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At AERL I initially worked on optical discrimination.  Around 1967 the carbon-dioxide electric laser was invented.  The laboratory director knew a lot about those gases; he had done his thesis at Columbia under Edward Teller on the relaxation of nitrogen vibration due to collisions (it cannot radiate away excess energy because it is homonuclear).  I was asked to figure out a mixing scheme between hot nitrogen and cold carbon dioxide.  The nitrogen could transfer its vibrational energy to that of carbon dioxide, and the latter could lase.  But at one of the committee meetings, Kurt Wray suggested that it all be premixed together when hot, and then expanded through a nozzle.  With a little water vapor to deactivate the lower laser level in carbon dioxide, luck might prevail and there would be gain.  But Kurt Wray’s name is not on the patent.

The experiment was to be done in a small shock tunnel, and Jack Wilson was in charge, but try as he may, he could not measure gain.  Bob Greenberg and I discussed the situation, and I decided that we should disassemble the nozzle to make sure it was smooth.  Bob pointed out that Jack would not allow anyone in his laboratory, so we had to wait until he was on a trip.  Together with his technician, we disassembled the nozzle and found that there was a step between it and the downstream straight section that would increase the gas temperature and destroy the lasing state inversion.  So we instructed the technician to file away the ridge.  When Jack returned, low and behold! There was gain.  We never told Jack what we had done.  I also named the device the gasdynamic laser, a name which stuck.  Later, a continuous wave device was built using combustion and it generated 8 kilowatts (kW) of power, a record for a laser at that time.  But we had trouble convincing the Defense Advanced Research Project Agency (DARPA or ARPA), who was funding the work, to proceed to a larger device.  This opposition was led by John Walsh, who worried about the effects of turbulence from the combustion, etc, etc.  

So I went back to my discrimination work, but Pete Rose pointed out an opportunity – the Air Force was having trouble with the nose tip of the reentry vehicle that was to go on the Minuteman missile, and they needed a heat source.  I did some calculations, and figured out that a larger gasdynamic laser, about 100 kW would do the job.  I happened to know the Air Force officer in charge, Col. John Anderson, from my assignment in the Pentagon.  So I made an appointment to see him and explained that the laser, aimed at a nose tip, could duplicate the reentry heating.  He asked if it was all right to share this with the Aerospace Corporation, which was advising that part of the Air Force.  I agreed, and he opened the adjoining door, and about half a dozen Aerospace technical personnel marched in.  I explained the idea, and was asked to submit a formal proposal.  I went back to the laboratory, cranked out a proposal (I still have a copy) and within 10 days we were under contract.  Arne Mattson was chosen to build it, which he did in 6 months for $500,000; a record for low cost and prompt delivery.  On its first test, it aborted; but on the second test it delivered 140 kW.  Incidentally, I also designed the resonator.  It was a set of 360 mirrors that allowed the lasing energy to be directed at the target.  Although it was used only five times, it opened the door to high energy lasers, but they have yet to be deployed as weapons.

Following this, Pete Rose, the deputy director, departed over a dispute with the director on the future direction for AERL.  The result is that I was given his responsibility for strategic defense research.  This consisted of essentially three parts: the laboratory research on optical discrimination, the optical aircraft for observing U.S. reentries, and a newly won contract to manage the ARPA observatory on top of Maui, the ARPA Maui Optical Station (AMOS).  

After the AERL personnel had transferred to Maui, I took a trip out there to see what was going on.  They had two main problems.  First, they were receiving some tracking signals from radar, and then picking up the object with the telescope and closed-loop tracking it, but the tracking was very erratic.  Now, space objects, including ballistic missiles, follow Kepler’s laws, so there is no question about their motion.  So I told them to implement a Kalman filter, which is a way of smoothing out the track.  That was successfully implemented.

The other problem is that the optical imaging system was supposed to be electronic, like a TV camera, but did not work and the contractor who had supplied it said that it would take two years to fix it.  Just then an order came from the Joint Chiefs of Staff of the Department of Defense to take photos of a Soviet Union Satellite.  I suggested just using film.  One of the technicians had a Hasselblad camera, and removed the camera’s lens (the telescope was the new lens), and made a bracket for it.  That resulted in the first resolved image of a Soviet Satellite. 

