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[bookmark: _Toc224347195]Acronyms
AD	Applicable Document
ADP	Acceptance data package
AIV	Assembly, Integration and Verification
AT	Acceptance Test
BDR	Baseline Design Review
CCB	Configuration control board
CI	Configuration Item
CIDL	Configuration Items Data List
CIL	Configuration Item List
CRB	Change Request Board
CRE	Change Request
DCL	Declared Component List
DIN	Deutsche Industrie Norm
DMPPL	Declared Materials, Parts and Process List
DRB	Delivery Review Board
ECSS	European Cooperation for Space Standardisation
EEE	Electrical electronic electromechanical components
E-ELT	European Extremely Large Telescope
EN	Euro Norm
ESO	European Southern Observatory
ESPRESSO	Echelle Spectrograph for Rocky Exoplanets and Stable Spectroscopic Observations
FAC	Final Acceptance Chile
FDR	Final Design Review
FMEA	Failure Mode and Effect Analyses
FMECA	Failure Modes Effects and Criticality Analysis
FPC	Fabry-Perot Calibrator
FTA	Failure Tree Analyses
HW	Hardware
I/F	Interface
ICD	Interface Control Document
ISO	International Organisation for Standardisation
IST	Integrated System Test
IV	Integration and Verification
MAIT	Manufacturing, Assembly, Integration, Test
MAIV	Manufacturing, Assembly, Integration and Verification
MAV	Manufacturing, Assembly and Verification
MMPP	Materials, Mechanical Parts and Processes
MoM	Minutes of Meeting
MRB	Material Review Board
MTBF	Mean Time Between Failures
MTTF	Mean Time To Failure
MTTR	Mean Time To Repair
N/A	Not Applicable
NCR	Non Conformance Report
NRB	Non Conformance Review Board
PAC	Provisional Acceptance Chile
PAE	Provisional Acceptance Europe
PAV	Procurement, Assembly and Verification
PDR	Preliminary Design Review
PI	Principal Investigator
PM	Project Manager
QA	Quality Assurance
RAMS	Reliability Availability Maintainability Safety
RD	Reference Document
RfW	Request for Waiver
S/S	Subsystem
SOW	Statement Of Work
SW	Software
TBC	To Be Confirmed
TBD	To Be Defined/To Be Developed
UT	Unit Telescope (8.2 meter telescope at Paranal)
VLT	Very Large Telescope
VM	Verification Matrix
WBS	Work Breakdown Structure
WP	Work Package
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[bookmark: _Toc224347196][bookmark: _Toc110421583]General Requirements
[bookmark: _Toc224347197]General characteristics of the Fabry-Pérot Calibrator
The FPC is designed as a fall-back solution in case of an LFC of suitable properties would not be available by the end of the ESPRESSO project or beginning of operations. The purpose of the Fabry-Pérot Calibrator FPC is to provide a large number of ultra-stable lines in the wavelength range of the ESPRESSO spectrograph. The FPC shall ensure ‘at least’ adequate short-term stability, i.e. better than 10 cm/s during an observing night. Since the FPC system is fully passive, no guarantee can be given a priori that the stability of 10 cm/s is achieved over long term or even years. It will therefore be operated in addition to an absolute reference, so a ThAr lamp or a stabilized laser to which it will be referenced periodically.
We remind here the properties desired for this module:
1. The calibration source must cover the full wavelength domain of the spectrograph.
2. The line position and shape repeatability of all lines must be better than 0.1 m/s over the instrument life-time.
3. The lines are not resolved by the spectrograph, since otherwise information is lost, respectively we do not take full advantage of the spectral resolution of the instrument. The resolution of the spectrograph is 120’000 in its standard mode, limited by the illuminating fiber size.
4. The line distance is perfectly stable and analytically defined.
5. The line distance must be minimum 2 and maximum 7 FWHMs of the spectrograph IP.
6. The relative intensity of any neighbouring lines must be stable at 10% over time.
7. The dynamic range of line intensities over one order must be smaller than a factor 4.
As a first goal, the system shall be made sufficiently stable to be used as a relative reference during an astronomical observing night of typically 12 hours. The module will possibly need to be re-calibrated every night, e.g. with a ThAr lamp or a LFC, for absolute referencing, but will serve as perfect simultaneous reference within the night. The second objective will be to extend the time during which the module remains stable. Ideally, the module will be intrinsically so stable, that re-calibration will not be needed over large time scales (years).
Reflection is obtained by a multi-layer thin film coating of the inner optical surfaces. The following aspect must be considered: The apparent separation of the two spacers depends on the effective penetration depths of the wave on the reflective surface. 
· Because of the varying real and imaginary part of the refractive index as a function of wavelength, the effective FP separation will vary with wavelength. This wavelength dependence must be avoided as far as possible, in particular, a temperature or aging effect must be avoided. If this wavelength dependence cannot be avoided completely, it should be at least very “smooth”.
· Thermal effects in the coating will affect the way the etalon behaves: The dielectric stack will have a certain thickness. When the ambient temperature changes, the stack will expand (CTE of some 10-6) and this will change the effective gap of the etalon. With a gap of 7 mm, for instance, and a dielectric stack of 4 µm thick with a CTE of 7 10-6, the variation of the apparent separation will be about 8 10-9 / K. In the same way, the index of refraction will change with temperature and affect the apparent penetration depth of the optical wave in the coating. 
· Aging of Zerodur has been studied in metrology labs. Schott data indicates shrinkage of 10-7 per year. However, the experience on the HARPS FP shows that the effect of aging is well below the estimated value. In alternative to Zerodur, ULE shall be used.
When making trade-off, the following order of priorities shall be considered:
1. Relative wavelength stability over temperature and time (between two neighboring lines)
2. Wavelength stability over temperature and time
3. Equidistance of transmitted wavelengths
4. Uniformity of line intensity and line shape and width
[bookmark: _Toc224347198]Dimensioning of the Fabry-Pérot etalon
The primary parameters for which the Fabry-Pérot etalon has to be dimensioned are :
Variables:
· Spectrograph resolution 
· Shortest wavelength 
· Longest wavelength 
Requirements for an optimum use of the lines are:
i. The line separation is minimum on the blue side, because of the FP equation. The separation must be chosen such that the lines can be resolved by the spectrograph:
The peak separation at all wavelength must be > 3 FWHM:  	(R1)
ii. The line separation is highest on the red side. At a given Finesse, the FP lines become wider there. It shall be avoided, that the spectrograph resolves the lines:
The FP line must be under-resolved by a factor of 2/3 : 	(R2)
Let us now first derive the required FP. Given the gap D of the etalon, the resonance of the FP will be achieved whenever	 	(1).
Therefore, the separation between the 2 bluest peaks will be, using requirement (R2):
	 	(2)
Let's replace m in the last inequality by using equation (1),
		 (3)
and solve for D. In order to be true for all wavelengths, the relation must me satisfied for the shortest wavelength , such that we get    	(P1)
Now let's derive the required finesse F of the etalon: The Finesse is defined as the ratio of the line separation to the FWHM:		 (4)
We can express again  as a function of the gap and the FP order
	 	(5)
and introduce equation (5) and requirement (R2) into equation (4)
	 	(6)
where in the step before the last we used the etalon equation (1). Since this condition must apply at all wavelengths, we have to choose F for the longest wavelength and substitute D using (P1):
		(P2)
Let's now look at the etalon parameters from the instrument figures: RS = 120'000, , we find
D = 7.6 mm
F = 9.2
[bookmark: _Toc224347199]Technical Requirements
[bookmark: _Toc201388113][bookmark: _Toc224347200]Operational conditions
The FPC will be operated in the CCL at the Paranal Observatory, Chile. It will be located within 2T. The FPC will not be exposed to any motion, gravity, vibrations, etc.
[bookmark: _Toc201388114][bookmark: _Toc224347201]Atmospheric pressure
Atmospheric pressure is 760 mbar in average. Given the high ambient pressure variations the FPC etalon will be operated in vacuum. A pressure value of 0 mBar must be considered for the optical computations.
[bookmark: _Toc201388115][bookmark: _Toc224347202]Temperature
The temperature of the environment is typically of TBD ± TBD°C.
[bookmark: _Toc201388116][bookmark: _Toc224347203]Relative humidity
[bookmark: _Toc201388117]The system is working normally in a controlled environment with relative humidity always lower than 100%. During manufacturing, transportation, installation, and maintenance the humidity can attain peeks close to 100%.
[bookmark: _Toc224347204][bookmark: _Toc201388118]Performance requirements
[bookmark: _Toc224347205]Etalon requirements
Operational wavelength range:	380 nm - 780 nm
Total transmittance at peak:	T > 10% 	in the wavelength range
Transmittance uniformity	Tmax/Tmin < 2	in the wavelength range
Transmittance variations	dT/d< 2% per nm	in order not to distort the
 		Lines by more than 10 cm/s
[bookmark: _Toc224347206]Fabry-Perot parameters
Effective total Finesse:	10 < F < 12		in the wavelength range
Fabry-Perot spacing:	D =  7.6 mm  0.0005 mm
In order to achieve a total (reflectivity-limited) Finesse of F = 10, the various Finesse contributions must be:
Reflectivity Finesse: 	
Aperture Finesse:	
Defect Finesse: 	
Parallelism Finesse:	
[bookmark: _Toc224347210][bookmark: _Toc224347207]Delivered flux and flux homogeneity
The FPC shall deliver sufficient flux at peak wavelength within the étendue accepted by the spectropgraph, such that a global photon-noise precision of better than 5 cm/s is achieved in less than 20 s.
The white-light sources should be selected and/or balanced in a way that the ratio between maximum and minimum counts per extracted pixels measured all over the spectrum must not exceed a factor of 5 (dynamic range).
Wavelengths stability
The Fabry-Perot transmitted wavelengths must remain stable with time. The Fabry-Perot shall be placed in vacuum, and the required temperature stability specified. Changes of the transmitted wavelengths must be minimized.
Wavelength repeatability:	d/dt < 2 10-10 7 m/s	at any wavelength
	required: during at least 12 hours
	goal: during 10 years
Absolute wavelength:	λ - λ0 	3 x -8λ (10 m/s)	at any wavelength
The absolute wavelength of a line is defined on the centroid of the transmitted FP line with respect to the expected wavelength given by the nominal etalon spacing. Wavelength repeatability indicates the stability of the centroid of a line.
The Fabry-Perot must be optimized for minimum sensitivity of the transmitted wavelengths with regard to temperature variations. If the final design is intrinsically stable it relaxes the contraints on the thermal control stability.
[bookmark: _Toc224347208]Line shape and line shape stability
The shape of the transmitted FP lines (intensity, symmetry, width) shall be as uniform as possible. The line shape shall be as stable as possible. It is therefore suggested that the etalon finesse is determined by the reflectivity finesse, which is the most insensitive to geometrical aspects. However, in order to make the transmitted lines 'equidistant' to a level described by the 'absolute wavelength' requirement, the phase of the etalon transmittance function, and thus the reflectance of the individual mirrors, shall be kept constant as a function of wavelength, if possible. Since this is very difficult, the plan will be to calibrate the phase variations with an FTS at the beginning of the lifetime of the FPC.
[bookmark: _Toc224347209]Vacuum
From the stability requirements we deduce that the air pressure around the FP etalon must be kept stable within 10-3 mbar during 12 hours. The requirement shall be therefore formulated as:
dp/dt < 2 x 10-3 mbar per day.
[bookmark: _Toc224347211]Monitoring
The temperature of the FPC, and in particular the etalon, must be monitored and controlled continuously with a resolution of 0.001 K, a short-term repeatability of 0.002 K over time scales of 1 months and of 0.025 K over five years, and an absolute accuracy of 0.1 K. The monitoring must have a data link to the ESPRESSO control system.
The air pressure around the etalon must be monitored continuously with a resolution and precision of 0.0001 mbar, and an absolute accuracy of 0.001 mbar. The monitoring must have a data link to the ESPRESSO control software.
Summary of performances requirements towards the FPC
In the following Table 1 we summarize the relevant technical requirements towards the FPC.
[bookmark: _Ref224690836]Table 1: Requirements towards the FPC
	Item
	Requirement
	Comment

	Wavelength coverage
	380  – 780 nm
	Wavelength range of ESPRESSO

	System transmittance
	> 10%
	In the wavelength range

	Transmittance uniformity
	Tmax/Tmin < 2
	In the wavelength range

	Transmittance variations
	dT/d< 2% per nm
	

	Etalon total Finesse
	10 < F < 12
	In the wavelength range

	Etalon spacing
	D = 7.6 mm  0.0005 mm
	

	Photon noise
	< 5 cm/s
	Global precision achieved in a single exposure 

	Flux homogeneity
	Fmax/Fmin < 5
	In the wavelength range

	Line width
	< 2/3 of spectral element
	A spectral element is the wavelength divided by the spectral resolution

	Line separation
	2-7 x spectral element
	

	Short-term repeatability
	d/dt < 2 10-10 7 m/s
	Over 12 hours

	Long-term repeatability
	d/dt < 2 10-10 7 m/s
	Over  20 years (goal)

	Local wavelength accuracy
	λ - λ0 3 x -8λ (10 m/s)
	For any FPC line

	Line shape stability
	Finesse determined by FR
	

	Local wavelength accuracy
	λ - λ0 3 x -8λ (10 m/s)
	For any FPC line



[bookmark: _Toc224347212]Design architecture
The proposed FPC is derived from a new concept that has been successfully evaluated on HARPS and HARPS-N: The stability reference for the radial velocity is essentially a Fabry-Perot etalon housed in a temperature controlled vacuum enclosure. The etalon is fibre-fed by a bright white lamp. A symmetrical set-up of parabolas couples the input to the exit fibers, with the etalon located in the collimated beam between the two parabolas, making the design achromatic.
[bookmark: _Ref350751198][bookmark: _Toc224687248]Figure 1: Functional diagram of the RV reference unit
[image: aaa]
[bookmark: _Toc224347213]Product Tree of the RV-reference module
- White source
- LDLS source with SMA or FC fiber connection
- Balancing filter (color correction)
- 1-m fiber 230 µm SMA/FC-FC with metallic protection jacket
- Optics
- 1 fiber vacuum feedthrough
- 1 thin input fiber FC-FC of 230 µm dia. without jacket
- 2 protected-silver coated parabolic mirrors with f = 100 mm
- 1 etalon
- 1 thick output fiber FC-FC of 600 µm without jacket
- FP-etalon assembly (structure according to drawing)
- Vacuum tank
- Electroplated aluminum body
- Dismountable cover
- DN-40 pumping flange
- 2 fiber-feedthrough mounting flanges
- 1 electrical feedthrough mounting flange
- Temperature control device
- 1 Lakeshore 335 controller
- 1 connect cable for heater and sensors
- 2 wired Si-diodes temperature sensors
- 2 wired heating foils
- Vacuum monitoring device.
- Digiline pressure sensor
- Connection cable
- DPG-109 pressure-gauge controller	
[bookmark: _Toc224347214]Primary source and spectral flux
For irradiance reasons, spectral flatness and MTBF, we would like to use a innovative source called “laser driven light source” EQ-99FC Plus from the company Energetiq. This source us presently being used in integration on HARPS North with convincing results. The light source possesses a complete remote control system for control via software. However, the lamp will be used in stand-alone mode, i.e. it will manually switched ON and kept ON continuously for FPC stability reasons. The lifetime of such a lamp is longer than 20’000 hours. A LRU spare shall be procured for immediate exchange in case of failure. For the fibers standard Ceramoptec octagonal fibers with high internal transmittance will be chosen.
[bookmark: _Toc224687249]Figure 2: EQ99 light source and lamp controller
[image: ]
[bookmark: _Toc224687250]Figure 3: Spectral power distribution of the LDLS source.


