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Role of E1-E2 interplay in multiphonon Coulomb excitation
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In this work we study the problem of a charged particle, bound in a harmonic-oscillator potential, being
excited by the Coulomb field from a fast charged projectile. Based on a classical solution to the problem and
using the squeezed-state formalism we are able to treat exactly both dipole and quadrupole Coulomb field
components. Addressing various transition amplitudes and processes of multiphonon excitation, we study
different aspects resulting from the interplay betwdeh and E2 fields, ranging from classical dynamic
polarization effects to questions of quantum interference. We compare exact calculations with approximate
methods. Results of this work and the formalism we present can be useful in studies of nuclear reaction physics
and in atomic stopping theory.
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[. INTRODUCTION We use a connection between classical and quantum me-
chanics, which is usually complex and in most cases takes an

Recent studies of Coulomb-induced breakup of weaklyapproximate quasiclassical form. However, in situations
bound nuclei indicate a considerable reduction of the dissowhere the dynamics of a system is determined by linear
ciation probability in comparison with the prediction of the equations of motion, with arbitrary time-dependent param-
first-order Born calculatioil]. The reduction is associated eters, the classical-to-quantum correspondence is exact. The
with dynamic polarization, where the quadrupole field cre-harmonic oscillator that is driven by the time dependence of
ates a polarization that influences the effects induced by thigs parameters, such as mass, frequency or external force, is
dominating electric dipole. This is a well-known phenom-an example of such a situation. Most theoretical develop-
enon in atomic stopping theory, where the stopping powements in the field of parametric excitations of harmonic sys-
for charged particles deviates from ti&#& dependence of tems were done more than three decades[a@e21]. De-
Bethe'’s formula2], Z being the charge of a particle. Mea- spite this, it is only during the past decade theorists began to
surements, as for example, of the stopping power for protonembrace the beauty of this problem and began to discuss its
and antiproton$3], indicate the presence ofZ2 correction.  relevance to many physical processes. Photon generation, la-
Over the years a substantial progress has been made in mesrs[22], quantum interference and two-photon excitations
suring and understanding of this phenomefr10]. [23], phase transitions, critical phenomdi24,25, informa-

In this work we consider the Coulomb excitation of a tion theory[26], ion traps, and oriented chiral condensates
charged particle bound by a harmonic-oscillator potential[27] are examples of recent developments. Squeezed states
The time-dependent electric dipol&el) and quadrupole that appear as solutions in parametrically driven harmonic
(E2) fields of a projectile excite the particle, and within this systems, also known as two-photon coherent states, general-
approximation the quantum problem is treated exactly. Thisze the concept of coherent staf@§] to include two-quanta
problem has been studied in the past, starting from the clasouplings in the radiation fielf29,30.
sical treatment by Ashley, Ritchie, and Braniit], followed By presenting this work we further expand applications of
by quantum perturbation theoft2], and later further per- the squeezed state formalism to problems of Coulomb exci-
turbative Born term$13,14] have also been considered. Ex- tation. We focus our efforts on classical and quantum effects
act numerical solutions to the time-dependent quantum prolresulting from the interplay of on@ipole) and two-quanta
lem have been demonstrated by Mikkelsen and Flyvbjergquadrupole couplings of an oscillator system to an external
[15]. The use of a harmonic-oscillator model, as was previfield. Using symmetries, we derive simple formulas for ex-
ously argued13], is justified for reasons of simplicity, and at citation probabilities and transition amplitudes, which explic-
the same time for good quality of results in comparison withitly show quantum interference effects and can be used to
observed stopping powers. The present work adds yet ammprove perturbative calculations.
other reason, as it demonstrates how the classical results suchThis work is divided into four sections. In Sec. I, we
as[11,16 can be used to obtain exact quantum answersieview the properties of harmonic-oscillator systems and the
Thus, the approach presented here does not involve heawsansition from a classical to a quantum description, which is
numerical calculations. It presents a simple and transpareiiased on canonical transformation. We summarize the prop-
way to understand and to treat exactly the Coulomb excitaerties of the parameters that describe the initial-state to final-
tion of an oscillator. As an application of the presented techstate transition $ matrix) and derive transition amplitudes
nigue, rather than repeating previous numerical calculationgnd excitation probability relevant to the Coulomb excita-
we concentrate on a less explored aspect of Coulomb exciion. Section Il is dedicated to applications. Here we con-
tation; here the overall excitation probability, the dipole andsider the classical solution and address the transition to the
guadrupole transition amplitudes, and their interplay arequantum treatment. We discuss quantum corrections, pertur-
discussed. bative limits, charge asymmetry, and two-phonon excita-
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tions. The role ofE1 and E2 interplay is emphasized in In order to simplify the notation, we will write this in matrix
these discussions. We summarize our findings in Sec. IV. form as

_ t
Il. PARAMETRIC EXCITATION OF COUPLED b(t)=u(ha+v(t)a'+c(t). ®)