One of the optical aircraft (TRAP) was operational and getting good data and the other was being developed by Bernie Wasserman, a very good program manager.  But a sore point was the Cobra Ball optical aircraft operated by the Air Force to take pictures of Soviet Union reentry tests, which occurred at Kamchatka, a peninsula on the eastern side of Russia.  The Cobra Ball would fly in international waters off the coast, but the Air Force had just copied the optical equipment on TRAP with no real engineering analysis of the job to be done.  It never got any data due to the fact that the reentries were always in the late afternoon, and the sun was in the camera’s field of view and bleached the film.  

An opportunity arose when the aircraft slid off a runway and was essentially wrecked.  I figured out that if three cameras were used with smaller fields of view, that there would then be a high probability that the sun would be in one camera, but the reentry vehicle in the other.  One person calculated the scattered light from the window, and Gordon Dryden found out about a new experimental Kodak film that was mostly sensitive in the near infrared, where the sun’s radiation is less.

With these ideas, I went to see Dr. John Walsh, who worked for the Assistant Secretary of the Air Force for research and development and told him our plan and the cost.   He agreed immediately, and Cobra Ball II was born.  I insisted that project control be led by AERL, not the Air Force, because we could not accept any compromises that could endanger the performance.  Pete Howes became the program director at AERL and it was a success, easily obtained photos of Soviet ballistic missile reentries.

There were other optical aircraft from other organizations; the most prominent of which was the PRESS.  One evening, I received a phone call from Kent Kresa
, who asked me if one of the TRAP aircraft could be made available for an operation called Ivy Green.  I agreed immediately, although in fact I had no authority, but I called the program manager who got in touch with his counterpart in the Air Force.  The operation was to observe some Soviet reentries into the Pacific Ocean.  This occurred and the aircraft returned to base.  The first aircraft to report results was the MIT/Lincoln Laboratory PRESS.  They reported only one reentry vehicle.  But when the film was developed from the TRAP plane, there were three reentry vehicles on the film – a triple reentry!  The Soviets were arming their ballistic missiles with multiple reentry vehicles – meaning multiple hydrogen bombs on each of their ballistic missiles.  These results were reported by President Nixon at a news conference, and the AERL photo was printed on the first page of the N.Y. Times.

I had not been paying much attention to the laser work, of which Ed Gerry was in charge.  But there was a crises – the Tri-Service gasdynamic laser (TSL) program was in trouble.  It had been contracted for by the three armed services.  The Navy had taken theirs as parts that they would assemble at a range on the Chesapeake Bay.  The Army one was with us.  And the Air Force one had been delivered to the Sandia Optical Range in New Mexico.  Although the power was to be not much greater than the RASTA, it was to have excellent beam quality meaning that it could be tightly focused.  But the Air Force TSL was not producing the power or adequate beam quality.  Because of these deficiencies, it had not yet been accepted by the Air Force, so it was being operated by AERL personnel.  

It was not really a laboratory project; personnel from the Avco Systems Division had been “trained” in the science, and they were in control.  To resolve the poor performance, the laboratory director called a meeting of us all.  He wanted to know if the project should be transferred back to AERL.  We all voted for that change, and Ed Gerry would be in charge.  That lasted for two weeks.  Ed resigned to take a position on high power lasers at ARPA.  So the AERL laser work was split up – Jack Daugherty would take over laser research, and I was asked if I would take over the TSL and any other laser program that would result in hardware shipped to the government.  The director told me that I could stoop to conquer.  So I gave up all the fun I was having, and undertook this undesirable assignment.

The laser was monster in size, about the size of a locomotive.  I would never have agreed to its design – a 10 cm high cavity, 5 meters in length, with 3 optical folds.  (This was at the insistence of Lincoln Laboratory who wanted to use it with a master oscillator, to be built by Hughes Aircraft, but which never worked.)    So it was run as an unstable oscillator with a bunch of mirrors that fed the laser beam back and forth before it exited the cavity.  In principle, this is OK, but it required exquisite alignment.