[bookmark: _Toc224687251]Figure 4: Internal transmission of the FPC fibers
[image: ]
In order to reduce the heat-up of the FP etalon by the source, we will introduce in the laser source a heat-blocking filter TKG-5253 by UQG Optics with the transmittance curve shown is Figure 5. As a function of the obtained chromatic distribution, a balancing filter will be added. For the moment no choice has been made, since a) a balancing filter may not be necessary, given the high blue flux of the Fabry-Pérot, and b) we prefer in any case to see the resulting chromatic flux distribution. A filter can be inserted easily at anytime an a appropriate location will be reserved for it.
[bookmark: _Ref167943712][bookmark: _Toc224687252]Figure 5: Heat-blocking filter TKG – 5253 transmittance
[image: ]

[bookmark: _Toc224347215]Etalon parameters
Given the gap and Finesse requirement, the etalon will be designed as follows:
Gap: D = 7.6 mm
Clear diameter D = 40 mm (design), focal length of collimator f = 100 mm
Reflectivity Finesse: 	FR = 12.5	R() = const = 78%	  
Aperture Finesse:	F = 23	Fiber diameter d < 300 microns @ fcoll = 100 mm
Defect Finesse: 	FD = 33	Mirror wavefront better than l/50 P-V
Parallelism Finesse:	FP = 33	Departure from parallelism < 10 nm -> 0.25 10-7 rad
The etalon plates will be manufactured form fused silica blanks, most likely INFRASIL. The internal fibers being very short, we propose to use Ceramoptec WF fibers as well.
[bookmark: _Toc224687253]Figure 6: Internal transmission of Infrasil Fused Silica
[image: ]
[bookmark: _Toc224347216]Thermal control
From our experience with previous similar systems, the thermal control of the etalon structure to a couple of mK rms should be a straightforward affair. It will be based on a Lakeshore 335 temperature controller using silicon diodes as sensors and one or two thermal pads as heating elements.
[bookmark: _Toc224687254]Figure 7: Lakeshore 335 Temperature Controller
[image: ]
[bookmark: _Toc224347217]Pressure sensor and controller
The pressure of the FPC and thus around the etalon will be measured by means of an MPT100 Pfeiffer gauge attached to the vacuum tank. A DPG109 controller, the one used for the Vacuum System, will read out the sensor. The DPG controller will be read out through the ESPRESSO ICS.
[bookmark: _Toc224687255]Figure 8: MPT vacuum gauge (right) and its DPG109 controller (left)
[image: ] [image: ]
[bookmark: _Toc224347218][bookmark: __RefHeading__34_1403429987]Summary of hardware devices
[bookmark: _Toc224687298]Table 1: FPC hardware devices
	Type
	Manufacture
	Reference
	Interface
	Notes

	Temperature controller
	LAKESHORE
	335
	USB or Ethernet
	

	Temperature sensor
	LAKESHORE
	Si diodes DT-670
	
	Silicon diode

	Pressure controller
	PFIEFFER
	DPG 109
	 RS-232 (DB9)
	9 inputs

	Pressure gauge
	PFIEFFER
	MPT100
	

	Lamp controller EQ99 Plus
	Energetix
	
	



[bookmark: _Toc224347219]Mechanical design
[bookmark: _Toc224347220]Overview
The vacuum tank is a simple cylinder of electro-polished aluminum with 2 aluminum covers. It contains the actual FPC and its etalon, which is sketched in the following. While the first model of the FPC had a structure made of optically contacted Zerodur cylinders, a sensitivity analysis demonstrated later that this was not necessary. The mechanical structure of the second model (Harps North) is more classical and a less expensive assembly of aluminum elements holding the mirrors, the etalon and the fiber connectors.
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[bookmark: _Toc224687256] Figure 9: Section view of the Fabry-Perot
[image: ]Description of the light path
The light coming from the front-end enters the system by a vacuum feed-through (1), then goes through an optical fibre (2), fixed at one end to a spider (3). The light coming out of the fibre is projected against a parabolic mirror (4) which sends back the collimated beam trough the etalon (5) and against the second parabolic mirror (6). This mirror focuses again the beam and the light is finally collected by the output fibre and goes out trough the second vacuum feed-through.
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[bookmark: _Toc224347221]The vacuum tank
The vacuum vessel is a hermetic chamber in which the pressure is maintained at 1E-3 mbar and the temperature is controlled. It is made out of Aluminum and is composed by 3 parts:
a) A centre body (1): it is a tube with 2 welded flanges at each end.
b) A blank flange (2) on the bottom side.
c) A flange with feed-through (3) on the upper side. 2 optical feed-through (4) and 1 electrical feed-through (5). There is also a DN 40 ISO-K half nipple flange welded on for the pumping connection.
2 seals insure the airtight and 8 clamps maintain all parts together.
[bookmark: _Toc224687257]Figure 10: Ouside view of the vacuum vessel
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[bookmark: _Toc224347222]Optical feed-through
It is an off-the-shelf part composed by a flange and 2 FC receptacles at both ends. An optical fibre passes through a soft sealant material, which is compressed by the compressive end-cap and internal squeezer of the feed-through. 
[bookmark: _Toc224687258]Figure 11: Fiber-optical vacuum feed-though
[image: ]
[bookmark: _Toc224347223]Fabry-Perot assembly
It is a stand-alone system placed in the vacuum vessel and fixed to the top flange in 3 points. Some insulated housings avoids thermal transmission from the outside.
[bookmark: _Toc224687259]Figure 12: General view of the FPC opto-mechanical assembly
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[bookmark: _Toc224347224]The entrance fiber-holder spider
This is the support for the input optical fibre connector (1). This spider (2) is adjustable only in vertical (Z) direction by shimming spacers (2).
[bookmark: _Toc224687260]Figure 13: View of the upper spider and fiber support
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[bookmark: _Toc224347225]The parabolic mirror mounting
These are the two mirrors (1) at each end of the system. The first one collects the beam coming from the input fibre and collimates it back through the etalon. The second one collect the light coming from the etalon and focus it back to the output fibre. These mirrors have a reference surface (2) on the same side as the parabola (3). A Viton® O-ring (4) compressed by an aluminium ring (5) maintain the mirror in position. 3 spacers (6) avoid a contact between the mirror (1) and the aluminium ring (5).
[bookmark: _Toc224687261]Figure 14: Section view of the parabolic mirror and its support
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[bookmark: _Toc224347226]The etalon mounting
The etalon (1) is the main optical part. At its base, it has a flange to fix it. 3 brackets (2) and a Viton® O-ring (3), used as a sprig, maintain the etalon in position on the supporting flange (4).
[bookmark: _Toc224687262]Figure 15: Section view of the etalon and its support
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[bookmark: _Toc224347227]The exit fiber-holder spider
This is the support for the output optical fibre connector (1). This spider (2) is used for the final optical adjustment. It is adjustable in all directions (X,Y,Z): 4 pushing screws (3) for X,Y direction and 3 spacers (4) to shim for the vertical direction. The 4 screws are removed after adjustment. To insure an accurate displacement in X and Y direction, an intermediate ring (5) is placed between the supporting flange and the spider. In this intermediate ring are machined grooves (6) in the 2 directions.
[bookmark: _Toc224687263]Figure 16: Section view of the upper spider and fiber support
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[bookmark: __RefHeading__10_1403429987][bookmark: _Toc224347228]Interfaces
[bookmark: _Toc224347229]Optical interface
The FPC will have only one optical interface to the calibration unit. It will provide a male FC connector holding a 600 µm fiber to be connected at the input port of the calibration unit.
[bookmark: _Toc224347230]Mechanical interface
The opto-mechanical part of the FPC will be housed in a 0.6m x 0.6m x 1m enclosure of 60 x 60 x 80 cm. This enclosure is mainly filled with insulating foam and hosts the vacuum tank in the middle. This enclosure weights about 25kg and must be located in a stable thermal environnment (2T).
The primary light source will be packaged in a 6U 19” rack. The lamp control system will be packaged in a 3U 19” crate, as well as the Lakeshore temperature controller and the vacuum gauge controller
The Fabry-Pérot will be attached to the pumping system of the vacuum system for initial pumping and possible periodic pumping. Normally, no pumping will be performed on a regular basis, however, given the fact that the pressure increase is sufficiently small to avoid nightly drifts larger than the maximum requird10 cm/s, and, becse long-term drifts will be calibrated with an external absolute calibration reference
[bookmark: __RefHeading__12_1403429987][bookmark: _Toc224347231]Control system software interface
No active control is to be provided. The FPC will only be connected ‘passively’ to the ICS for monitoring of:
· Lakeshore 335 temperature controller for the two temperatures of the FPC
· Pressure DPG109 for the readout of the pressure gauge. The pressure gauge will be actually be connected to the Vacuum System pressure controller.
[bookmark: __RefHeading__14_1403429987][bookmark: __RefHeading__26_1403429987][bookmark: __RefHeading__30_1403429987][bookmark: _Toc224347232]Hardware interfaces
The FPC is a stand-alone and passive unit. No remote power control is required since it will be continuously operated. The unit is turned ON and turned OFF manually, whenever necessary. The controllers are installed in standard 19” rack within a small cabinet. A single standard 230V50Hz UPS power line must be delivered to the cabinet
The Lakeshore 335 is accessible via an Ethernet or serial port
[bookmark: __RefHeading__16_14034299871][bookmark: __RefHeading__18_14034299871]The Pfeiffer DPG109 pressure controller of the Vacuum System will be used to read-out also the FPC pressure gauge. The DPG is controller through a serial port.
[bookmark: __RefHeading__32_1403429987][bookmark: _Toc224347233]Performance Analysis
In the following we shall present the results obtained with a FPC already produced for HARPS and HARPS-N (Figure 18). These results replace any analysis, since it provides real-life and assessed performances. Figure 18 shows the Etalon manufactured by ICOS and used by HARPS and HARPS-N.
[bookmark: _Toc224687264][bookmark: _Ref224692786]Figure 17: FPC currently in use on HARPS-N during the tests (left) and in its isolation box (right)
[image: ] [image: ]
[bookmark: _Ref133075030]Figure 18: Fabry-Pérot etalons produced by ICOS. Left: Pure Zerodur-spacers etalon of low CTE. Right: Compensated spacers for theoretical zero CTE
[image: ]
[bookmark: _Toc134267010]Spectral range and energy distribution
The spectrum of the FPC system as recorded by the HARPS spectrograph is shown in Figure 19. Only a part of the raw frame is shown, as the whole image would be too large and the various lines would not be resolved individually. One can see the spectra of the two fibers both illuminated by the FPC system spectrum. The wavelength increases from left to right and from bottom to top, direction over which the spectrum is split over several echelle orders. The large gap in the center of the image is due to a physical gap in the CCD mosaic composed of two CCDs. For comparison a frame is shown in which one of the fiber was illuminated with the thorium lamp. Note the richness of the FP spectrum compared to that of the thorium!
[bookmark: _Ref133743129]Figure 19: Top: Raw HARPS frame of the FPC spectrum illuminating both fibers. Bottom: For comparison, a frame is shown in which one of the fiber was illuminated with the thorium lamp. Note the richness of the FPC spectrum compared to that of the thorium.
[image: 2D_FP]
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The average transmission of the FPC system has been measured by using a low-resolution laboratory spectrograph. The spectrograph recorded the white lamp spectrum alone and the same spectrum filtered by the FP system. The ratio of both spectra, which is basically the average transmission of the FP system including the fibers and the connectors, is shown in Figure 20 on the left side. Down to 450 nm the average transmittance is 10%. In order to determine the transmission at peak, however, this value has to be multiplied by the Finesse of the etalon. As we will see later, the finesse is 4.3; therefore the peak transmission must be of the order of 43% above 450 nm. In we consider that a significant fraction of the transmission losses are due to the two fiber connectors, we conclude that the peak-transmittance of the FP system is well above 50%. The much lower transmittance at short wavelength is due, on the one hand, by the fibers and the optical materials, which have generally lower efficiency towards the blue and, on the other hand, is caused by the FPC-etalon coating, which was not optimized for this wavelength region.
[bookmark: _Ref133075901]Figure 20: Left: Transmission spectrum of the Fabry-Pérot etalon averaged of a broad band (>> than a typical FSR of the etalon). Right: flux at the peak of a transmission line of the FP when illuminated by the Xe-lamp compared to the tungsten lamp. Measurements have been carried out with HARPS.
[image: ][image: :::::::private:var:folders:gV:gVWBlP3B2RaXCU+BYrOSDU++2io:-Tmp-:com.apple.mail.drag-T0x10051fcd0.tmp.1tMY0C:xenonvstungsen.png]
The right side of Figure 20 shows the flux level at peak transmission across the FPC spectrum as recorded by HARPS. The indicated flux includes the lamp, the FP system transmittance and the spectrograph efficiency. For comparison, the same curve is shown when using a tungsten lamp. It can be seen that, for the tungsten lamp, the flux level in the 15 bluest orders is too low for them to be used for the wavelength calibration and drift computation, while only a few orders are lost in the case of the Xe-lamp. It must be noted that the curves of the Xe and the tungsten lamp have been normalize, such that only the relative spectral energy distribution is shown. The total flux ratio between the Xe and the tungsten lamp is of the order of 16!
In order to increase lifetime, the Xe-lamp on HARPS has been replaced by a super-continuum laser source at the cost of some flux. The achieved photon-noise precision on HARPS is 5 cm s-1.   On HARPS-N the design was improved and the lamp replaced with an LDLS. An RV precision of about 2 cm s-1 per frame is obtained on a single frame, which is about three time as good as using the ThAr for the simultaneous drift measurement. The flux per extracted pixel at the peak of the echelle order with the FPC system on HARPS-N is shown in Figure 21. Order 1 corresponds to 690 nm, while order 69 is about 385 nm. Thanks to a coarse but ‘wavy’ interference filter, the red-to-blue flux has been well balanced. A part from the four bluest order, the flux dynamics remains well within the specified factor of 5. The fast an unavoidable drop in the extreme blue is due, as mentioned above, to the blue-absorbing coating of the etalon. A more balanced coating shall be designed for the ESPRESSO FPC.
[bookmark: _Ref224694729]Figure 21: Peak flux of the FPC as a function of echelle order (from 690 nm, left, to 380 nm, right)
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[bookmark: _Toc134267011]Finesse and spectral resolution
The finesse F =  (distance of two neighboring lines divided by the line width of a line) of the FP etalon has been first measured in laboratory by scanning the etalon’s effective gap. The scanning was achieved by varying the pressure inside the vacuum vessel and consequently between the two mirrors of the etalon. Thus, an effective optical path difference (OPD) is introduced and the transmitted wavelength changed. A commercial HeNe laser of  = 633 nm was used for the line scanning measurement.

