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Abstract:

My project was to assemble, align, and debug the experimental setup for making automated 600-720 GHz receiver noise measurements. I spent the first half of my summer outfitting the cryostat with wiring and the appropriate components (which were already here upon my arrival) to test mixers being made at the University of Virginia’s Electrical Engineering lab. I am proud to say that I can look inside the receiver and say that I assembled the majority of it. The purpose of this receiver is to measure different types of Hot Electron Bolometers (HEB). A bolometer is an extremely sensitive thermometer that heats up when an incident photon strikes it. I set up a Martin-Puplett Interferometer (MPI), which is similar to a Michelson Interferometer except that it aligns the polarizations of two different beams. It is being used here to couple the local oscillator (LO) into the receiver. We send a Local Oscillator (LO) signal and the radiation from a blackbody load (which simulates an astronomical source) through the interferometer and into the mixer chip. The mixer chip mixes the signals and reduces them to an Intermediate Frequency (IF). We then read the power being produced by the system and we can calculate the system noise. All of these measurements must be made while the receiver is at 4 Kelvin so it has to be cooled with liquid helium. The purpose of this project is to characterize different types of HEB mixers and decide which will be best for a terahertz receiver. I have taken data on one mixer but my set-up will be used to measure several others after I leave.
Introduction:

Hot Electron Bolometers have a large potential for use in terahertz receivers in astronomy, medicine, defense, and other fields. Last year, Dr. Eric Bryerton submitted a proposal to a joint National Science Foundation and Intelligence Community program and received funding to explore and characterize different types of HEB mixers. Eventually, one type should prove best for use in a terahertz receiver. Fabrication of such a receiver will address the technology gap between submillimeter and infrared detectors and help astronomers to have a better view of the sky at all wavelengths.

ALMA will be well situated for terahertz astronomy. Due to its high elevation and low humidity, the atmosphere is more opaque at low terahertz frequencies than any other location on earth, save the South Pole. The Smithsonian Astrophysical Observatory (SAO) has installed a small antenna and receiver at the Chajnantor site and is continually monitoring the sky transmission at terahertz frequencies. SAO has shown that there are atmospheric windows available at 1.03, 1.3, and 1.5 THz at illustrated in figure 1. The availability of these frequencies using a sensitive detector and a first-class array such as ALMA would greatly improve astronomy at these wavelengths. There are several molecular lines available at these frequencies such as carbon monoxide and singly ionized nitrogen. It would allow for a better understanding of molecular clouds, interstellar medium, star formation, and astronomical chemistry (Blundell et al. 2002). Opening up a new portion of the spectrum with unprecedented clarity would also provide the new insight and unexpected knowledge that always comes with opening a new wavelength to study.
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Figure 1: The atmospheric windows at the Chajnantor site on August 26, 1998 using a Fourier Transform Spectrometer built by SAO (Blundell et al, 2002).

The Intelligence Community endorses this project because it also has an interest in terahertz receivers. It has been shown that some biomolecules display absorption features at terahertz frequencies (Brown et al. 2002).With the proper technology, these biohazards could be remotely detected. This makes terahertz receivers useful in bioterrorism defense. 

Preparing for measurements:

My goals for the summer were to outfit the cryostat for 4K measurements from 600-720 GHz, design and characterize a warm and cold IF chain from 2.9-3.9 GHz, write a Labview program to automate the receiver noise measurements, and take power measurements for calculating the HEB receiver noise temperature.

When I arrived, an unwired dewar, the amplifier, isolator, bias-tee, and mixer block were waiting. The first part of the project was to prepare the dewar for measurements. Kirk Crady helped me extensively during this part of the project. The first step was to make the 2 connectors that lead to the outside of the dewar. The blocks were already made but needed to be heat sunk and wired. 