The engineering and fabrication was now under Arne Mattson, who had built the RASTA.  But I went out to the Air Force TSL to see what was going on there.  It was in a large shed facing out onto the desert.  I reviewed the data with the people running the tests and found out that they were just repeating the same tests without analyzing the results and making improvements.  So I transferred them back to AERL, and starting working the problem with Dick Frosch.  The optical path was being aligned with a visible laser with a small beam, bounding it off only a small part of the optics.  I immediately decided that was the wrong way to align a resonator.  I asked Dick to take the small visible laser downrange about 500 meters, and to put a white cardboard around it.  At night, we shined the laser back into the TSL, and watched its reflection on the white cardboard, and proceeded to change the alignment of the mirrors until the reflected laser light was uniformly distributed around the small visible laser.  When the TSL was run again, it achieved the required power but not the beam quality.   At least one thing was achieved.  I returned to AERL to work on the problem of beam quality.

The beam quality of the laser was good to start with at the start of a test, but degraded within a half second.  The beam left the laser by being focused through a pinhole.  The laser cavity was at about 1/10 of atmospheric pressure, and the pinhole kept the amount of air aspirated into the cavity at a minimum.  We wondered if it be caused by thermal blooming in the vicinity of the pinhole.  Carbon dioxide in the air absorbs some of the laser light and could cause thermally induced optical aberrations.  Nearby was an EPA air quality monitoring trailer.  We tried to find out what the local carbon dioxide concentration was.  On the average, it should be about 300 parts per million, but near highways or urban areas, it could be much higher.  When we tried to find out from EPA what the local carbon dioxide concentration was, we found out that while it had been measured in the past, Congress had prohibited any further measurements of it.  So we were stuck.

But Dr. Robert Greenberg suggested that we try an aerodynamic window, which would be 10 cm in diameter and prevent concentration of the laser beam as it hit the ambient air.  I funded him to build one, and it worked.  The half-second worsening of the beam quality was stopped, but it still was not good enough.

The flow in the optical cavity of a gasdynamic laser is supersonic.  Where the nozzle meets the straight section, a mild shock was created.  This created a change in the index of refraction, which is spatially nonuniform.  I decided to run the laser but without its normal laser optics.  Instead, we used a visible laser beam going through a Hartmann plate that had a bunch of holes in it, and measured the position of the beamlets at the end of the optical path through the laser to see if they were displaced.  Sure enough, they were, and enough to degrade the beam quality.  Dr. Glenn Zeiders then devised a different optical train through the cavity in which the optical path would cross the shock waves at an angle and even out any misdistribution of densities.  It worked.  The Army promptly accepted the laser as meeting all requirements.

The Air Force Weapons Laboratory, which had taken over their TSL, adopted the same changes, but credited them to their own personnel.  Worse yet, when they measured the focused beam shape, it was astigmatic.  So they took the x-axis profile, which was sharper, and assumed that the rest of the profile would be the same “after suitable optical corrections were made”, and declared that theirs also met the requirements, which it did not.  But it was used to irradiate various targets successfully, and became the basis for the Airborne Laser Laboratory, which was the last of the high power gasdynamic carbon dioxide lasers to be built, to demonstrate the destruction of missiles in flight. 

The Electric Carbon Dioxide Laser

The first carbon dioxide laser was actually an electric laser, not a gasdynamic laser.  Electricity is a much more attractive source of energy for a laser, because it is available everywhere.  So a project was started at AERL to develop electrical methods of building high power carbon dioxide lasers.  Several techniques were tried, but the most promising one was the ionization of the gases by a separate, wide area electron beam; and then a sustainer voltage to excite the nitrogen for transfer to the carbon dioxide and hence lasing.  This was built and tested by Douglas Hamilton under the leadership of Dick Patrick, and expert on plasmas.

It takes a vacuum to generate electrons, so there was a vacuum box with a thin aluminum foil that separated it from the lasing cavity.  This technique is credited to Dr. Jack Daugherty at AERL.  He used this to build a successful 250 kW repetitively pumped laser (the Humdinger), and also a much larger laser, the “Thumper.”  These were meant as laboratory models for what could be military applications, like shooting down enemy missiles.

