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QUANTUM ASPECTS OF BEAM PHYSICS*

Pisin Chen, Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309

Abstract photon emission is random, its reaction causes random ex-
. . . . citations in the beam phase space. It was found[1], how-
;Ii—g: C:rr]](;lnbur?dh?:ens]zn?nfglz:é%hiirctr)s:sr?nenr?lrﬂise’rIuoTItr:gsé%er’ that these assumptions are violated in a continuous
h ,n men ?h tinvI, v ntum eff tg In thi rv"j‘ocusing channel. The radiation formation length can in
Evei vc\)/the ‘3 ria 0 ﬁtq;a u f e(f:t?. m r?p‘i"lpeV\/E}rinciple be comparable to the betatron oscillation length,
EVIEW INE various quantum aspects of beam physics, nd the focusing channel serves as a third party participat-
tum effects in beam dynamics, electron-photon interactio

beam phenomena undgr strong fields, fundamental phys.'&fgthe transverse momentum, but absolute dampingf
under violent acceleration, and quantum methodology

i . . . : .
. . .the emittance. Thi in heoretical minimum ac-
beam physics. We conclude with a future outlook of thltne emittance S points to a theoretica um ac

erv exciting new field by the namgiantum beam phvsics %on, limited only by the zero-point fluctuations due to the
very exciting new i y nggiantu physt uncertainty principle, i.e.J,,., = 1/2, or

1 WHERE IS / IN BEAM PHYSICS? enmin = Jmin/me = Ae/2 ~ 10" e, (2)

It is common knowledge that quantum effects are pro- 1ne above result can be genralized to combined

nounced in physical systems where the particles involv 8cusr|]ng-ber)d|ng systeg:s whﬁre the radlztlon formation
exihibit the wave nature, or the (radiation) waves involve(fN9th ©/7) is comparable to the average betatron wave-

exhibit the particle nature. In accelerators the de Brogli§ndth (due to a very strong focusing)[2]. Pure bending

wavelength of a high energy beam particle is and pure focusing are the two limiting regimes of the gen-
eral formalism.

Agp = hohp_ Ae i, (1) 2.2 Classical vs. Quantum Tracking
pL \/ ven

In conventional treatments in particle tracking each point
wheres ande,, are the3-function and the normalized emit- in phase space is assumed to have a perfect resolution. But
tance, respectively. This value is generally much smallétue to the uncertainty principle, the phase space cannot
than the typical apertures of the cavities and magnets ftave infinite resolution. Heifets and Yan[3] show that in
the accelerator. In addition, the synchrotron radiation irfhe stochastic regions in phase space where classical tra-
duced by the magnets is typically low-energy and londgctories tend to dl'v.erge exponentially, tracklngs. gf parti-
wavelength, and the number of photons per volume of th@es could be sensitive to such gauntum granularities.
wavelength is much larger than unity. Therefore the con- ) .
ventional beam dynamics is essentially classical physics®h3 Coherence and Bose-Einstein Condensate
the leading order. of Particle Beams

_The.ever—lncre_asmg der_nand for higher beam energy, lWe are interested in better understanding, and hopefully
minosity and brightness in accelerators pushes for ever L . .
. . i .~ gventually attaining a coldest possible particle beam that
higher acceleration gradients, smaller apertures, and tighter . . )
. Nature would allow. To this end a comparison with pho-
beam phase space, and quantum effects in beam phystcs . . o
. . : on beams should be helpful. Ordinary lights emit different
become increasingly important. .
frquency photons at random. It is well-known that laser

photons, on the other hand, are monochromatic and coher-

2 QUANTUM EFFECTS IN BEAM ent. The evolution of the laser spot size is governed by
DYNAMICS \ 2
25) =272, (14 =), 3
2.1 Ultimate Limit of Phase Space =7 ( Zi) ©