First, I made heat sink bobbins. This required covering them with GE 7031, which is a poor electrical conductor, winding them with Microtech wire and painted them over with Stycast 2850 (a good thermal conductor). This allows the heat coming in from outside of the cryostat to be heat sunk at both 77 K and 4 K. Once the bobbins were cured, I had to pull the end of each wire through a small hole in the connector block, solder it to a filter, and epoxy the waist of each filter down with Epotech H20E so that the casing would be ground. The leads are not supposed to be ground. After I finished this step, we tested for shorts and found that every filter contained one. This had to be a systematic error so I played around with the angles of the filters and determined that the leads were touching ground due to a design flaw. The holes in the connectors were too deep so when the filters (which look like typical resistors) tipped the slightest amount, the leads touched the filter, causing a short. So we pulled them all off and thought about how to fix the design. Eventually I thought that we could put an insulating tube around the lead so that only the soldering point was exposed. We used some heat shrink plastic around the base of the filter and repeated the process. It worked! The bias connector was a lot easier as the filters were larger and simply screwed into the block. I soldered an MDM connector onto the internal end of the wires and connected the filters to the plugs that connect to the rack. This was my first exposure to a wiring diagram. The first time, I thought it was just a rough schematic and did not really matter, so long as the adjacent pins on the plug were aligned with the adjacent pins on the MDM connector. When I found out otherwise, I took the plugs apart and redid them, since the wires that ran from the rack to the plug were already made. Finally I was finished with the connectors.  I put O-rings into the necessary places so that the connections between the outside and inside would be vacuum-sealed. My first experience with soldering under a microscope, vacuum seals, reading wiring diagrams, and heat sinking was complete.

Making the internal wires was the next step in outfitting the cryostat. The amplifier, isolator, bias-tee, mixer, and a heater were already in place. I used the wiring diagram to make connections from the MDM connectors to the appropriate components. We clamped the wires to the base plate, checked for continuity and shorts, and deemed this part finished. I also had to install the window through which the radiation enters the mixer. I have provided figure 2 as a visual reference of these parts.
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Figure 2: The outfitted cryostat with each component labeled. 

Dr. S.K. Pan advised me to always have two projects going, so that if I was waiting for something or if my hand was not steady enough that day to solder, I would have something else to do. My second project was to prepare the warm IF chain. I was given the components and told their order. I designed a base plate on which to mount these items, drew it in AutoCAD, and had it machined. Once it was assembled, we added a switch and some feet to the plate.

The next step was to write a program in Labview to automate the measurements. This is a fairly simple program in which the user defines a starting frequency, stopping frequency, step size, and the hot and cold load temperatures (and error ranges). The program steps from the starting to the stopping frequencies by the given step size twice- once when the temperature sensor is at the hot load temperature and again when it is at the cold load temperature. At each frequency step, it sets the YIG Tuning Filter (YTF) to that particular frequency and takes a power reading. All of the data is output into a spreadsheet. Using the data, it is easy to calculate the noise temperature for each frequency. 

Over the summer we have done several helium coolings. We needed to cool the cryostat to take any measurements or just test our wiring. The cooling process takes a couple of hours each time. First, both the outer and inner dewar within the cryostat are filled with liquid nitrogen, which cools them to 77 K. The inner dewar is then emptied by blowing nitrogen gas into it, which forces the liquid nitrogen out. It is then filled with liquid helium, which cools it to 4 K. The inner dewar is in contact with the base plate on which all of the components are mounted. The outer dewar cools a sleeve that surrounds the plate without touching it. It is very important that the wires entering the cryostat through the connectors are heat sunk first to the 77 K panel and then to the 4 K plate via the bobbins. This provides a buffer between the 295 K room temperature wires and the 4 K plate, which prevents the liquid helium from boiling off as quickly. 

As another side project, I learned to use AutoCAD. I had never used this program nor did I have any idea how to prepare a design for the machine shop. My first task was to draw a stand for the cryostat. The design is very simple so I drew it in 3D only to be told that it had to be in 2D. So, I went back to AutoCAD and redrew it. It needed a few small changes before going to the machine shop and off it went. It came back perfect. Later in the summer, I designed the aforementioned warm IF plate where I needed some help on drawing the screw holes. By the time I designed the third and fourth drawings, I was able to draft them from start to finish on my own. These two items were a Teflon plate that goes on top of the cryostat stand and allows it to move with ease and a table for the Martin-Puplett Interferometer.

Experimental Set-up:

The first measurement was the noise measurements of the warm and cold IF set-ups. This is all of the components, both inside and outside of the cryostat, that are located between the mixer and the rack. To take these measurements, the mixer is detached and replaced by a small heater. The Labview program that I wrote then steps twice from 2.9 to 3.9 GHz in 0.1 GHz steps, taking a power read at each step of the way. The first time through, the cryostat had to be at 20±1 K. The user was then prompted to turn the heater off and the program waited until the thermometer read 4±1 K. The two power measurements were then used to calculate the noise temperature of the components behind the mixer. We calculated this to be 11.3 K.

