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CONCLUSION AND OUTLOOKS

MAIN FEATURES

— TUNABILITY

— EFFICIENCY (2% —-> 10-20%)

- HIGH PEAK POWER (1 MW =—>1 TW)

—=>1 kW)

— HIGH AVERAGE POWER (1 ¥

BEST CANDIDATES (FOR IR)

— ELECTRON BEAM SOURCE ——> U

NAC, MICROTRON

— UNDULATOR —=> HYBRID (FERMANENT MAGNET + IRON)

_4,2"

The free-electron laser

Alberto Renieri

Phe peneration o) coberent syichioton ediation wig beams ot relunisie clectiomns passed thiough

nagnelic uidulinars opens up tremendos seopy fon photochemisiiy i general and - sotopic

separation by leer e particubin

trigpet ol the contrslled nuclear Tusicn process are b coneenable.

Fauly oo 4977 dobin Soedey and s e
A Stanlard Uneeersity e Cabilonng
suceeeded i penctatmg coberent b
e bl with aowaneleagth (ay ol 147
e wadtl (ALY of 8 oy, apd an
onfpuel (1" al 0 W W Ty new
Lises coulel qosw goin the sast Januds ol
cohcien tshation somees which

ever siwee o heans o red hight waith o
wanelongib ol 091 L am was produced
by the st aubn Lewr i 1A had
bueea graudually powag In e dklition
ub aew deuees openating withy
band vanging boun the L sofeacd o
the ultaniolet Viewed 1l genspee
tne, e parainelors of e Lt dueses
loped i Sl wewe nothimg cioep-
tiomral. Nevertheloss. the nea soutey
Jemediitedy aronsed very comidernahle

wcrest, hecamse the e mediom
e of hewg made up ob atesns o
medecules was modung other than a
beam ol gh-cneipy free clectons

The smission of electromagnetic
radiation by free charges

A laser Dased on light cenvssion by Tree
cliges might be considered in prow-
phe s contiadichion ol the Tess ol
physics. We know that a free charge in
W vacwum can neither et nor sibanh
vadiation, beciause the laws of energy
nusmcnium Ll vation
annol e satished at asie il the sanw
e Bhowever, this cliarge (and in
what follows we virtually abways under-

A Remiery, 3 Sc

Was born v 1945 at Cersaldu, Italy, and 1s @
physics graduate ol the Universiy of Rome. In
1971 he med the Frascati centre ol the
Comitatie Nazonale per 1z Rweica ¢ per o
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theareeal and sxpenmental problems ol hee
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staad charge s cleclion} isomataig w
an cxdermal heil the dekl el adbmnb
g o s Hwe momennin aad comse
yuently pemdvim e prassibile
Such o held vould e e magn
e kg el bigheenenps awvclenis
e (v which case the ennssaon s ol
swncliation eslation) o & Coulomh
fichl 1 o nucleus (Bremsteahfiong) s
el generatesd by Ui image chinges on
a etad battice (St h-Pureelt cefieet)
Fusalby. cleditomapuctic sadison vau
e produced Iy cansing o beam ol
{"k‘(‘.f\ll]\ 109 ALY 1 editiin ll‘.lll\
pateal fonr thes cadistion) b aoseloon
preater i that of bt m dw medum
w dhat e bean can geneiate the
momentum egquired (o satishe te von-
senyaion Lives (Cerenkon cHeddd

1 could be arpaed thad masden these
LHeUmsLares e election ss noe |I|I|_v('l
fice. bt s v owally o queston ol
dehmtion - We shall apply the weem
“tree” I now ol By clovioan aal
Bomsd 0 a0 miwdeus sk
state T semanmher o s anticle wall
vntiale on dtise (R THTUTN Y
lichb, because the operitiosy of the fiee
cection bses (1T deseloped ar
Stford e Pased on s ponaple. s
ieresting o ke, however, that fe
seis e acecetly  been produced
which operate with fiee clectms o the
mlluneiie selength pge wineh e
Iipaed an thie South: Purecll e Hect (81
tren). Coherent alsorption by the me:
verse Cerenbov effeat fas also been
ohserved during experments as i by
produact of stimulated Cerchov sadia
tivm.

vu

Synchretran radiation

The generation of radiation by charged
partiches o mg i aagnetic ed wis
fisl achieved in e 1HUS whien the
fieat high-energy ehctron vk
fsuch as the betatron amd syncliation)
were Bl When 1D Dvameko and |
Pomermwhuk  were investigating in
1044 the Biauts of encrgy oblamable
with @ betatien they came 1o the
cunchiaon L the  oulpul from @
charge moving mn g et fickd -
creases tapidly with cncrgy amd e
ses with the pantcke’s miss. 11 wis

ations for plsma beating me Lodamak-(ype instatlations 1o

e, howeser s that appectable swn
chuatien radistion cauld be ohtaomed
unby Brom uitei relistiveshie eloctions
i st (1 e whewe 1oaml
W e e energy aad s, ol the
partcle anmd ¢t veloony of hght m
HRWISIIIN]

An tenesting el s Ut seeently
woak proton padnon has been obnes-
i the sisible ange wnergy lesel
approxamately W GeVy e the 5P
protossncluotion at CERN m Gieweva

A ik featne of syndhistion re
dhatwn i iy consaderadde Bamd wilily
Forallostiate s o cleanby higae 1
shows the speetial distidhsinn ol svne
cluotion bght s i fu
where or i e Brequeney of e Lol
et cnutte and e Cortireed fres
grency” dependen g the auvatue
radis of the trages tory and the eneirgy
al the clevhion

Ax shown o hguie 1, radvanion
sielches eonhinuousty dione the low
Iecquuncns e thase approachmg e
erbical Hregueney

wist ol w

In e case ol
ubtisn et clectives s ieguesey
seremedy ugh Toove anexample
between G MeV and | Gel the
radition cntted Goges rom e v
shle feguencs o 3« 10" 1 1o
Band Norins (o, 3 % 10 TR for i
ub vutsahire G appresabacly by

This considetable bandwandih s due
ot dynamies of synchrotron sidi-
o Ta gine a clearer slustration of
this posnt, which s partcularly impor-
ant 1o us st s dosely hoked 1o
problems associsted  with the hee:
clectron kaser, ligure 2 shows the catis
st process for an cleciron moving in
o vircelar onbie T cdiation covitted
due 1o the aceeleration induved by the
magnene fickd i comcentiated forwards
w the dhirection ol mosement i soall
cone with the Tullowing apertvre:

R th)
I

Foor ultrasclatinsnic clectnoms this aper-
ture w very small Comcquently an
observer sbinvdmg some distanee away
on the orhat plane wilk see only the g
cenitted by oa sovalt porton [oof the
trjectory (s tigure 2) subtended by
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Figure 1 Speciral distribution of
electromagnelic radiation emilled by a
high-energy charged pariicle moving in a
vhiform magnetic lietd {syncheniron
radiation}. The abscissa shows the

ratio between frequency emitted

(i) and critical requency (ing).

an angle twice thal of the cmission
cone apettine represented hy equation
(1). The duration &l of the light pulse
secn by the observer i determined. as
will be readily understond. by the diffe-
reace hetween the passage times of the
electron on arc Y and the photons on
chard I, sublended by | (sce also figure
2} and is also cxtremely short. The
substantial bandwidth of the «ynchro-
tron radiation i due to the short dura-
tion of the hight pulse. From Feuticr
analysis of a4 wave traim of finite length
it cap be seen that the radiation spec-
trum emitted extends 10 frequencies as
high as the inverse of dt:

This freguency s the criticad [requencey
() referred to earlier (fipure 1)

Figure 2 Process of synchrotron radiation in a uniform magnalic field. Light is
emitiad forward within an aperture cone given by equation {13 An chserver 3t the
height of the orbit ptane sees the radiation emirted by the particle only within arc I,

subtendad by an angle equal (o wice the value of the emission angle. Duration of the
light putse {ath is thus given by the ditference in passage timas of the particle on arc |,

and the photons on the chord |, subtended by |,

Synchrotron radiation Hom a
magnatic undulator

Synchrotron light is now widely uscd in
many arcas of rescarch (basic and ap-
plicd physics, chemistry. biology. cic ).
s considerable bandwidth extends its
seope of application by providing a
tight bcam with a wide range of fre-
quencies {from infrared 10 X-rays) but
al the same¢ time thas the cffect of
limiting output per unit of availabke
frequency In order o improve this
parameter F1. Motz proposed in 195)
the irradiation of an clectron beam in &
static periodic magnetic field (magnetic
undulator). A field of this tvpe can be
produced. for example, by a seguence
of alternate magnetic dipoles, as shown
in figure % Under the influence of this
ficld the clectron docs not follow a
circular trajectory but oscillates alonp

the axis of the mapgnet. IF the intensity
and perid of the magnetie ficld are
selected in such a way that the angle of
deviation of the trajectory from the
axis is atways less than the angle of
cone aperture within which the radia-
tion is cmitted, an observer on the axis
of the undulator (figure 3} would sce
the light emitted along the entire
length of the trajectory and net merely
from a small fraction of it This experi-
memtal arrangement produces what s
commenly known as undulater opera-
tion”

The light pulse duration is much
longer than that of the cxample comsi-
dered in the previows paragraph (arcu-
lar trajectonry). Conscquently the emis-
ion band is considerably narrower and
its relative width is inverscly propattio-
nal 19 the number N of undulator
potiods:

I‘Mlﬂor periad

undulotor axis

Figure 3 Disgram of the magnetic undulator, in which the fisld is generated by a saries of plternate magnetic dipoles. S and N
denote the south and north aiternation of the magnetic dipotes. The trajectory of 3 charged particle oscillates shout the axis of the
undulator. By COH"D"lﬂq pgrlnd and magnetic field intensily the angle of davialion of this trajectory from the maghatic axis is less

than the width of the 1 cona, Cor

Iy an ohserver on the axis of the undulator would see the radiation emitted along

lhe‘en_liru‘lenglh of the magnet. The duration t of the light pulse i3 thus considerably greater than that assaciated with synchrotron
radiation in a8 homogeneous field (for the sama magnetic fieid and electron energy).
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The significance of 1) (2) iv olwious
The Tonger 1he undulator {i.e. the lar-
gee Ny, the longer will be the durativn
i the liphl pubse amd the narrower the
tandwidih, There s a lower imit 1o
the hamdwitih due 1o the quality of the
clectran heam. Bn Fxd an inhomoge-
neons widening of the spechiam occurs
which iv a function of emitance {essen-
tally given by the product of transverse
dimension mubtiplicd by anpolar diver-
genee) and Ihe dispersion in encrpy of
the particke

This wideming 15 simitar o the 1op-
pter widening which atoms or woke-
cules undeigo during cmission,  The
theosetical feitutes of the  radiation
emitted in the undalatur was stidied by
0. I, Alferov, Y. A, Bashmakov, and
¥ G Bessonov in 1973

Figire 4 (Graph a) shows the light
spectrum radinted along the axis of the
magne!, in a homogeneous line condi-
tion. The spectrum is symmctrical ab-
eut the centeal frequency my, the de-
pendence of which on the encrgy E of
the particle and on the magnet’s pira-
melers can be ablained from parely
physical considerations. Application of
the 1orestz equation shows that in the
electron’s reference system the state
field of a X, perind undulator (figure
3) is very similar 1o an cleciromagnetic
wave with the Tollowing frequency

(Al

which is propagated in the oppasite
dircction to that of the clectron. The
merging of the undulator ficld with an
cquivalent  electromagnelic  wave
{(Weizacker and  Wiltiams  wvirtual
photon  method) improves with the
energy level of the electrons. This wave
is scatlered hy the Compton cffect and
the photons scattered will have the
same  frequency as  the  incident
photons, The hack-scatteredd light in
the laboratary frame undergoes a Dop-
pler shift towards the higher frequen-
cies. The frequency of this radintion,
which s the wndulator synchrotron
radiation, can thus he ohtained by the
following equation {for ultrarelativistic
electrans)

E
-2 *—5 '
7y T

Band widith {$:q. (2} } can he abtained
by taking into account that it must be
equal to that of the incident radiation
which 1s composed of a wave train of N
perinxds.

By continuing the analogy with the
Compion scattering, the polarization of
the radiation generated can alse be
established and it will be the same as

pectral
I ditribfian

Figure 4 Graph a shows the spectral
distribution of the eleciromagnelic
radiation emitted a1 angle zeto along the
axis of an undulater. The abscissa shows
in units of width of the homogensous
frequency band |cf. equation 2). the
difference between \he frequency
emitted m, and the central frequency g,
as produced by equation (5} Graph b
shows the free electron laser gain as a
function of frequency. The abscissa
shows the same quanlity as shown in
Graph a. Tha gain is propartional to

the derivative of spectral distribution
(Graph a).

that of the incident wave. For cxample,
in the case of the undulator shown W
figure 3 lingar polarization occurs
right angles to the magnctic ficld.