The basic assumptions in the standard treatment of sywhereZ, is the Raleigh length.
chrotron radiation reaction were that the photon emission An ultimate, coherent particle beam analogous to a laser
occurs instantly and the recoil of the particle is equal angould have a minimum emittance associated with its de
opposite to the momentum of the emitted photon. As thBroglie wavelength. Then we would have a coherent beam
that propagates as
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Ae 52 )

o2(s) = 27w,@*(1 + 52

(4)
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Would such coherent particle beam necessarily implio, or larger than, the gain bandwidth[16]. Such a correc-
certain kind of condensation? Recent progresses on Bosen is small when the FEL gain is small, i.e.,
Einstein condensate (BEC) and ttem lasef4, 5] inspire
us to wonder if particle beams in accelerator environments fuws ~ fuws <1 (5)
can in principle also form condensates. Although particle E./N, AE, ’
beams are typically made of fermions, this possibility ma¥v

not necessarily be ruled out. Afterall, fermions such a% Heergilrzhr:é;\flsitshr?uI:T:EbLeFZ?Lonr:jEg?g?}géc?igiselemon en-
hibi fluidi I . ’ " X . : .
do exhibit superfluidity at low temperatures However, in the high-gain SASE FEL[17], the recoil ef-

fect can in principle become severe. It was found[18, 16],
3 ELECTRON-PHOTON INTERACTION that quantum corrections to SASE noise can be kept small

IN BEAM PHYSICS if the emission is non-degenerate:

There emerges a new class of beam phenomena which in- (YAZAP)?(AzAY) < Ne(mX,)?, (6)
volve quantum mechanics. This is mainly through the ap-
plications of lasers in various beam production, cooling/nereNVe

and monitoring schemes.
4 BEAM PHENOMENA UNDER STRONG
FIELDS

Compt ttering bet hiah lect cgor an initial state electron with momentuym traverses
ompton scattering between a high energy €lectron ant,g oo g electromagnetic field,,,, there is a dimen-
(much lower energy) photon, e.g., that in a laser, will in-

. . sionless, Lorentz invariant parameter which characterizes
duce a dramatic exchange of energies between the pho

R nonlinear QED phenomema:
and the electron. As a result the final state photon witﬁJl QEDP

emerge with much higher energy in the lab frame. This |
mechanism is by now widely applied in beam physics. T =
In the early 1980s a photon-photon collider concept was

introduced[6], in which the high energy photon beams arghere F. = m?c®Jeh ~ 4.4 x 10"Gauss = 1.8 x

to be produced through the Compton backscattering preg'8V /m is the Schwinger critical field strength. The
cess. More recently, studies were made[7] in producing ifphysics involved is essentially classicaNif < 1. Quan-
tense X-rays by the same mechanism. Turning the attenti@im effects become dominant wh&h2 1. It happens that

to the final-state electron, Telnov[8] suggested that Comgeveral beam phenomena fall under this condition.
ton backscattering can also be used to reduce the electron

beam energy with I!ttle ﬁncrease in its.diverge.nce, and thu,§_1 Beam-Beam Interaction in Linear Colliders
an effective reduction in the normalized emittance. An- _ o .
other creative concept, proposed by Shintake[9], is to moRuUring beam-beam interaction in linear colliders (LCs),

itor sub-micron beams by intercepting them with a preparticles in one beam interaction with the extremely in-
established laser interference pattern. tense collective EM fields of the oncoming beam. This trig-

gers intense radiation of hard photons by the néeam-
strahlung[19], characterized by theeamstrahlung param-

is the number of electrons in the bunch.

