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the pion-deuteron breakup reactions by using the
same relativistic three-body theory which has
worked well in explaining the elastic cross sec-
tions. However, in the case of the kinematically
complete experiment at 228 MeV, if the invariant
mass of the pion-proton subsystem is larger than
the mass of the delta, some discrepancies still
remain which cannot be explained by the theory.
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Energetic electron bunches in storage rings produce pulsed bursts of incoherent syn-
chrotron radiation. It is pointed out that they should also produce a roughly comparable
power output of coherent radio-frequency radiation. Thus electron storage rings might
additionally serve as pulsar simulators, producing a similar spectrum of coherent emis-
sion, the properties and modification of which could be studied in the laboratory. A
spontaneous bunching of electrons (artificially bunched here) might be evidenced as
"superbunching. "
PACS numbers: 29.20.Dh, 41.70.+t, 97.60.Qb

In electron storage rings, small (- 1 cm) bunch-
es of - 10"electrons circulate at high energies
(several gigaelectronvolts) around relatively
small (- 12 m radius) rings. The resultant syn-
chrotron radiation then extends into the several-
kilovolt x-ray region and provides a valuable
source of such radiation [e.g. , the Stanford Syn-
chrotron Radiation Laboratory (SSRL)]. More-
over, this radiation is pulsed, because the elec-
trons are bunched together, and is narrowly
beamed, because of the extreme relativistic mo-
tion of the electrons.

It has been much less widely noted that the (de-
liberate) electron bunching has quite a different

effect on the low-frequency part of the spectrum.
At high frequencies the electrons radiate inco-
herently since they are more or less randomly
located a large number of x-ray wavelengths
from one another. But the flux density in the syn-
chrotron spectrum falls rather slowly as one
goes to low frequencies (essentially as &u"') and
remains substantial even at wavelengths as long
as the size of the bunch. For example, going
from x-ray wavelengths (-10 ' cm) to the bunch
size (-1 cm) reduces the flux density by less than
10'. In contrast, once the bunch is less than
about a wavelength in size, all the electrons radi-
ate coherently. That is to say, the "bunch" might
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as well be a single particle with a charge of 10"e
insofar as radiation at such long wavelengths is
concerned. As a consequence of the coherence at
low frequencies, the intensity is boosted by a fac-
tor equal to the number of electrons in the bunch,
10". This factor can be vastly larger than the de-
cline in intensity at low frequencies, as is the
case here, leading to the double-peaked spectrum
shown in Fig. 1.

One can compare the power output at the two
peaks simply by multiplying the flux density (en-
ergy output per hertz or, equivalently, photons
per unit bandwidth) by the characteristic frequen-
cy at the peak. Thus if the x-ray peak is taken to
represent unit power output, the low-frequency
power output (at wavelengths comparable to the
bunch size) is weaker by the factor of 10' because
of the decline in (incoherent) output, but up by
10"as a result of the bunch coherence, and then
down by 10' in frequency. In other words, the
two energy outputs are roughly the same for these
particular parameters.

The rapid drop in coherence (Fig. 1) for wave-
lengths shorter than the bunch size can be under-
stood by imagining the bunch to be subdivided in-
to cubes half a wavelength on a side. On the aver-
age, one cube will then destructively interfere
with a neighboring cube and the total coherence
factor will be no more than roughly the number
of particles within one single ("left over") cube,
hence falling off as ur

' (but slightly softened by
the ~"~' increase in flux density to + "'). As
rapid as this drop is expected to be, it still leaves
some remnant of a 10"coherence factor even out
to wavelengths roughly 10~ times smaller than
one bunch size (i.e. , into the far infrared). At
yet shorter wavelengths, there is not even one
particle per "cube," and hence there is no co-
herence left to lose.

These considerations are familiar to machine
designers'; however, since the coherent wave-
lengths are not very much shorter than the cavity
size, much of the radiation is strongly modulated
by the machine itself. Consequently, this feature
of the synchrotron radiation has come to be lumped
under "machine physics" because it strongly in-
fluences the performance of the storage ring; at
high bunch densities sudden disappearance of the
bunches are experienced, etc. This aspect is
somewhat neglected by those mainly interested in
the physics that the machines were designed for,
namely the collision of energetic particles or,
more recently, the production of intense (but in-
coherent) synchrotron radiation. The point here
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FIG. 1. Synchrotron spectrum showing coherent
modifications at low frequencies (adapted from Fig. 1
of Ref. 4). Interference within a bunch may give oscil-
lations (not illustrated) near the low-frequency peak,
depending upon the electron distribution within each
bunch. At very low frequencies the ring cavity should
further modify the spectrum (shown dotted). The co-
herence factor (N) is taken to be 10", corresponding
to a time-averaged beam current of about 65 mA at
SSRL. The units of flux density are photons sec '

mrad ' (10% bandwidth) ' for this current at SSRL (the
incoherent spectrum is shown for 3.0 Gev electrons;
however, the very 1ow frequencies are insensitive to
this energy).

is that this coherent component of the radiation
provides in itself an interesting and fundamental
topic of investigation that transcends its nuisance
role in storage ring design.