For a more accurate determenation
of centrat frequency uy allowince has
t be made lor the cnergy associzted
with Lhe transverse movement of vscil-
lation. This volves a smull cotrection
to cguation 4. which now heeotnes

";l-l—: (5)
ma o+ k7

o = Ame
i ’.q

where K., known as the undulator para-
meter, is hnked to the average quadra-
tic magneltic field B apd to period & g by
the tollowing equation:

B,
R in)
2 e

Parameter /% is extremely important for
the definition of the properties of the
radiation emitted. In particular, the
maximuin angle of deviation of the
eleciron’s trajeciory from the mag-
netic axis is given by

B = I"';—" g

for which reason the operation of the
undulator (A, <t cf. Eq. (13} s
abtained by K 1.

A% can he seen from cquation (5] the
frequency of the radiation procluced
can be varied by altering the energy of
the clectrons. the perind. or the mag-
netic field of the undulator. With
by M cm and K- 1. for example. the
light cmitted ranges from infrared to
uitraviolet when the energy of the ¢lec-
troms 45 between 107 and 10 MeV.
Under these conditions by using a 5 m
fong undulitor (N = 50} the relative
widih of the homagencous hand (Tiq
(2} ) 1= approximately | per cent

The first unclulator, which was based
on permanend magnets, was huili by 11
Motz W Thon. and R N, Whitchurst
in 1953, s man features were as
felloows h, = dem, 1. = 5. cm B =
149 5.6 ks, where L is the leagth of
the undulator.

Using the electron beam produced
by the Stanford linear accelerator, first
operated a short while before, they
generated, in accordance with the theco-
ty. radiation in the range belween
green (= 550 nm) and hlue A - M
nm) for eclectron energy levels of
hetween 45 and 120 MeV.

Using the same eyuipment bt with a
lower-cncrgy electron beam (35 MeV)
this research team succeeded in genera-
ting coberent radiation in the milli-
mettc wavelength range from a number
of electrons hynched in packets, the
size of a packet heing comparable to
the wavelength emitted. Under these
cxperimental conditions (he electrons
actually emit in phase ingether and
consequently the imensity of the radia-
tion, imstead of being proportivnal (o
the total number of electrons N. s
propartional to N7, The output ohser-
ved was approximately | watt, or some
 orders of magnitude greater than that
obtainable with a non-modulated
beam. The authors also indicated that
this method was unsuilable for shorter
wavelengths and there was no equip-
ment available capable of bunching
elecirons into packets of less than 1
millimeter. Later. we shall see that the
FEL offers preciscly this possibility.

In the past few years a considerahle
number of magnetic undulators has
been ftled to electron storage rings in
order to produce sufficiently mono-
chramatic tunable synchrotron  ra-
diation. In the undulator (electromag-
netic) fitted on the Adone storage ring
a the laboratories of the Ttalian Natio-
nal Nuclear Physics Institute (INFN) in
Frascati the magnet has three perinds
{hy = 65.4 cm). corresponding to 8
homogeneous handwidth of approsi-
mately 17 per cent (cf Eq. (2)). The
system can operate with a very strong
magnetic ficld on the axis (up to 18.5
k(3s}. and in this configuration il is
used as an X-ray source. For weaker
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magnelic liclds (less than 20 Gx) the
magnet operates as an usdulator
(K< 1), With clecnons with encrgy le-
wels of SI0-700 MeV, visible spectrum
radiativn is produced.

Stimsulated Compton scattering
In 1968, 11. Puntell. GG. Soncini. and E.
Puthuff put forward the idea of using
stimulated  Complon  scattering 10
gencrate  cohevent  radiation  which
could bhe casily tunable on a wide
spectrum of frequencies by varying the
energy of the electrons. A simplified
description of this procedure was given
by E. Schrodinger as carly as 1927,
while in 1933 P. L. Kapitza and P. A,
M. Dirac proposed an experimenl to
observe stimulated Comptan scattening
from non-refativistic electrons.

On the basis of the proposal put
forward by Paniell and his collabora-
tors, V. P, Sukhatme and P. A. Wolfl
calculated in 14973 the gain fur this Lype
o tascr wnd came to the conclusion
that with the clectron beams and elec-
tromagnetic radialion seurces availahle
at that lime the gain for stimulated
Compton scaliering was too low com-
pared with typical losses for ant
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Figure 5 Diagram of the Stanford FEL amplitier. The etectron beam produced by the
superconducling linear accelerator is passad along the axis of a superconducting

halical undulator. The radiation lor

spontancously. On the other hand, po-
sitive gain is ohtained whenever the
wave 1o be amplified is of o frequency
fess than oy, and there s i i

if the reverse is the
amplification vccurs in the area where

cavities operating in the infrared and
visible ranges for a laser oscitlator o be
worth building.

In the meantime. however. ). M. |
Madey had established in 1971 that
using a stalic magnetic uadulator ns-
tead of a real electromagnetic radiation
sousce (a klystron, for example) it was
possible 10 obtain sufficient gain 10
produce a laser effect. This is explained
by the fact 1hat the power density of
the radiation correspomling 10 the un-
dulator can be extremely high compa-
red with that of a real wave, hecause il
is possible to generate experimentally
very strong static magaetic fields. The
undulator built by Motz and coltabora-
tors, for example, was the equivalent
of a radiation with a wavelength of & =
& cm and an oalput densily of belween
1 and 2 GW/em®, sume orders of mag-
nitude greater than anything which
could be obtained with a conventional
source for thal waveleagth, The depen-
dence of gain on the operating frequen-
cy of a laser hased on stimulated
Compton scattering (or alternatively on
stimulated synchrotron radiation in an
updulator) is very peculiar {figure 4
{Graph b} ). Instead of following the
spectral distribution of the spontanecus
radiation (Graph a in figure 4} as
conventional lascrs, gam Is proporhio-
nal 10 its derivative. Such behaviour is
due 0 the nature of the interaction
which is based on a scaitering process
and not & process of radiation from
bound states.

As Graph b in tigure 4 shows, the
gain for this particular type of FEL is
2e10 when the frequency is the same as
central frequency wy when emitted
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the spont 5 Cmission  spectrum
curve rises most sharply, while the
pasitive part of the gn curve is cqual
i width 10 that of the homogenceous
band. 1t is easy (o eslimale. and subse-
quently conlirm by mose accurite cal-
culations, the maximum power that can
be wansferred from the electron beant
to the laser beam. I allowance is made
for the fact that the radiated frequency
is dependent on the energy levels of
the electrons (ef Eq. (5) ). the maxi-
mum encrgy ubtainable from the elec-
trons. themselves is that which induces
a shift of the operating freguency 1o i
level off the gain graph. Conseyuemly
the maximum efficiency obtainuble, n
max., defined as the ratio between
encrgy ransferred (0 the laser beam
and the imtial cnergy level of he

is g ed by a TEA CO, laser.

cleclrons. is given by the relative width
of the gain graph:

. Aw 1
nmax - ZE = oo [t]]