OSCILLATOR SYSTEM The perturbationH,,; drives the nontrivial time depen-

We consider a system dfl oscillators with the unper- dence of these creation and annihilation operators,
turbed Hamiltonian

d
. z(p?+wqu) " i o=[b(1),Hind = A1)+ Q" (Hb+ Q" ()b, (9
=

T2 2 where matrices

These oscillators are disturbed by a time-dependent force

Fi(t) and time-dependent frequency paramet€¥g.(t) Q= ()= Qu- (V) el(@ ot (10)
=Q,/(t), expressed by 2w )

|nt(t)_ 2 Q”,(t)q|q|,+z Fi(t)q. 2) and a vector

I’
Fi(t)
It is assumed thaH;,(t)=0 in the infinite past {— —x) F)=—
and in the infinite futuret(— o). First we quantize this prob- @l
lem in the infinite past. Here

Iw|t

are introduced. Th@ ~ andQ * are Hermitian and symmet-
ric matrices, respectively. The time dependence of the pa-

1 . . .
_ —iw w tersu and v, as follows from Eq.(9), are determined
q|_ (a|e I |t+a|Te| |t), (Sa) rame
V2w, from
oo foi i£u=Q’u+Q+ * (119
pi=—i\/5(ae "—alem), (3b) dt v
whereafr anda, are time-independent creation and annihila- . d - ook
—v= +
tion operators for théth mode. For any other time we intro- Idtv Qe (11b
duce creation and annihilation operatbrTit) andb(t), so
that the coordinates and momenta in the Heisenberg reprém
sentation are d
dtc Q ct+Qfc*+F (12
q= [bl(t)e"“’"+b (e, (4a)
\ These equations are solved numerically with initial condi-
tions
p=—i \/7[b|(t)e ot —pf(t)e' . (4b) u(—=o)=1, v(—%)=0, c(—x)=0, (13

The operatord’(t) andb(t) are defined in the interaction which follow .from EQ-(5)- We stress here that f50|ving Egs.
representation, as the time dependence dullgds intro- (11) and(12) is equ_lvalent to finding a full classical solutl_on
duced explicitly in Eq.(4). For the infinite past we have by to the problem. This follows from the fact that the equations

definition of motion are linear, so the time dependence of a Heisenberg
operator becomes identical to the time dependence of its
b(—x)=a, bf(-»)=a'. (5) classical analog.
At t—+o, b(t) andb'(t) also become time independent, A. Properties of the S matrix
b(e)=b, b(x)=Db". (6) In this work we will be interested only in the initial- to

final-state transition probabilities, i.e., in tf&matrix that
The transformation from the original operataranda’ to ~ comes from the transformation of operators,
the intermediatd andb' is determined by a general Bogo-

— t T *qf * *
liubov transformation b=uatva'+c, bi'=uta'+v*atct. (14)

The inverse transformation is
bi()=2 [up (Day+oy.(Da)]+ct). (@)
II

a=u'b—vTb™+c’, a'=u"b’-ov'+c'*, (15
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where scale of all the transitions, and it determines the probability
to remain in the ground stafe, ,=|(0|U|0)|2=|A%2. The
c'=—ufct+oTe* (16) - ‘e Qi Aussian i :
v e quantity Pg ¢ is given by the Gaussian integral, wheteis

. . . set to zero for simplicity,
The transformatior{14) is canonical and preserves commu- phcity

tation relations so that if a ,alT,]=5”,, then [b, ,b,T,] N
=&, ; this puts some conditions on the matrieeanduv, P_:f d?NBexp{— |82+ Re B pB+2c"B—2cTpp)}.
0.0

uu'—vo’=1, uwwT—vu"=0, (178 (21)

uut—vTo*=1, ufo—vTu*=0. (17b) We introduce here the matrix

These linear canonical transformations, the so-called sym- p=v(u*)" 1 (22
plectic transformations, are often encountered in classical
mechanics. The generators of the above symplectic transfowhich is a characteristic of quadrupole excitation. Besides
mation form a group that generalizes the simple(Bl  some trivial normalization that will be further discussed, the
group [31-33 of a one-dimensional oscillator. In general, matrix elementp;; is the amplitude of a single-step two-
any infinitesimal time evolution can be described by a linearquanta excitation ofth and jth modes. The classical time
canonical transformation that preserves the phase space évolution of this matrix follows from the time evolution of
accordance with the Liouville’s theorem. The beauty of ourandv (11), and is given by
case is that the linearity remains for any period of time evo-
lution. This allows for an exact classical-to-quantum corre- d
spondence. Besides the method that we implement in this laprQ_* +Q p+pQTFp+ Q. (23
paper, the Wigner transformatidi34] that establishes the

rr nden ween the classical ph istrily-. _ . . .
correspondence between the classical phase space dist ?‘Hs result explicitly shows thap is a symmetric matrix

