PHYSICAL REVIEW A

VOLUME 28, NUMBER 3

SEPTEMBER 1983

Second-harmonic photons from the interaction of free electrons with intense laser radiation

T. J. Englert and E. A. Rinehart
Department of Physics and Astronomy, University of Wyoming, Laramie, Wyoming 82071
(Received 7 March 1983)

A preliminary experimental investigation of the generation of second-harmonic photons from the
interaction of free electrons with an intense laser beam has been performed. Second-harmonic pho-
tons with a wavelength of 530 nm generated from the interaction of free electrons with 1060-nm
photons from a neodymium-glass laser are implied by observing Doppler-shifted photons with wave-
lengths of 490 and 507 nm. The observed photon wavelengths result from a Doppler shift of the
laser photon wavelength as viewed in the rest frame of the electrons, combined with a Doppler shift
of the second-harmonic photon emitted from 1600- and 500-eV electrons. Comparison of experi-
mental results with those predicted by cross sections, derived from classical and quantum electro-
dynamics, shows reasonable agreement with both theories. Although second-harmonic photons are
created, the dynamics of second-harmonic-photon generation (accelerated electron motion due to the
electromagnetic field or actual two-photon interaction with the electron) cannot be resolved

without further experiment.

I. INTRODUCTION

Since the numerically successful explanation of the
Lamb shift by quantum electrodynamics (QED), many of
the experimental efforts directed at verification of QED
have dealt with measurements of small energy differences
of bound states in atoms or atomiclike systems.!~3 Con-
ceptually, the QED treatment of such systems, if taken
literally, relies upon physically unseemly processes of vac-
uum fluctuations and virtual-photon interaction with
charged particles leading to radiative corrections of these
bound-state energy levels. We would expect that such a
theory, whose foundations are rooted in the quantization
of electromagnetic fields, must surely provide equally ac-
curate descriptions of the interaction of charged particles
with fields made up of real photons. The single-photon
processes of Thomson and Compton scattering are in fact
known to be accurately described by QED.*—¢

The QED description of the interaction of free electrons
with the photons of an intense radiation field leads to the
prediction of multiphoton processes including such phe-
nomena as stimulated Compton scattering and harmonic-
photon generation, which one would assume should both
be observable. Measurements of stimulated Compton
scattering have been made and agree with the predictions
of QED’; however, relatively few experiments have been
performed which deal with multiphoton interaction with
free electrons.

Of particular interest is the process of second-
harmonic-photon generation, predicted by classical ap-
proaches as well as QED.8~!! The cross sections, calculat-
ed by classical and QED techniques, for generation of
second-harmonic photons from free electrons in an intense
radiation field, are in relatively good agreement with one
another; however, the interpretation of the dynamical pro-
cesses involved are quite different. Classically, the
second-harmonic radiation results from anharmonic ac-
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celeration of the electron as it interacts with the radiation
field, while quantum mechanically, the second-harmonic
photon may be interpreted as resulting from the interac-
tion of two photons with the electron, the energy of the
second-harmonic photon being the sum of the energies of
the two incident photons. In QED treatments of such a
process one often sees the interaction represented as
Y1+7Y1+e—y,+e’. The latter dynamical process is cer-
tainly very intriguing since an apparent absorption of two
photons, by an electron, followed by the emission of a sin-
gle, energy-conserving photon, may be indicative of elec-
tron structure. Perhaps either of these interpretations
(classical or quantum) is too literal and naive due to our
ignorance of the nature of photons and electrons. This ig-
norance is undoubtedly already manifest in runaway solu-
tions, preaccelerations, and infinite renormalization pro-
cesses, to name but a few of the problems that beset the
theories of electrodynamics. Such problems have prompt-
ed a revivial of attempts to describe the electron as an ex-
tended particle.!2— 14

The cross section for harmonic radiation generated
from free-electron interaction with polarized light, ob-
tained by Vachaspati® using a classical approach, is found
to be

(doy /dQ)as= 15 (€2 /mecH) (22T, A2 /m %)
X (9 sin*2a — 24 cos’a cos@+4sin?0) , (1)

where the angular dependence is such that cos6 =#-#, and
cosa=#"8y with 8,=Eqy/E,, Ro=Ko/ko, and the direc-
tion of observed scattered radiation given by #. I, and A
are, respectively, the intensity and wavelength of the radi-
ation incident on the electron.