First obsarvation of stimulated syn-
chraotron smission

The shape of the gamn curve for
stimuluted synchrotron emission in a
magnetic undulalor (Graph G, figure
4) was conlismed experimentally by the
first test carried out ot Stanford by L.
R. W. M. Furbank, 1. M. J.
Madey, 11 A, Schwettman, and T. 1.
Smith in 197 The experimental equap-
ment is shown in diagrammatic form in
figure 5. A superconducting magnet in
the form of a double helis wound
round a copper tube was used as the
uadulator. Figure 6 shows o photo-
graph of o number of the magoetic
perivds. in the two helical coils current
Bows in opposite directions and  the

magnetic ficld generated s perpendicu-

.ru‘m |||||.nlml||| m‘q.ru'm ||||||:1-|-|||| u-|||||1|||||v "'|"'f"'|'|' l“'l|ll|l‘ﬂ gt
== 6‘ 7| OI 9 *0 1(1
l’lllhll et diss lll'llll‘llllil |I|||I|||||||I| ||||l|l|lll|lll l'l'll‘llhlih |I|||l|l|h iy

Figure 8 Some periods of the superconducling double helical undulator built at
Stanford. in the two helixes 1he curren passes in opposite directions, and the
rmagnetic field generated is thus parpendicular [0 the axis of the undulator and
rotates wilh a period corresponding 10 the pariod of 1ha halix.

far te the axis of the uslulstor and
yotales at @ perivd cquivalem o the
pevid of ihe helis

Acconding e Woerzacker and Wil
lams' approximinion, this type of ficld
corresponds 1o an cleciromagnetic
wave with circular, night-hand polanzi-
tion. The main features of the undufa-
tor are shown in Table |

TABLE { THE SUPERCONDUCTING
HELICAL UNDULATOR OF STANFORD
UNIVERSITY

Period (cm) 3.2

Length (m) 5.2

Width of homogenecus band (%} 0.3
Magnelic lieid on the axis (kGs) 2.4

A beam of electrans prodaced by the
Stanford supereanducting hinear aceele-
rater with an cacrgy of B = 24 MeV
and a peak curcent 1, = 70 mA and 2
beum of infrared light with a wave
length of A = |06 pm and an ouipol
density of 1.4 x 10°Wicm’, generated
by a carbon dinxide laser (TEA CO,
laser (TEA standing for trmsversally
excited ut aumospheric pressure} ) are
passed along the axis of (he magnet.

Figure 7 shows lhe spontaneous
rachation owpul (Graph a) and the
gain (Graph b) as a function of the
energy of Lhe electron beam at the (0,
laser wavelength (~ 10.6 pm). The
experimental  graphs  confirm  the
theoretical estimates (figure 4) It is
waorth noting that the preferred method
was to vary the energy of the electrons.
as this operation, which corresponds 10
varying the frequency of the laser (cl.
Eq. 5} is the casicr uperation under
experumemal comlitions.

The manimum measured gain was
approximately 7 per cent per puassage,
which is sufficiently close ta the theore-
teal extimate. This gain vorresponds o
a stimulated ouiput iy of ap-
proximately 4 % 1'W, compared with
the spontaneous radiation {thal is, ra-
diated without an incident Liser beam)
which wis about 4 x "W, The
increase in outpul was thus of some
nine orders of magnitude. Lastly it was
estublished that valy the cadiation with
the same pulasization as the undulator
is amplilied: zero gain was meusured
for radiation with circular lefi-hand
puolasization.

The fulk evaluation of the experimen-
14! data involved a considerable
amuount of work. In particular, it be-
came clear that the stimulated Comp-
ton scattering can be considered as
two distinct phases. En the firse ms-
tance, the action of the laser beam and

Julator beam modul the encigy
of the electron beam and this energy
modulation is then teansformed into
densily modulation at the same wave-
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length s that of the Easer: m ather
words. there is coherent i
which intensilies the xistimg Lase .

At s point o comparison with
millimeire wave source buill by Motz
and collaborators referred to earler
may be ol rest. In that expeninwnt
the deasity of the clectron beam was
modulated as it entered the magnet, b
the FEL., on the other hand, the entire
process {modulition and enussony aw-
tomatically oceurs i the undulitor,
which  allows  laser  opcration o
wavelengths  runging  from  subonilli-
meter to ultravioler.

First operation of an FEL as an
oscillator
In 1977, one year after the st ampli-
ficatm experimens, [0 A G Dea-
con, L. R Flias. 3. M. 1, Madey, C. )
Ramian, H, A Schwetiman. and 7. 1.
Smith built the fint FEL oscillator,
referred o at the beginning of this
arfich

The experimental device. which s
depicted in  figure B, owses  Ahe
helical  undulator  successfully  tried
in the amplilication experiments {figure
6 and Table 1). The clectron beam is
still the same one produced by the
Stanford superconducting aceglerator,
but this time the energy level i higher
(E-—-43 McV). Consequently. the ope-
rating wuvelength s shorter (A~3.4
pm). Radiation is mitially produced by
spomancous synchroron radiation and
then, reflected by the two mirrors kwa-
ted at the ends of the undulator, Wt is
amplificd in the course of subsequent
passes with the electron beam innide
the magnet. The main characteristics of
the eleciron and laser beams, updated
by latest (1981) experimental date. are
shown in Table 2.

(o}
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Figure 7 Radiation outpul by
apontanscus emission (Graph al and
gain (b} maasured {with the equipmant
built at Stanford) at the wavelsngth of
the TEA CO; laser .~ 10.6 um) as &
function of the energy of the electron
beam.

TABLE 2 MAIN FEATURES OF THE
STANFORD FEL

ELECTRON BEAM {SUPERCONDUCTING

LINEAR ACCELERATOR)
Energy (MeV) 43
Energy spread (%) 5x 10 ¥
Emittanca (mm x mrad} 4x10?
Peak currant (A) 1.3
Average current {ua) [
LASER BEAM
Wavelangth {pm) 33
Line width {nm) 25 66
Average autput {W) &
Paak output (KW} 130

The cilect of the laser 1s most appa-
rent f the outputs above-theesheld
(gain greater than kesses) and below-
threshold {gain less than losses) are
comparcd. The ratia between  these
wo levels is extremely high (— 10°).
Another important parameter s 1he
narrowing sf the emission dine from
Bk ~36 nm (below-threshold) o Ah~R
nm {above-theeshedd) as shown in the
spectrum in ligure 9. The widih of the
spuntancous emission line (lower graph
in Figure 9} is due mainly o the
homogencous widening resulting from
the excellent charactenstics of the glec-
Lron beam {shght spread of energy and
emittance) (Table 1)

The width of the laser line is deter-
mined by the variation with lime of the
electron beam. This is compused of a
continuous train of clectron packets
with a duration «f 1-3.2 ps at approxi-
mately #4.7 ns iniecvals. This interval
was chosen in order o be approximate-
ly the same as Ihe time taken by the
light to travel back and forth i the
oplwal cavily

The radiution moving back and forth
in the caviry and the subsequent
packets of clectrons ire thus synchroni-
zed. A sort of mode-locking device s
incd. The rtesuls is that the
Liser radiation s no longer  cont-
nuously distributed but grouped into
fight pulses, the duration of which is
approximately the same as that of the
electron pucket. The width of the laser
line under these conditions is inversely
proportional 1o the duration of the
miceopulse

Au~ B swGl ©)

whih in terms of wavelength corres-
pomnthi o AX -9 am and conlirms the
experimental resulls (figure 9).