—_ T
p=p).
The multidimensional Gaussian integral can be taken as

tion and the quantum density matrix can also be used t
exactly reconstruct the quantum solution from its classica
analog[35]. The application of the Wigner transformation in
studies of various properties of the harmonic oscillator has
been demonstrated repeatefi®$,36,31.

n
d?"bexp(—b'Ab+2s"h)= ——exp(s'TA " 1s),
f X ydetA :
B. Survival probability (24

Here we assume that v, andc are known. Using these,
we determine transition amplitudes between quantum state¥here, relevant to our case,
Coherent states,

) (Reﬁ) (Rec) (1—Rep Im p )
* n = , C= , A= ,
— a2 o Im B Imc Imp 1+Rep
=e ny, 18
|a’> nZO \/n—|| > ( ) (25)
provide the best means for addressing this problem. In this . 1-Rep Imp
basis, the evolution operattr is [38] s=Q'c, Q= “imp —(1+Rep)]’ (26)
1 1
(ﬂ|U|a>=A°exp< - §(|l32| +|a2|)+§,3TU(U*)_1B* Because of the previously discussed properties of the Bogo-
liubov transformation, inversion of the matriA is not
1. . f b needed. It can be shown thatc'QA™'QTc=-c'c
—pa () Tvatfi(u) Ta +Re(c"p*c). This results in
_IBT(UT)—lc/ _ a’T(U*)_]'C* _ (19) Poo= vde(1l—p P)eXF[_CTC"' chTp* c)]. (27

o o ) The survival probability in the above form unifies the roles
The normalization constarA” is determined by the com- of E1 andE2 processes, and establishes a direct and simple
pleteness condition relation between the quantities of perturbation theprgnd
¢, and the exact answer. There is a clear meaning of the
different terms in the produ¢®?). The exp(c'c) represents
the excitation of a coherent state due to the dipole interac-
tion; the term Jdet(1—p'p) is a result of quadrupole
where the integration goes through both real and imaginargqueezind27]. The remaining part efRe(c’p*c)] is a re-
parts of 8. This is an important parameter, since it sets thesult of quantum interference.

1
d2N a)2=1,
- | aai(gute)-1 (20
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C. Transition amplitudes

Equation(19) can be used to obtain transition amplitudes.

AE:<O‘2| w|brb|‘0>=2 (O||C||2+E (1)||l)||r|2.

[ 1K

Coefficients in a Taylor expansion of E(L9) are related to (33
transition amplitudes between oscillator sta{@3], with
one-dimensional oscillator, for example, The above presents an average energy transfer. The energy
spread can also be calculated, as in R27].
_(‘a‘2+w|2)/22 U (ﬁ*)nam 28
(,8|U|a) © mm (n| |m> Jntm! (28) D. One-dimensional harmonic oscillator

The special case of a one-dimensional harmonic oscillator
with time-dependent parameters has been extensively studied
previously[17-19, 40—438 According to Eq(27) the prob-
ability to remain in the ground state is

Below we denote byi,j,k, ...) the normalized state con-
taining single quantum im,j,k, ... oscillator modeslater
we will use directions, y, andz). A single-quantum excita-
tion amplitude is given by

AT Pave — 1201 — _
(iluloy=— A% e =A%(c-per))y, @9 ToomVITlelestleliTlplcoso,m200

where the subscrigt denotes a component of the vector in where ¢, and ¢, are phases o andc, respectively. This
the brackets. Since the interaction vanishes in both the infi- b e P ’ P Y-

nite past and the infinite future, the transition probabilities&ggreﬁ‘:’] \évgzotgr?tsrrzvg)nuggi%Ztr?é?:ﬁalre(:iusjz].wvgggllll—filérr-e
are symmetric with respect to initial and final states, in )

only even-quanta transitions are possible, and the excitation

agreement with general principles of quantum mechanics; . :
H%wever the de(?ay ampIFi)tudepfrom anqexcited one-phono robabilities from the ground state and first excited state by
! n quanta are

state to the ground state, which is

0|U[j)y=—A%(u*) tc*};, 30 2n)!

(ouliy s I 30 o,2n:—in )' 2|P|2nm, (35)

differs from the excitation amplitude by a nontrivial phase. 27(nt)

This emphasizes the effect of quantum interference between

dipole and quadrupole amplitudes. Setting eithesr p to _(2n+1)!

zero restores the symmetry. Pions1= 22(n1)2
The transition amplitude from the ground state to the ex-

cited state with two oscillator quanta, requires expansion of

|p|?"(1—|p[?)3"2 (36)

Eq. (19) to the orders?, ll. COULOMB EXCITATION
— . . We consider here the problem of Coulomb excitation of a
(ij|u]0)y= L‘S'J A%, + (ijufo)(i[ulo) . (3D particle bound in a harmonic-oscillator potential, by a pro-
2 J A° jectile of chargeZ. We assume that the projectile moves