Figure 21 shows the transmitted laser flux as a function of effective optical gap variation as computed assuming a linear relationship between pressure and refractive index of air. The red curve corresponds to the Airy function which theoretically describes the transmittance function of the FP etalon with a single effective finesse FE. The measured FE is in our case simply the ratio between the FWHM of a single peak divided by the distance between two neighboring peaks. The so obtained value is FE = 4.1. This value is lower than what expected from the design, which predicted an effective finesse of about 6. However, we have to take into account that the natural line width of a HeNe laser that is expected to be of the order of 3.1 10-6 of its frequency, which would correspond to a resolution R =  = 316’000. At 633 nm, the FP etalon is working in the mode m = 23’064. Thus, the corresponding finesse is FL = RL/m = 13.7. The effective finesse of the FP etalon can then be estimated to , where Fm = 4.1 is the measured finesse. We finally obtain FE = 4.3. It has to be noted that this value is still lower than expected.
[bookmark: _Ref133803210]Figure 22: Direct measurement of the FP transmittance when varying the optical gap
[image: ]

The left side of Figure 22 shows a zoom on the raw frame of the FP spectrum as recorded by HARPS. The left side shows the corresponding ‘extracted’ spectrum, which represents the flux as a function of CCD pixel (or wavelength). The uniformity of the intensity and the equidistance of the spectral line must be remarked. Figure 23 shows the computed ‘finesse’ as a function of wavelength (or spectral order). The computed finesse does not correspond to the FP finesse, since the lines are convolved with the instrumental profile (IP) which determines the spectral resolution of the HARPS spectrograph to about R = 115’000. The finesse so recorded is rather the ratio of the distance between two neighboring lines and line’s FWHM. If the line width was dominated by the spectrograph’s resolution, we would expect a finesse of 3.1 at 400 nm (order nr. 8) and of 5.3 at 680 nm (order nr. 70). The lower measured value confirms, however, that the effective finesse of the FP etalon must be 4.3 instead of 6, in order to obtain the actual measured finesse.
[bookmark: _Ref133816027]Figure 23: Zoom on the FP raw spectrum as recorded by the HARPS spectrograph and portion of the extracted 1-D spectrum
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[bookmark: _Ref133816032]Figure 24: Ratio of line separation to line width over the full wavelength range of the HARPS spectrograph. Order nr. 1 corresponds to 383 nm while order nr. 70 is located at about 680 nm. At short wavelengths some noise is introduced by the low flux. Within a single order the dispersion of the measured finesse is due to the varying dispersion of the echelle spectrograph along the order.
[image: :::::::private:var:folders:gV:gVWBlP3B2RaXCU+BYrOSDU++2io:-Tmp-:com.apple.mail.drag-T0x10051fcd0.tmp.ioy7hZ:finesse.png]
[bookmark: _Toc134267012]Line positions
For the theoretical Fabry-Pérot the wavelength (or frequency) of a given transmitted peak (order) m is fully determined by a single parameter: the gap D. The corresponding formula is m = 2D/m. Provided that we know the etalon’s gap, we can, from this formula, directly determine the wavelength of a given line by knowing it order number. In practice, however, one does not know the absolute order number of the line, but only a relative numbering by assuming that the peaks must have continuously increasing and discrete order values. We have therefore reversed the problem by using the spectrographs calibration delivered by the thorium source and used it to assign a wavelength to each transmission peak. Using this wavelength and assuming a gap of 2D = 14.6 mm we have been able to determine directly the order number of each transmittance peak appearing in the FP spectrum.
We did not expect the gap D to be exactly the theoretical values, nor to be constant as a function of wavelength due to the varying effective optical depth of the dielectric mirror coatings. Indeed, the computed order numbers were not all perfectly discrete. Nevertheless, the difference to the discrete continuous number is always below 0.25. From this we can conclude that by rounding the obtained order number to the closest integer value we unambiguously identify the real order number. Using this fact, we have then used the so computed discrete order number and the wavelength assigned from the thorium calibration to determine the effective gap D = D() of the etalon. The result is shown in Figure 24. Note the mechanical gap of the etalon is of 7.3 mm and that in the figure the optical path difference 2D is actually shown.
[bookmark: _Ref134241283]Figure 25: Effective etalon gap 2D() as a function of wavelength and is difference from the nominal value of 14.6 mm
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It appears that the ‘manufactured’ mechanical gap of D = 7.3 mm is fully compliant with the measured optical path difference of 2D = 14.6 mm within a quarter of wavelength, which confirms that the order numbering can be assigned unambiguously by assuming the theoretical gap value. If a wrong value D had been assumed, the D() would show a slope of at least one wavelength over the plotted spectral range.
Nevertheless, D() seems to vary significantly. The measured changes correspond to about 10-5 or, expressed in radial velocities, of the order of 3 km s-1. We assume here that D() is constant in time and that thus the presented fact does not have any impact on ability of the FP system to track instrument drifts. However, we also conclude in order to use the FPC system for absolute wavelength calibrations to better that 10-5, D() of the Fabry-Pérot must be calibrated by another mean (e.g. laser frequency comb or thorium lamp).
Although D() seems well determined we have to remark that short-scale patterns with amplitude of the order of 50 m s-1 have been recorded in D(). At first glance the patters seems to be linked to the FP system itself (the pattern is the same when comparing wavelengths present in two different orders), and should be calibrated..
We conclude here that the FP etalon behaves as expected in terms of spectral performances. The etalon gap has been manufactured (and measured) with an amazing accuracy. We confirm that the effective gap D() varies with wavelength. However, we will see later that this gap D() remains constant with time and can be thus calibrated down to photon noise precision.
[bookmark: _Toc134267013]Photonic Doppler precision content
The ability of determining the position of a spectrum on the CCD (line position expressed in pixel) and associate it with a given wavelength depends on the width and the intensity of the line. In general one can say that the fundamentally attainable precision is proportional to the square root of the number of lines in the spectral domain and their intensity, and inversely proportional to their width. In HARPS, the formulae described by Bouchy & Pepe (2001) are employed to measure the fundamental (photon-noise limited) precision content of a spectrum. Figure 21 shows the attainable precision using the FPC system as a function of the square root of the relative flux measured on the detector. The flux was varied either by changing the variable ND-filter in front of the calibration lamp or by varying the exposure time. For comparison, also the results obtained with the hollow cathode thorium lamp are shown. In both cases it could be demonstrated that the relationship is perfectly linear as expected from pure photon noise, and that a precision of about 2 cm s-1 can be attained on a single spectrum.
[bookmark: _Ref133826656]Figure 26: Fundamental (photon-noise limited) precision obtained on a single FP spectrum. The results from the thorium lamp are shown for comparison. 
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As mentioned above, the flux level can be varied either by increasing the light intensity or the exposure time. In the present HARPS-N system the thorium lamp is tuned in a way such to balance lifetime and flux. In an exposure of 20 s, which is the (minimum) nominal exposure time for a wavelength-calibration exposure, the attained precision level is of the order of 2 cm s-1.
[bookmark: _Toc169941998]Stability measurements
[bookmark: _Toc169941999]Drift computation and use of new algorithm
In order to use the FPC in a standard way on HARPS, the DRS (pipeline) had to be adapted and some functionality added. In particular, one had to add the possibility of treating frames using the FPC on fiber B for both calibration and scientific (target) exposures. The recognition and the correct handling of the various cases had to be implemented. Also, for the measurement of the drift, several new algorithms have been tested and implemented.
It is important to note that these developments have been also used for the simultaneous development of the LFC by ESO and MPQ, since the LFC as well had to be tested on HARPS. The spectra of the LFC and the FPC are actually qualitatively identical, and the same data reduction can be used in both cases. These concepts have been fully integrated in the ESPRESSO pipeline and apply in an identical way for the Laser-Frequency Comb and the Fabry-Pérot.
[bookmark: _Toc169942001]Short-term stability
We have tested the short-term stability by performing long series of ThAr-FP exposures (ThAr on fiber A, FPC on fiber B) and by computing the respective drifts independently. Figure 19 shows the drift from one exposure to the other as computed by the ThAr lamp and the FPC, as well as the difference of both to remove possible instrumental drifts.
For the ThAr alone we obtain a dispersion of about 0.19 m s-1 rms which should be compared to about 0.09 m s-1 pure photon-noise error. For the FPC we obtain 0.176 m s-1 rms dispersion, to be compared to 0.06 m s-1 photon noise. For the difference of both, we end up with a photon noise of 0.11 m s-1 and a measured dispersion of 0.14 m s-1. The dispersion of the dirrence is well below the square root of the quadratic sum of the individual drift measurements of 0.26 m s-1, demonstrating that both sources track a ‘real’ instrumental’ drift. On the other hand, the difference between the photon noise and the measured dispersion leaves room for a 0.08 m s-1 additional dispersion, which is not ‘seen’ by at least one of the fibers (or better sources).
[bookmark: _Ref168017639][bookmark: _Toc224687267]Figure 27: Relative drift measurements over 7 hours to test the short-term performances of the FPC
[image: ]
The plot in Figure 20 shows the same data, but this time in absolute terms, i.e. it indicates the absolute drift for FP and TH with respect to the very first exposure of the series. It should be remarked that in general the FP and the TH follow the same ‘high-frequency’ behavior, tracking real instrumental drifts. This is demonstrated by the fact that the dispersion of the difference is well below the dispersion of the individual measurements. On the other hand, the plot shows also that one can have differential drifts of the order of 0.9 m s-1 P-V or 0.23 m s-1 rms if no recalibration is performed during every night. Again, this is a worst case limit if we assume that the differential drift between TH and FP is fully due to the FP. As it will be demonstrated in the following, the short-term stability oft he FPC is well within specs.
[bookmark: _Ref169939170][bookmark: _Toc224687268]Figure 28: Absolute drift measurements over 7 hours to test the short-term performances of the FPC
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[bookmark: _Toc169942002]Long-term stability
The long-term stability was tested in a similar way as the short-term stability using HARPS@ESO data. Frames were taken in routine operation almost every day. The idea was to monitor possible long-term drifts of the FPC with respect to the ThAr calibration lamp.
Figure 21 shows the results. Over the 6 months of operations in 2012, the FPC slowly drifted by a total of 11.6 m s-1, assuming that the ThAr lamp has no internal drift. The measured drift is mostly due to the fact that the pressure in the FPC increases slightly with time, since it is not continuously pumped. This sequence shows nevertheless in a clear and impressive way that the long-term drift of the FPC is of about 0.063 m s-1 per day in average. During an observing night, between the calibration and the scientific exposures, we should not expect a drift larger than 0.05 cm s-1, if the daily calibrations are done at the beginning of the night.
[bookmark: _Ref168019345][bookmark: _Toc224687269]Figure 29: Drift measurements over 180 days to test the long-term performances of the FPC
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Wavelength dispersion and local accuracy
The effective etalon gap varies as a function of wavelength due to the fact that the penetration depth in the coating depends on the wavelength. By using the ThAr calibration of the FP frames. We have repeated this measurement in order to verify whether the etalon characteristic, in particular the coatings, remain constant with time. Figure 30 shows the effective gap (twice the physical gap) as a function of wavelength. The two curves and the respective zoom show a measurement taken with the continuum laser source of HARPS in 2011 and another in 2012 more than one year later. Both plots show that the two curve follow each other to a large degree. The absolute variation of 0.3 µm corresponds to a ‘velocity’ of  6 km s-1. The difference between the two curve is much smaller and basically an offset. It is mainly due to a pressure change in the FPC system which influences the effective gap of the etalon. Small ‘coherent’ variations can be seen on short scale. They correspond to about 0.003 nm or 60 m s-1. 
[bookmark: _Ref224696280]Figure 30: Dispersion law of the FPC (expressed in effective etalon gap) recorded over two seasons separated by more than one year. Left: full wavelength range of HARPS.  Right: Zoom over a single order.
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Figure 31 shows the difference in dispersion between the two seasons separated by more than one year. The variation is expressed in terms of effective etalon gap variation. As it can be seen, the variation is constant with wavelength. The general offset of 0.65 nm (= 13.4 m s-1) can be explained by the differences in pressure inside the etalon dewar between the two measurements. It interesting to note that the two curves show the same low-frequency behavior, confirming that the coatings characteristics remain unchanged to the level given by the measurement noise of each single line.  It should be noted that the difference of the dispersions removes the ‘coherent’ wiggles seen in the absolute dispersion curve shown in the previous figure. The remaining difference of typical  nm or about 20 m s-1 is probably simply due to ‘photon noise’ when determining the line position on one single frame. Indeed, a back of the envelope estimation of the centroid error obtained on a line of 5000 electrons/extracted pixel, a typical value for the HARPS FPC frames, leads to an error of 20 m s-1. On the HARPS-N FPC the flux is about a factor of 6 higher, such that we can expect that the FPC lines are determined with a precision of about 2.5 times better, i.e. to a typical precision of 8 m s-1.
[bookmark: _Ref169940552][bookmark: _Toc224687270]Figure 31: Dispersion variation (expressed in difference of effective etalon gap) between two seasons separated by one year as a function of wavelength. Left: full wavelength range of HARPS.  Right: Zoom over a single order.
[image: ] [image: ]
[bookmark: _Toc169942004]On-sky tests and operations
[bookmark: _Toc169942005]Description of operations
In order to operate the FPC in a standard way, we have implemented a operational scheme in an identical way as when the ThAr lamp is used. Templates had to be added and the DRS modified in order to do so. In the following we describe the operations step-by-step:
1) During the calibrations, a wavelength-calibration exposure is taken where fiber A, the object fiber, is illuminated with the lamp ThAr 1 and fiber B, the reference fiber, with the FPC. This exposure is produced by calling the calibration Template ‘HARPS_ech_cal_WAVE’ with the fiber B parameter set to ‘FP’ by default.
2) The DRS recognizes this frame as such and performs extraction and wavelength calibration on fiber A and extraction and referencing on fiber B. The result is stored in the calibration database calib_DB under the reference ‘wave’. It shall be noted that for the wavelength calibration of fiber B the latest ‘THA2’ exposure (both fibers illuminated with ThAr) is used.
3) During the scientific observation fiber A, the object fiber, is illuminated with the astronomical target and fiber B, the reference fiber, with the FPC. This exposure is produced by calling the acquisition template ‘HARPS_ech_acq_WAVEsimult’ with the fiber B parameter set to ‘FP’ by default.
4) The DRS recognizes this frame as such and performs extraction and stellar velocity computation on fiber A and extraction and drift computation on fiber B. For the latter, the reduction recipe looks into the calib_DB for the latest ‘WAVE’ calibration with ‘FP’ on fiber B and computes the differential drift between the present exposure and the reference exposure.
This scheme has been implemented and is fully operation. Two ‘HARPS_ech_cal_WAVE’ using ‘FP’ on fiber B have been included in the Standard-RV calibration set and are executed every night on HARPS. As mentioned above a similar scheme is foreseen for ESPRESSO.
[bookmark: _Toc169942006]Observations of known standards
In order to test the on sky performance we have observed, during the ‘Sousa’ mission in March 2011, two well-known targets. Both targets are part of the ‘HARPS-Upgrade GTO’ program by Pepe et al. In order to compare the radial-velocity results, we have observed both targets in their standard modes (usually used modes). The first target, HD 85512, is a moderately bright stable star with one known planet. Usually, this target is observed in ‘thosimult’ mode. The second star, HD 128621 or alpha Cen B, is very bright (Mv =1.3). Because of its brightness the frame reaches almost saturation in 15 s. The high flux level on the object fiber was observed to produce contamination of the simultaneous thorium on fiber B, which in turn introduced errors of the order of 1 to 2 m s-1 on the drift measurement. Therefore, this target is observed as ‘OBJA’, i.e. without simultaneous ThAr on fiber B.
The results in terms of radial velocity are shown in Figure 23 and Figure 24, respectively. It shall be noted that the long-term variation on HD 85512 are due to the low-mass planetary companion. Nevertheless, the some ‘high-frequency’ variation are observed on the measurements using the ThAr which are not seen on the FPCS measurements. For alpha Cen B it shall be noted that the long-term variations are due to the fact that this star is part of a triple system. The short-term variations, the scatter during the night, are however due to stellar pulsation while the night-to-night variations are due to stellar jitter.
The most important result is that in both cases neither a systematic offset nor a higher scatter is observed when using HARPS in the simultaneous FPC mode.
[bookmark: _Ref168140387][bookmark: _Toc224687271]Figure 32: Observations of the star HD 85512 over a ten-days period with the simultaneous reference technique using the ThAr (red) and the FPC (blue). Radial-velocities are identical, although the dispersion seems to be even a little bit lower when using the FPC.
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[bookmark: _Ref168140389][bookmark: _Toc224687272]Figure 33: Observations of the star HD 128621 (alpha Cen B) over a ten-days period with the simultaneous reference technique using the FPC (blue) and without any simultaneous reference at all. radial-velocities are identical, indicating that the FPC work well even on bright objects and that it does not introduce any systematic offset or error.
[image: ]