Using QED, the cross section found by J afarpour,11
essentially in agreement with other authors,*%!© except for
minor differences in angular dependence, is given by
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dO'H 477'9210B2 dO'T (2)
dQ QED— m2c5K? dQ ’
where
B=[K-&(K)+2k-e(K)a(K)ak)|/e(K)»ek). 3)

Here K and k are the respective directions of intense radi-
ation and scattered photon propagation, &(K) and &(k)
are the corresponding polarization vectors, and K =27 /A.
The factor dor/d) is the Thomson cross section. It is
frequently argued that the absence of Planck’s constant in
the cross section found by QED techniques [Eq. (2)] sug-
gests that the process of second-harmonic—radiation gen-
eration from the interaction of free electrons with an in-
tense electromagnetic field does not depend upon quanti-
zation of the field. Such arguments may be supported in
the classical derivation by Vachaspati; however, the quan-
tum characteristics of the field remains controversial.!®
As a first step in a possible resolution of the question of
the dynamics involved, it is imperative that we determine
whether or not second-harmonic photons do, in fact, result
from the interaction of free electrons with intense light.
In this paper we report on an experimental observation of
harmonic photons generated by the interaction of laser ra-
diation with free electrons and obtain reasonable agree-
ment with the predicted cross sections for the process.

II. EXPERIMENTAL PROCEDURE

The focused beam from a pulsed neodymium-glass laser
collides head on with a continuous, focused, low-energy
beam of electrons. The electron source and focusing is
described elsewhere.!® Maximum focusing of the two
beams occurs at approximately the same position, each
beam having a radius of 0.1+0.01 mm, in order to simul-
taneously achieve maximum photon and electron densities
at the point of observation. Since the wavelength of the
laser radiation is 1060 nm, the second-harmonic photons
have a convenient (for detection purposes) wavelength of
approximately 530 nm. The laser is allowed to oscillate
freely in all permissible cavity modes giving a total energy
output of 1.08+0.15 J per laser firing. An average of 20
pulses, on the order of 10~ 2 sec duration each, of laser ra-
diation per laser firing occurs, giving a mean value of ap-
proximately 0.05 J per laser pulse. Given the foregoing
parameters, a laser-beam intensity of about 1.7x10'
W/cm? is obtained. It is of interest to note that given this
intensity and a laser-photon wavelength of 1060 nm, a
simple calculation due to Eberly!” shows we can expect an
average of about 2.4 photons to be in the vicinity of an
electron at any given time during a laser-beam pulse.
Electron-beam energies of 500 and 1600 eV are used in the
experiment with a nominal beam current of 21073 A,
This provides electron densities on the order of 10'%/cm3,
The electron-beam energies will be discussed later. Figure
1 shows the experimental layout.

Detection of photons having wavelengths harmonic to
the laser radiation is accomplished by placing an interfer-
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FIG. 1. Details of the experimental arrangement (not to

scale). Overall length of the scattering chamber is approximate-
ly 70 cm. Diameter of the bulb at the beam focal points is 8 cm.

ence filter between the interaction site, defined by the col-
liding beams, and the photomultiplier. Since the light
transmitted by interference filters is dependent upon the
angle of incidence, an aperture is used to discriminate
against photons with wavelengths much different from the
harmonic-photon wavelength, from entering the pho-
tomultiplier. A simple lens is also included to slightly re-
focus the diverging light from the interaction site onto the
active area of the photocathode. Laser light pulses are
detected by a photodiode placed in that part of the laser
beam scattered from the Schott glass entry window of the
housing of the experimental apparatus. Temporal coin-
cidence to within 10~7 sec is then required between laser
and photomultiplier pulses. Photodiode pulses were elec-
tronically delayed approximately 1.24 X 10~ sec to com-
pensate for pulse processing in the photomultiplier leg of
the counting apparatus. A block diagram of the counting
and coincidence arrangement is shown in Fig. 2.

Pressures within the scattering chamber during the ex-
periment range from 2 107 to 5x 10~7 Torr, leaving on
the order of 10° residual gas particles per cubic centimeter
in the chamber. Extraneous radiation due to laser-beam
interaction with the residual gases (e.g., multiphoton pro-
cesses), as well as light from the electron beam (bremstrah-
lung, etc.), will be expected to contribute to the back-
ground. It is essential that we determine as nearly as pos-
sible that the observed events attributed to second-
harmonic-photon generation are associated with the elec-
trons themselves and that the backgrounds due to other
processes are adequately accounted for.