Table 2 shows the energy iransfer
efficiency from the election beam 1o
whe faser beam, as represemed by the
folluwing equalion:

_ P {W)
T 1(A) ® EeV)

Where | and E are the average curvent
and energy of the electron beam and

n ~ 102 per cent {10)
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Figure B Operation diagram of the Stanford FEL osciflator. The radiation is produced
by sponianecus synhchromron irradiation and then reflected by the two mirmors
lacated at the ends of the undulator. It is amplitied during subsequent passes with

the electron beam inside the magnet.

Py s the average output of the laser.
These resulls ae in camplete harmony
with the theorctical it given by the
homuogencous banchwidih (cf T (RY )
which for the Stanford FER, is appraxi-
mwirely 0 3 per cemt ( Table 1)

At the hegmning we spoke of ovi-
dence of the production of laser hight.
intending this rather gencral ferm to
tean coherent light. A theoretical stu-
dy of the process by R Bomilace. G
Dattoli. A. Renieri and ¥ Romanelli,
in 1980, confirmed that FEL radiation
shows coherence properties simalat 10
those shown hy the lighl from conven-
tional lasers

The FEL in storage rings

Amplification experiments have recent-
Iy been carried out at Orsay in France,
at Frascati in Italy and at Novosibirsk
in the USSR. In all these cases the
equipment used an clectran heam cir-
culating in a storage ring. A diagram of
the FEL storape ring configuration is
given n figure 10 After they have
given off encrgy o the laser heam. the
electtons are  re-accelerated by the
machine's radicfrequency system and
subsequently re-injected into the un-
dulator to interact again with the radia-
tion beam. Ultimately. there is a con-
tinvous transfer of energy from the
storage ring accelerator system 1o the
laser beam via the electron beam. Con-
trary to appearances. this pracess is not

more efficient than the single-pass FEL
systemn (Stanford model), where the
electron beam is trapped in a bcam
Jump after it has given off a small
porlion of its cnergy to the laser heam
The reason for this is that the succes-
sive interactions hetween the electron
beam and the laser heam continunusly
increase the ¢lectron cnergy spread
(that is, they “heat up’ the eleciron
beam). This process causes the spon-
taneous emission line to he widencd
ithomogencously and lowers the sys-
fem's gain 1o the poind where it becom-
es less than losses from the resomant
cavity. thus terminaling the laser pro-
cess.

The only possibility of limiting thix
eflect invalves synchrotron irradiation
i the bending magnets of a storage
ring. The gremter this radiation. the
maore cfficient the cooling of the elec-
tron heam hecaomes since the oulpw
abtainable from an FEL operating in a
storage ring is linked to the outpul
radiated (P} by sychrotron emission, L
can be demonstrated (G, Dattoli and
A. Renicri (1980) ) that the maximum
laser output is described by the follo-
wing equalion:

A
l'm.*‘f.é‘l P, an

In this case {Aminm), 15 the homoge-
neous band width. Maximum efficiency
is thus described by:

TABLE 3 MAIN FEATURES OF THE ORSAY FEL AMPLIFIER
SUPERCONDUCTING UNDULATOR

Perind Length
{erm) fem)
4 94

Homogeneous Maximum
band magnaelic
width freld on axis

(%) tkGs}
2 4

Electron Beam (ACO)
Average current

Laser Beam (argon)

Energy per slectron packel Wavelength  Output density
iMev) {mA] (L] Wicm?)
150 10-2¢ 488.0 514.5 16 = 107
a0

Pows_ [A0f L
T ™ Ty m‘—m [k

where N s the number of periods n
the nndulator. This cquation is como-
nant with that already ohtained for the
single-pass FEE (R).

et us now describe in more detail
some of the experiments mentioned
earlicr. The characteristics of the Orsay
amplifier are given n Table V. The
magnet is in the form of superconduct -
ing helixes which create a periodic ficld
parallel tr the plane of the apparatus
the polarization of the wave generated
is thus lincar. A maximum gain per
pass through the magnet of 4 > 10°°
was registered (al a wavelengthof =
4R% mm). This extremely low value
corresponds (o the limit for losses from
a typical resanant cavity operating at
that wavelength

The slight gain an the FEEL at Orsay

Bam
1
IHTum wovelength
3 am
|
3410 um g th

Figure 9 Spontaneous emission fine
llower graph) and laser line (upper
graph) Tor the Stanford FEL {cf figure 8
and Table 2).

is due. among other things, to the low
mumber of magnetic periods (N =
23}. One of the preatest hindrances to
the operation of an FEL in a slorage
ring is in fact the absence of sufficiently
tong straight sectivns. Ton overcome
this difficulty, N. A. Vinokurov and A,
N. Skrinsky proposcd a variant to the
traditinal free electron laser in 1977,
This device, which the two auathors
called an nplical kiystron, is shown in
figare 11, 1 is composed of two undu-
Intors each with an equal number of
periods. separated by a triplct of ben-
ding magnets of inverted polanty sa
that total defection is zere. The FEL
process can thus be divided into its
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Figure 30 Operating diagram far a FEL in a storage ring. AMer they have given ofi
energy to 1he laser beam in the undulator, the efecirons are reacceleraled by the
machine’s radiofrequency sysiem and made to ineracl again with the radiation bheam.
The particles thus circulate cantinuously in 1he ring and transfer energy from the

radiotfrequency system Lo the laser baam.

three separate stages. Tn the tirst undu-
lator the clectron beam 1 encrpy-
mudulated, this encrgy modulation is
transformed in the magnetic tripdel into
density modulation. Finally, in the bast
undulator the process ol coherent ra-
diation occurs. This configuration i
much more efficient than the tridito-
nal ane. in thal for the same length the
density modulation is much more in-
tensive due to the dispensive characler-
istics of the magnetic Iriplet (electrons
with different encrgy levels describe
orhits of diffcrent lengths). The Nova-
sibirsk FEL operates on the basis of
this principle. The optical klystron was
fitted to the VEPP-3 slorage ring and
the first spontancous cmission and gain
measuretmcnls were carned out using
an HeMe laser which confirmed the
theorctical estimates, Finally an optical
klystron FEL oscillalor is pow in op-
eration al Orsay