[bookmark: _Toc224347234]Compliance matrix
In the following we will give a compliance matrix for the FPC requirements. Most of them have already been verified on the FPC manufactured for HARPS and HARPS-N. The extension in wavelength for ESPRESSO is easily achievable by specifying the Fabry-Pérot coating for he larger wavelength range. The necessary flux will be naturally provided by the LDLS lamp, which shows almost flat distribution and no spectral features in the full ESPRESSO wavelength range.
[bookmark: _Toc224687299]Table 2: Compliance matrix
	Item
	Required
	Actual
	Verification
	

	Wavelength coverage
	380  – 780 nm
	380 - 780nm
	Test : 380 - 690 nm HARPS(-N)
Design :380 - 780 nm
	C

	Photon noise
	< 5 cm/s
	5 cm/s (2 cm/s)
	Test : HARPS (HARPS-N)
	C

	Dynamic range PV
	4
	6
	Test :HARPS-N
	NC

	Line width
	<2/3 of spectral element
	2/3 of spectral element
	Test : HARPS(-N)
	C

	Line separation
	2-5 x spectral element
	2-s5 x spectral element
	Test : HARPS(-N)
	C

	Short-term repeatability
	5 cm/s per night
	3.2 cm/s per night
	Test : HARPS
	C

	Long-term repeatability
	10 cm/s
	50 m/s
	Test : HARPS
	NC

	Local wavelength accuracy
	10 m/s
	< 10 m/s
	Test : HARPS
	C



Table 4: Requirements towards the FPC
	Item
	Requirement
	Measure/designed
	

	Wavelength coverage
	380  – 780 nm
	By design
(HARPS-N: 380  – 680 nm)
	C

	System transmittance
	> 10%
	Typical 50%, min. 10%
	C

	Transmittance uniformity
	Tmax/Tmin < 2
	5 (due to absorption of the coating in the bluest orders)
	NC

	Transmittance variations
	dT/d< 2% per nm
	< 0.2% per nm (see Figure 20)
	C

	Etalon total Finesse
	10 < F < 12
	By design
(No problem, private communication by ICOS)
	C

	Etalon spacing
	D = 7.6 mm  0.0005 mm
	By design
	C

	Photon noise
	< 5 cm/s
	2 cm/s
(Demonstrated on HARPS-N)
	

	Flux homogeneity
	Fmax/Fmin < 5
	In the range of 390 – 680 nm
	PC

	Line width
	< 2/3 of spectral element
	By design
	C

	Line separation
	2-7 x spectral element
	By design
	C

	Short-term repeatability
	d/dt < 2 10-10 7 m/s
	0.0032 m/s in 12 hours
	C

	Long-term repeatability
	d/dt < 2 10-10 7 m/s
	Same as short-term, after daily calibration with a reference
	NC

	Line shape stability
	Finesse determined by FR
	By design
	C

	Local wavelength accuracy
	λ - λ0 3 x -8λ (10 m/s)
	About 10 m/s, after calibration
	PC



Three non-compliances with respect to these internal requirements must be remarked at this stage:
1) The dynamic range, i.e. the ratio between maximum and minimum flux on the CCD of the FPC is much more than 5, in particular if considering the blue wavelength range. This can however be adjusted with better adapted balancing filters. An effort shall be made with this respected while noting that a slightly higher dynamic range than specified would not have any impact of other performances.
2) The long-term stability of the FPC cannot be guaranteed, given the fact that it is a fully passive system with no feed-back from an absolute source. Coupling of the FPC to an absolute source must therefore be provided. A possible absolute source would be an atomic-clock-locked and stabilized laser. It must be recalled, however, that even a ThAr lamp may deliver the required long-term accuracy. Figure 1 shows a 10-years series on Tau Ceti. The overall dispersion is of 1.01 m s-1 and no systematic slope is measured. In fact, a linear fit delivers a slope value of 0.002 m s-1 ± 0.02 m s-1 per year.
3) [bookmark: _GoBack]The local wavelength accuracy can only be provided after calibration of the FPC with and external source or with a high-precision FTS. Both exist. The important point is, fortunately, that the dispersion law of the FP remains constant with time, such that a calibration remains valid. Only the offset would need periodical calibration. 
[bookmark: _Toc224687273]Figure 34: 10 years of Tau Ceti demonstrating the long-term stability of the ThAr calibration.
[image: ]
Conclusion
The Fabry-Pérot has demonstrated to be a valuable fall-back solution for the LFC under two aspects:
1) It is able to provide a drift measurement (simultaneous reference) well within the required photonic precision and short-term stability.
2) If combined with external absolute reference, it can be used to characterize the CCD and provide wavelength calibration. The global accuracy will be given by the external source. The local accuracy is given by the ability of calibration the group-delay dispersion of the Fabry-Pérot. Test on HARPS show that the dispersion law is reproduceable within 1/30’000’000 of the Fabry-Pérot thickness, which corresponds to an equivalent local repeatability of 10 m s-1.



[bookmark: _Toc224347235]Appendix
Data sheets
In the following we will present the data sheets of:
· Energetiq EQ99 Plus lamp controller
· Lakeshore 335 Temperature Controller
· DPG109 Pressure Controller
· MPT100 Pressure Gauge
[image: Macintosh HD:Users:frapepe:Projects:Espresso:Fabry-Pérot:EQ99_Manager_Data_Sheet.pdf]

[image: Macintosh HD:Users:frapepe:Projects:Espresso:Fabry-Pérot:EQ99_Manager_Data_Sheet.pdf]
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LDLS™  
EQ-99 Manager
Smart Controller for 
Laser-Driven Light Sources



The EQ-99 Manager offers enhanced control of the EQ-99 
series Laser-Driven Light Source (LDLS), adding valuable 
functionality to the brightest, longest lasting, broadband 
light source available today.



USB Computer Interface
The EQ-99 Manager connects to a computer with a simple 
USB interface, allowing easy control and monitoring of the 
Laser-Driven Light Source.



LDLS Status Monitoring
Monitor the status of the LDLS, including bulb operation 
hours,  through the USB interface or on the high visibility 
front-panel display.



Advanced Shutter Control
The EQ-99 Manager includes advanced shutter control with a 
variety of control modes and programmable shutter speed. 
The optional EQ-99 Shutter can be mounted to the window 
of the EQ-99 or directly to an optical bench.



Universal Power Supply
The EQ-99 Manager houses a universal power supply for 
worldwide operation without a separate power adapter.



Compatible with the Latest EQ-99 Products
The EQ-99 Manager is a smart controller designed to be used 
with the latest EQ-99, EQ-99FC and EQ-99CAL Laser-Driven 
Light Source products.



Energetiq’s  
Laser-Driven Light Sources
The groundbreaking Laser-Driven Light 
Source (LDLS) is the brightest, longest 
lasting, broadband light source available 
today, making it ideal for researchers 
working in demanding imaging and analytical 
spectroscopy applications. Energetiq’s 
patented laser-driven technology enables 
extreme high brightness over a broad 
spectral range — from 170nm through 
visible into the near infrared.



• Broadband light source covers the entire 
   spectral range, eliminating the need for
   multiple lamps



• Extremely high brightness across the
   complete spectrum



• Patented laser-driven bulb technology for 
   ultra-long lamp life



• Excellent spatial and power stability
   enhances repeatability



• Electrodeless operation reduces consumable   
   costs and minimizes calibration
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About Energetiq
Energetiq Technology, Inc. is a 
developer and manufacturer 
of advanced light sources 
that enable the analysis and 
manufacture nano-scale 
structures and products. The 
Energetiq team combines its 
deep understanding of the high 
power plasma physics needed 
for high-brightness light 
generation with its long 
experience in building rugged 
industrial and scientific products. 
The result is that users can 
expect the highest levels of 
performance combined with 
the highest reliability.