Dick Patrick at AERL adapted that concept for a making a metal working laser for welding and cutting.  The difference was that it was continuous wave.  An early failure was the foil; after a while it developed small holes so the electron beam lost its vacuum. Robert Feinberg was in charge of making the laser work and attributed the breakage to impact of small particles.  I examined the punctured foils very carefully; they looked more like they had folded over and then tore at the fold-over.  Now, when the electron beam passed through the foil, some of the electron beam energy was deposited in it, raising its temperature causing it to expand.  But aluminum does not completely contract when the foil cools down.  So the folds remained and became a weakened area.  I made suggestions as to how the fix the problem, which worked.  The laser then worked and there was a contest for naming it.  Our boys thought of the name that won – a Sony black and white TV set!

Word of AERL’s high power lasers spread throughout the defense community, and we were visited by various dignitaries.  One of them was James Schlesinger who at that time was head of the Atomic Energy Committee, which ran our country’s nuclear laboratories and production of nuclear weapons.  I advised the director not to permit this visit so as to not expose our technology to a group that I thought would become a competitor.  The director thought they would work with us.  The visit transpired and sure enough, they became a competitor.  (For example, the Lawrence Livermore National Laboratory is now building the largest pulse laser in the world, 1,000,000 Joules, for a cost of about 4 billion dollars, while the Avco laser group is largely gone.)

Another visitor was John Foster, then head of the Defense Department development group.  I prepared a single chart showing the applications from the highest power of 1,000,000,000 Watts to about 50,000 Watts.  The last could be mounted on a military vehicle and shoot down enemy aircraft.  He chose the latter, calling it the Mobile Test Unit (MTU) for a tracked, armored Marine vehicle.  Soon after, there was a competitive procurement.  Bernie Wasserman was to be our program manager, and together we prepared a proposal based on enlarging Dick Patrick’s commercial laser design.  It was also to be closed cycle – a mixture of nitrogen, carbon dioxide, and helium, circulated around a closed loop with heat exchangers to remove the waste heat.  We won the competition.  The power supply was an Avco-Lycoming turbo shaft engine driving a 500 kW alternator that converted its output to the various voltages needed to excite the gases in the cavity so that they would lase.  

I spend a lot of time on the design of the closed loop circulator.  We built a model out of plastic and obtained the most powerful blowers available.  Initially, they could not supply the gas flow needed.  The problem was in the turns – too much pressure loss was occurring, in spite of having aerodynamic turning vanes.  I had them tufted and found that only half of them were working – there was flow separation on the low-pressure side of some of them.  I reasoned that we should add “turbulators” which would eliminate the flow separation.  I happened to be looking through a catalog of model airplanes, and noticed the design of the turbulators on the leading edge of a German glider.  Essentially, they were serrations on the leading edge of the wing.  This was incorporated, and the flow problem was solved.

A different problem was that we could not get a plastic plate large enough so it was capable of standing off the high voltages.  So Bernie had the Avco Systems Division glue two pieces together.  I went with him to look at the assembled plastic plate.  The glue that held the two halves together was grey.  I asked Bernie, why was it grey?  His answer was that it had been done by experts and there was no need to worry.  

At about this time, two things happened.  Time Magazine had a short article about the MTU, and I learned that the secretary of the Army was going to address an American Legion meeting nearby.  I called up Paul Hoffman, the head of Avco Materials, and we went together to hear the secretary.  I had the article in my pocket.  When we got there, the meeting room was mobbed.  I asked someone where was the Secretary?  He was upstairs at a “private reception.”  So we sneaked upstairs and met him and I showed him the article.  He said that the first he had heard of it was when it was printed.  So I filled him in on a few details.  Anyway, after his term as Secretary was up and he returned to civilian life, he was convicted of fraud and embezzlement and spent two years in prison.  I have never been able to figure out any moral to that story.

