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Earth Mass Planets are NOT hard to detect

Pulsar Planets: Discovered Alex Wolszczan

and Dale Frail (1992) using precise timing
of pulses. Rare.

Can Measure Time & Frequency 

VERY precisely and accurately

Latest clocks are better than 10-

19

We Can measures 
frequency MUCH better 
than we can measure 

LENGTH



Earth Mass Planets around Sun-Like Stars ARE hard to detect

Pulsar Planets: Discovered Alex Wolszczan
and Dale Frail (1992) using precise timing
of pulses. Rare.

Can Measure Time & 
Frequency VERY precisely and 
accurately

Latest clocks are at ~ 1part in  
10 19

We can measures 
frequency MUCH better 
than we can measure 

LENGTH



Starlight Dispersed

We Measure LENGTH!



10 cm/s comparable to Silicon Lattice Spacing

Silicon Lattice: High 
Resolution TEM Image of 

individual Si atoms. 
Ki Bun Kin, SPIE 2012

NEID 9k x 9k CCD with 
10 micron pixels. 

Echelle spectral orders 
from 60 to 170 are shown.



Multiple Paths to Achieve this goal



Multiple Paths to Achieve this goal
----and many more paths to not….



Need not just a spectrometer – need a precision RV System 

Chromatic Exposure Meter

Laser Combs, Etalon, Lamps Spectrometer

Data Reduction PipelineFiber Feed/Scrambling/Agitation

Advanced Environmental Control System 

Calibrated Detector Telescope/ Port SystemRVs



Pushing towards 10cm/s requires sub-milli-Kelvin instrument stability 
and high-quality vacuum chambers
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Pushing towards 10cm/s requires sub-milli-Kelvin instrument stability 
and high-quality vacuum chambers

∆n

This 
Generatio

n

Optics

Vacuum boundary

Optics

Vacuum boundary

Convection
Radiation

Convection
Radiation{ cryo getters }

{ion pumps}

{ active control }
{ insolation blankets }

{better passive insulation}



Extreme Environmental Control

Every Instrument and Location in Observatory Environment 
is Different

Architectures include Detectors in separate vacuum 
enclosures as well as detectors integrated into main 
vacuum chamber.

Molecular conduction matters! High vacuum (<10-6 Torr) 
needed if a cold detector is in the main chamber. Lower 
(10^-4 Torr) okay if detector decoupled significantly.

Changing vacuum pressure, even at 10^-6 Torr levels, can 
change thermal coupling.



Laser Combs

Fully Spectrum Covering Operational Laser Combs running 
every day with precision RV instruments are now a thing.

instabilities could arise from independent drifts in the optical fiber feeds, the spectrograph optics, systematics and noise in 
the HgCdTe detector array, or data reduction issues.   

Measurements were taken over multiple nights and the absolute drift of the HPF is recorded in both channels every 5 or 
10 minutes, with the results shown in Fig. 4B.  As seen in these data, the drift of the HPF was about 5-7 m/s during a 5-10  

 

Fig. 3.  On-sky data taken at the Hobby-Eberly telescope using the HPF spectrograph and laser frequency comb as a real-time calibrator. (A) Echellogram 
from the HPF detector array when illuminated by both the frequency comb and starlight from the telescope. The left image shows the full detector readout 
of the 28 echelle orders spanning 810-1280 nm. "Zoom 2" shows a smaller region where the vertical offset between the wavelength-matched star and comb 
light can be visualized. (B) "Zoom 1" shows the extracted stellar spectrum and comb calibration around 909 nm.  (C) Three months of precision on-sky RV 
data of Barnard's star. Un-binned observations (5-minute cadence) are shown in blue. The binned observations are shown in red. The red points all have an 
equivalent on-sky exposure time of 20 minutes, or greater (see Table S1 in the Supplement for the binned RVs along with a listing of equivalent exposure 
times). 

 
hour measurement window, with larger daily excursions due to the liquid nitrogen fills.  The difference of the RVs of the 
two channels is shown in 4C, revealing that the scatter of a single 10 minute differential drift measurement is at the 20 cm/s 
level. We further see that if we bin multiple measurements, the RV precision improves approximately as the square root of 
total measurement time to as low as 6 cm/s at 300 minutes, Fig. 4D.  Furthermore, we observe no statistically significant 
drift in the difference of the RVs retrieved from the two fibers over 6 days.   

