
Far Infrared Spectroscopy Using 
The UCSB Free Electron Laser 

By William M. Yen 
A free electron laser (FEL) of a unique design came into operation at the University of California, Santa Barbara (UCSB) last August. The laser outputted at λ = 400 µ with a power exceeding 3 kW peak into a pulse of duration 30 µm. Since the initial observation the UCSB FEL has operated almost continuously. The present estimate of peak power levels is 10 kW, and pulse lengths have increased to >50 µsec. The FEL relies on the interaction between highly relativistic electrons and a spatially alternating magnetic field array (undulator) to produce radiation. The frequency of the radiation depends on the energy of the electrons and the period of the alternating field. An appropriate optical cavity then provides the necessary feedback for stimulation. The FEL was first conceived and demonstrated by John Madey and his group at Stanford.1 The UCSB FEL is unique among those presently under construction because it utilizes relatively low energy electrostatic accelerators with full electron beam recovery as drivers for the electrons. It is also the only experimental FEL aimed at the production of tunable, high power (average) far infrared (FIR) radiation with high efficiency. The UCSB device was conceived and cosntructed by a group headed by Luis Elias, who also played a critical role in the earlier Stanf6rd experiments. The Santa Barbara laser, when first operated, utilized two low energy (0-3 MeV) Van de Graaff accelerators connected back-to-back. They were redesigned to process electrons rather than positive ions. The accelerators are of the upright design pioneered by Ray Herb of the National Electrostatic Corporation (NEC) of Wisconsin. The NEC accelerator utilizes metallic pellets instead of belts to deliver the charge, and the upright design allows stacking of the 
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charging column to readily accommodate conversion to higher energies. 
The recirculation scheme As Fig. 1 shows, one of the accelerators brings the electrons to an appropriate energy while the second accelerator recovers the unspent energy in the electron beam following its passage through the undulator. This recirculation scheme, coupled with improvements in the electron gun design, combine to yield a high current (>1.3A) electron 

shown in Fig. 1 also. More detailed accounts of the laser are given in recent articles in Science (226, 153 (1984)) and Physics Today (November 1984). A more complete description of the UCSB performance characteristics is contained in a paper to be submitted to Physical Review Letters (L. R. Elias, J. Hu, and G. Ramian). There are few coherent sources of radiation in the FIR, especially ones which cover wide frequency ranges at even moderate power levels. The UCSB 

Fig. 1. Conceptual drawing of the UCSB free electron laser. 
beam of exceptional optical quality (or minimal emittance). The UCSB group has demonstrated that upwards of 99.4% of the recirculated charge may be recovered. Under these conditions, an extraordinary efficiency in the conversion of wall-plug power to laser radiation is assured. The pulse length and duty cycle of the laser depend on the recovery of charge; present results indicate that quasi-cw operation is a feasible goal. Additional details of the FEL components are 

accelerators are presently being refitted to go to 6MeV. Upon completion of this upgrading, the FEL will be able to scan tunably from 1 mm to 90 µm (10-110cm-1) comprising the major portion of the FIR. Peak powers of 8 to 10 kw in pulse lengths <50 µsec at —100 Hz may be expected initially. The installation of more sophisticated diagnostic and beam transport controls will make the above expectations be the lower bound characteristics. That many opportunities exist for 
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Fig. 2. The UCSB free electron laser, installed. 

applications for F E L radiation of vari
ous denominat ion was recognized ear
l ier by a study committee convened by 
the Nat ional Academy of Sc iences. 2 

Clearly the development of this F E L wi l l 
al low spectroscopic studies in the F IR 
in ways which have not been possible 
before. The gain-l inewidth of the laser is 

determined by, ω /2N, where N is the number of periods of the undulator and 
ωo the laser frequency; the U C S B device 

outputs with a resolution of 1 /320 as the 
array of magnets has ~ 160 periods. 

However, the relative high power of 
the laser al lows one to further narrow 
the l inewidth with extracavity devices 
while stil l obtaining order of magnitude 
throughput increases over conven
tional sources. The resolut ion achiev
able, coupled to the wel l known stabil
ity of the electrostatic accelerators, 
enables one, for example, to conduct 
laser quality high and ultrahigh resolu
tion spectroscopy in this F IR region of 
the spectrum. 

Why the FIR region? 
The F IR region is of part icular impor

tance because the majority of excita
tions intrinsic to molecules and solids 
are to be found in this energy range. 
Low power electromagnetic radiation 
can only couple to a restricted port ion 
of the spectrum of the col lect ive excita
tions in solids (e.g. phonons) because of 
wave vector conservation. 

With the high powers now at one's 
disposal, it wi l l be possible to couple 
non-linearly to these excitations, thus 
opening the whole spectrum to excita
tion and investigation. A whole series of 
l inear and non- l inear spect roscopic 
applications are being made possible by 
the F E L F IR radiation. These experi
mental areas range from defect bond 
vibrational modes on sol id surfaces to 
DNA replication dynamics. The point to 
be emphasized is that the U C S B - F E L is 
a unique source of F IR radiation and 
thus presents exci t ing prospects in 
spectroscopic applications in this spec
tral region. 

A group led by Vincent Jaccar ino and 
Luis Elias at U C S B has begun experi
ments uti l izing the FIR. They are ini
tially conduct ing studies of magneti
cally ordered systems, semiconductors, 
and lattice vibrational problems. It is in 
this respect also that the author finds 
himself spending a port ion of his sab
batical at U C S B . 

The ultimate goal of the applied effort 
would be to establish a modest facility 

cen tered a r o u n d the U C S B dev ice 
which cou ld accommodate those wish
ing to util ize the F IR radiation. The 
condensed matter studies wi th the 
U C S B F E L are being sponsored by the 
Department of Energy. 

The construct ion of the U C S B - F E L 
enjoys the support of the Office of Naval 
Research, and future plans cal l for the 
development of yet higher power and 
shorter wavelengths. This is to be ac
compl ished through the development 
of novel new micro-undulators and/or 
the construct ion of a second recirculat
ing accelerator wh ich wou ld uti l ize the 

field in the present operating F E L laser 
cavity as the undulator. 
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