3.1 Compton Backscattering

qu’“/p)\F)\y | 1/2
mkF, ’

@)

3.2 Laser Cooling of Stored Beams eterbased on thenean fielcbf the beam[20]:
Lasers are also invoked to cool stored beams. As an (E+B) 5 redyNe
extension to the celebrated idea of stochastic cooling, T=y R (8)

. HA Fc 6 z x ’
Michailichenko and Zolotorev[10] suggested the use of 6o=(00 +0y)

laser that would largely expand the bandwidth for thext v ~ 1, severe beamstrahlung (10 — 30% averaged
probe. Extending Telnov's idea, Huang and Ruth[11] prognergy loss) is expected.
posed repeated Compton-scattering cooling of a stored|; was then discovered[21] that whéh > 1, copious
electron beam. Using theispersivecooling mechanism ¢+.— pajrs will also be produced through the coherent in-
the coolings of ion beam longitudinal and transverse teMgraction between the beamstrahlung photons and the col-
peratures are found to be highly efficient[12, 13]. In thgactive fields of the oncoming beam. One of the pair par-
extreme limit, one expects that crystalline structure be dgg|es always carries the same sign of charge as that of
veloped inion beams[14, 15]. the oncoming beam, and will thus be deflected unbound,
causing potentially severe particle detector backgrounds.
3.3 Quantum Effects in Free Electron Laser Another background[22, 23, 24] is the quantum chromo-
dynamic (QCD)minijets As photon can manifest itself
The quantum correction to the classical FEL gain formulfrom time to time as a quark-antiquark pair, two beam-
becomes important when the photon energy is comparaldrahlung photons can interact hadronically through their
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quark-gluon contents. Since the cross section rises as where Ey is the amplitude andy is the frequency of the

the center-of-mass energy increases, this background is éaser.

pected to become more severe in future generations of LCs.The multiphoton Compton scattering tends to degrade
All these backgrounds are directly influenced by theéhe spectrum and the polarization of the high energy

number of beamstrahlung photons emitted per electrdrackscattered photons. It thus imposes a contraint on the

throughout the collision[25], various applications of the Compton backscattering men-

tioned above[3]. On the other hand, these multiphoton

Qo T . . !

—) TR (9) QED processes are f_undamentally interesting for its own

Ay / (L +T2/3) right. Indeed, experimentally they were never observed

It is interesting to note that., as a function off peaks until recent years. The SLAC experiment E144[32] was

atYT ~ 10, and diminishes not only in small but also indedicated particularly for that purpose, and has provided

large limits, thanks to the quantum nature of hard photofmportant data on the phenomena.

emissions[25]. While the current LC design efforts focus

on constrainingl’ $ 1, it is hardly avoidable that far fu- 4.5 Spontaneous and Stimulated Breakdowns

ture LCs would necessarily be operated in the deep quan-  of the Vacuum

tum regime. Nevertheless, it is conforting that the beamé . . i ED th : | d
strahlung backgrounds would not be worsen(3]. ne issue in nonlinear QED that remains unclear regards

the nature of the breakdown of the QED vacuum. In an
attempt to clerify the issue, Chen and Pellegrini[3] bor-
row the terms "spontaneous” and "stimulated” to distin-
For low energy heavy-ion collisions near the Coulomiguish two different types of vacuum breakdowns. The
barrier, quasi-bound molecular states are formed witktimulated breakdown, examplified by the coherent beam-
binding energies dive into the negative energy contirstrahlung pair creation process [21] and the multiphoton
uum, resulting in a resonance which subsequently deair production process[32], requires an initial state parti-
cays into anete~ pair[26]. In the collision between cle that interacts with the external EM field.
two relativistic heavy ions, a different nonlinear QED ef- On the other hand, the QED vacuum can also break-
fect, analogous to beamstrahlung coherent pair creatioown by a pure classical EM field without any initial state
should in principle occur[27], and has indeed been olparticle. The penetration of the vacuum-fluctuated pairs
served experimentally[28]. In the near future, ion energiedirough the potential barrier is spontaneous in this case.
above 100 GeV/nucleon will be available in the RelativisticThe Lorentz invariant parameters involved are[33]
Heavy lon Collider (RHIC) at Brookhaven and the Large - o