The FEL (Raman operation}

Al the same time as the work on FEL
apparatus uvsing high-energy electron
beams (E= 10 McV) and low current
(U~1 IIFA) was in progress laser
sources operating in the mitlimetre wa-
velength range. which wse low-cnergy
electron bheams {E-1-2 MeV) and
high current (1~ (-2 kA) produced
by accelerators such as the Marx gene-
rators and lincar induction  acceleta-
tors, were also undergoing develop-
went. [n these machines there is consi-
derable interaction between the char-
ged partickes. Tn particular, the clectro-

simply on the basis of equation (5)
which essentially reficcts the Doppler
shift of the simulated undulator wave
Instead, it is shified fowards the low
frequencics owing (0 erergy absorption
on the part of the plasma oscillation
modes.

These radiation sources have heen
termed Raman FELs i view of the
similarity to the Ramnan light diffusion
pracess by molecnles. The FELs apera
ling at low density and high encrgy (the
Stanford model} are accordingly some-
times called Compton FIELs.

The first Raman FELs were built at
the Naval Rescarch Laboratory tNRL)
in Washington, Columbia University in
New York; the luborstories of the
TRW in California: and the Institute of
Nuclear Physics. Tomsk. USSR, A dia-
gram of the Raman FEL built by the
NRL is shown in figure 12 as an
example ol a sponfancous radiation
amplificr.

The large structure to the Tcft is the
accelerator for intensive electron
beams (VEBA, I} = 1=2 MeV. 1 =

1--160F kA pulse duration -5 ns).
The clectron beam is passed into a
doublec-helix  pulsed  wndulator. Ths
fype of vxlulatod has a 2 cm period. a
length of 1 m. amk a maximum fickd of
4 k{is. This apy s has heen used to
gencrate millimetre and submillimetre
racdiation with an oulpat of ~+10
MW,

The FEL: special festures and future
prospecis

Tor wunderstam fully why the FEL :
<cd w0 much inferest when at fir
pearcel. one mus take a chme Tuok
s maiin fesures: it can be modulated,
it has a good line width, it is efficient.
and it can be boosted 1o high average
oulput levels. Let us also review the
cnormous Tange of activitics at interna-
tional level aimed at producing new
FEL sources specifically designed 1o
oplimize particolar operating  para-
meters for specific purposcs.

Tenahitity. The free clectron laser's
mawt striking characieristic % without
doubt its ability easily to accommaodate
changes i its operating  [requency.
Whercas in the casc of lasers hased on
emission stimulated by atoms or mole-
cules this parameter s delermined by
the difference in coergy heiween the
states affected by the transition. the
frequency can be varied by
chinging the energy of the eleciron
beam, the perivd aml the magnetic
ficld of the undulitor (cf. Fq. (5)). As
a result of this the FEL can potentially
cower continueusly the entire spectium
from millimetre waves 1o ulira-violet
waves. The smpewtance of this type of
laser is most obvious where tunable
soutces are not available, for example
in the far infrated and o the ultra-
violet range. 1t is less impnrtant in the
visible range, where the dye lasers can
cover the entite spectrum with excellent
results.

The problem of cxtending the opera-
ting range of the FET (o include very
short wavelengths (h-- 100 nm) s one
which deserves special attiention. I the
very short wavelenpth range the reflec-
tiveness of the mirrors is greatly redu.
ced (usually by something approaching
50 per cent). Conseguently. 1o huitd an

wlactron

beom gneeay

wvaduvtoter T
i
[modulu!lﬁﬂh

lover begam

magnatic trighet
tdensity mogulatien)

unduiotor I
l’lcohnunt radiation }

magnetic radiation and the bl

field can exene collective  oscillation
mades in the eledron beam (plasma
waves). The frequency of the radiation
generated can o longer be calenlated

Figure 11 Operating < iagram {or the optical kiystron. In the lirst undulator the i
energy modulation of .he eleciron beam is oblained and this is then vansfarmed in
the magnetic triplet into powarful density modulation. In the secand undutator the

coherant radiation process finally oceurs.
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FEL oscillator operatmg s Lt range
of the spectrum. yery high gain will be
needed, i ths can be obtained only
with very high peak currenis
(=107 10° AL Sueh high currents can
be readhly oblained in the high-cnergy
sorage nogs and these machines would
thus appein o be Hhe best sources of
clectrons for FFLs operazing wy the Far
ultra-vinlet.

Theve are vurrently amany projects
under way aimed an bulding free elee-
Lron Basers o storage nngs. Farher. we
described the experiments conducted
at Opsay aml Novosibirsk. Ad the pre-
swent linwe expeniments o FEL ampli-
fication ansl oscillittion are beiang
conducted at the Brooklaven laborago-
ries in the United Stakes, where a
synchrotron lght storage cing will be
used to produce laser radintion al wave-
lengths of 250450 nm by means of a
pemmanceidt magiaet nmdulator (perod
= 6.5 cm, nuwsher of periods = 3K) and
also at INFN n thas experi-
ment the ¢ beium from the
Adoene ring is used. The undulatar i in
the form of am electromagnet. the
featares of which are shown in Tuble 4.
together with the main feanres of the
electton beam. Imitially. experiments
im smplification produced by
an argon laser with o wavelength of
514.5 nm has been carried out.

The gain per pass is approximartely
1% At a later stage laser uscillalor
will be built both in the traditional way
and in the high-gain configuration vl the
optical klystron type.

Lirie width. The voriation with tune of
the laser beam is closely relaied 1o that
of the eleciron beam. Conwequently, as
was demonstraied in connection wilth
the description of the Stanfurd experi-
ments, if the elecirons are bunched in
packets the phaton beam will also be i
the form of a pulse train haveng a
duration  appraxamaicly the
that of the electrons This
occurs when the acceleration s provi-
ded by systems using resonant cavities
al radio Trequencies. which 1s the case
of linear acceleratars, microtrons and
storage rings. Umber these  circums-
tances the duration of the Jighty micro-
pulse is very short {normally between
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Figure 12 Diagram of the single-pass spontaneous radistion amplifier budi at the
Naval Research Laboralory, Washingion, DC. The elactron beam produced by the
VEBA acceleraior (device oo left] is passed into the helical undulalor shown al the
cantre of the photograph. A solenoid magnel is used 10 focus the electrons inside the
unduialar. On the nght is the detector for the radiation produced.