These data support the assertion that the comb-calibrated HPF has the intrinsic stability to support infrared spectroscopy 
with precision below 10 cm/s. With the HET this was a particularly harsh test since the calibration light splays across a 
significant fraction of the 30 arcmin focal plane—leading to fiber modal noise which is known to be worse in the NIR than 
the optical. A fiber-based mode scrambler was used to mitigate modal noise, but it likely does not fully solve this issue. Our 
measured RV scatter is currently about 5 times greater than the photon limited precision (3.7 cm/s in 10 minutes).  Further 
improvements towards the photon limited precision should be possible with algorithmic improvements, better 
characterization of the NIR detectors, and better modal scrambling.  
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Metcalf et al. 2019
Obrzud et al. 2018
Spirou…



Etalons: Etalon Drift Tracked with HPF LFC

< 2cm/s/day (ULE  Passive Etalon)

Some VERY preliminary results that drift is not achromatic



CCDs
10 cm/s ΔRV corresponds to a physical shift 
in the detector plane of  approximately 2 
nm 

CCD is a variable heat source due to 
readout process:

Can be a substantial fraction of a Watt 
for large-format, multi- output CCD

It is very important to monitor the 
temperature of the CCD package directly 
(RTD on package) to understand issues 
related to detector thermal variations



CCDs
80 m

K

Variation in CCD package temperature during a long series of 
calibration images



CCDs

Comparison of CCD thermal variations for two different clocking 
mechanisms.



CCDs: Charge Transfer Inefficiency (CTI)

Exposing to Same S/N minimizes CTI issues, which are calibratable in 
principle, but avoidable

P mode averaging has desired deterministic time for exposures
(Chaplin et al. 2019)



H2RGs

Cross-Hatch Patterns clearly seen in HPF data. RV scatter worse in these 
areas compared to cleaner areas.

(a) (b) (c)

Fig 4 a) A sample crosshatch pattern region in HPF. b) 2D Fourier power spectrum of the region showing the angle
of the crosshatches, as well as the power extending all the way to Nyquist sampling hinting the sub-structure nature of
cross-hatches. c) Zoomed image of a typical 14.8 degree crosshatch QE variation pattern. Labels A and B mark two
column crossover points of the subpixel crosshatch defect. A best fitted rectangular sub-pixel crosshatch with a width
of 1/3.78 pixels is also overlayed on the pixels.

row. The sum of the QE drop in both those crossover pixels combined is ⇠11 %. In the region

labelled as B, the defect is moving from column 2 to 3 across two rows. The sum of the QE drop

in the crossover pixels combined is ⇠10 % for both the rows. Hence, at least in this small patch of

the crosshatch the variation in qd is small.

If the width of the defect is very narrow, at 14.8 degrees angle, cross-hatch will always take

less than one pixel row to crossover. If the width is large, it will take multiple rows to crossover

columns. Thus the shortest and longest crossover length scale (in units of rows) from one column

to adjacent column constrains the width of the defect. Based on the 1 and 2 rows crossover width,

we can estimate the width of the crosshatch defect (w) to be ⇠1/3.78 of a pixel. i.e., ⇠5 µm in

Figure 4 c). This geometrically constrained width of the defect is shown by the overlay.

Substituting w = 1/3.78 in the formula for average 88 % QE (when the defect is fully inside a

pixel) from Section 2; [wqd + (1 � w)q] = 0.88q, we obtain qd/q ⇠ 0.55. i.e., the QE inside the

defect of ⇠5 µm width is ⇠55 % of the region outside the defect.

9



Single Mode Fibers

…are of course not.

They have TWO polarization modes. Do not 
ignore polarization sensitive and selective 
components in the instrument stream

2 Halverson et al.

Fig. 1.— Laboratory measurement setup. Light from a weakly (⇠10%) polarized supercontinuum source is coupled into an SMF-28 patch
cable. The polarization exiting the fiber is measured with a MeadowLark PMI-NIR polarimeter as the fiber is physically perturbed.
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Fig. 2.— Laboratory measurements of stress-dependent polar-
ization mode coupling in a 2 meter SMF-28 fiber illuminated by a
weakly (⇠10%) polarized supercontinuum source. Top: E↵ective
polarization rotation induced by variable twisting of the fiber ca-
ble. Bottom: Bend-induced polarization rotation measurement. In
both cases, the e↵ective polarization angle exiting the fiber varied
by 10’s of degrees with minimal stress applied.

tate or circularize any arbitrary input polarization to an
arbitrary output polarization. As such, stressed single-
mode fiber cables are frequently used as in-line wave-
plates for polarization rotation of monochromatic sources
(Koehler & Bowers 1985).
Here we study the impact of polarization rotation in

single-mode fibers on radial velocity measurements by
examining the polarization sensitivity of the primary dis-
perser (in this case, an echelle reflection grating) used in
most Doppler spectrometers. The purpose of this study
is to emphasize the scope and magnitude of this e↵ect,
and show specifically how this a↵ects high precision RV
measurements. This is of particular importance since
there are several instruments currently being designed
or built that utilize SMF delivery systems, including
MINERVA-red (Blake et al. 2015), iLocator (Crepp et al.
2014), and tests of an extreme precision Doppler spec-
trometer for the Subaru telescope (Schwab et al. 2012;
Jovanovic et al. 2014).