. . 2 __ 1 wy —_ R2 _ 12
Hadron Collider (LHC) at CERN. These should provide { Fo=5Fu Y = Bﬁ ﬂE ) (11)
opportunities to study nonlinear QED with effective cou- G =L1F,F* =E.B,
pling constanZa ~ 1.

ny ~ 2.54(

4.2 Relativistic Heavy lon Collisions

where F;, is the dual field-strength tensor. Therefore in
. C the case of a cross field witl’| = | B| (or a plane wave),
4.3 Crystal Channeling of Relativistic Beams both F andg vanish, and th?s r|10nl|imlar effect would never
Another physical environment where high energy beanfccur. This is in sharp contrast with the stimulated process
encounter strong fields is crystal channeling[29, 30], wheténder the same EM field. It occurs that the proposed Lin-
the confining (or focusing) field is as large B3V /m. ear Coherent Light Source (LCLS) (a free electron laser)
Such strong fields are useful in beam handling and produadt SLAC should have the right intensity for a test on the
tion. For example, a bent crystal is able to redirect protogiPontaneous process in the near future[3].

beams in a short distance[31]. For channeling electrons or

positron at energies 100 GeV and beyond, there willbe co- 5 FUNDAMENTAL PHYSICS UNDER

pious coherent*e~ pairs produced. Because of the same VIOLENT ACCELERATION

channeling effect, the outcoming positron emittance should

be much reduced. This can be invoked for a novel positroffhen a laser is ultra-intense, i.eg, = ¢ E/mcwy > 1, an
source. electron under the direct influence of the laser can be ac-

celerated and decelerated intermittantly during every laser

4.4 Electron Interaction with Ultra-Intense cycle. Since it occurs within a laser cycle, the acceleration
Laser gradient can be as high as[34]:

If a laser is very intense, there is a finite probability that Gi ~10TeV/m ~ 10% g, (12)

multiple photons can involve in one Compton scatteringyhije such intermittant acceleration is not useful for bring-

process. Such multiphoton QED processes are charactgfy electrons to ultra-high energy, it has been recently sug-

ized by an additional Lorentz invariant parameter: gested [34] that this may be used for studying fundamental
eEo eEo). physics related to General Relativity, based on the Equiva-

40 = mwoe  hwy (10)  lence Principle.
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5.1 The Hawking-Unruh Effect 6.2 Schroedinger Equation for Phase Space

Bell and Leinaas (BL)[35] first suggested that the well- Dynamics

known phenomenon of the equilibrium spin polarization iNnyhen mutual interactions among beam particles are in-
electron storage rings may be interpreted as a manifestatigﬂded, two different approaches have been developed. The
of the Unruh effect. . standard treatment relies on the Fokker-Planck equation for
_ Auniformly accelerated object sees the vacuum fluctuggescribing the time evolution of the beam density, while the
tions as a thermal bath, with a temperature given by[36] {hermal wave modehore recently introduced[41], is based

ha on a mathematical coarse-graining of the Vlasov equation,
= — (13) which leads to a quantum-like Schroedinger equation, with

the normalized emittance playing the role of the Planck

whereq is the object’s proper acceleration. Historically thisconstant. Pestroni et al.[3] show that the stochastic dynam-
temperature was decuded as an extension of the semiiw of the Nelson type[42] provides a physical foundation
discovery by Hawking[37] on the blackbody radiation ofto the quantum-like models that invoke Schroedinger equa-
black holes. tion.