Energetiq Technology, Inc.
7 Constitution Way
Woburn, MA 01801



Phone: +1 781-939-0763
Fax: + 1 781-939-0769
info@energetiq.com
www.energetiq.com



Specifications are subject to 
change without notice.
EQ99 Manager—1/13



©2013 Energetiq Technology, Inc. 
All rights reserved.



Energetiq’s Laser-Driven Light Source Patented Technology
Winner of the prestigious R&D 100 Award for technological significance and the 
Prism Award for Photonics Innovation, Energetiq’s Laser-Driven Light Source is 
developed with revolutionary technology that offers unprecedented brightness 
and long life across the complete spectrum, from 170-2100nm.



Energetiq’s innovative LDLS technology uses a CW laser to directly heat a Xenon 
plasma to the high temperatures necessary for efficient deep ultraviolet 
production. In traditional approaches, brightness, UV power, and lamp life are 
limited by the use of electrodes to couple power to the plasma. In contrast, LDLS 
technology creates small, high brightness plasma without electrodes, allowing 
efficient collection of light, a broad spectral range from the deepest UV through 
visible and beyond, and long lamp life.



Specifications



     Physical Specifications  Dimensions (H x W x D)    Weight
 • Controller   47 x 215 x 280mm (1.8 x 8.5 x 11 in.)   1.6 kg (3.4 lbs) 



     Utility Requirements
 • Electrical    100-240v, 50/60Hz, 2.5A 
 • Compliance   CE Mark



     Shutter Performance
 • 100ms minimum exposure time, 2Hz maximum cycle rate. 
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Model 335 Temperature Controller



� Operates down to 300 mK with 
appropriate NTC RTD sensors



� Two sensor inputs



� Two configurable PID control 
loops providing 50 W and 
25 W or 75 W and 1 W 



� Autotuning automatically 
calculates PID parameters



� Automatically switch sensor 
inputs using zones to allow 
continuous measurement and 
control from 300 mK to 1505 K



� Custom display set-up allows 
you to label each sensor input



� USB and IEEE-488 interfaces



� Supports diode, RTD, and 
thermocouple temperature 
sensors



� Sensor excitation current 
reversal eliminates thermal 
EMF errors for resistance 
sensors



� ±10 V analog voltage output, 
alarms, and relays



Introduction
Designed with the user and ease of use in 
mind, the Model 335 temperature controller 
offers many user-configurable features and 
advanced functions that until now have 
been reserved for more expensive, high-end 
temperature controllers. The Model 335 is 
the first two-channel temperature controller 
available with user configurable heater 
outputs delivering a total of 75 W of low noise 
heater power—50 W and 25 W, or 75 W and 
1 W. With that much heater power packed into 
an affordable half-rack sized instrument, the 
Model 335 gives you more power and control 
than ever.  



Control outputs are equipped with both 
hardware and software features allowing 
you, and not your temperature controller, to 
easily control your experiments. Output one 
functions as a current output while output 
two can be configured in either current or 
voltage mode. With output two in voltage 
mode, it functions as a ±10 V analog output 
while still providing 1 W of heater power 
and full closed loop proportional-integral-
derivative (PID) control capability. Alarms 
and relays are included to help automate 
secondary control functions. The improved 
autotuning feature of the Model 335 can be 
used to automatically calculate PID control 
parameters, so you spend less time tuning 
your controller and more time conducting 
experiments. 



The Model 335 supports the industry’s most 
advanced line of cryogenic temperature 
sensors as manufactured by Lake Shore, 
including diodes, resistance temperature 
detectors (RTDs), and thermocouples. The 
controller’s zone tuning feature allows you to 
measure and control temperatures seamlessly 



from 300 mK to over 1,500 K. This feature 
automatically switches temperature sensor 
inputs when your temperature range goes 
beyond the useable range of a given sensor. 
You’ll never again have to be concerned with 
temperature sensor over or under errors and 
measurement continuity issues. 



The intuitive front panel layout and keypad 
logic, bright vacuum fluorescent display, and 
LED indicators enhance the user-friendly 
front panel interface of the Model 335. 
Four standard display modes are offered 
to accommodate different instrument 
configurations and user preferences. Say 
goodbye to sticky notes and hand written 
labels, as the ability to custom label 
sensor inputs eliminates the guesswork in 
remembering or determining the location 
to which a sensor input is associated. These 
features, combined with USB and IEEE-488 
interfaces and intuitive menu structure and 
logic supports efficiency and ease of use. 



As a replacement to our popular Model 331 
and 332 temperature controllers, the Model 
335 offers software emulation modes for 
literal drop-in compatibility. The commands 
you are accustomed to sending to the Model 
331 and 332 will either be interpreted directly 
or translated to the most appropriate Model 
335 setting. The Model 335 comes standard-
equipped with all of the functionality of the 
controllers it replaces, but offers additional 
features that save you time and money. 



With the Model 335, you get a temperature 
controller you control from the world leader in 
cryogenic thermometry.
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 Operates down to 300 mK with 

appropriate NTC RTD sensors

 Two sensor inputs

 Two configurable PID control 

loops providing 50 W and 

25 W or 75 W and 1 W 

 Autotuning automatically 
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inputs using zones to allow 

continuous measurement and 

control from 300 mK to 1505 K

 Custom display set-up allows 

you to label each sensor input

 USB and IEEE-488 interfaces

 Supports diode, RTD, and 

thermocouple temperature 

sensors

 Sensor excitation current 

reversal eliminates thermal 

EMF errors for resistance 

sensors

 ±10 V analog voltage output, 

alarms, and relays

Introduction

Designed with the user and ease of use in 

mind, the Model 335 temperature controller 

offers many user-configurable features and 

advanced functions that until now have 

been reserved for more expensive, high-end 

temperature controllers. The Model 335 is 

the first two-channel temperature controller 

available with user configurable heater 

outputs delivering a total of 75 W of low noise 

heater power—50 W and 25 W, or 75 W and 

1 W. With that much heater power packed into 

an affordable half-rack sized instrument, the 

Model 335 gives you more power and control 

than ever.  

Control outputs are equipped with both 

hardware and software features allowing 

you, and not your temperature controller, to 

easily control your experiments. Output one 

functions as a current output while output 

two can be configured in either current or 

voltage mode. With output two in voltage 

mode, it functions as a ±10 V analog output 

while still providing 1 W of heater power 

and full closed loop proportional-integral-

derivative (PID) control capability. Alarms 

and relays are included to help automate 

secondary control functions. The improved 

autotuning feature of the Model 335 can be 

used to automatically calculate PID control 

parameters, so you spend less time tuning 

your controller and more time conducting 

experiments. 

The Model 335 supports the industry’s most 

advanced line of cryogenic temperature 

sensors as manufactured by Lake Shore, 

including diodes, resistance temperature 

detectors (RTDs), and thermocouples. The 

controller’s zone tuning feature allows you to 

measure and control temperatures seamlessly 

from 300 mK to over 1,500 K. This feature 

automatically switches temperature sensor 

inputs when your temperature range goes 

beyond the useable range of a given sensor. 

You’ll never again have to be concerned with 

temperature sensor over or under errors and 

measurement continuity issues. 

The intuitive front panel layout and keypad 

logic, bright vacuum fluorescent display, and 

LED indicators enhance the user-friendly 

front panel interface of the Model 335. 

Four standard display modes are offered 

to accommodate different instrument 

configurations and user preferences. Say 

goodbye to sticky notes and hand written 

labels, as the ability to custom label 

sensor inputs eliminates the guesswork in 

remembering or determining the location 

to which a sensor input is associated. These 

features, combined with USB and IEEE-488 

interfaces and intuitive menu structure and 

logic supports efficiency and ease of use. 

As a replacement to our popular Model 331 

and 332 temperature controllers, the Model 

335 offers software emulation modes for 

literal drop-in compatibility. The commands 

you are accustomed to sending to the Model 

331 and 332 will either be interpreted directly 

or translated to the most appropriate Model 

335 setting. The Model 335 comes standard-

equipped with all of the functionality of the 

controllers it replaces, but offers additional 

features that save you time and money. 

With the Model 335, you get a temperature 

controller you control from the world leader in 

cryogenic thermometry.
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Sensor Inputs
The Model 335 offers two standard sensor 
inputs that are compatible with diode and 
RTD temperature sensors. The field-installable 
Model 3060 option adds thermocouple 
functionality to both inputs.  



Sensor inputs feature a high-resolution 
24-bit analog-to-digital converter and each 
of the two powered outputs function as 
separate current sources. Both sensor inputs 
are optically isolated from other circuits to 
reduce noise and to deliver repeatable sensor 
measurements. Current reversal eliminates 
thermal electromagnetic field (EMF) errors 
in resistance sensors. Ten excitation currents 
facilitate temperature measurement and 
control down to 300 mK using appropriate 
negative temperature coefficient (NTC) 
RTDs. Autorange mode automatically 
scales excitation current in NTC RTDs to 
reduce self heating at low temperatures as 
sensor resistance changes by many orders 
of magnitude. Temperatures down to 1.4 K 
can be measured and controlled using 
silicon or GaAlAs diodes. Software selects the 
appropriate excitation current and signal 
gain levels when the sensor type is entered 
via the instrument front panel. To increase 
your productivity, the unique zone setting 
feature automatically switches sensor inputs, 
enabling you to measure temperatures from 
300 mK to over 1,500 K without interrupting 
your experiment. 



The Model 335 includes standard temperature 
sensor response curves for silicon diodes, 
platinum RTDs, ruthenium oxide RTDs, and 
thermocouples. Non-volatile memory can 
also store up to 39 200-point CalCurves for 
Lake Shore calibrated temperature sensors or 
user curves. A built-in SoftCal algorithm can 
be used to generate curves for silicon diodes 
and platinum RTDs that can be stored as 
user curves. Temperature sensor calibration 
data can be easily loaded into the Model 335 
temperature controller and manipulated 
using the Lake Shore curve handler software 
program. 



Temperature Control
Providing a total of 75 W of heater power, 
the Model 335 is the most powerful half rack 
temperature controller available. Designed 
to deliver very clean heater power, precise 
temperature control is ensured throughout 
your full scale temperature range for 
excellent measurement reliability, efficiency 
and throughput. Two independent PID 
control outputs can be configured to supply 
50 W and 25 W or 75 W and 1 W of heater 
power. Precise control output is calculated 
based on your temperature setpoint and 
feedback from the control sensor. Wide 
tuning parameters accommodate most 
cryogenic cooling systems and many 
high-temperature ovens commonly used in 
laboratories. PID values can be manually set 
for fine control or the improved autotuning 
feature can automate the tuning process.



The Model 335 autotuning method 
calculates PID parameters and provides 
feedback to help build zone tables. The 
setpoint ramp feature provides smooth, 
continuous setpoint changes and predictable 
approaches to setpoint without the worry 
of overshoot or excessive settling times. 
The instrument’s zone tuning feature 
automatically switches temperature sensor 
inputs when your temperature range goes 
beyond the useable range of a given sensor. 
This feature combined with the instrument’s  
ability to scale the sensor excitation through 
ten pre-loaded current settings allows 
the Model 335 to provide continuous 
measurement and control from 300 mK to 
1505 K. 



Both control outputs are variable DC current 
sources referenced to chassis ground. As 
a factory default, outputs 1 and 2 provide 
50 W and 25 W of continuous power 
respectively, both to a 50 ) or 25 ) load. For 
increased functionality, output 2 can also 
be set to voltage mode. When set to voltage 
mode, it functions as a ±10 V analog output 
while still providing 1 W of heater power and 
full closed loop PID control capability. While 
in this mode, output 1 can provide up to 
75 W of heater power to a 25 ) load. 



Temperature limit settings for inputs are 
provided as a safeguard against system 
damage. Each input is assigned a temperature 
limit, and if any input exceeds that limit, both 
control channels are automatically disabled.



Interface
The Model 335 is standard equipped with 
universal serial bus (USB) and parallel (IEEE-
488) interfaces. In addition to gathering data, 
nearly every function of the instrument can 
be controlled via computer interface. You 
can download the Lake Shore curve handler 
software program to your computer to easily 
enter and manipulate sensor calibration 
curves for storage in the instrument’s non-
volatile memory.



The USB interface emulates an RS-232C serial 
port at a fixed 57,600 baud rate, but with the 
physical plug-ins of a USB. It also allows you 
to download firmware upgrades, ensuring the 
most current firmware version is loaded into 
your instrument without having to physically 
change your instrument.  



Both sensor inputs are equipped with a high 
and low alarm which offers latching and non-
latching operation. The two relays can be used 
in conjunction with the alarms to alert you of 
a fault condition and perform simple on-off 
control. Relays can be assigned to any alarm or 
operated manually.



The ±10 V analog voltage output can be 
configured to send a voltage proportional 
to temperature to a strip chart recorder or 
data acquisition system. You may select the 
scale and data sent to the output, including 
temperature or sensor units. 
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0 Sensor input connectors



1 Terminal block (analog outputs/relays)



2 USB interface



3 IEEE-488 interface



4 Line input assembly



5 Output 2 heater



6 Output 1 heater



7 Thermocouple option inputs



Model 335 Rear Panel Connections
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RTDs. Autorange mode automatically 
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reduce self heating at low temperatures as 

sensor resistance changes by many orders 

of magnitude. Temperatures down to 1.4 K 
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silicon or GaAlAs diodes. Software selects the 

appropriate excitation current and signal 
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your productivity, the unique zone setting 

feature automatically switches sensor inputs, 

enabling you to measure temperatures from 

300 mK to over 1,500 K without interrupting 
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The Model 335 includes standard temperature 

sensor response curves for silicon diodes, 

platinum RTDs, ruthenium oxide RTDs, and 

thermocouples. Non-volatile memory can 

also store up to 39 200-point CalCurves for 

Lake Shore calibrated temperature sensors or 

user curves. A built-in SoftCal algorithm can 

be used to generate curves for silicon diodes 

and platinum RTDs that can be stored as 

user curves. Temperature sensor calibration 

data can be easily loaded into the Model 335 

temperature controller and manipulated 

using the Lake Shore curve handler software 

program. 