2. ‘MODAL-NOISE’ IN SINGLE-MODE FIBERS

With any fiber-fed instrument, the internal stresses
within the fiber will change as the fiber is perturbed (e.g.
due to telescope tracking, temperature variations, etc.)
This variable stress can change the intrinsic fiber birefrin-
gence, which alters the polarization distribution exiting
the fiber. The consequences of this variable birefringence
have been studied for interferometric applications (e.g.
Anderson et al. (2014)), as birefringent e↵ects in stan-
dard SMFs can degrade fringe contrast (Kotani et al.
2003), but they have yet to be thoroughly studied in the
context of precision Doppler spectroscopy.

The goal of this study is to estimate how these bire-
fringence e↵ects propagate to spectroscopic velocity er-
rors. As such, we do not present a rigorous mathematical
model of fiber birefringence in typical SMFs, as this has
been abundantly documented and studied in the litera-
ture over the past several decades (e.g. Chartier et al.
(2001); Rashleigh (1983)). Instead, we present a brief
summary of the scope of the problem and the relevance
to astronomical spectroscopy.
In SMFs, any stresses induced on the fiber core, e.g.

due to variations in applied pressure on the cable (Sakai
& Kimura 1981), bends (Ulrich et al. 1980), twists (Ul-
rich & Johnson 1979; Smith 1980), thermal fluctuations
(Smith 1980), or even variations in external magnetic
fields (Rashleigh 1981), will lead to variable polarization
mode coupling in the fiber core. This variable coupling
will, in e↵ect, rotate the polarization of light propagat-
ing through the fiber. Since most SMFs typically sup-
port two polarization modes, this variable mode coupling
can lead to a manifestation of fiber modal noise. For
astronomical instruments utilizing dedicated calibration
fibers, any variations in the spectral profile due to vari-
able polarization will not be traced with a calibration
source, as the polarization state is specific to the source
and fiber pair. It is important to note that any polar-
ization rotation will also have a wavelength dependence,
which depends strongly on the polarization ‘beat length’
of the fiber in question (Filippov 1990) and the internal
and external stresses applied to the fiber core (Eickho↵
et al. 1981).
Polarization-maintaining (PM) fibers have the ability

to maintain a single polarization with a high polarization
extinction ratio, but rely on stable and precise alignment
of the incident polarization with the fast axis of the fiber
for e�cient mode propagation. This generally requires
the incident illumination to be strongly linearly polar-
ized, which is usually an impractical choice for most as-
tronomical applications due to the associated e�ciency
losses.

2.1. Laboratory measurements

While ample amounts of literature exists that stud-
ies the e↵ects of stress-induced polarization rotation
in SMFs (see previous references), we perform a se-
ries of simple laboratory tests to show the magnitude
of possible polarization fluctuations expected from typi-
cal stresses associated with astronomical telescope fiber
feeds (namely twists and bends e↵ects) illuminated by a
weakly polarized continuum source, meant to emulate a
possible astrophysical target.
A 2 meter commercial SMF cable (Corning SMF-28) is

illuminated by a supercontinuum source that is intrinsi-
cally weakly polarized (degree of polarization is approxi-

10 Halverson et al.
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Fig. 14.— Averaged residuals for all 300 APOGEE fibers with low-order trend removed for both nights of data. Residual values prior
to removal of pressure-correlated drift are shown in the boxed plot labels. The first night shows no significant pressure variations. The
residuals for both nights reduce to roughly 80 cm s�1 or better for all three-detectors once the pressure signal is subtracted.

larization state (see Figure 15). Imperfections, stresses,
or temperature variations in the fiber can dramatically
alter the polarization state of any input source. A polar-
ized illumination source can have its original polarization
state altered to any random axis by propagating through
a short section of fiber. Our initial device configuration
did not precisely control the polarization state of light
incident on the cavity, which can lead to the large spec-
tral drifts between di↵erent input fiber configurations as
seen in the FTS data. Both the location and width of
the Airy peaks change significantly between polarization
states.
Laboratory measurements of this e↵ect are shown in

