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Abstract

The possibility to generate and control coherent states for
a charged particle bunch in a circular accelerating ma
chine in the presence of radiation damping and quantum
excitation is investigated in the framework of the Thermal
Wave Moddl. It is proven that in correspondence of arbi-
trary time-variations of a radio-frequency (RF) strength,
a Schrodinger-like equation predicts the fina equilibrium
state, toward which the system spontaneously goes, where
asort of mesoscopical coherence isreached. This state cor-
responds to an example of the Glauber-Klauder-Sudarshan
(GKYS) coherent states widely considered in quantum op-
tics and optical fibers. In addition, it is shown that for
suitable time-varying RF strength, coherent states are pos-
sible in each time (locally-controlled coherence) during
the evolution toward the above asymptotic equilibrium,
and the possibility that allow for carrying these analytical
predictionsin particle accel erators out is discussed.

1 INTRODUCTION

It has been recently pointed out [1, 2] that the longitudinal
dynamics of an electron (positron) bunch in a linearized
(harmonic-like) radio frequency (RF) potentia well in the
presence of radiation damping (RD) and quantum exci-
tation (QE) is governed by a Schrodinger-like equation
for a complex function, the beam wave function (BWF),
whose sguared modulus is proportional to the longitudi-
nal density profile [1, 2]. In this quantum-like equation,
Planck’s constant is replaced with an arbitrary function
of time. It has been shown that the physica meaning of
this function is the longitudinal beam emittance and its
time-variation accounts for both the dissipation due to RD
and the quantum fluctuation given by QE [3]-[5]. This
way, the above equation dynamically describes the bunch
as anon-conservative system, and in the asymptotic limit it
becomes a Schrodinger-like equation where the emittance
is stabilized on its asymptotic minimum value (emittance
damping). It has been shown that this model correctly
recovers the results of the conventional description of par-
ticleaccelerators. In addition, it has been observed that the
above fina equilibrium state of the system, toward which
the system spontaneously goes, represents a sort of macro-
scopical coherence, where the quantum-like uncertainty
relationisminimized [2]. It isvery easy to see that, in the
guantum-likelanguage of the TWM, this state corresponds
to an example of the Glauber-Klauder-Sudarshan (GKS)

coherent states[6] widely considered in quantum optics[7],
optical fibers [8], and stochastic mechanics [9]. Recently,
the existence and the methods for generating these states
has been also investigated for the transverse dynamics of
charged particle beam in the accelerating machines in the
TWM framework [10]. The basic hypothesisused in Ref.s
[2] and [10] to generate GKS coherent states in particle
accelerators was to consider constant the strength K of the
linearized longitudinal or transverse potentia well.

In this paper, we want to investigate on the possibility to
generate and control coherent states for a charged particle
bunch in a circular accelerating machine in the presence of
RD and QE when the above strength is a time-dependent
function. This is done on the basis of both the previous
TWM approach given in[2] and the stochastic-mechanical
approach given in [11]. The following steps are in order.
First, we formulate our problem by specifying the assump-
tions taken into account and giving the basic equations of
our problem. Then, we present the analytical results of the
formulated problem, and show that, in correspondence of
suitable time-variations of K, coherent states are analyti-
caly possible in each time (locally-controlled coherence)
during the evol ution toward the asymptotic equilibrium. In
the quantum-likeframework thisfinal state playstherole of
the ground state (the simplest GK'S coherent state). Subse-
guently, wediscusson the possibility that allow usfor carry-
ing these analytica predictionsout . Finaly, some remarks
and the conclusions are presented.

2 FORMULATION OF THE PROBLEM

We deal here with a relativistic eectron (positron) bunch
withnominal energy Eq (Synchronousparticleenergy) trav-
ellingin acircular accelerating machine of radius R. Let us
consider that the bunch, during its periodic motion of nom-
inal angular frequency wo, goesthrough a RF cavity where
feels the RF-electric field. On thetimescale larger than the
revolution period To = 2w /wg, we can describe the syn-
chrotron oscillations in terms of the displacements z that
an arbitrary particle executes in the bunch with respect to
the synchronous particle. For small-amplitude oscillations
inthe configurational z-space, we can assumethat thebunch
isin a harmonic-like oscillator potential well of the form
(K/2)z%. Consequently, by taking also into account both
RD and QE, thesingle-particlemodel assumed here consists
in a damped harmonic oscillator in the presence of an effec-
tivestochastic force which accountsfor theeffect of QE. We
point out that the emittance describes a stochastic effect but



