""',...., 

is orders of 
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that achieved by LIGO and GEO. The holographic signal has a broadband spectrum, and it 
is always present. Therefore, lower fluxes of photons can be used, combined with longer in­
tegration times. The devices are expected to be constructed from conventional parts, mostly 
off-the-shelf, with a few special order optics items which are far from the state-of-the-art 
technology. The measurement will be performed at high (MHz) frequencies, well above the 
sub-kHz frequencies of the environmental noise which plagues gravity wave detectors which 
must search for signals at these low frequencies. Finally, the ability to turn the correlated 
signal on and off by separating the interferometers provides a useful experimental knob to 
validate the signal. These features are documented elsewhere in this proposal. 

J.4 Technical collaboration with GE0600 and the large interferometers 

The experimental collaboration includes several members of LIGO who have contributed 
their technical expertise to the design and costing of the experiment. They will continue 
to participate in the construction, commissioning, and science. Members of GE0600 are 
participating in technical reviews of the project, are sharing recent progress in understanding 
their mystery noise on an ongoing basis. 
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