Figure 15. A narrowband, fixed-wavelength 1550 nm
laser is used to illuminate the FFP as the temperature of
the cavity was steadily increased through a single Airy
peak. This temperature scanning technique allows for a
very high resolution spectrum of the intrinsic interferom-
eter profile. A linear polarizer was inserted between the
supercontinuum illumination source and the FFP input
and rotated between scans.
The solution to this polarization dependence is to en-

sure a single, stable polarization state is always incident
on the interferometer cavity input. For the FFP de-
scribed here, a contrast ratio of roughly 104 between
orthogonal polarization states propagating through the
cavity is required to maintain output spectral stability
at the 10’s cm s�1 level based on our laboratory mea-
surements. Polarization maintaining (PM) fibers were
initially considered as viable options to control the in-
put polarization, but do not provide su�cient extinction
ratios and are intrinsically highly temperature sensitive.
Our solution to this birefringence issue is to insert a com-
mercial ThorLabs0 high-contrast linear polarizer16 prior
to the FFP input. Figure 16 shows the typical contrast
curve of the polarizer used.
Light from the supercontinuum source is first refrac-

tively collimated on a small fiber bench and then passed
through the high-contrast polarizer. The collimated
beam is then refocused onto the input fiber of the FFP.
The input fiber of the FFP was trimmed from 2 m to ap-

16 Thorlabs0 LPNIR polarizer
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Fig. 15.— Top: Diagram outlining FFP polarization sensitivity.
The strong birefringence of the SMF-28 fiber dominates the line
locations. The two refractive indices produce two separated Airy
peaks. Bottom: Intensity-temperature scans of the SMF-28 FFP.
A linear polarizer was inserted prior and rotated between four dif-
ferent positions (vertical, horizontal, +45 degrees and -45 degrees).
A precise temperature ramp was used to map the Airy peaks for
each input polarization using a narrow-band (10 MHz) 1550 nm
diode laser as the illumination source. The output intensity was
measured using a photodiode while the cavity temperature was
steadily increased.

proximately 5 cm to reduce the amount of birefringent
material prior to the interferometer. The modified FFP
is shown in Figure 17. This allows for a much more rigid
input configuration and significantly reduces the device’s
sensitivity to source polarization and fiber birefringence.
The polarization modifications were not completed

prior to the APOGEE observing period, though we do
not believe the fiber birefringence was an issue over the
course of our experiments as the supercontinuum source
is unpolarized and the input fiber configuration was not



Photon-noise limited precision?

Butler et al., 
1996
Bouchy et al., 
2001

R = Resolving power
s = sampling
!! = band width
Npix = Number of pixels
Ns = Sampling
Dcoll = Collimated beam

Pepe 2019, Handbook of Instrumentation

Pepe 2019, Handbook of Instrumentation

Photon-noise limit
detector-
noise limit

Limiting magnitude



Limitations from present calibration 
sources

Lovis et al. 2007



The LFC - The ‘perfect’ calibrator

�Constant line separation
�High precision
� low dynamic range
�Absolute accuracy
�Extremely narrow lines (-

>IP)

Reliability …
Full spectral coverage



Fiber scrambling and efficiency, but…
IP modelling, repeatability, wavelength 

accuracy?Pepe et al. 2015, The Messenger

Integrated and 
normalized flux 
from science targets

Blue: June - August 
2014
Red:  June - August 
2015

SED (orders)
Blue: June - August 
2014
Red:  June - August 
2015



The LFC - The ‘perfect’ calibrator

�Constant line separation
�High precision
� low dynamic range
�Absolute accuracy
�Extremely narrow lines (-

>IP)

Reliability …
Full spectral coverage

Courtesy of Alex 
Glenday, CfA



Non-perfect (and varying) flat 
fieldingPrivate Communication Romain 

Allart 

Wiggles appear when dividing 
spectra from different telescope 
positions.

Spectrograph to be excluded, since 
wiggle depend on telescope position 
and are not present in spectral FF.

Originally ADC suspected, by 
revealed wrong. Must be component 
close to field (P5 or L10)



CTE Problem: SNR test



CTE Problem: solution

Correction according to Paul Goudfrooij 
et al. 2006



• Decouple blue – red LN2 lines

September-October 
intervention

Major intervention opening vessel and cryostats:



Uhhhhh, the Fabry-Pérot ….



Watch your back …



Achieving sub-m/s 
precision