Temperature Control

Providing a total of 75 W of heater power, 

the Model 335 is the most powerful half rack 

temperature controller available. Designed 

to deliver very clean heater power, precise 

temperature control is ensured throughout 

your full scale temperature range for 

excellent measurement reliability, efficiency 

and throughput. Two independent PID 

control outputs can be configured to supply 

50 W and 25 W or 75 W and 1 W of heater 

power. Precise control output is calculated 

based on your temperature setpoint and 

feedback from the control sensor. Wide 

tuning parameters accommodate most 

cryogenic cooling systems and many 

high-temperature ovens commonly used in 

laboratories. PID values can be manually set 

for fine control or the improved autotuning 

feature can automate the tuning process.

The Model 335 autotuning method 

calculates PID parameters and provides 

feedback to help build zone tables. The 

setpoint ramp feature provides smooth, 

continuous setpoint changes and predictable 

approaches to setpoint without the worry 

of overshoot or excessive settling times. 

The instrument’s zone tuning feature 

automatically switches temperature sensor 

inputs when your temperature range goes 

beyond the useable range of a given sensor. 

This feature combined with the instrument’s  

ability to scale the sensor excitation through 

ten pre-loaded current settings allows 

the Model 335 to provide continuous 

measurement and control from 300 mK to 

1505 K. 

Both control outputs are variable DC current 

sources referenced to chassis ground. As 

a factory default, outputs 1 and 2 provide 

50 W and 25 W of continuous power 

respectively, both to a 50 ) or 25 ) load. For 

increased functionality, output 2 can also 

be set to voltage mode. When set to voltage 

mode, it functions as a ±10 V analog output 

while still providing 1 W of heater power and 

full closed loop PID control capability. While 

in this mode, output 1 can provide up to 

75 W of heater power to a 25 ) load. 

Temperature limit settings for inputs are 

provided as a safeguard against system 

damage. Each input is assigned a temperature 

limit, and if any input exceeds that limit, both 

control channels are automatically disabled.

Interface

The Model 335 is standard equipped with 

universal serial bus (USB) and parallel (IEEE-

488) interfaces. In addition to gathering data, 

nearly every function of the instrument can 

be controlled via computer interface. You 

can download the Lake Shore curve handler 

software program to your computer to easily 

enter and manipulate sensor calibration 

curves for storage in the instrument’s non-

volatile memory.

The USB interface emulates an RS-232C serial 

port at a fixed 57,600 baud rate, but with the 

physical plug-ins of a USB. It also allows you 

to download firmware upgrades, ensuring the 

most current firmware version is loaded into 

your instrument without having to physically 

change your instrument.  

Both sensor inputs are equipped with a high 

and low alarm which offers latching and non-

latching operation. The two relays can be used 

in conjunction with the alarms to alert you of 

a fault condition and perform simple on-off 

control. Relays can be assigned to any alarm or 

operated manually.

The ±10 V analog voltage output can be 

configured to send a voltage proportional 

to temperature to a strip chart recorder or 

data acquisition system. You may select the 

scale and data sent to the output, including 

temperature or sensor units. 

 

Sensor input connectors

 

Terminal block (analog outputs/relays)

 

USB interface

 

IEEE-488 interface

 

Line input assembly

 

Output 2 heater

 

Output 1 heater

 

Thermocouple option inputs

Model 335 Rear Panel Connections
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Sensor Selection
Sensor Temperature Range (sensors sold separately)



Silicon diodes are the best choice for general cryogenic use from 1.4 K to above room 
temperature. Silicon diodes are economical to use because they follow a standard curve and  
are interchangeable in many applications. They are not suitable for use in ionizing radiation or 
magnetic fields.



Cernox™ thin-film RTDs offer high sensitivity and low magnetic field-induced errors over the 
0.3 K to 420 K temperature range. Cernox sensors require calibration.



Platinum RTDs offer high uniform sensitivity from 30 K to over 800 K. With excellent 
reproducibility, they are useful as thermometry standards. They follow a standard curve  
above 70 K and are interchangeable in many applications.



Model Useful range Magnetic field use
Diodes Silicon Diode DT-670-SD 1.4 K to 500 K T # 60 K & B " 3 T



Silicon Diode DT-670E-BR 30 K to 500 K T # 60 K & B " 3 T
Silicon Diode DT-414 1.4 K to 375 K T # 60 K & B " 3 T
Silicon Diode DT-421 1.4 K to 325 K T # 60 K & B " 3 T
Silicon Diode DT-470-SD 1.4 K to 500 K T # 60 K & B " 3 T
Silicon Diode DT-471-SD 10 K to 500 K T # 60 K & B " 3 T
GaAlAs Diode TG-120-P 1.4 K to 325 K T > 4.2 K & B " 5 T
GaAlAs Diode TG-120-PL 1.4 K to 325 K T > 4.2 K & B " 5 T
GaAlAs Diode TG-120-SD 1.4 K to 500 K T > 4.2 K & B " 5 T



Positive Temperature 
Coefficient RTDs



100 ) Platinum PT-102/3 14 K to 873 K T > 40 K & B " 2.5 T
100 ) Platinum PT-111 14 K to 673 K T > 40 K & B " 2.5 T
Rhodium-Iron RF-800-4 1.4 K to 500 K T > 77 K & B " 8 T
Rhodium-Iron RF-100T/U 1.4 K to 325 K T > 77 K & B " 8 T



Negative
Temperature 
Coefficient RTDs



Cernox™ CX-1010 0.3 K to 325 K1 T > 2 K & B " 19 T
Cernox™ CX-1030-HT 0.3 K to 420 K1, 3 T > 2 K & B " 19 T
Cernox™ CX-1050-HT 1.4 K to 420 K1 T > 2 K & B " 19 T
Cernox™ CX-1070-HT 4 K to 420 K1 T > 2 K & B " 19 T
Cernox™ CX-1080-HT 20 K to 420 K1 T > 2 K & B " 19 T
Germanium GR-300-AA 0.35 K to 100 K3 Not Recommended
Germanium GR-1400-AA 1.8 K to 100 K3 Not Recommended
Carbon-Glass CGR-1-500 1.4 K to 325 K T > 2 K & B " 19 T
Carbon-Glass CGR-1-1000 1.7 K to 325 K2 T > 2 K & B " 19 T
Carbon-Glass CGR-1-2000 2 K to 325 K2 T > 2 K & B " 19 T
Rox™ RX-102 0.3 K to 40 K3 T > 2 K & B " 10 T
Rox™ RX-103 1.4 K to 40 K T > 2 K & B " 10 T
Rox™ RX-202 0.3 K to 40 K3 T > 2 K & B " 10 T



Thermocouples
3060-F



Type K 9006-006 3.2 K to 1505 K Not Recommended
Type E 9006-004 3.2 K to 934 K Not Recommended
Chromel-
AuFe 0.07%



9006-002 1.2 K to 610 K Not Recommended



1 Non-HT version maximum temperature: 325 K
2 Low temperature limited by input resistance range
3 Low temperature specified with self-heating error: d�5 mK



Two Input/One Loop Display with Labels
Standard display option featuring two inputs 
and associated outputs.



Custom Display with Labels
Reading locations can be user configured to 
accommodate application needs. Here, the input 
names are shown above the measurement 
readings along with the designated input letters.



Intuitive Menu Structure
Logical navigation allows you to spend more 
time on research and less time on setup.



Configurable Display
The Model 335 offers a bright, vacuum 
fluorescent display that simultaneously 
displays up to four readings. You can display 
both control loops, or if you need to monitor 
just one input, you can display just that 
one in greater detail. Or you can custom 
configure each display location to suit your 
experiment. Data from any input can be 
assigned to any of the locations, and your 
choice of temperature sensor units can 
be displayed. For added convenience, you 
can also custom label each senor input, 
eliminating the guesswork in remembering 
or determining the location to which a 
sensor input is associated.  



Model 3060 
Thermocouple  
Input Option
The field installable Model 3060 
thermocouple input option adds 
thermocouple functionality to both 
inputs. While the option can be easily 
removed, this is not necessary as the 
standard inputs remain fully functional 
when they are not being used to 
measure thermocouple temperature 
sensors. Calibration for the option is 
stored on the card so it can be installed 
in the field and used with multiple 
Model 335 temperature controllers 
without recalibration.
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Sensor Selection

Sensor Temperature Range (sensors sold separately)

Silicon diodes are the best choice for general cryogenic use from 1.4 K to above room 

temperature. Silicon diodes are economical to use because they follow a standard curve and  

are interchangeable in many applications. They are not suitable for use in ionizing radiation or 

magnetic fields.

Cernox™ thin-film RTDs offer high sensitivity and low magnetic field-induced errors over the 

0.3 K to 420 K temperature range. Cernox sensors require calibration.

Platinum RTDs offer high uniform sensitivity from 30 K to over 800 K. With excellent 

reproducibility, they are useful as thermometry standards. They follow a standard curve  

above 70 K and are interchangeable in many applications.

Model Useful range Magnetic field use

Diodes Silicon Diode DT-670-SD 1.4 K to 500 K T # 60 K & B " 3 T

Silicon Diode DT-670E-BR 30 K to 500 K T # 60 K & B " 3 T

Silicon Diode DT-414 1.4 K to 375 K T # 60 K & B " 3 T

Silicon Diode DT-421 1.4 K to 325 K T # 60 K & B " 3 T

Silicon Diode DT-470-SD 1.4 K to 500 K T # 60 K & B " 3 T

Silicon Diode DT-471-SD 10 K to 500 K T # 60 K & B " 3 T

GaAlAs Diode TG-120-P 1.4 K to 325 K T > 4.2 K & B " 5 T

GaAlAs Diode TG-120-PL 1.4 K to 325 K T > 4.2 K & B " 5 T

GaAlAs Diode TG-120-SD 1.4 K to 500 K T > 4.2 K & B " 5 T

Positive Temperature 

Coefficient RTDs

100 ) Platinum PT-102/3 14 K to 873 K T > 40 K & B " 2.5 T

100 ) Platinum PT-111 14 K to 673 K T > 40 K & B " 2.5 T

Rhodium-Iron RF-800-4 1.4 K to 500 K T > 77 K & B " 8 T

Rhodium-Iron RF-100T/U 1.4 K to 325 K T > 77 K & B " 8 T

Negative

Temperature 

Coefficient RTDs

Cernox™ CX-1010 0.3 K to 325 K1 T > 2 K & B " 19 T

Cernox™ CX-1030-HT 0.3 K to 420 K1, 3 T > 2 K & B " 19 T

Cernox™ CX-1050-HT 1.4 K to 420 K1 T > 2 K & B " 19 T

Cernox™ CX-1070-HT 4 K to 420 K1 T > 2 K & B " 19 T

Cernox™ CX-1080-HT 20 K to 420 K

1

T > 2 K & B " 19 T

Germanium GR-300-AA 0.35 K to 100 K3 Not Recommended

Germanium GR-1400-AA 1.8 K to 100 K3 Not Recommended

Carbon-Glass CGR-1-500 1.4 K to 325 K T > 2 K & B " 19 T

Carbon-Glass CGR-1-1000 1.7 K to 325 K2 T > 2 K & B " 19 T

Carbon-Glass CGR-1-2000 2 K to 325 K

2

T > 2 K & B " 19 T

Rox™ RX-102 0.3 K to 40 K

3

T > 2 K & B " 10 T

Rox™ RX-103 1.4 K to 40 K T > 2 K & B " 10 T

Rox™ RX-202 0.3 K to 40 K3 T > 2 K & B " 10 T

Thermocouples

3060-F

Type K 9006-006 3.2 K to 1505 K Not Recommended

Type E 9006-004 3.2 K to 934 K Not Recommended

Chromel-

AuFe 0.07%

9006-002 1.2 K to 610 K Not Recommended

1 Non-HT version maximum temperature: 325 K

2 Low temperature limited by input resistance range

3

 Low temperature specified with self-heating error: 5 mK

Two Input/One Loop Display with Labels

Standard display option featuring two inputs 

and associated outputs.

Custom Display with Labels

Reading locations can be user configured to 

accommodate application needs. Here, the input 

names are shown above the measurement 

readings along with the designated input letters.

Intuitive Menu Structure

Logical navigation allows you to spend more 

time on research and less time on setup.

Configurable Display

The Model 335 offers a bright, vacuum 

fluorescent display that simultaneously 

displays up to four readings. You can display 

both control loops, or if you need to monitor 

just one input, you can display just that 

one in greater detail. Or you can custom 

configure each display location to suit your 

experiment. Data from any input can be 

assigned to any of the locations, and your 

choice of temperature sensor units can 

be displayed. For added convenience, you 

can also custom label each senor input, 

eliminating the guesswork in remembering 

or determining the location to which a 

sensor input is associated.  