10 " and 10 %), This leads 1o a re-
fatively large line widih, as shown by
cquation ().

A reeent proposal {currently being
develuped at the University of Califor-
nia in Sana Barbaria) was for an FEL
source in the far infrared (A— 100
4N pum) wsing, a3 continsous electron
beam with an cpergy of ¥ MeV amd
corrent density of 16 A cm” prsduced
by an electrostatic genevnor. Uikler
these conditions Lthe fine width of the
laser 15 much bess than that of sources
which use radivfrequency acceterators,
An interesting aspecl of the experiment
is the recovery of the electron beam
alter the FEL interaction in the undula-
tor. This aspect of free electron lascr
technology, which deternunes the over-
all efficiency of the sysiem. will be
considered in more detail in the aean
section.

TABLE 4 PRINCIPAL PARAMETERS FOR THE FEL SOURCE BEING BUILT AT THE
ITALIAN NATIONAL NUCLEAR PHYSICS INSTITUTE AT FRASCATI

Undulator lelectromagnetic)

Electron Beam (Adone)

Homogeneous Max. magnetic

Average Current per

Pariod Langth Band width) fiald on anis Energy electron packet (mA)
{cm) i) (%) kG (MaV|
16 232 25 4.459 510 100

a2

Efficiency. As was seen carlier, only a
small fraction of the clectron beam'’s
energy is transferred 1o the laser beam.
A number of ideis have recently been
put forward with a view [0 impraving
the efticiency of the FEL source. They
fall inter twor dhistinet groups, The st
group comprises the systems which re-
cover the residual cnergy from ihe
clectron beam, while the second group
coneentrates on improving the cficien-
cy of the 2y transfer between clec-
trons and laser beams,

Ihe FLL project under development
at the University of Califorma belongs
in the diest category. In this apparatus,
the electron beam i deeclerated afler
passing through the undubuor and its
encrgy und chatge are for the most pan
recovered.

In the second group we find the
designs which wse special, variable-
parameter undulators. In these systems
the pericd and the magnctic Beld are
changed wlong the undulator s as o
cancel the Irequency shifi due o cner-
gy lusses from the clectron beam.
Thearetical estaniites predict an cnergy
trunsfer  efficicncy  between electrons
und photens of some SO per cent.
Apparatus for the experimental veri-
fication of the validity and applicabiliey
of this mudel has been developed suc-
cessfully ul the Los Alamos 1aborator-
its of Mathematical Science Northwest
and TRW in the United States.

-B50—

TABLE 5 MAIN PARAMETERS OF THE FEL SOURCES UNDER DEVELOPMENT AT THE ENERGY RESEARCH CENTRE IN FRASCATI

Unduistor {SmCo permanent magnets)

Electron beam {microtron!

Repeatiion

Period Length Homogengous  Maximum Energy Average Paak Currgnt
{cm} {cm) band widih magnetic {MeV) currént current pulse frequency
1%} fiald on imAl} {A) durauon tHz)
axis ips)
(hGs)
L] 225 11 3 20 350 65 12 150
30 250 45

Roosiing 1o fegh oiipur fevels, The
FEL oscillator w Stanford producesd a
laser beum with an average owtput of
arsnd 5 W (Table 2). It should be
remembered, however, that this resuls
was ublained with a very low averuge
current -6 pA). Lising a conventio-
nal hinear accelerator us an clectron
source it is pussible, bowever. o pro-
duce average currents in the [ 1o 1D
MeV range thal are ten bimes greater
than that obtained a1 Stanford. The uwse
of electron beams with these chazacter-
istics allows laser beams 1o be genera-
ted which huve ap average output of
some several bundred watls

As an exumple, Table § shows the
major paramcters for the FEL oscilla-
tor being buill at the ENCEA’s (for-
merly UNLN)Y energy rescarch centre
at Frascati. which uses a microtron as
an electron source. The long-term ub-
jective of this project is 10 build a
source which is tunable in the near
infrared (A = W - 30 pm) with an
average output of between U and 100
W.

Some possible uses for the frae
slectron leser

tions of the FLEIL. Whit 15 chear s than
its major feature—thal it can be
tuncd—renders it an wleal source for
photachemistry in general, and sotopic
separation by luser in particubar

In addition tu this extensive held of
apphcation we could also mention 1wo
possible uses particularly relevant at a
time like the present in which the
search for new energy sources appears
1o be one of the most vrgent problems
facing our indusirial society.

One application concerns the possi-
bility of building high-clficiency am-
phifiers with variable-parameter undula-
tors. The high laser energies ohlamable
in this way (~ 100-1 000 kJ} concen-
Hrated in very short pubes (100 as)
make these devices suitable Tor use as
energy production systems based on
inertial nuelear fusion by laser,

The second applicition concerns the
potential produchon {using the Raman
FEL sources) of tunable radiation on
the 1000~ 1060 pm band with high peak
output (100 1000 MW) in pulses lasting
= | ps and good efficiency (~ 10 per
cem). With such apparates it will be
possible to heat plasmas (using cyclo-
tron resonance of ils harmonics) in

It is possibly still somewhat pr
1o discuss in detail the possible applica-

gnetic conti nt machines (of the
high-ficld Tokamak type} for triggernng

the process uf controlled nuclear fusion
for encrgy production,
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Book reviews

Assessing the Impacts of Technology on
Society. 80 pp OFCD, Pans 1383
Paperhack 450

Lhes Bk s comcerned wath the rofe of
techualopy aseessment LAY amd m parhcn
far with the way m which that rale s
peecenved 1o hase evoled oner the L

fifteen wears or s BEw not s collechon of
mcthodadomes amd nether docs i prosent

vaews on how pagtipalin fechnolopies hisve

aleated sotts The anthor seresses how
1A haw broadencsd s supe Trom being

conce

ned mennly with demtilving pesable
nepatine eftedts of lechoanlogy on the on-
wviremment of on sty oo nvolving itelf
more Qully with policy anahss and compley
technical-sownl ipterachons
embodving EA within cuisting in<hitutiona
frameworks are styessed 10 surehy corect
rov idennfy these prablems, rather than the
further developmet of narrowly delined
“techmuues

Problems of

as Being ol central importakee
i efforts 0 mmprove Mie state ol the ant
Much  of 1he  discussion is  somewhat
Fabourcd. however, amd this reviewer fell i
stramp femptation 1o akip over some ol the
pasages In additem, the author i some-
what cxcessvely imbernalionalist
chysion heinp  that
Iween socelics are <uch that
the spread of desirable new technobegics
becomes  practically
national level

ope con-
cnships b
10 hasten

inferre

imprnsible  al the
Phin acarecly aceords with
recent evidence  {Overall, though. a usefnl
contribution

LA Clark

In Quest of Telescopes. By Martin
Cohen. Pp. 131. Cambridge Universily
Prass and Sky Publishing Corp..
Cambrigdge. Mass. 1987. £8.50.