) . . . along a fixed trajectorﬁ(t) in the x-y plane. In order to
The first term in the above equation is due to a direct quadysjjize the treatment discussed above, we expand the Cou-
rupole transition, since its amplitude is directly proportional|y potential up to quadratic terms in the particle coordi-

th()ro,::és-;he second term describes the second-order dipolateq namely, treating it in the dipole-quadrupole approxi-

For an initially excited system the transition amplitudes
can be calculated in a similar manner, by expanding in both

ation

c.. ¢C - =
a andj; for example, Veoult) = —50- R —[3(a-R*~ ), (37)
o1, (UI0)0JUIj)
(IUlj)=Au"); + A : (32} \yhereC=ze? The nonzero components bf,; defined in
Eq. (2) are
Tailor expansion of a Gaussian form can be used to define
Hermite polynomials, in particular, for the multivariable case CRy CR,
s, i i Ft)=—3 Fy)=—7 (39
such as Eq(19). This, in turn, allows for an analytic expres- x R’ y R’

sion of transition amplitudes between oscillator states. Use-
ful iterative relations between amplitudes that follow from
properties of Hermite polynomials can be obtained in this

C C
- 2_ 2 _ 2 2
way, or alternatively, iterative relations can be derived di- Qux R5(3RX R, Quy R5(3Ry R,

rectly from the properties of the evolution operaf@g)]. (39)
The energy transfer, which is important for calculating the 3CRR c

stopping power, can be calculated using Etd). For the Q= X:#, Q= — —.

excitation from the ground state, we obtain oy R® R®
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Thesg expressions show that the .mode in the direc;io_n cW=—2i£K (&, C§/1):2§yKO(§y)v cM=0.
perpendicular to the scattering plane is decoupled, and it is (44)
excited by the quadrupole term only. Further, we assume a
straight line trajectory, so th&(t) = (b,vt,0). This does not We note thac(Y is real andcg(l) is imaginary.
simplify the problem, since our formalism can be used for Using Eq.(23), the squeezing parametgrcan be calcu-
any trajectory. This assumption, however, allows us to comiated in a similar Born-type perturbative manner. In the low-
pare with previous resul{fd1-13. We introduce the follow- est order, we obtain

ing notations:
Pxx= — A ax & K1(28,) +2EKo(2€)) 1, (453

C C
0 bovze 1 2020 Ve, 40 pyy=8idyy£2Ko(2€,), (45
and Pry= Ay VEE, (Ext+ K1 (EFE), (450
LY 1) poa= Ay K (26,). (450)

v

The above results can also be obtained using time-dependent
Oft o o —wm o inth h perturbation theory. The first-order excitation probability in
en we will assume, = w, = o, = w; In that case the Cor-  y,qiwh direction isP! = |c;|2. The probability to excite quanta

lraeesf)/?er\]/sg:jga{gdé(i:e;:r:ngmIgggfuTg?epsatrrzr:if?gc? tigt] thei' j in a single-step quadrupole process is to the lowest order
P d b gins, Hi'{j:(1+ 8;)|pij|?/4. These results can be compared with

ratio 1/(by2w) determines the applicability of the multipole the exact transition amplitudes in Eq29) and (31).

expansion. In the sudden limitt—0, the dipole contribution comes

from the transverse directiom,~ —2i2, while for quadru-

pole excitationgp,, ~|p,]~2q are dominant in this limit.
Here we will discuss several approximations. The first onelhe adiabatic limitt— o is a textbook example of preserva-

is the usual approximation relevant to multipole expansion ofion of adiabatic invariances with exponential precigids].

the Coulomb field. It utilizes the smallness of the photon

wavelength as compared to the size of the system. The next B. Z3 corrections in classical solutions

two limits are the “sudden limit,” whereé<1, and the ) L )
The long-range dipole contribution is the main part of the

“adiabatic limit,” £&>1. Finally, we will use the term Born ton. th tionsdt h ti
approximation, which corresponds to some order in the itera’' 0SS S€ction, thus any correctionscare theé most Impor-

tive solution of the classical equatioisl) and (12). Since tar_mt. We denote aso(t) the inhomogeneous part of the so-
the classical equations of motion allow here for an exac{Utlon to Eq.(12),
reconstruction of the wave function, the use of this terminol- t
ogy does not contradict its quantum notion. Co(t)= —ij F(t')dt’. (46)

All of the results in this study, such as in Eq27), (29), -
and (31), are fully determined by the parametarsand p, B a ) ] )
which may be referred to as shiftlipole and squeezing 1"€Co=Co(*)=dc"is the previously discussed first Born
(quadrupolg parameters, respectively. Both of these param-d_'p0|e amplitude. The second Born co.rrect.|on, which herg
eters can be expanded using the above approximations. Eagf"Ply means the second-order approximation to the classi-
order of the Born approximation results in the next orderc@l solution of Eq(12) is
correction in terms of the quadrupole stren@B). Thus an

expansion oft andp is a series i Sc= foc [Q co(t)+Q Fek(1)]dt. (47)

wherei andj are indices referring t®, y, andz directions.