The point of this Letter is twofold: (1) to point
out that the same analysis has also been made
for the case of pulsars instead of electron stor-
age rings; and (2) to point out the experimental
possibilities offered by such machines. Gold-
reich and Keeley' have discussed the complemen-
tary problem, namely the spontaneous bunching
of a uniform circulating beam of electrons as a
consequence of their mutual radiation reaction,
and suggested that this bunching mechanism
might be applicable in pulsars. It is somewhat
difficult to study this process in actual storage
rings because the electrons are already bunched
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and maintained as bunches. Consequently, the
storage rings could simulate the coherent radia-
tion but riot necessarily the bunch formation
mechanism. If one inserts storage ring param-
eters into the growth rate formula' [their Eq.
(27); r, =Sx10 "cm, a=1.2x 10 cm, No= 10",
y =6&&10', and n-120] one obtains a growth rate
of less than a second, which opens the possibility
of "superbunching, "wherein the bunch or parts
of it become bunched to even higher density. Un-
fortunately the conducting walls plus a multitude
of perturbations modify both the radiation field
and the bunch dynamics in a real storage ring,
so that superbunching is simply a possibility, one
which could be investigated experimentally.

Although no completely satisfactory quantitative
pulsar model yet exists, it is widely theorized
that the basic source of coherent radio emission
from pulsars is from energetic electrons that
have been accelerated off the neutron surface (by
the rotationally induced electric field). The ex-
isting (semiphenomenological) theories account
for the radio emission by having the electrons in-
coherently radiate curvature radiation at y-ray
energies and coherently radiate (because of some
bunching mechanism, such as suggested above,
although this pojnt remains controversial) at low
frequencies to give the observed radio-frequency
pulses. ' ' Pulsedy rays are, in fact, observed
from at least the Crab and Vela pulsars. ' Wheth-
er such phenomenology correctly accounts for the
pulsar phenomenon is irrelevant here the point
is that exactly the same argument can be scaled
to apply to electron storage rings, in which case
we have the (nonastrophysical) lmcury of knowing
that the electrons are bunched, are energetic,
and are emitting synchrotron radiation.

The radio emission from pulsars is character-
ized by a number of interesting phenomena such
as microstructure and a very wide range of po-
larization variations. There are all the usual dif-
ficulties in sorting out which variations are in-
trinsic to the source and which represent modifi-
cations due to propagation. It would therefore be
interesting to study the properties of the coherent
radiation from the bunches to see if any of these
effects might appear spontaneously. Density
structure within the bunches and geometrical ef-
fects (the bunches are actually pencil shaped)
may introduce interesting interference effects.
These effects can also be treated with some con-
fidence theoretically, of course. However, if we
now go to the next plausible step and suppose that
these bunches are radiating seisin a plasma, the
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theory becomes a bit more difficult. The gener-
ally accepted estimate' of the charge density near
pulsars gives plasma frequencies centered at
about Sx 10"rad/sec. The observed pulsar radi-
ation is almost all below such frequencies. In
many theoretical models, the above fact poses no
problem because the plasma frequency is either
Doppler down shifted because of plasma flow in
the direction of emission or because the disper-
sion relation is modified by the intense magnetic
field. Other models propose quite dense pair-
production magnetospheres, however, and the
situation with actual pulsars seems rather open
at present. Near the plasma frequency, the in-
terference effects are strongly modified by the
change in phase velocity. And below the plasma
frequency one would naively predict that no radi-
ation could escape. However, for a storage ring
the bunches produce fairly strong coherent wave
fields (- 1 V/m), and this radiation could be sig-
nificantly boosted with strong local perturbing
magnets (e.g. , wigglers) to, say, -1 V/cm. The
plasma can be significantly perturbed by such ra-
diation pressures. In other words, filamentation,
inhomogeneities, parametric instabilities, non-
linear effects, etc. , may be induced in the plas-
ma which in turn permit emission to occur below
the apparent plasma frequency. Such processes
would certainly enrich the likely coherent emis-
sion properties from such a system.