The spin of a circularly accelerated electron serves as Rosenzweig demonstrates[3] that the formal similarity
a detector where its populations at the two spin levelsf the linear Fokker-Planck equation to the Schroedinger
would follow the Boltzmann distributions. Barber andequation for the simple-harmonic oscillator also helps to
Mane[38] showed that the BL formulation is equivalenelucidate certain beam phenomena such as the stochastic
to that of Derbenev-Kondratenko, and the known result afooling of the beam longitudinal momentum spectrum.
synchrotron radiation power can be reporduced using the
Unruh picture. BL also observed that the resultant tempeé-
ature is higher than that predicted for the linear accelera-
tion. Most recently, Unruh[3] reinvestigated into this issuewhen the analogy between the Wigner function and the
and confirmed the BL findings. He explains that the seem-iouville function is invoked, the unitary trasnformation
ingly higher effective temperature in the case of circulain quantum mechanics is recognized as the counter-part of
acceleration is not due to a supposed nonthermal naturetaé symplectic map in classical beam dynamics. Dragt and
the heat bath, but rather due to the time-dependence of tHébib show[3] that while Wigner and Liouville functions
spin-orbit coupling. do transform in an identical way under linear symplectic

To avoid the complications caused by the spin-orbithaps, in general they do not transform identically under
coupling, Chen and Tajima (CT)[34] investigated thenonlinear symplectic maps. Instead there are "quantum
Hawking-Unruh effect under linear, albeit time-varying,corrections” whos& — 0 limit may be very complicated.
acceleration. They proposed that by using an ultra-intenseAnother challenge has been that the Wigner function
laser with, the sought-after signal should be above the Lagan in principle be negative, while the classical distribution
mor radiation background. This Hawking-Unruh radiatiofunction has to be positive definite. By invoking a noteel

kT =
2mc’

.3 Wigner Function and Beam Distribution

has also been studied by McDonald earlier[39]. mographytechnique, Fedele and Man’ko[3] are able to de-
velop amarginal distributionfor the classical particle beam
6 QUANTUM METHODOLOGY IN transport, that contains all the information of the Wigner
BEAM PHYSICS function.

There are abundant applications of the theoretical formulr%-4 S inB D .
tions initially developed for quantum mechanics and quart upersymmetry in Beam Dynamics

tum field theory in beam physics. Some of these efforts dgsing the formalism of stochastic quantization in quantum
deal with the quantum effects in beam physics. Some othg|d theory, Bjorken and Chen[43] recently demonstrated
ers, however, aim at applying the quantum formulations tghat the longitudinal phase space (classical) dynamics in
solve beam physics problems that are essentially classicgfoton storage rings, under the influence of the nonlinear
RF potential and its random noise, exhibits the property
6.1 Quantum Approach to Beam Optics of supersymmettylts physical implications are currently

Jagannathan and co-workers[40] have developed a fulfjtder further investigations.

guantum mechanical formalism (Dirac-Pauli equation) for

charged particle beam optics. While the leading order re- 7 FUTURE OUTLOOK

covers the conventional beam optics, the higher orders de-

scribe effects such as spin-orbit interaction. Such activityhe major issues, as well as the future challengeian-
also has practical implications. For example, Pusterla &m beam physiasan be summarized as follows:

al.[3] show that the Stern-Gerlach force has been studiedWhat is the fundamental limitation on phase space?
under this formalism for a potential application to produce Can high energy charged particle beams ever be con-
polarized beams. densed?
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e Do we fully understand all aspects of physics undejR1] P. Chen, inHigh Energy Physics in the 1990s— Snowmass

strong fields?

ed. S. Jenson (World Scientific, 1988); P. Chen and V. I. Tel-

e What highest acceleration gradient can we ever attain, nov, Phys. Rev. Let63, 1796 (1989).
and what can we do with it in the laboratory studies of funf22] M. Drees and R. Godbol&hys. Rev. Let57, 1189 (1991).

damental physics?

[23] J. R. Forshaw and J. K. Storro®hys. Rev. D46, 4955

e What are the uses of quantum formulations in beam (1992).

physics?

There are undoubtedly other important QM effects tha

LZ4] P. Chen, T. Barklow, and M. PeskiRhys. Rev. D49, 3209

(1994).

we can poorly envision here. But even with this rather

limited scope, it is hopefully evident that this new subject[,25]
quantum beam physicwill only become more prominent

in the next century.
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