A. Perturbative treatment

c=0 > (&L p= > Mg,

n=12,... n=12,... This integral can be studied numerically or perturbatively
(42)  with respect to€. In Fig. 1 the dependences of the real and
imaginary parts ofc are shown as functions of. In the

wh.e.ren=(1r;)2, o (InS) thecorresponding Born order. The co- adiabatic limit, which corresponds to large all of these
efficientsc™ and«*™ are £ dependent only. ~ functions decay exponentiallg{?)~exp(—2¢) as dictated by
The lowest-order long-range dipole approximation is athe adiabatic naturg45]. Approaching the sudden limit, all
textbook examplé¢44]. Using Eq.(12), we obtain corrections go to zero as powers &f In the é—0 limit,
Im ¢{!) is the dominant term, and the lowest-order correction
c~ocl= fm i Fi(t) ot (43 toitisim (P~37re2. This leads to the following approxi-
—w 2w, mation for the probability 11]:
This leads to P,=40%(1—3mqé?). (48)
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FIG. 1. The lowest-order polarization corrections to the dipole FIG- 2. Excitation probability as a function of incident velocity,

amplitude are plotted as a function &f The inset shows the be- at the impact parametdr=4. The dashed line is the result of the
havior of Imc{?)) and Re(:gz)) relative to 3ré2. repulsive interactiorC=6. The dotted line corresponds to the at-

tractive interactiorC= —6. These results are compared to the first

The above correction behaves Z& with the charge of the B°™ dipole approximation shown by the solid line.

projectile, and reduces the excitation probability in repulsive - . )
Coulomb scattering. This correction is completely classical, !N theé—0 limit, excitations due to the quadrupole field

as it appears in a solution of classical differential equationsc®mMes from thecandz directions, leading to the following

see Ref[11]. Note that the homogeneous part of E#2) approximateE2 contribution to the excitation probability:
which is the source of this polarization effect, is caused by
the E2 field.

Higher-order corrections to the squeezing parametare
relatively large, but are generally less important due to the
overall smallness of the quadrupole amplitude. Here agairhe charge asymmetry in this case is of opposite sign, result-
we iteratively solve the classical equati@8). This equation jng in an enhanced probability for repulsive interaction. This
contains no dipole parameters, thus the correctiorpde  enhancement can only be observed in measurements if the
self-induced and would not change in the absence oEthe dominant dipole transitions are blocked or restricted.
field. Assuming that

AP,=2¢°[1+ mq&(1-4§)]+2q% 1+ §q§>. (52)

C. Exact treatment

t s
iPo(t)Zf Q+(t')dt'=f dt'e(t—t")Q " (t"), We start this section by showing the comparison of the
o o (49) exact excitation probability and the first Born dipole approxi-
mation, Psomzcgco, see Fig. 2. The harmonic-oscillator
model is rather crude and cannot be used to fully understand
features of the realistic Coulomb dissociation of nuclei.
. However, it can still provide a qualitative picture. For ex-
iép:f dt[ po(t)Q (1) +Q " *(t)po(t)]. (50) ample the Coulomb dissociation @FF can be looked at,
— assuming that the proton outside the oxygen core is bound by
a harmonic potential. The frequency of the oscillator, related
For the case of equal frequencies, this expression can le the dipole excitation energy, is assumed to be of the order

the second Born correction is

calculated analytically, of 1 MeV. In this case a unit of the oscillator length corre-
sponds to 6.4 fm. Assuming Coulomb excitation igyli, we
Opyx=80°E[K1(28) —2£K,(2€) ] —imqPé(1—2€)e %, haveC=6.3. The choice of parameters used in some figures

(519 below is guided by this model. In Fig. 2 we use impact
parameteb=4 (b=25.6 fm), C=6, and the range of ve-
Sprxy= —2mqREe 26— 8i2E2K 4 (28), (510 Iocities_ fr(_Jm 0.2 to 2_(Xoscillator unit$, which corresponds
to the incident energies from 0.02 to 200 MeV/nucleon. The
choice of the impact parameter is restricted by the range of
applicability of the multipole expansion/2b>1. Our dis-
cussions also imply that the probability to find the nucleon in
the oscillator at a distance from origin which is larger than
impact parameter, is negligible. Fbr=2, this probability is

Spyy= —img?E(1+28)e %, (510

16,
Spo=—8q°¢K (26)+ 3! *E°K,(26). (510
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4%, assuming the ground state wave function. However, for T - — T
b=4 that we use, this is less than T86. { =
As seen in Fig. 2, the effects of higher-order corrections o
are significant. The difference between repulsive and attrac- ]

tive interactions is also transparent. This confirms the recent
results of more realistic calculation§]. £
o

Qo
1. Higher-order corrections E 1074
< ]

From the classical solutions fgr and c, exact quantum
results can be extracted using Eg@7). In order to discuss
the impact of a quantum treatment, we can make an expan-

sion of the exact answer in EQR7), which gives 10"'5
CTC 2 1 . 1 T T T "1: r 1. T 2I T 2
Px=1—Pgo~c'c———+5Tr(p"p) ~Re(cTp*c) 0 S 0 5 2 S
v (oscillator units)
=Pgomt AP+ AP, +APjer. (53 FIG. 3. Corrections to the first Bor1 probability. Values are

relative toPg,,,. Logarithmic scale is used to show contributions of
very different magnitude. CorrectiodsP./Pgo,, AP, /Pgom, and
APinier/ Peom» @re shown in dotted, dashed, and solid lines, respec-
(CTC)Z tively. Parameter®=4 andC=6 are used for this figure.