In an effort to ensure that the source of observed
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second-harmonic photons is indeed the electron beam, two o
different electron-beam energies of 500 and 1600 eV are o
used. The resulting Doppler-shifted second-harmonic = 10
photons from the laser-beam interaction with 500- and
1600-eV electrons are calculated to have wavelengths Ay
of 507 and 491 nm, respectively, when emitted in a direc- T
tion perpendicular to the electron motion. A summary of 4é0 500 Sé o) 1
the Doppler-shift calculations may be found in Table I. Wavelength(nm)

By using 510- and 490-nm interference filters, each having
10-nm bandpass, we determine whether the observed
second-harmonic-photon events come and go according to
electron-beam energy and appropriate passing or blocking
filters. The interference filters used were originally
designed as 500- and 520-nm filters, however, sufficient
electron-beam currents were unobtainable at the low ac-
celerating voltage required to yield 520-nm harmonic pho-
tons. More convenient operation was achieved by rotating
the filters through an approximate angle of 22°, thus pro-
viding a shift of about 10 nm in the transmission peaks.
Filter transmission as a function of incident radiation
wavelength is shown in Fig. 3.

Three modes of data collection are used.

L-e mode. The laser and electron beams are allowed to
collide.

L -2 mode. The electron beam is turned off for approxi-
mately 2 sec centered around the time of laser firing. The
laser beam propagates through the scattering chamber as
in the L-e mode.

L-e mode. The laser is allowed to fire but is mechani-
cally chopped out of the experiment just before entering

FIG. 3. Transmissions as a function of wavelength after rota-
tion of 500- and 520-nm interference filters through approxi-
mately 22°.

the scattering chamber. The electron beam propagates
through the scattering chamber as in the L-e mode. Each
run then consists of three sets of data accumulated in the
modes described. Automatic switching after each laser
firing (one per minute) provides for sequential alternation
of the L-e, L-g, and L-e modes. Coincidences between
photon events and laser pulses are counted in each mode,
as are the number of laser pulses. Data are recorded as
coincident events per laser pulse in each of the modes of
data collection, and the net events per laser pulse N /P; is
then found according to

N/Pp=(C/Py)p..—(C/P.), s—(C/P.)r, , )

where C is the number of coincidence pulses accumulated
during the run, and P; is the number of laser pulses. The

TABLE 1. Summary of the calculations of the Doppler-shifted second-harmonic-photon wave-
lengths. The laser radiation has a wavelength of 1060 nm, as measured in the laboratory, and collides
head on with the electron beam. Second-harmonic photons are detected at right angles (6=7/2) to the
direction of the colliding beams. Primes indicate the electron rest frame, while unprimed symbols indi-

cate laboratory frame values.

Electron
, 1-8 , A + 1—Bcos
AN=A|—= A= Ag=Ay—F——~
energy 1+8 H D) H H (1_32)1/2
eV) B=v/c (nm) (nm) (nm)
500 0.0442 1014 507 507
1600 0.0789 979 489.5 491
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average signal-to-noise ratio is 2.1:1.
As nearly as possible a complete set of runs was ob-
tained by a sequence of data accumulations as follows.

(a) For 500-eV electrons, data were accumulated using
the 510-nm filter, followed by an accumulation using the
490-nm filter, followed by a repeated accumulation using
the 510-nm filter.

(b) For 1600-eV electrons, data were accumulated using
the 490-nm filter, followed by an accumulation using the
510-nm filter, followed by a repeated accumulation using
the 490-nm filter.

This procedure should lend some assurance that the in-
tegrity of the beams is maintained during data accumula-
tion and that data taken with the pass filter and blocking
filter are consistent. Times required for each run are on
the order of 3 h. In the event that a sequence was inter-
rupted, those data accumulated up to the time of interrup-
tion were retained, thus giving a somewhat higher than 2:1
ratio of pass-filter data compared to blocking-filter data.

III. EXPERIMENTAL RESULTS

The histograms of Fig. 4 show the distributions of runs
with yields of net second-harmonic photons per laser pulse
according to electron-beam energies of 500 and 1600 eV
and respective passing and blocking filters. Net second-
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11 r 1717 1 T
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NET HARMONIC PHOTONS PER LASER PULSE

FIG. 4. Distribution of runs showing net second-harmonic
photons per laser pulse [see Eq. (4)] from the interaction of free
electrons with intense laser radiation for a laser-beam intensity
of 1.7X 10 W/cm? and electron density of approximately
10'°/cm3. Detector subtends only 0.024 of the total solid angle.