related to the temperature of the system, aswell asplaysthe
role analogousto a diffraction parameter, and in the frame-
work of TWM thisparameter isinvolvedin the quantization
rules to give a wave equation (Schrodinger-like equation).
Infact, it has been pointed out that in TWM thislongitudinal
dynamics of arelativistic bunch with longitudinal velocity
Be (B ~ 1) isgoverned by the following Schrodinger-like
equation [2]
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where s = ct (¢ being thetime), n = 752 — 772 (0 and
~v7 being therelativistic Lorentz factor (1—32)~1/2 and the
so-called transition energy which depends on the properties
of the machine guidefield; 1/7 playstherole of an effective
mass associated with the system), and €(s) is an arbitrary
function of s, to be specified in correspondence of the par-
ticular stochastic effects considered, but satisfying the ini-
tial condition€(0) = e. Inparticular, in[2] thetime-varying
function€(s) has been interpreted as the longitudinal emit-
tance. Thisway the above Schrodinger-likeeguation where
the Planck’ s constant i s replaced with the function(s) cor-
rectly describes the dissipative system under consideration
(electron or positron bunch in the presence of RD and QE).
In [2] the RF strength K was considered constant. Under
thishypothesis, the appropriater.m.s. emittancescaling law,
dueto the damping effect, has been naturally recovered, and
the asymptotic equilibrium condition for the bunch length,
dueto the competition between QE and RD, has been found.
We want now to consider the same problem but with the RF
strength depending on s. Then, by solvingfor acompl ete set
of solutionsof the Schrodinger-likeequationwe look for the
suitable conditionsthat select, from this set, the only solu-
tions describing, also for K (s), coherent states associated
with the electron (positron) bunch dynamics.

3 SOLUTION

A complete set of normalized solutions of (1) with K
K (s) is easily constructed from the one found for K
constant givenin Ref. [2]; it isvery easy to see that now
we have the following normalized solutions
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where we have, more generally, introduced the shift zo(s)
in the synchrotron coordinate and I'(s) = —1/(40%(s)) +
i/(2n€(s)p(s)). Eg. (2) with (3) are solutions of (1) pro-
vided that thefunctionszq(s), po(s), a(s), p(s), éo(s), and
¢(s) satisfy the following system of coupled differential

equations
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M oreover, thelongitudina momentum spread can bea so
introduced by means of the following quantum-like defini-
tion:
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Consequently, the following uncertainty relation holds:
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which shows that a each 5, namely a each time, the
quantity €(s)/2 could represent the minimum of the
uncertainty product o, (3)o(s) that can be reached for
s = 3 provided that, at the same time, the condition
(do/ds),_; = 0 issatisfied. Thiswould be, of course,
a relative minimum uncertainty because, due to the RD
and QE, the emittance decreases asymptotically toward the
limitep = 55|n|rev§Ae/(24v/3v,703) [2], where 7, isthe
classical electron radius, po is the machine mean bending
radius, v, is the synchrotron number, v is the damping
rate, and A, is the electron Compton wavelength. This
means that ep /2 corresponds to the absolute minimum
uncertainty whose value, estimated for some present accel-
erating machinesistypically 106 — 10° timesthe Compton
wavelength for electrons A, = k/mec. In other words,
since the beam, by relaxing, goes to the absol ute minimum
uncertainty, e p /2, the corresponding reachabl e steady state
isan example of GKS coherent states [6]. It isworth noting
that we deal here with a mesoscopical property of coher-
ence. In fact, we do not analyze the microscopica details
of the system, but describe it by a coarse-grained quantum-
like model which retains the essentias of the physics
(i. e, effective possibility of controlled coherence); this
mesoscopical level of description is also testified by the
numerical values of emittance, which are very large with
respect to microscopical length scales, but valuably smaller
than the macroscopical ones. Consequently, the physical
meaning of the uncertainty relation (9) is completely differ-
ent from the Heisenberg uncertainty relation because: (i)
thetime variation of € has no correspondence with & which
isonly a (fundamental) constant; (ii) Eq. (9) describes the
connection between o and o, for a macroscopica system
which obeysto the classical mechanics.



Nevertheless, the quantum-like uncertainty relation (9)
would be naturally obtained in mesoscopic descriptions,
such as the one used in stochastic mechanics, since in
the Nelson-like description one can naturally introduce a
time-varying diffusion coefficient v = h/2m, evenif i is
kept constant, because in principle some time-variation of
the mass would be possible [11].

4 LOCALLY-CONTROLLED
COHERENCE

Since (2) and (3) represent a complete set of orthonormal
solutions of (1), in particular, we can look for a solution
which at each s keeps the uncertainty at the relative min-
imum value. Infact, from (9) this minimum is reached for
do/ds = 0, whichimpliesthat, by virtue of (6), o* =
€2(s)/4K (s). Consequently, if o = o9 = const, K(s)
must vary as€?(s). In principle, thisis possible by measur-
ing the emittance reduction toward the asymptotic limitep
andtousethisinformationinreal timeto suitably vary K (s)
according to €2(s).