Thi« cptertmning aml woll ilbusteatedt hook is
essentially an autohography. [h Cohen. a
rescarcher i the ekl ol anfeared astro-
nomy, has workead a0 o anmber of the proeat
observalaries of the workl The tels his <tory
mainly as a gwide 10 young bopelils who
might wish 1a follesw i his [eansteps Never
theless, In Quest of Telewapes should
appeal 10 any teader with cven the remolest
inlcrest in asiTonomy

The auwthor mud be one of the lgv
scicatists cver 1o attempt an aolobiography
helore mtaiming the age of foriv. However,
he has praduced bath a sembable and in-
furmative picce of work  The book begins
wilh a somewhat nestalpic Took a0 Cohen's
carly carcer in England, where he graduated
from schaothay abserver o rescarch astro-
nomer at Cambridge. There follows an
account of his travels in 1elescopes through
out the continentd Linired Saates as wrell ax
Hawaii and Chile.

Cohen's story prves a Eascinating insight
Endeorcur, New bories, Volhume 0. No 1. T
100 F1Z7 M4 B0+ 50
AT 1984 Forgamon Preas. Primted in Grast Brlatn]
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into the somctimes hechie lle of an obsersa
Hr

astronumner. Nedeubt some readers
will b irritated by his rather thppant syl
(thin romarh inchudes the revicwer™ Sl
thes 1+ e thar coompensided by hisoimloe
tunrs enthusiasme B s evident that he has
simmertacly  enpoved” i
o

grest for tele
F R Stepheaum

Otd and New Questions in Physics,

& Jogy. Phik iy, and Th scal
Biology. Esanys in Honour of Woligang
Yowrgreu. Edited by A van der Merwe.
Pp. 920 Plenur, New York. 1383 $95.00

The present work is a Featschrift honouring
the memory of (he physient-philosopher
Wolpang Yourprae who dicd in 1970 1
comprises 57 papers covering i very wike
range of topics mainly i the foundations
and philosophy of physies together with 3
hiographical introduction by van dler Motwe
and a dedivaton by Sir Kart Popper The
lis1 of contributors is dictingniched - Bohm,
dc Broglic. Barut, Tvancoke, Ludwip, Man-
detstam. Boneli. Kastler, Norih. Synpe, amd
Wisdhim tn pick a few names more or bess al
ranclom  The first hall of the ook is con
cerned with technical [oundational problems
in such arcas as clementary particle physics,
quantam mechinics, general el
cosmology  Fogethee these papees provide
the reader wilh a prenty gowd idea of the
xort of work hemg dune in these fickds at the
presenl time The second hall of the hoak i<
a rather rag-bag colection of artchs on
phikssophy and hisiory. together with thiee
or fows  picces on o theoretical  bickogy
sgucezed in for good meaure, Fhe book as
a while ix very long and lacks focus, bal
accurately reficcls Yourgrin's own amazing
breadrh of imcrest It is a litting trbe e a
remarkable man

Hy. and

M €, Redhend
Micro-stectronics. Robotics and Jobs.

Pp. 265. OECI, Paris. 1982 Paperback
r12.50.

Thrs latest volume in a series of OECT
publicatinns. dealing. wib  the  coonomic
cffects of pew lechnolopy. i based onaoa
comference held in Ockaber 1981 Most of
the first part of the bonok s taken up by @
report by P Stoneman, N Blatiner, and Oy
Pastre on the impact of information tech.
nodogies on productivily and empleyment
The authors summatise # number of nation-
2t reports which had by then been produced
and poinl vut that the new microclectronic
techanlogics had aol shown revalutionary
coonomic effects and were not Likely o do
so The authors are rcasamably sanguine
ahoul  compensating  cmployment  taking
care of labour displacements by microclec-
tromics . bt stress the mnlti-factos cawsation
of economic forfuncs

In his teply 0 the above repoet. S

Krupp points 10 the unexplatned paure of
e currem recession and draws aticntion (o
thee mewd Ao desl with hoth sopphe i
demamd coopommes One wishes poliiicins
wonld read these wordy of wisdoom 1' A
Pravid, i his reply. sounids 2 more sosried
nolc e shows the odd dichotomy o coona
der. hetween g
s that increised productivity
will increase well-beinp and shorl-mn pes.
cimiem aboul displacement effects ol new

technalogy. Vs own comwluseon is that “con
cern cxprosseat by woarkers wver the
shotirun
aceclerated technolopical progress i i rca

tion on  projndice and
error T 1o use Ricendo's phtase.

The secaml part of the ook contains four
reports on the adoplion af rahots and sims-
kar prodiuction fechielogics in Germany.
Sweden. Jamm d Framce They range
[rom the highly factual to pure thetome.
hut the Facts are worth having,

coployment  consequences of

ot founded

F Rratrr

Organic Photochemistry, Vol. 6. Edited
by Albert Padwa. Pp. 458. Dekker, New
York 1983 SFr. 198

This sefivs scis ot o review recenl de-
velopments in organic photiachemisiry. a
tapic which has seen @ vigorons expansion in
Ihe last decade or o This volume i princi
palty conceamed with phatechemical clec:
tron transfer processcs, ansl is diverse and
rathet sccherehé inils contend. The five
chaplers cover separale hut nevertheless
relrtcd topics. Photochemical cyclisations o
give wmilrogen, oxygen. and <tiphur heler
ovyeles arc discussest by A €. Schultz and
1. Maotvka (919 pp. 162 seferences)y while
aromatic alkylations initialed by phote
wnduced clectron transfer arc reviewed by
R 1. Sundbceg {55 pp. P references). 1
M. Tothers considers as similar kenglh the
photochemivry of organic amons. amd the
pholuchemical electron transder reactions of
atkencs and related compounds are deall
with by § 1. Matice and S Farid (93 pp.
157 references). Finally S 1 Cristel and F
1. Bindel cover the imeresting suhject of
phntosolvolysis ol casbocations (RR pp. (2%
references)

There is a wealth of new chemistry here,
much of it admiticdly nol well understond
as w1 The emphases are thase commaonty
found i organic photochemistry-—praduoct
steucture and distribwtion in photechemical
reactions in the liquit phase. mechanism,
and preparative aspects The emphasis [rom
fime o time on photochemical redox pro-
cosses is welenme  Such processes have Jong
heen known, am) some of them (hor oxam-
Me. in phatsyathesish are importanl in A
braader soivntific contenl Neveriheless they
have nal been widely thought aboul
relation 10 the photochemistry ol simple
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