Model 3060 

Thermocouple  

Input Option

The field installable Model 3060 

thermocouple input option adds 

thermocouple functionality to both 

inputs. While the option can be easily 

removed, this is not necessary as the 

standard inputs remain fully functional 

when they are not being used to 

measure thermocouple temperature 

sensors. Calibration for the option is 

stored on the card so it can be installed 

in the field and used with multiple 

Model 335 temperature controllers 

without recalibration.
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Typical Sensor Performance



Example 
Lake Shore



sensor



Temperature Nominal
resistance/



voltage



Typical 
sensor



sensitivity4



Measurement 
resolution:



temperature
 equivalents



Electronic 
accuracy:



temperature
equivalents



Temperature
accuracy including



electronic accuracy,
CalCurve™, and



calibrated sensor



Electronic 
control 



stability5:
temperature 
equivalents



Silicon Diode DT-670-CO-13 
with 1.4H 



calibration



1.4 K



77 K



300 K



500 K



1.664 V



1.028 V



0.5597 V



0.0907 V



-12.49 mV/K



-1.73 mV/K



-2.3 mV/K



-2.12 mV/K



0.8 mK



5.8 mK



4.4 mK



4.7 mK



±13 mK



±76 mK



±47 mK



±40 mK



±25 mK



±98 mK



±79 mK



±90 mK



±1.6 mK



±11.6 mK



±8.8 mK



±9.4 mK
Silicon Diode DT-470-SD-13 



with 1.4H 
calibration



1.4 K



77 K



300 K



475 K



1.6981 V



1.0203 V



0.5189 V



0.0906 V



-13.1 mV/K



-1.92 mV/K



-2.4 mV/K



-2.22 mV/K



0.8 mK



5.2 mK



4.2 mK



4.5 mK



±13 mK



±69 mK



±45 mK



±38 mK



±25 mK



±91 mK



±77 mK



±88 mK



±1.6 mK



±10.4 mK



±8.4 mK



±9 mK
GaAlAs Diode TG-120-SD 



with 1.4H 
calibration



1.4 K



77 K



300 K



475 K



5.391 V



1.422 V



0.8978 V



0.3778 V



-97.5 mV/K



-1.24 mV/K



-2.85 mV/K



-3.15 mV/K



0.2 mK



16 mK



7 mK



6.4 mK



±7 mK



±180 mK



±60 mK



±38 mK



±19 mK



±202 mK



±92 mK



±88 mK



±0.4 mK



±32 mK



±14 mK



±13 mK
100 ) Platinum RTD
500 ) Full Scale



PT-103 with 
14J calibration



30 K



77 K



300 K



500 K



3.660 )
20.38 )



110.35 )
185.668 )



0.191 )/K



0.423 )/K



0.387 )/K



0.378 )/K



1.1 mK



0.5 mK



5.2 mK



5.3 mK



±13 mK



±10 mK



±39 mK



±60 mK



±23 mK



±22 mK



±62 mK



±106 mK



±2.2 mK



±1.0 mK



±10.4 mK



±10.6 mK
Cernox™ CX-1010-SD 



with 0.3L 
calibration



0.3 K



0.5 K



4.2 K



300 K



2322.4 )
1248.2 )
277.32 )
30.392 )



-10785 )/K



-2665.2 )/K



-32.209 )/K



-0.0654 )/K



8.5 µK



26 µK



140 µK



23 mK



±0.1 mK



±0.2 mK



±3.8 mK



±339 mK



±3.6 mK



±4.7 mK



±8.8 mK



±414 mK



±17 µK



±52 µK



±280 µK



±46 mK
Cernox™ CX-1050-SD-HT6 



with 1.4M 
calibration



1.4 K



4.2 K



77 K



420 K



26566 )
3507.2 )
205.67 )
45.03 )



-48449 )/K



-1120.8 )/K



-2.4116 )/K



-0.0829 )/K



20 µK



196 µK



1.9 mK



18 mK



±0.3 mK



±2.1 mK



±38 mK



±338 mK



±5.3 mK



±7.1 mK



±54 mK



±403 mK



±40 µK



±392 µK



±3.8 mK



±36 mK
Germanium GR-300-AA 



with 0.3D 
calibration



0.35 K



1.4 K



4.2 K



100 K



18225 )
449 )
94 )
2.7 )



-193453 )/K



-581 )/K



-26.6 )/K



-0.024 )/K



4 µK



41 µK



56 µK



6.3 mK



±48 µK



±481 µK



±1.8 mK



±152 mK



±4.2 mK



±4.7 mK



±6.8 mK



±175 mK



±8 µK



±82 µK



±112 µK



±12.6 mK
Germanium GR-1400-AA 



with 1.4D 
calibration



1.8 K



4.2 K



10 K



100 K



15288 )
1689 )
253 )
2.8 )



-26868 )/K



-862 )/K



-62.0 )/K



-0.021 )/K



28 µK



91 µK



73 µK



7.1 mK



±302 µK



±900 µK



±1.8 mK



±177 mK



±4.5 mK



±5.1 mK



±6.8 mK



±200 mK



±56 µK



±182 µK



±146 µK



±14.2 mK
Carbon-Glass CGR-1-500 



with 1.4L 
calibration



1.4 K



4.2 K



77 K



300 K



103900 )
584.6 )
14.33 )
8.55 )



-520000 )/K



-422.3 )/K



-0.098 )/K



-0.0094 )/K



13 µK



63 µK



4.6 mK



16 mK



±0.1 mK



±0.8 mK



±108 mK



±760 mK



±4.1 mK



±4.8 mK



±133 mK



±865 mK



±26 µK



±126 µK



±9.2 mK



±32 mK
Rox™ RX-102A-AA 



with 0.3B 
calibration



0.5 K



1.4 K



4.2 K



40 K



3701 )
2005 )
1370 )
1049 )



-5478 )/K



-667 )/K



-80.3 )/K



-1.06 )/K



41 µK



128 µK



902 µK



62 mK



±0.5 mK



±1.4 mK



±8 mK



±500 mK



±5 mK



±6.4 mK



±24 mK



±537 mK



±82 µK



±256 µK



±1.8 mK



±124 mK
Thermocouple 
50 mV
3060



Type K 75 K



300 K



600 K



1505 K



-5862.9 µV



1075.3 µV



13325 µV



49998.3 µV



15.6 µV/K



40.6 µV/K



41.7 µV/K



36.006 µV/K



26 mK



10 mK



10 mK



11 mK



±0.25 K7



±0.038 K7



±0.184 K7



±0.73 K7



Calibration not available 
from Lake Shore



±52 mK



±20 mK



±20 mK



±22 mK
4 Typical sensor sensitivities were taken from representative calibrations for the sensor listed
5 Control stability of the electronics only, in an ideal thermal system
6 Non-HT version maximum temperature: 325 K
7 Accuracy specification does not include errors from room temperature compensation
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Model 335 Specifications
Input Specifications



Thermometry
Number of inputs 2
Input configuration Inputs can be configured from the front panel to accept any of the 



supported input types. Thermocouple inputs require an optional 
input card that can be installed in the field. Once installed the 
thermocouple input can be selected from the front panel like any 
other input type.



Isolation Sensor inputs optically isolated from other circuits but not each 
other



A/D resolution 24-bit
Input accuracy Sensor dependent, refer to Input Specifications table
Measurement resolution Sensor dependent, refer to Input Specifications table
Maximum update rate 10 rdg/s on each input, 5 rdg/s when configured as 100 k) NTC 



RTD with reversal on
Autorange Automatically selects appropriate NTC RTD or PTC RTD range
User curves Room for 39 200-point CalCurves™ or user curves
SoftCal™ Improves accuracy of DT-470 diode to ±0.25 K from 30 K to 375 K; 



improves accuracy of platinum RTDs to ±0.25 K from 70 K to 
325 K; stored as user curves



Math Maximum and minimum
Filter Averages 2 to 64 input readings



Sensor Input Configuration



 Diode/RTD Thermocouple
Measurement type 4-lead differential 2-lead differential, room 



temperature compensated 
Excitation Constant current with current 



reversal for RTDs 
NA



Supported sensors Diodes: Silicon, GaAlAs  
RTDs: 100 ) Platinum,  



1000 ) Platinum,  
Germanium, Carbon-Glass,  



Cernox™, and Rox™ 



Most thermocouple types 



Standard curves DT-470, DT-670, DT-500-D, 
DT-500-E1, PT-100, PT-1000, 



RX-102A, RX-202A 



Type E, Type K, Type T,  
AuFe 0.07% vs. Cr,  
AuFe 0.03% vs. Cr



Input connector 6-pin DIN Screw terminals in a ceramic 
isothermal block



Sensor 
temperature 



coefficient 



Input range Excitation 
current



Display 
resolution 



Measurement 
resolution 



Electronic 
accuracy6



Measurement temperature 
coefficient



Electronic control 
stability1 



Diode Negative 0 V to 2.5 V 10 µA ±0.05%2,3 100 µV 10 µV ±80 µV ±0.005% 
of rdg 



(10 µV + 0.0005% of rdg)/°C ±20 µV



0 V to 10 V 10 µA ±0.05%2,3 1 mV 20 µV ±160 µV ±0.01% 
of rdg



(20 µV + 0.0005% of rdg)/°C ±40 µV



PTC RTD Positive 0 ) to 10 ) 1 mA4 1 m) 0.2 m) ±0.002 ) 
±0.01% of rdg



(0.01 m) + 0.001% of rdg)/°C ±0.4 m)



0 ) to 30 ) 1 mA4 1 m) 0.2 m) ±0.002 ) 
±0.01% of rdg



(0.03 m) + 0.001% of rdg)/°C ±0.4 m)



0 ) to 100 ) 1 mA4 10 m) 2 m) ±0.004 ) 
±0.01% of rdg



(0.1 m) + 0.001% of rdg)/°C ±4 m)



0 ) to 300 ) 1 mA4 10 m) 2 m) ±0.004 ) 
±0.01% of rdg



(0.3 m) + 0.001% of rdg)/°C ±4 m)



0 ) to 1 k) 1 mA4 100 m) 20 m) ±0.04 ) ±0.02% 
of rdg



(1 m) + 0.001% of rdg)/°C ±40 m)



0 ) to 3 k) 1 mA4 100 m) 20 m) ±0.04 ) ±0.02% 
of rdg



(3 m) + 0.001% of rdg)/°C ±40 m)



0 ) to 10 k) 1 mA4 1 ) 200 m) ±0.4 ) ±0.02% 
of rdg



(10 m) + 0.001% of rdg)/°C ±400 m)



NTC RTD  
10 mV



Negative 0 ) to 10 ) 1 mA4 1 m) 0.15 m) ±0.002 ) 
±0.06% of rdg



(0.01 m) + 0.001% of rdg)/°C ±0.3 m)



0 ) to 30 ) 300 µA4 1 m) 0.45 m) ±0.002 ) 
±0.06% of rdg



(0.03 m) + 0.0015% of rdg)/°C ±0.9 m)



0 ) to 100 ) 100 µA4 10 m) 1.5 m) ±0.01 ) ±0.04% 
of rdg



(0.1 m) + 0.001% of rdg)/°C ±3 m)



0 ) to 300 ) 30 µA4 10 m) 4.5 m) ±0.01 ) ±0.04% 
of rdg



(0.3 m) + 0.0015% of rdg)/°C ±9 m)



0 ) to 1 k) 10 µA4 100 m) 15 m) +0.002% 
of rdg



±0.1 ) ±0.04% 
of rdg



(1 m) + 0.001% of rdg)/°C ±30 m) ±0.004% 
of rdg



0 ) to 3 k) 3 µA4 100 m) 45 m) +0.002% 
of rdg



±0.1 ) ±0.04% 
of rdg



(3 m) + 0.0015% of rdg)/°C ±90 m) ±0.004% 
of rdg



0 ) to 10 k) 1 µA4 1 ) 150 m) +0.002% 
of rdg



±1.0 ) ±0.04% 
of rdg



(10 m) + 0.001% of rdg)/°C ±300 m) ±0.004% 
of rdg



0 ) to 30 k) 300 nA4 1 ) 450 m) +0.002% 
of rdg



±2.0 ) ±0.04% 
of rdg



(30 m) + 0.0015% of rdg)/°C ±900 m) ±0.004% 
of rdg



0 ) to 100 k) 100 nA4 10 ) 1.5 ) +0.005% 
of rdg



±10.0 ) ±0.04% 
of rdg



(100 m) + 0.002% of rdg)/°C ±3 ) ±0.01% of rdg



Thermocouple Positive ±50 mV NA 1 µV 0.4 µV ±1 µV ±0.05% 
of rdg5



(0.1 µV + 0.001% of rdg)/°C ±0.8 µV



1 Control stability of the electronics only, in ideal thermal system
2 Current source error has negligible effect on measurement accuracy
3 Diode input excitation can be set to 1 mA
4 Current source error is removed during calibration
5 Accuracy specification does not include errors from room temperature compensation
6 Accuracy at Tcal, typically 23.5 °C ±1.5 °C
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Control
Control outputs 2



Heater outputs
Control type Closed loop digital PID with manual heater output or open loop; warm up 



mode (output 2 only)
Update rate 10/s
Tuning Autotune (one loop at a time), PID, PID zones
Control stability Sensor dependent, see Input Specifications table
PID control settings



Proportional (gain) 0 to 1000 with 0.1 setting resolution
Integral (reset) 1 to 1000 (1000/s) with 0.1 setting resolution
Derivative (rate) 1 to 200% with 1% resolution
Manual output 0 to 100% with 0.01% setting resolution



Zone control 10 temperature zones with P, I, D, manual heater out, heater range, control 
channel, ramp rate



Setpoint ramping 0.1 K/min to 100 K/min



Output 1
Type Variable DC current source
Control modes Closed loop digital PID with manual output or open loop
D/A resolution 16-bit



25 ) setting 50 ) setting
Max power 75 W* 50 W 50 W
Max current 1.73 A 1.41 A 1 A
Voltage compliance (min) 43.3 V 35.4 V 50 V
Heater load for max power 25 ) 25 ) 50 )
Heater load range 10 ) to 100 )
Ranges 3 (decade steps in power)
Heater noise 0.12 µA RMS (dominated by line frequency and its harmonics)
Heater connector Dual banana
Grounding Output referenced to chassis ground
Safety limits Curve temperature, power up heater off, short circuit protection