T. J. ENGLERT AND E. A. RINEHART 28

harmonic photons are determined by Eq. (4). These histo-
grams are not normalized for differences in (filter
transmission. Table II gives the respective yields of net
second-harmonic photons at these electron energies with
the quoted errors reflecting a least-squares weighted aver-
age based on Poisson statistics in each case. Figure 5
shows a compilation of all data normalized for filter
transmission. The variation about the mean of harmonic
photons per laser pulse indicated in the histograms of
Figs. 4 and 5 is seen to exceed the calculated errors, due to
counting statistics, by nearly a factor of 10. This apparent
excessive fluctuation in the generation of these second-
harmonic photons may be closely related to similar fluc-
tuations reported in earlier work done with harmonic gen-
eration.'®!” It has been shown that when lasers operating
in more than a single mode are used in the generation of
second harmonics in a medium, considerable statistical
fluctuation in the ratio of harmonic intensity to funda-
mental intensity results. We have already noted that the
output from the laser used in the current experiment con-
tains several modes whose phase relationships are very
likely random (no attempts of measurement of phase rela-
tionship have been made in the present work), and so we
might anticipate that intensity fluctuations in the second-
harmonic photons, due to the presence of several modes in
the fundamental beam, may be manifest in the work
described here. We might also attribute some of the fluc-
tuation to uncertainty in beam alignment since such align-
ment was accomplished rather crudely by simply watching
for a net increase in harmonic photons while carefully ad-
justing the laser-beam guide mirror. When more careful
measurements are made in future experiments of this na-
ture, we must surely give closer attention to the details of
effects of multimode laser output.

As a further indication that the source of detected har-
monic photons is the electrons, a measure of net harmonic
photons per laser pulse as a function of electron-beam
current has been made (see Fig. 6). It would be expected
that the number of harmonic photons should be directly
proportional to the number of electrons present as seen in
Fig. 6.

TABLE II. Net yield of Doppler-shifted second-harmonic
photons per laser pulse from the interaction of free electrons
with laser radiation. Laser radiation with an intensity of
1.7 10" W/cm? and wavelength of 1060 nm collides with an
electron beam having an electron density of approximately
10%/cm?. The detector subtends 0.024 of the total solid angle at
the interaction site. All data are normalized to 74% filter
transmission, and errors reflect a least-squares weighted average.

Electron energy Net harmonic photons

(eV) Filter (nm) per laser pulse
500 510 0.0305+0.0044
500 490 —0.0078+0.0080
1600 490 0.0315+0.0029
1600 510 0.0043+0.0068
Combined data Passing 0.0312+0.0024
Combined data Blocking —0.0016+0.0049
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TABLE III. Expected second-harmonic-photon events per laser pulse based on cross sections of Eqgs.
(4) and (5) and given experimental parameters. Errors reflect uncertainty in experimental parameters.

Calculated total

cross section

Expected second-harmonic

Cross section used (cm?) photons per laser pulse
(UH)class 356)( 10—29 0.02+0.01
(0 H)QED 4.75x10~%° 0.0310.01

Since some of the experimental methods used here may
be considered rather crude, the results of this report
should be interpreted as preliminary rather than a precise
verification of the cross section for the process of second-
harmonic-photon generation due to the interaction of free
electrons with intense radiation. In comparing these re-
sults with theory, we have, therefore, not attempted an ex-
act integration over the solid angle subtended by the detec-
tor, but instead have simply taken a=0 and 6=7/2 in
Eq. (1), giving a total cross section
pol 3

~ | —

2,24, 2.5
Ol | s = | 2 J(IOA e’/m°c’or . (5)

The factor (e2/mc?)? has been written in terms of the to-
tal Thomson cross section o;=(87/3)(e?/mc?)®. In
evaluation of Eq. (2) to obtain an approximate total cross
section as given by QED, we have taken the angular-
dependence term [Eq. (3)] to be of order 1 (no attempts
were made to determine the polarization of the second-
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NET HARMONIC PHOTONS PER LASER PULSE

FIG. 5. Distribution of runs showing net second-harmonic
photons per laser pulse for combined data from 500- and 1600-
eV electrons interacting with an intense laser beam. Laser-beam
intensity is 1.7X10'* W/cm? with a wavelength of 1060 nm.
Electron density is approximately 10°/cm?® and detector sub-
tends only 0.024 of the total solid angle. All data are normalized
to 74% filter transmission.

harmonic photons) and proceed in a similar manner to
find

oy | gep=(4mlse?/m*c’K)or=(IoA\ e /mm*c’)or. (6)

The fraction of total solid angle subtended by the detector
is only 0.024. This value coupled with a total detection ef-
ficiency of 10%, including 17% photon detection efficien-
cy of the photomultiplier, 74% transmission of the filter
(all data normalized to this value), and a transmission of
80% through the scattering chamber and lens, along with
the beam parameters given earlier, yield the predicted
second-harmonic photons per laser pulse given in Table
III. The errors quoted in Table III reflect an approxima-
tion of the uncertainties in experimental parameters used
in the calculations.