Note that this possible way to fix the bunch length to a
given value o and to have the relative minimum uncer-
tainty isan example of the potentia controllingmethod [12]
for constructing, by acting externally, coherent states. This
means that, starting from an instant 5 for which the equi-
librium condition is satisfied, we have ¢(3) = o¢. For a
given K, after this time, €%(s) would change and conse-
guently & would changetoo. But, by adjusting K according
to the measured €2(s), in principle we can satisfy the equi-
librium conditioninstant by instant in such away to recover
o(s) = oo and reach and control the coherent state. Since
s isacurvilinear coordinate, the correspondence between a
controlled coherent state and each values fixesa correspon-
dence between this kind of coherent state and the position
of the bunch center along the bunch orbit. For this reason,
we can cal these states |ocally-controlled coherent states,
whose corresponding BWF is, at each 5, as one can expect,
the fundamental mode of the set (2) and (3). Note that, ac-
cordingto (4), for agiven bunch length ¢, the mean value
zo (coordinate of the bunch center in the co-moving frame)
of the particledistributionassociated withlocally-control led
coherent states is a solution of the following classical mo-
tion equation:
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5 CONCLUSIONS

The possibility to produce and control, in an accelerating
machine, coherent states presented abovein the framework
of TWM can meet a suitable feasibility in area accelera-
tor. In fact, in the present accel erating machines, the tech-
niques for beam controlling and beam monitoring are very
well developed and widely used [13, 14]. Inparticular, feed-
back systems are used in order to control in rea time the
evolution of charged particle bunches [13]. In addition,

methods for measuring theinstantaneous emittance are al so
widely applied [14]. Consequently, there would be no ob-
stacle in principle to conceive, just using the present tech-
nology, a network device which measures the longitudinal
emittance with asuitable scansion, and changesinreal time
the strength K of the RF-cavity involved in the longitudi-
nal bunch dynamics, according to the equilibrium condition
for o = o9. In aforthcoming paper, we will develop more
deeply thisideain order to produce atechnica design of the
above feedback device.

6 REFERENCES

[1] R. Fedeleand G. Miele, Nuovo Cimento D 13 (1991) 1527.

[2] R. Fedele, G. Miele, and L. Palumbo, Phys. Lett. A 194
(1994) 113.

[3] M. SandsThe Physicsof Electron Sorage Rings, SLAC Re-
port 121 (1970).

[4] J. LeDuff, Longitudinal Beam Dynamicsin Circular Accel-
erators, CAS Proc., CERN 94-01, Vol.| (1994), p.289.

[5] R.P. Walker, Radiation Damping, CAS Proc., CERN 94-
01, Vol.I (1994), p.461; R.P. Walker, Quantum Excitation
and EquilibriumBeamProperties, CAS Proc., CERN 94-01,
Vol.l (1994), p.481.

[6] R. Glauber, Phys. Rev. Lett. 10 (1963) 84; J.R. Klauder,
J. Math. Phys.5 (1964) 177; E.C.G. Sudarshan, Phys. Rev.
Lett. 10 (1963) 277.

[7] I.A. Malkin and V.I. Man'ko, Dynamical Symmetries and
Coherent States of Quantum Systems (Nauka, Moscow
1979) [in Russian]; E.C.G. Sudarshan, Uncertainty Rela-
tions, Zero Point Energy, and the Linear Canonical Group,
in Proc. Second Int. Workshop on Squeezed States and Un-
certainty Relations. Moscow, 25-29 May, 1992 (Edited by D.
Han, Y.S. Kimand V.l. Manko) (NASA Conference Publica-
tion 3219, 1993), p.241.

[8] V.I.Man’'ko,in QuantumElectrodynamicswith Outer Fields
(Tomsk State University and Tomsk Pedagogical Inst. Pub-
lishers, Tomsk, USSR 1977), p.10; V.. Man'ko, in Lie Meth-
ods in Optics (Lecture Notes in Physics) (Edited by J.S.
Mondragon and K.B. Wolf) Vol. 250, p.193.

[9] F. Guerra, Phys. Rep. 77 (1981) 263; E. Nelson, Quantum
Fluctuations (Princeton University Press, Princeton, 1985);
D. deFalco, S. De Martino, and S. De Siena, Phys. Rev. Lett.
49 (1981) 181.

S. DeNicola, R. Fedele, V.I. Man'ko, and G. Miele, Physica
Scripta 52 (1995) 191.

S. De Martino, S. De Siena, F. Illuminati, and G. Vitiello,
Mod. Phys. Lett. B 8 (1994) 977.

S. De Martino, S. De Siena, and F. llluminati, Mod. Phys.
Lett. B 8 (1994) 1823; S. De Martino and S. De Siena,
Quantum Controlled Packets, Proc. of the IV Int. Conf. on
Squeezed States and Uncertainty Relations. Shanxi Univ.,
Taiyuan, Shanxi, China, June 5-8, 1995. D. Han, K. Peng,
Y.S. Kim, and V.I. Man’'ko (1986) p.289.

P. Wolstenholme, Control systems of Accelerators, CAS
Proc., CERN 85-19, Vol.l| (1985), p.511.

P. Strehl, Beamdiagnostic, CASProc., CERN 87-10 (1987),
p.99.

(10]
(11]

(12]

(13]

(14]