We identify here three main corrections to the first Born
dipole excitation probability. The first one is

APC:CTC_ — FBorn» L . . .
2 limit. As discussed above, the interference term vanishes to

o . . . . ._orderZ®. Thus it is aZz* term to the leading order.
which is a correction to the dipole transition probability. It is orde us itis az" term to the leading orde

known that the excitation of a quantum oscillator by an ex-
ternal force creates a coherent state. The dipole amplitude
which is related to a classical shift of the oscillator from its  In order to examine th#-odd part of the excitation prob-
equi"brium position’ appears in the exponent of EEIY) ab|||ty from a different pOint of VieW, we introduce the Bar-
This accounts for all second- and higher-orBidr processes. Kas factor
Exponentiation of the dipole amplitude, in order to account
for the loss of strength to multiphonon excitations, has been _ Px(Z)—Px(=2)
previously discussef6]. We stress here that other parts of P (Z)+Py(—2)"
AP, are of classical origin and maing® dependent. They
come from the effect of the quadrupole field on the shift ofAs discussed above, this effect owes its existence to the clas-
the oscillator from its equilibrium. This creates a deviation ofsical dynamic interplay betweedl andE2 fields. With the
c from the Born result,, as discussed in Sec. IlI B. validity of a multipole expansion, the bulk of this correction

The next term in Eq(53), is expected to be proportional to the quadrupole amplitude

In Fig. 4, B/q is plotted as a function of. Various cases

2. Z dependence

(54)

A PPZTr(pr)/Z,

5 v 1 T v 1 v 1

{ane? c=6, b=10)
] ¢=6, b=5|

is a quadrupole contribution, which comes from the expan-

sion of the square root in EQR7). Similar to the exponent in

the dipole term, the use of the square root accounts for all 4+
higher-order quadrupole transitions.

c=4, b=31

Finally, a very interesting and purely quantum interfer- 3 )

ence effect appears through the last term in &8), o c=6, b=3
a

APjpe= — RdCTP* C). ! 2] i

Although it may seem that this is a quantum Barkas correc-
tion, correction vanishes to lowest order. This follows from 14
Egs.(44) and (45).

In Fig. 3 the absolute values &P, AP,, and AP;y,
relative to the first BorrE1 probability are plotted as func- 000 " 05 10 15 20 25
tions of velocity. The figure demonstrates that dominant cor- ) ) ) 3 ) ) ’
rections to the first-order dipole probability come from
second- and higher-order dipole transitions, and from the FIG. 4. The Barkas factor as a functionffor various param-
lowest-order quadrupole. The interference term contributesters. The classical correction to the sudden limit£3, is shown
only on the level of 1%, and quickly vanishes in the sudderby a dashed curve.
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FIG. 5. The transition probability from the ground state to the
two-quantum excitated state in tzedirection is shown as a func-
tion of incident velocity. Solid and dotted lines correspond to repul—Of the quadrupole strength.
sive and attractive Coulomb force, respectively.

FIG. 6. Relative two-phonon excitation probability as a function

the perturbation theory, shows that the amplitude for a two-
ghonon excitation is given by the sum of two terms that
Ir]eflect the first-order quadrupole and second-order dipole
processes. ThEl andE2 interplay is not trivial here, and
comes in several places. The first term in Eg{l) at large
a}quadrupole strength is directly proportionalXorhus in this

. . . . Imit, a quadratic scaling of the excitation amplitude is ex-
scale as higher powers inand higher odd powers if. gected. At a smaller strength a substantial contribution to the

The charge asymmetry related to the dipole—quadrupolsecond term in Eq(31) appears as a classical dynamic po-
interference appears naturally in various transition ampli- 4 PP y P

tudes. Figure 5 shows the transition probability from theiﬁzzgt(';?aﬁgﬁCt’rgnggﬁ?tm?grtgersnsﬁilit:g?;g'rzgﬁgnregil;;?l

ground state to the state with two quanta in ffaérection. In the phases of ferms in g(ﬁl) can ?nterfere It must bé noteg,

this transition, the vanishing out-of-plane dipole force makesthatpthe dvnamic polarization disa ear.s at verv low and

the quadrupole term dominant. As demonstrated by(&2), erv high \)lelocitiesp Also both ~ 1/ z‘;d Y bu)t/ since

the Z° Barkas-type charge dependence of the quadrupol eydi gc]>le comes iﬁ the second o;)der tge Lj}a{dru ole ampli-

term p is of the opposite sign in comparison to the dipole- po'e , : J q P P
- -tude dominates at high velocity, leading to

qguadrupole case shown in Figs. 2 and 4. In agreement wnh

thls, an enhan_cement_ of _the excitation prpbabll|ty in repul- Po,z(X)=4q2X2- (55)

sive Coulomb interaction is observed in Fig. 5.