The MTU program was on schedule, and finally there was the day of the big test.  The laser was in the laboratory and the high voltage was turned on.  There was a snap and a crackle, and the voltage supply triggered off.  I asked Bernie to turn the voltage on again while I peered through the optical ports.  The joint was glowing red!  That is when Bernie found out that the joint was an epoxy filled with the aluminum powder as filler (instead of glass) and yet it was supposed to hold off 50,000 volts.  This was a costly mistake and a lesson I will never forget.  If something looks peculiar – investigate it very thoroughly. The Army terminated the contract, took delivery of it, and a group of personnel left Avco to form a new group that obtained a contract to fix it.  After a few years, it was ready and was mounted in the tracked vehicle and shot down test drones and helicopters, so in the end it was a success.  

The Army seemed to be the most interested in high power lasers at the time, but I wanted to simplify the logistics.  It is not good to have to cart around tanks of purified nitrogen, helium, and carbon dioxide.  So I did a little research.  It turns out if ordinary diesel or jet engine fuel is burned with air and cooled down; it forms a mixture that should also lase.  So I obtained some diesel fuel, burned it, and cooled it down.  It was put into Dermit Douglas-Hamilton’s small laser cavity and it lased!  We obtained a patent for the process. 

I had also written proposals to the Army to incorporate all this into a much more powerful laser for air defense, but the Army lost interest.  Now, in 2007,  the Defense Department is spending hundreds of millions of dollars to develop a diode-pumped solid-state electrically driven laser for a tracked vehicle for air defense and on an aircraft for ground attack.  Its projected performance would not have been any better than what we had thirty years ago!  The carbon dioxide laser lases at a long wavelength, 10 millions of a meter, so its diffraction spreading is much more than the shorter wavelength lasers being developed now.  It is also absorbed by the carbon dioxide in the air, so not all of the laser energy can reach the target.  But its long wavelength is not as affected by atmospheric turbulence as short wavelength lasers, and in addition, it can burn through fog and battlefield smoke.  So the performance on both would be about the same.

The Artificial Heart

Anyway, because of the MTU fiasco, I was demoted.  Around that time, Dave Lederman, who was working on the artificial heart at AERL, wanted a gadget that could transmit electrical power from outside human skin into the interior to power an artificial heart without any wires penetrating the skin.  The easiest way to do that is with an electrical transformer – one set of coils on the outside and receiver coils on the inside.  Others were working on the same idea, but at a frequency of only 60 Hertz.  But the basis physics is that the higher the frequency the smaller the device can be.  I obtained some ferrite cores and wound thin copper wires around them to form the two halves of the transformer – in principle one would be underneath the skin and the other on top.  I also put a circular permanent magnet on the outside half so that it would not only stick to the half under the skin, but would be self centered.  I used very low voltage – 28 V as I recall, but I was amazed to see sparks coming from the coils.  It seems that even at that low a voltage, there was break through of the varnish insulation on the wires!  I cured that problem, and also instrumented the artificial skin between the two transformers with a thermocouple so I could see how hot it would get.  I found that at 100 kHz I could transfer almost 20W, which is what was needed, but it got too hot, the reason being that in a ferrite or any other material, the constant change in magnetization direction causes some internal friction, which causes the heating.  I decreased the frequency to 50 kHz, and the temperature went down to 39.6 degrees C, which I thought was satisfactory, even though only 10 W was transferred.  But I thought it was a success.  One could find a ferrite with less loss, and increase the wire area by using a wire with a square cross section instead of circular.  

At that time, there was a competition by the National Institutes of Health for such a transcutaneous energy transfer device, and I submitted mine.  The competition would not be peer reviewed, but would be decided by a source selection committee.  They came by to see my device.  One reviewer complained that the magnet would oscillate on the skin and irritate it.  As hard as I tried to explain that there is no motion, not even at 50 kHz, he would not listen.  So they continued with their previous contractors – one with a a wire belt that had to be sewn all around the waist of the patient; and other was shaped like a brassiere.  I learned then that any competition that was not peer reviewed was suspect; and I lost all respect for John Watson, who was heading the project.

At that time, Avco had been making and selling balloon pumps, which were inserted into the large aorta and helped the heart pump blood.  This has been a large success in temporarily helping heart patients, and thousands of them have been used.  But early on, one patient died – although from other causes, and Avco decided that this is too risky a business for them, and split off this activity into a separate entity, Abiomed, headed by Dave Lederman.