After completing the noise measurements, we removed the heater and reattached the mixer to the IF components. The first test was to simply cool the mixer while monitoring the shape of the IV curve via the bias tee. At room temperature, the IV curve acted normally, however, when the mixer was cooled only by the liquid nitrogen (77K), it flat lined. For an unknown reason, there was an open circuit; as the mixer warmed back up, it returned to its previous state. The mixer was removed and it was decided that the lead was not well connected. This was caused by using solder instead of epoxy to hold it in. The solder slightly pulled up the gold plating so that when everything was cold and thus had contracted, there was an open circuit. Dr. Arthur Lichtenburger provided a new mixer chip, which was put into the mixer block, this time using conductive epoxy, and we did another cooling. Everything acted normal and the mixer became a superconductor around 10 K, as expected.

During the subsequent coolings, the system noise was measured using the MPI to align the source. The local oscillator was in one port while the hot and cold loads were set in the other. The MPI configuration did not have room for a chopper wheel so instead we switched back and forth between the hot and cold load manually. The cold load was black foam covered in liquid nitrogen and reflected off a mirror into the port. This allowed for the warming of the load during its path so we had to calibrate it for each LO frequency. This was achieved holding a warm load to the port and zeroing the power meter. Next we dipped a load cone into liquid nitrogen, held it up to the port, and measured the power. This was calculated into a temperature using the Raleigh-Jeans approximation and a load temperature of 77K. The power using the reflecting surface was found and the noise temperature was calculated with the cold load temperature varying from 77K to 120K. The load temperature that provided the noise temperature closest to that using the cone was selected as the adjusted cold load temperature in the final noise calculations. We could not use the cone directly because it warmed up before the program was done scanning the frequencies. The foam is sitting in a liquid nitrogen bath so it stays at 77 K for longer.

We measured the power of the system with an LO of 600-720 GHz using 20 GHz steps and with an IF of 2.9-3.9 GHz using 0.1 GHz steps. The LO was adjusted manually and calibrated using the method described above for each step. After being calibrated, we ran a modified version on my Labview script; the modification was the removal of the temperature measurement. Instead it scans the IF once while the warm load was in place and a second time with the cold load. This data is stored in a spreadsheet for later analysis. 

Calculations and results:

The final noise and gain calculations were completed without using the Rayleigh-Jeans approximation. For the warm IF plate, the approximation made no difference, however, it was off for the receiver measurements by about 25 K. The equation for the temperature of the receiver is as follows:
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where f is the LO frequency, Thot is 295K (room temperature), Tcold is the adjusted temperature, and Y is the Y-factor computed by taking the ratio of the power while hot to the power while cold, with the RJ approximation. The gain of the system is calculated using the hot power. There are two knowns: the gain of the IF plate (from the noise calculation taken with the heater) and the gain of receiver as a whole; this allows the gain of the optical system and the mixer combined to be calculated. They are both less than one because they have loss, not gain. The results are shown in figures 3 and 4. The increase in noise temperature toward the higher frequencies is expected as the MPI was tuned to 3.0 GHz. 
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Figure 3: The total noise temperature with the IF noise temperature removed
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Figure 4: Measured conversion gain of the mixer and optics with the IF contribution removed

There are many sources of error in these measurements. The primary source is the loss in the optical system. This cannot be calculated with this set-up yet it is known to be fairly high. The beams are not straight as the LO source had to be pointed at an angle. Inside of the cryostat, there is no correcting mirror and the mixer block is not securely mounted. When the second mixer block was cooled the first time, we tried to point the LO source directly into the window and encountered several optical difficulties. In an attempt to reduce the number of problems, the mirror was removed and the feed on the mixer block directed straight at the window. This connection was only held by one screw and its position is not very exact. Our next test is to re-install the mirror and try again using the MPI now that there has been some success with it.

Next Step:

This set-up is designed to test several different types of mixers. Currently, a phonon cooled HEB made of Niobium Nitride is in use; eventually, a diffusion cooled HEB will be tested along with different material and fabrication processes for the mixer chip. The use of different IF’s will also be explored so as to achieve the maximum bandwidth. Ideally, it would range up to 8 GHz as this is an ALMA standard. The IF bandwidth and the noise temperature are the key parameters which we are trying to optimize in deciding the best mixer to use on a receiver at terahertz frequencies, particularly the 1.03, 1.3, and 1.5 THz windows available at the Atacama site.

Conclusion: 

We were able to successfully test the mixer and find its noise temperature to be within a reasonable range of our expected temperature. This receiver is successful at measuring in the 600 to 720 GHz range and can be adapted to other ranges for future testing. 

My experience as a summer student at NRAO has been fantastic. I have learned a lot and enjoyed it every step of the way. I had very little experience in instrumentation when I entered the program and now I would like to pursue the field in graduate school. 
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