corresponding to different impact parameters and projectil
charges are considered. In the second Born approximatio
the B/q is only a function of¢, thus independent of both
charge and impact parametelr3]. Deviations observed on
the plot emphasize the significance of other corrections th

In Fig. 6, the two-phonon excitation probability as a function
3. Interplay of dipole and quadrupole fields of the coupling strengttx is shown relative to the case with

Our harmonic-oscillator model incorporatéd andg2 N0 E2, x=0. Observed features are in agreement with the
electromagnetic processes exactly. The role and interplay GP0Ve discussion. Cases corresponding to the repulsive inter-
these processes in multiphonon excitation may be of intere&ction, shown by solid lines, always lead to reduced prob-
in the physics of giant dipole resonancéBDR) [46,47. ab|I|ty,.as pompar_ed to klnemgtlcally identical situations, but
Although precise calculations with inclusion of the relevant@ttractive interactior{dashed lines The dynamic polariza-
microscopic physics of GDR are beyond the scope of thidion effect is maximized around=3, which is consistent

paper, we consider here the effect that B process plays with the enhanced charge asymmetry observed in Fig. 2. In
in the two-phonon excitation probability this velocity regime, the polarization effect is so strong that

for repulsive interactions, “turning on” the quadrupole field
(x=1) leads to a reduction of a two-phonon excitation prob-
Po2=>, [(ij|U]0)|% ability.
i<j

. . . . IV. CONCLUSIONS
We introduce a quadrupole coupling strengtivhich simply

scales the quadrupole part of the perturbation Hamiltonian In this work we considered a simple model of a charged
(2). This can be viewed as scaling the quadrupole strengtparticle in a harmonic-oscillator potential. The system is ex-
g—Xq. The limitsx=0 andx= 1 naturally correspond to the cited by the electric dipole and quadrupole fields of a
cases wher&?2 is neglected and whele2 is at its natural charged projectile passing by. We have developed an appli-
value, respectively. Equatiail), as one would expect from cation of the squeezed-state formalism to solve this problem
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exactly. In terms of the one-phonon dipole excitation ampli-it results in an enhancement of the quadrupole amplitude.
tudesc and the direct two-phonon quadrupole excitation am-The effect was demonstrated #polarized two-phonon ex-
plitudesp, we derived simple expressions for various transi-citations. Our exact results exhibit some additional higher-
tion amplitudes, and the total and multiphonon excitationorder quantum contributions, but corrections from these are
probabilities. The parametersand p are determined from small. We presented a number of numerical calculations and
classical equations. Our results are exact for a harmonic ogiots which demonstrate a variety of observable phenomena
cillator. For a general case, they can be used as a parametjjhich can be attributed to the1-E2 interplay.

zation, extending the higher-ord@nultiphonon dipole ap- By presenting this work we hope to introduce the coher-
proximation introduced by Norbury and B&#t6] to include  ent plus squeezed-state formalism to the field of nuclear re-
the quadrupole field and related interference effects. action physics and nuclear excitations. Numerous develop-

We discussed the interplay between the electric dipole anghents that use dipole excitations can be extended to include
quadrupole fields, and the resulting effects on various exciguadrupole transitions. Not every physical situation can be
tation probabilities. In the intermediate range of energiesgescribed by a harmonic oscillator. However, armed with an
between instant and adiabatic limits (8.6<7), the influ-  exact solution and a full set of time-dependent wave func-

ence of dynamic polarization dominates. It was shown thafions, perturbation theory based on squeezed states can be a
the origin of this effect is purely classical. The quadrupolepromising future direction.

polarization influences the effect of the dipole force, leading

to a significant change in the excitation probability. This phe-

nomenon, known in the stopping power theory as the Barkas ACKNOWLEDGMENTS

effect, in the lowest-order leads toZ& charge dependence,

and reduces the excitation probability for repulsive Coulomb The authors are thankful to Carlos A. Bertulani for useful

interactions. We found a similar classical effect of self-discussions. This work was supported by the U.S. Depart-
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[1] H. Esbensen and G. F. Bertsch, Nucl. Phy806, 477 (2002. (1969 [JETP Lett.30, 910(1970].

[2] H. Bethe, Ann. Phys(Leipzig) 5, 325(1930. [20] H. Lewis, Phys. Rev. Lettl8, 510, 636(1967).