*75 W only available when output 2 is in voltage mode



Output 2
Type Variable DC current source or voltage source



Current mode Voltage mode
Control modes Closed loop digital PID with 



manual output, zone, open loop
Closed loop digital PID with 



manual output, zone, open loop, 
warm up, monitor out



D/A resolution 15-bit 16-bit (bipolar)/15-bit (unipolar)
25 ) setting 50 ) setting N/A



Max power 25 W 25 W 1 W
Max current 1 A 0.71 A 100 mA 
Voltage compliance (min) 25 V 35.4 V ±10 V
Heater load for max power 25 ) 50 ) 100 )
Heater load range 10 ) to 100 ) 100 ) min (short circuit protected)
Ranges 3 (decade steps in power) N/A
Heater noise 0.12 µA RMS 0.3 mV RMS
Heater connector Dual banana Detachable terminal block
Grounding Output referenced to chassis ground
Safety limits Curve temperature, power up heater off, short circuit protection



Warm up heater mode settings (output 2 only)
Warm up 
percentage 0 to 100% with 1% resolution
Warm up mode Continuous control or auto-off



Monitor output settings (output 2 voltage only)
Scale User selected
Data source Temperature or sensor units
Settings Input, source, top of scale, bottom of scale, or manual



Update rate 10/s
Range ±10 V
Resolution 16-bit, 0.3 mV
Accuracy ±2.5 mV
Noise 0.3 mV RMS
Minimum load resistance 100 ) (short-circuit protected)
Connector Detachable terminal block



Front Panel
Display 2-line by 20-character, 9 mm character height, 



vacuum fluorescent display
Number of reading
displays 1 to 4
Display units K, °C, V, mV, )
Reading source Temperature, sensor units, max, and min
Display update rate 2 rdg/s
Temperature display
resolution 0.001° from 0° to 99.999°, 0.01° from 100° to 999.99°, 



0.1° above 1000°
Sensor units display
resolution Sensor dependent, to 5 digits
Other displays Sensor name, setpoint, heater range, heater output, 



and PID
Setpoint setting 
resolution Same as display resolution (actual resolution is 



sensor dependent)
Heater output display Numeric display in percent of full scale for power or 



current
Heater output resolution 1%
Display annunciators Control input, alarm, tuning
LED annunciators Remote, alarm, control outputs
Keypad 25-key silicone elastomer keypad 
Front panel features Front panel curve entry, display brightness control, 



and keypad lock-out



Interface
IEEE-488.2



Capabilities SH1, AH1, T5, L4, SR1, RL1, PP0, DC1, DT0, C0, E1
Reading rate To 10 rdg/s on each input
Software support LabVIEW™ driver (contact Lake Shore for availability)



USB
Function Emulates a standard RS-232 serial port
Baud rate 57,600
Connector B-type USB connector
Reading rate To 10 rdg/s on each input
Software support LabVIEW™ driver (contact Lake Shore for availability)



Special interface 
features Model 331/332 command emulation mode



Alarms
Number 2, high and low for each input
Data source Temperature or sensor units
Settings Source, high setpoint, low setpoint, deadband, 



latching or non-latching, audible on/off, and  
visible on/off



Actuators Display annunciator, beeper, and relays
Relays



Number 2
Contacts Normally open (NO), normally closed (NC), and 



common (C)
Contact rating 30 VDC at 3 A
Operation Activate relays on high, low, or both alarms for any 



input, or manual mode
Connector Detachable terminal block



General
Ambient temperature 15 °C to 35 °C at rated specifications; 5 °C to 40 °C at 



reduced specifications
Power requirement 100, 120, 220, 240 VAC, ±10%, 50 or 60 Hz, 210 VA
Size 217 mm W × 90 mm H × 317 mm D (8.5 in × 3.5 in × 



14.5 in), half rack
Weight 5.1 kg (11.3 lb)
Approval CE mark (contact Lake Shore for availability)
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Lake Shore Cryotronics, Inc.
575 McCorkle Boulevard
Westerville, OH 43082-8888 USA
Tel 614-891-2244
Fax 614-818-1600
e-mail info@lakeshore.com
www.lakeshore.com



Established in 1968, Lake Shore Cryotronics, Inc. 
is an international leader in developing innovative 
measurement and control solutions. Founded by 
Dr. John M. Swartz, a former professor of electrical 
engineering at the Ohio State University, and his 
brother David, Lake Shore produces equipment 
for the measurement of cryogenic temperatures, 
magnetic fields, and the characterization of 
t h e  p h y s i c a l  p r o p e r t i e s  o f  m a t e r i a l s  i n 
temperature and magnetic environments.



Part number Description 
335  2 diode/RTD inputs and 2 control outputs
3060-H 2-thermocouple input option for Model 335



Specify line power option*
VAC-100 Instrument configured for 100 VAC with U.S. power cord 
VAC-120 Instrument configured for 120 VAC with U.S. power cord
VAC-120-ALL Instrument configured for 120 VAC with U.S. power cord 
 and universal Euro line cord and fuses for 220/240 VAC setting
VAC-220 Instrument configured for 220 VAC with universal 
 Euro line cord 
VAC-240 Instrument configured for 240 VAC with universal 
 Euro line cord 
*Other country line cords available, consult Lake Shore



Accessories included 
106-009 Heater output connector (dual banana jack)
G-106-233 Sensor input mating connector (6-pin DIN plug); 2 included
G-107-773 Terminal block, 8-pin
—— Calibration certificate
MAN-335 Model 335 user manual



Accessories available
6201 1 m (3.3 ft long) IEEE-488 (GPIB) computer interface 
 cable assembly
8001-335 CalCurve™, factory installed – the breakpoint 
 table from a calibrated sensor stored in the instrument
 (extra charge for additional sensor curves)
CAL-335-CERT Instrument recalibration with certificate
CAL-335-DATA Instrument recalibration with certificate and data
112-177 Cable assembly for 2 sensors and 2 heaters (335), 10 ft
112-178 Cable assembly for 2 sensors and 2 heaters (335), 20 ft



All specifications are subject to change without notice 052312



Ordering Information










Lake Shore Cryotronics, Inc.

575 McCorkle Boulevard

Westerville, OH 43082-8888 USA

Tel 614-891-2244

Fax 614-818-1600

e-mail info@lakeshore.com

www.lakeshore.com

Established in 1968, Lake Shore Cryotronics, Inc. 

is an international leader in developing innovative 

measurement and control solutions. Founded by 

Dr. John M. Swartz, a former professor of electrical 

engineering at the Ohio State University, and his 

brother David, Lake Shore produces equipment 

for the measurement of cryogenic temperatures, 

magnetic fields, and the characterization of 

the physical properties of materials in 

temperature and magnetic environments.

Part number  Description 

335   2 diode/RTD inputs and 2 control outputs

3060-H  2-thermocouple input option for Model 335

Specify line power option*

VAC-100  Instrument configured for 100 VAC with U.S. power cord 

VAC-120  Instrument configured for 120 VAC with U.S. power cord

VAC-120-ALL  Instrument configured for 120 VAC with U.S. power cord 

  and universal Euro line cord and fuses for 220/240 VAC setting

VAC-220  Instrument configured for 220 VAC with universal 

  Euro line cord 

VAC-240  Instrument configured for 240 VAC with universal 

  Euro line cord 

*Other country line cords available, consult Lake Shore

Accessories included 

106-009  Heater output connector (dual banana jack)

G-106-233  Sensor input mating connector (6-pin DIN plug); 2 included

G-107-773  Terminal block, 8-pin

——  Calibration certificate

MAN-335  Model 335 user manual

Accessories available

6201  1 m (3.3 ft long) IEEE-488 (GPIB) computer interface 

  cable assembly

8001-335  CalCurve™, factory installed – the breakpoint 

  table from a calibrated sensor stored in the instrument

  (extra charge for additional sensor curves)

CAL-335-CERT  Instrument recalibration with certificate

CAL-335-DATA  Instrument recalibration with certificate and data

112-177  Cable assembly for 2 sensors and 2 heaters (335), 10 ft

112-178  Cable assembly for 2 sensors and 2 heaters (335), 20 ft

All specifications are subject to change without notice 

052312

Ordering Information
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Data sheet · DPG 109



DPG 109, controller for 9 transmitters
Simple operation
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Data sheet · DPG 109

DPG 109, controller for 9 transmitters

Simple operation
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DPG 109



Similar Image



Simple operation
For 9 transmitters
8 two-way contacts
RS-232 interface for connection to a PC or
SPC



Dimensions



Data sheet · DPG 109



DPG 109, controller for 9 transmitters
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Technical Data DPG 109,
controller for 9
transmitters



Connections for transmitter 9 (max. 4 HPT
100)



Dimensions w x h x d (19"-rack,
21TE/3HE) ; 106.3
x 128.5 x 178 mm



Display LCD-Display,
background
illuminated,
resolution 128 x
64 pixel, viewing
range 57 x 35 mm



Display rate 2 Hz
Fuse 2 A T
Interfaces RS-232 (D-sub-



socket, 9- pole)
Mains requirement: frequency (range) 50/60 Hz
Mains requirement: power consumption 48 VA
Mains requirement: voltage (range) 90-260 V AC
Measured value display p > 10 hPa: 4-



digits ; 10 > p > 1
hPa: 2- digits, one
place after the
comma ; p < 1
hPa: 2- digits
mantissa, 1- digit
exponent w.
preceding sign



Measurement rate 3 (Kanal) Hz
Power consumption (dependable on



number and type
of connected
transmitter) max.
48 W



Relay: Response time < 50 ms
Relay: Service life 100000 cycles
Set point: Changeover contact, potential-free 8 pieces
Set point: Voltage max. 50 V AC, 3 A ; 30



V DC, 3 A
Temperature: Operating 5-40 °C
Temperature: Storage -20-+50 °C
Unit of measure mbar, bar, Pa,



hPa, mTorr, Torr
Weight 1.05 kg



Order number PTG15010



Data sheet · DPG 109



DPG 109, controller for 9 transmitters
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Accessories
Mains cable, Euro-style safety plug, 2.5 m P4564309YU
Mains cable, Swiss plug, 2.5 m P4564309YR
Mains cable, U.K. plug, 2.5 m P4564309Y1
Mains cable, US plug, 2.5 m P4564309YX



Data sheet · DPG 109



DPG 109, controller for 9 transmitters
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Are you looking for a 
perfect vacuum solution?
Please contact us:



Pfeiffer Vacuum GmbH
Headquarters · Germany
T +49 6441 802-0
info@pfeiffer-vacuum.de 
www.pfeiffer-vacuum.com
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Vacuum solutions 
from a single source



Pfeiffer Vacuum stands for innovative and custom 
vacuum solutions worldwide, technological perfection,  
competent advice and reliable service. 
 



Complete range 
of products



From a single component to complex systems: 
We are the only supplier of vacuum technology 
that provides a complete product portfolio.
 



Competence in 
theory and practice



Benefit from our know-how and our portfolio of training 
opportunities! We support you with your plant layout 
and provide first-class on-site service worldwide. 
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Data sheet · MPT 100



Digital Pirani/cold cathode transmitter
MPT 100, DN 25 ISO-KF
Flange size: DN 25 ISO-KF
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Data sheet · MPT 100

Digital Pirani/cold cathode transmitter

MPT 100, DN 25 ISO-KF

Flange size: DN 25 ISO-KF
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MPT 100



Similar Image



Flange size: DN 25 ISO-KF
Broad measurement range from 5 · 10-9  to
1000 hPa
Combination of a Pirani and cold cathode
sensor
Insensitive to gas ingress
More rugged than hot cathodes
Highly accurate



Dimensions



Data sheet · MPT 100



Digital Pirani/cold cathode transmitter MPT 100, DN 25 ISO-
KF
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Technical Data Digital
Pirani/cold
cathode
transmitter
MPT 100, DN 25
ISO-KF



Accuracy: % of measurement 1 · 10-7- 1 · 10-3



hPa:  ± 25, 1 · 10-2



- 100 hPa:  ± 15 %
Anode Mo
Cold cathode sensor control Cold cathode



sensor can be
switched on and
off via interface



Feedthrough KOVAR® - Glass
Flange (in) DN 25 ISO-KF
Ignition aid Stainless steel
Interface: Connection Digital RS-232 /



RS-485, 9-pin, D-
sub-socket



Materials in contact with media Tungsten,
stainless steel,
nickel



Measurement range max. 1000 hPa
Measurement range min. 5 · 10-9 hPa
Measuring cycle 40 ms
Method of measurement Pirani/Cold



cathode
Pressure max. 400 kPa
Protection category IP 40
Repeatability: % of measurement 1 · 10-7 - 100 hPa:



± 5 %
Seal Metal
Sensor cable length max. 1000 m
Supply: Power consumption max. 2.5 W
Supply: Voltage 24 V DC
Temperature: Bakeout (electronics removed) 180 °C
Temperature: Operating 5-50 °C
Temperature: Storage -40-+60 °C
Volume 9.5 cm³
Weight 0.580 kg



Order number PTR35120



Data sheet · MPT 100



Digital Pirani/cold cathode transmitter MPT 100, DN 25 ISO-
KF
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Are you looking for a 
perfect vacuum solution?
Please contact us:



Pfeiffer Vacuum GmbH
Headquarters · Germany
T +49 6441 802-0
info@pfeiffer-vacuum.de 
www.pfeiffer-vacuum.com
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Vacuum solutions 
from a single source



Pfeiffer Vacuum stands for innovative and custom 
vacuum solutions worldwide, technological perfection,  
competent advice and reliable service. 
 



Complete range 
of products



From a single component to complex systems: 
We are the only supplier of vacuum technology 
that provides a complete product portfolio.
 



Competence in 
theory and practice



Benefit from our know-how and our portfolio of training 
opportunities! We support you with your plant layout 
and provide first-class on-site service worldwide. 
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