The obvious types of experiment would then be
to take the radiating electron beam and attempt
to modify emission within an ambient plasma. A
rather high plasma density of about 10" cm'
would be required to place most of the coherent
radiation below the plasma frequency, but at
those centimeter wavelengths the plasma volume
need not be large to have a scale large compared
to these wavelengths. Undoubtedly exploratory
experiments should first be made at more read-
ily available plasma densities such as 10'/cm'
where the coherence factor would be no less g3.-
though the wavelengths may become a limiting
factor (now-1m). It is not, of course, neces-
sary to suppress all of the coherent emission and
there may be experimental advantages in not do-
ing so (e.g. , for calibration purposes). The im-
mediate questions then would be (a) is the radia-
tion completely suppressed below the plasma fre-
quency, or (b) if not, how does it get out ?Plus'
there are other obvious follow-up questions: Is
the coherent emission steady or sporadic (i.e. ,
micropulses), or are there unusual polarization
effects (i.e. , orthogonal mode changing)? Note
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that these are not just propagation experiments.
The issue is what happens if the particles try to
radiate within a plasma instead of a vacuum.
(The propagation properties at high-power flux
densities could, of course, be studied directly
with conventional sources of microwaves. ) Since
the electrons are artificially bunched, one does
not expect to be able to simulate that aspect of
the phenomenon, although superbunching might
even shed some light there as well.

This work was inspired by a presentation given
by A. Bienenstock and was developed with the en-
couragement of G. K. Walters. M. Blume kindly
took the time to explain to me the present state
of knowledge concerning coherent radiation from
storage rings, and W. Bernstein helped in eluci-
dating what plasma effects might be important.
This work was supported in part by the National
Science Foundation, Stars and Stellar Evolution
Program, under Grant No. ATS79-14379.

'J. S. Nodvick and D. S. Saxon, Phys. Rev. 96, 180
(1954).

2P. Goldreich and D. A. Keeley, Astrophys. J. 170,
463 {1971).

3T. Gold, Nature (London) 218, 731 (1968). This
early theory supposes a con6guration almost exactly
parallel to the storage ring case: An electron bunch
confined to a circular orbit in the magnetosphere of a
neutron star.

4F. C. Michel, Astrophys J. . 220, 1101 (1978).
'P. A. Sturrock, Nature (London) 227, 465 (1970). In

this and the following pulsar model, the electrons are
assumed to radiate after beirg emitted from the mag-
netic poles of the neutron star. Contemporary models
presently adopt this geometry rather than that of Ref. 3.

6M. A. Ruderman and P. G. Sutherland, Astrophys.
J. 196, 51 {1975). A representative contemporary
"polar-cap emission" model.

~R. N. Manchester and J. H. Taylor, Pulsars (Free-
man, San Francisco, 1977). This is an excellent com-
prehensive monograph on the pulsar phenomenon. See
also F. C. Michel, Rev. Mod. Phys. 54, 1 (1982).

P. Goldreich and%. H. Juban, Astrophys. J. 156,
869 (1969).

Charge Form Factors and Charge Densities of 3He and 3H

E. Hadjimichael
DePartment of Physics, Fairfield University, Fairfield, Connecticut 06430

and

B. Bornais and B. Goulard
Iaboratory for Nuclear Science, University of Montreal, Montreal, Quebec H9C M7, Canada

(Received 23 November 1981)

Results are presented for the effect of the three-body force on the charge form factors
of the A. = 3 nuclei. Mesonic exchange currents, isobaric processes, and other effects of
relativistic order are included in the present calculation. The evaluation of the form
factors is extended to values of momentum transfer q = 10.0 fm ', and their model de-
pendence is explored.

PACS numbers: 21.10.Ft, 21.40.+d

A genuine three-nucleon (SN) interaction is in-
corporated in the nuclear wave functions em-
ployed in the present calculation. Hence, for the
first time we can explore the role of this interac-
tion in the charge form factor I",h (g') and the
charge density p(r) of 'He and 'H, in the frame-
work that also includes the effects of mesonic
exchange currents (MEC), isobaric processes,
and relativistic pieces of the one-body charge
density (spin-orbit and Darwin-Foldy terms)
These relativistic pieces have been traditionally
ignored in most of the past work.

As a result, we find that within the conventional
framework for evaluating MEC, we are now in a
position to resolve long-standing discrepancies
with experimental data for I', h of 'He in the inter-
mediate range of momentum transfer q, e.g. , in
the region of the second maximum. Furthermore,
we find that at higher q values the form factors
are strongly sensitive to theoretical input such as
the nucleon electromagnetic structure, aspects of

the strong meson-nucleon interaction, and the ex-
change processes. Given that our knowledge of

this input is rather imperfect, the results of the
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