Anyway, there was an international conference on artificial hearts to be held in Paris, and I submitted an abstract, which was accepted.  It was held in the George Pompidou Center, a new building in Paris that was destined to become a very large and popular art museum.   I gave my paper, but the highlight of the meeting was the banquet.  Dr. Nose from Cleveland Clinic was there, as well as Chad’s project advisor, Dr. Pierre Galletti, from Brown University.  It was very festive – with lots of music and dancing, and I think that Dr. Nose was the most energetic of the crowd, even playing the saxophone.  

The story of Dr. Nose is interesting – he had come from Japan to learn about artificial hearts and went to see the director of AERL, but he could not speak a word of English.  He wound up at Cleveland Clinic working on the subject, and was our son Chad’s supervisor when Chad was there working on stents and their efficacy.  Stents are little coils of wire that are stuck into an artery to keep it open, and used on patients with clogged arteries.

Chad had worked on vena cava filter to prevent blood clot from going to the lungs for three summers as an undergraduate using Nitinol wire that retains its memory.  The first insertion was into a very large Irish setter dog.  Chad brought the dog home overnight once, and asked us to take it for a walk. Actually, the dog took us for a run.   There was no holding him back!

Anyway, at Cleveland Clinic, Chad found that stents were only about 50% effective.  This was the conclusion that Chad wanted to present at a Heart Association meeting; but Nose wanted those conclusions changed.  Nose was working under Dr. Bernadine Healy, so Chad went to see her about Nose’s desires.  The result was that Chad did not have to change is conclusions, and a few months later, Nose was on his way back to Japan.  Healy later became Director of the National Institutes of Health and later ran for the U.S. Senate but lost.  My “Who’s Who” states that she is now at Ohio State Medical School.

Twenty years later, however, when the first artificial heart from Abiomed, which was headed by Dave Lederman, was installed, the published illustrations plainly should a device like mine; except the text said it was operated at radio frequencies; just a higher frequency and possible with an air core while mine had a ferrite core, which probably would not have any good for higher frequencies – due to excessive losses and heat generation.  It has now been approved by the FDA for use in humans.  Also, after Stanford Medical School when Chad was deciding what to do, he worked for a year in Oakland on different artificial heart project – at the Pacific Medical Center with Dr. Don Hill.  Chad was in charge of the cow, in which one had been implanted.

Back to Lasers

So I went back to work on lasers – this time large lasers whose output wavelength was in the ultraviolet.  Because of the excitation mechanism, it was called an excimer laser.  It worked by putting the laser gases, in this case xenon and chlorine and helium as a buffer in the optical resonator, and hitting it with a powerful, wide area electron beam.  As in the electric carbon dioxide lasers, the electron beam had to be in a vacuum, separated from the optical resonator where the gases were, with a thin foil.  The problem was that if the laser was to be powerful, so must be the electron beam; but some of its energy was deposited in the foil and made it hot – and that heat had to be removed.  The foil was supported by a metal grid through which water flowed to remove the heat – but the heat had to get from the foil to the grid.  The foil has to be very strong to stand off the pressurized gas in the cavity, but have high thermal conductivity.  Titanium is very strong, and can be obtained in foils but has low thermal conductivity; aluminum has high thermal conductivity but is relatively weak.  But I read an interesting article about the use of titanium in aircraft.  It dissolves oxygen so that an oxide layer never forms on its surface.  So two pieces of titanium that touch will bond – and when one tries to separate it, as for maintenance, it won’t.  The solution to that was to coat the titanium with aluminum that gets a surface oxide that prevents it from bonding.  So that is what is done to the titanium on aircraft.  One process for doing this is ion deposition of the aluminum.  So I had a vendor do that to some titanium foil, but I was not satisfied with the result: it looked like the aluminum had formed little pillars on the titanium and were not connected well, which would interfere with the thermal conductivity.   I advised that the foil needed further heat treatment so that the aluminum became monolithic.  I do not know if that was done, but I learned later that the foil had failed in a critical test.

� Ken Kresa later became Chairman and CEO of Northrop-Grumman Aerospace Corporation.
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