[3] L. Andersen, P. Hvelplund, H. Knudsen, S. Moller, J. Pedersen[21] H. Lewis and W. Riesenfeld, J. Math. Phy€), 1458(1969.
E. Uggerhoj, K. Elsener, and E. Morenzoni, Phys. Rev. Lett.[22] M. Abdalla, M. Ahmed, and S. Al-Homidan, J. Phys.34,
62, 1731(1989. 3117(1998. ,

[4] H. Andersen, Phys. Sc28, 268 (1983. [23] N. Georgiades, E. Polik, and K. H. J., Phys. Rev5® 676

[5] L. Porter and R. Jeppesen, Nucl. Instrum. Methods Phys. Re?24]
204, 605 (1983.

(1999.
A. Isar, Fortschr. Phys17, 855(1999.
[25] P. Drummond, S. Chaturvedi, K. Dechoum, and J. Corney, Z.

[6] L. Porter and H. Lin, J. Appl. Phy$7, 6613(1990. Naturforsch. Teil A56A, 133 (2002.
[7] D. Novkovic, K. Subotic, M. Stojanovic, Z. Milosevic, S. [26] J. Aliaga, G. Crespo, and A. N. Proto, Phys. Rev. L#@.434
Manic, and D. Paligoric, J. Mosc. Phys. S8¢.209 (1993. (1993.
[8] J. Pitarke, R. Ritchie, P. Echenique, and E. Zaremba, Eurof27] A. Wolya, S. Pratt, and V. Zelevinsky, Nucl. Phy&671, 617
phys. Lett.24, 613 (1993. (2000.
[9] N. Arista and A. Lifschitz, Phys. Rev. B9, 2719(1999. [28] R. Glauber, Phys. Re31, 2766(1963.
[10] P. Leung, Phys. Rev. A0, 5417(1989. [29] H. Yuen, Phys. Rev. A3, 2226(1976.
[11] J. Ashley, R. Ritchie, and W. Brandt, Phys. Rev5B2393  [30] J. Hartley and J. Ray, Phys. Rev.5, 382 (1982.
(1972. [31] G. Profilo and G. Soliana, Phys. Rev.44, 2057(1991).
[12] K. Hill and E. Merzbacher, Phys. Rev. 9 156 (1974. [32] C. Gerry, Phys. Rev. 85, 2146(1987).

[33] W. Lianfu, W. Shunjin, and J. Quanlin, Z. Phys. B: Condens.
Matter 102, 541 (1997).
[34] E. Wigner, Phys. Rev0, 749(1932.

[13] H. Mikkelsen and P. Sigmund, Phys. Rev48, 101(1989.
[14] H. Mikkelsen and H. Flyvbjerg, Phys. Rev. A2, 3962

(1990. . ;
. . [35] H. Esbensen, imNuclear Structure and Heavy lon Reactipns
[15] H. Mikkelsen and H. Flyvbjerg, Phys. Rev. A5 3025 Proceedings of the International School of Physics “Enrico
(1992. Fermi,” Course No. LXXVII, edited by R. Broglia, C. Dasso,
[16] J. D. Jackson and R. L. McCarthy, Phys. Rev.6B4131 and R. Ricci(Soc. Italiano di Fisica, Bologna, 1981. 571.
(1972. [36] G. Agarwal and S. Arun Kumar, Phys. Rev. Lefi7, 3665
[17] A. Baz, |. Zeldovich, and A. Perelomo8cattering, Reactions (1991).
and Decay in Nonrelativistic Quantum Mechanitsrael Pro- [37] D. Han, Y. Kim, and M. Noz, Phys. Rev. 37, 807 (1988.
gram for Scientific Translations, Jerusalem, 1969 [38] B. R. Mollow, Phys. Rev162 1256(1967).
[18] V. Popov and A. Perelomov, Zh. Eksp. Teor. F&6, 1375  [39] F. Fernandez and R. Tipping, J. Chem. Pt9f.5505(1989.
(1969 [JETP Lett.29, 738(1969]. [40] M. Sebawe Abdalla, Phys. Rev. 24, 4598(1986.

[19] V. Popov and A. Perelomov, Zh. Eksp. Teor. F&7, 1684  [41] M. Sebawe Abdalla, Phys. Rev. 28, 2870(1986.

044604-9



ALEXANDER VOLYA AND HENNING ESBENSEN PHYSICAL REVIEW C66, 044604 (2002

[42] S. Abe and R. Ehrhardt, Phys. Rev48, 986 (1993.

[43] K. Husimi, Prog. Theor. Phy®, 381 (1953.

[44] C. Bertulani and G. Baur, Phys. Rel63 299(1988.

[45] L. Landau and E. LifshitzMechanics, Course of Theoretical

Physics(Pergamon, Oxford, New York, 19Y,6vol. 1.

[46] J. W. Norbury and G. Baur, Phys. Rev.48, 1915(1993.

[47] C. Bertulani, L. Canto, M. Hussein, and A. de Toledo Piza,
Phys. Rev. (53, 334(1996.

044604-10