IV. CONCLUSIONS AND DISCUSSION

Although the results of the experiment described here
may only be taken as an order-of-magnitude verification
of the cross section for second-harmonic-photon genera-
tion from the interaction of free electrons with intense ra-
diation, it leaves little doubt that such a process does
occur. The similarities in the theoretical results will surely
require more careful evaluation of the cross sections along
with more careful experimental testing in order to make
the choice of theories clear. It is possible, and perhaps
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FIG. 6. Dependence of net second-harmonic-photon events
per laser pulse on electron-beam current. Solid curve is a linear-

regression fit.
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likely, that additional attention to these details may still
not indicate favor for either the quantum- or classical-
field interpretations of the interaction.

The more fundamental question regarding the dynami-
cal processes involved remains debatable. As pointed out
by Jaynes,?° although there are many facets of QED which
possess some truths, there are also “elements of nonsense”
within the theory. A brief search of the literature pub-
lished over the past two decades shows considerable
theoretical effort directed at processes of multiphoton in-
teraction with free electrons leading to higher harmonics
of emitted photons, as well as emitted photons with beat
frequencies when the constituents of the incident radiation
contain more than one wavelength. It seems essential that
experimental tests of a more fundamental nature should be
attempted wherein we might obtain more direct informa-
tion regarding the nature of the dynamics involved.

As emphasized earlier, the work reported here is not to
be interpreted as a verification of the dynamics of the in-
teraction of radiation with free electrons, but rather a
demonstration that perhaps relatively inexpensive, low-
energy experimental tests may be conducted which might
conceivably answer questions that are of a more funda-
mental nature to the understanding of the electron and
electrodynamic interactions.

Some insight regarding the quantization of the field and
its interaction with a free electron might be gained by in-
vestigating the angular momentum involved. If we as-
sume for the moment that the harmonic photon is emitted
as a consequence of two photons simultaneously interact-
ing with the electron, the effect during the short time of
interaction would be to have a total maximum angular
momentum 57i/2 (assuming the photon spins and electron
spin are parallel) associated with the system of the electron
and the two photons. The subsequent emission of a single
photon will carry away only 1% of angular momentum.
Such a sequence of events will, at most, result in a final
angular momentum of 3#/2, and angular momentum will
not, therefore, be conserved. If, on the other hand, the
combination of spins of the two incident photons and the
electron yields a total angular momentum of 37%/2, one
can envision that the angular momentum will be con-
served with the emission of the harmonic photon, provid-
ed the final spin orientation of the electron is flipped. A
similar argument may be made for the case where the total
angular momentum is #/2. ;

We note in each instance where the sequence of events
can be arranged so as to adhere to the conservation of an-
gular momentum, a reversal of the electron-spin results.
Furthermore, the inability to conserve angular momentum
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during second-harmonic photon emission from an initial
angular momentum state of 5%/2 suggests that such in-
teractions are not allowed. A direct measurement of the
total spin of the system of two photons and an electron
would be extremely interesting and informative, albeit dif-
ficult. A more plausible experiment would involve the
determination of the dependence of final electron-spin po-
larization upon initial spin and helicity states of the elec-
trons and photons. It is not certain, without further
theoretical consideration, that the observation of such a
spin flip would provide a conclusive answer to the ques-
tion regarding the nature of the interaction, even though
spin effects are usually assumed to be inherently quantum
mechanical. On the other hand, if it could be verified that
the angular momentum states involved required integral
units of angular momentum for the field, this would seem
to imply some form of field quantization.

It is well known that the point-particle treatment of the
electron predicts that the spin of the electron will never be
different from S =#/2%!. It is also well known that the
point-particle treatment of the electron leads to uncom-
fortable infinities which have thus far been dealt with
through renormalization processes. Suppose, in fact, the
electron does not occupy a point, which is certainly a
reasonable assumption. It would seem therefore possible
that the structured electron would be susceptible to excita-
tions in much the same way that we find all other struc-
tured particles to be susceptible to excitation. Assuming
that a second-harmonic photon does result from a two-
photon interaction with a free electron, we might speculate
that such a process hints at electron excitation and, so,
some kind of electromagnetic structure of the electron.

There is further speculation that experimental studies of
multiphoton interactions with free electrons might also
prove to be useful in the investigation of electron struc-
ture. Careful determination of the angular dependence for
harmonic-photon emission from the interaction of intense
radiation with polarized electrons could conceivably pro-
vide electromagnetic form-factor data and thus lend fur-
ther ;121sight into the extended particle concept of the elec-
tron.
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