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Multiple electromagnetic excitation of giant dipole multlphonon states is studied in a harmonic vlbratmnal model The cross 
sections are found to be quite large for very heavy nuclei, thus relativistic heavy ion colhslons provide a unique tool to study 
new nuclear states by means of multlphonon excitation and produce new nuclei with unusual N/Z-ratlos 

The passage of  a relativistic heavy ion (RHI) by 
a nuclear target provides an electromagnetic pulse 
of  a short time duration tcoll "" b/Tc, where b IS the 
impact parameter and 7 = [1 - (v/c)2] -1/2. In such 
a collision virtual photons of  energy up to 

m a x  E.y =/~/rcoll--~ (lie~b)7 (1) 

are present [1]. Such photons can be sufficiently 
energetic to excite the giant dipole resonance (GDR) 
(and other high-lying multipole resonances) in RHI 
colhslons. Such excitations have been observed [2] 
through the subsequent particle decay of  the GDR 
(in the target as well as in the projectile). The strength 
of  the electromagnetic multlpole excitation of order 
EX can be measured [3] in terms of  the strength pa- 
rameter 

X(x) = Ze ( fIM(EX)[ 1 )/fiob x (2) 
1.-+f 

where Z is the charge number of  the projectile and 
(fIM(EX) Ii) the electromagnetic multipole moment 

the corresponding transition in the target nucleus. 
In the case of  non-relativistic Coulomb excitation 

where v "~ c, the strength parameter X}~f can be quite 
large, providing the possibility o f  multiple Coulomb 
excitation, especially by means o f  heavy Ions. For 
RHI on the other hand, this strength parameter will 
not exceed the value of  one, not even for very high Z. 
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The multlpole matnx element (flM(EX)[I)IS of  the 
order ofeR ~', where R denotes the nuclear radius, 
therefore X}~ ) - ~  Z(e2/hc)(R/b) ~" wl'uch will be less 
than one (Z e2/l~c = Za < 1), since the impact param- 
eter b has to be chosen larger than R in order to ob- 
tain a pure electromagnetic excitation process. There- 
fore the first-order semlclassIcal theory [3] and ItS 
quantal versions [4,5], like the PWBA (modified by 
a cyhndrical hole cut-off), will generally account well 
for electromagnetic excitation effects m RHI colli- 
sions. 

It has been observed In ref. [4] that the absolute 
values of  the sermclasslcal excitation amphtudes If,  
for the excitation of  the GDR In very heavy nuclei 
by very heavy relativistic nuclei (hke In U - U  colli- 
sions) wall approach unit magnitude. In such a situa- 
tion the assumed first-order perturbation theory can 
no longer be accurate and higher-order effects must 
be taken into account. 

Instead of  glvmg a general theory of  multiple ex- 
citation in RHI collisions (by means of  e.g. sermclas- 
slcal coupled channels or Glauber theories) we con- 
sider the problem of multiple excitation of  a pure 
harmonic oscillator. We note that this problem can 
be solved (to all orders) in closed form [6,7]. The 
multiple excitation amphtude can be directly ex- 
pressed in terms of  the first-order amplitudes, which 
have already been calculated [3,4]. 

Since it cannot be studied with non-relativistic 
heavy ions due to the adiabatlclty condition, the ex- 
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citation of  two (and more) GDR phonons IS of  speci- 
al interest. To our knowledge, nothing is known ex- 
perimentally about such states (they would e.g. not 
be seen in photoabsorptlon, since a two-photon ab- 
sorption mechanism would be required to excite 
such states;m atomic physics such kands o f  excita- 
tions are of  course widely achieved nowadays wath 
lasers). In such a situation we therefore try to use 
the simplest possible model, the collective oscdlatmn 
of  all neutrons against all protons m terms of (un- 
damped) harmomc wbratmns. The usual GDR is a 
one-photon state of  angular momentum 1 (assuming 
a spin zero nuclear ground state 10)) 

I], 1,u) = a~ I0>, (3) 

where a t denotes the creanon operator for a GDR 
photon ~wxth angular momentum projection #. The 
operators a? and a,, sansfy the usual boson commu- 
tation relations. The two phonon states 12, IM>, 
coupled to good angular momentum I,  M with I = 0 
and 2, are given explicitly by (see e.g. ref. [7]) 

12,IM>=(1/V~) ~ <llal#'UM>a?a ~ 10> (4) ~ # '  ~ # '  - 

The dipole transition matrix elements are obtained 
from the TRK sum rule 

f o$1 ( G ) a G  = 60NZ/A MeV m b ,  (Sa) 

and the experimentally known energy position of  
the GDR 

EGD R = 80 MeV/A 1/3 , (Sb) 

assuming that the GDR exhausts the sum rule, eq. 
(5a). Thin is a reasonable assumpnon for our purposes. 
With these numbers we calculate [3,4,8] the first-or- 
der excitation amplitude a0~m 1, where m denotes the 
angular-momentum transfer m the beam direction. 
One obtains for the excitanon of  a nucleus (N 2, Z2) 
by a nucleus with charge Z 1 

la0_. l m  =01 = 0.41 a [z 1 (N2Z2)l/2/A 2/3 ] (c/'yv)2Ko(~), 
(6a) 

and 

la~_2;ll 

= 0.29~ [Z 1 (N2Z2)I/E/A~/3 ] (c/v)2(lh')Kl(~), 
(6b) 

where the adlabatlcity parameter ~ is given by 

= E v b / t~o" f .  (6c) 

The total excxtanon probabdity of  the one-phonon 
GDR is given, in first-order perturbanon theory, by 

1 
e}flrst order) G a m 12 = I 0-*1 ~ Ix(b)l 2 (7) 

m = - i  

where we have introduced a parameter Ix(b)l 2. In 
the exact theory of  multiple Coulomb excitation of  
a harmonic oscdlator [6,7] one obtains a Polsson 
distrlbutaon for the exc~tatlon probabihty PAr of  an 
N-phonon state 

PN = (1/N!)lx(b) 12N e x p [ - I x (  b)12] ' (8) 

where Ix(b)l 2 is given m eq. (7). In refs. [6,7] the 
theory was developed for nonrelatlVlStlC Coulomb 
excitation, the same arguments apply also to the 
relativistic case. 

From eq. (6) n is seen directly that the largest ex- 
citation amphtudes are obtained the larger the projec- 
tile and the target area. Therefore we study the exam- 
pie of  238U + 238U colhslons. In fig. 1 the impact pa- 
rameter dependent excitation probablhtles PN given 
by eq. (8) using eqs. (7) and (6) are shown. The prob- 
abihtles for N = 1 decrease essennally hke 1/b 2 until 

0.4 , , , , 

7. 
o 

z 
3_ 

0 . 3  

0 . 2  

0 . 1  

0 . 0  

238U+238 U 

i \  . . . . . . .  "/=2 

~N =I ..... T =I0 

0 20 40 60 80 100 

Impact parameter (£m) 

F~g. 1 The excitation probabthty PN ofN-phonon GDR 
states is shown as a function of the tmpact parameter b 
for 238U + 238U RHI colhslons. 
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Ftg 2 The total cross section o N for the excatatmn of N- 
phonon GDR states m 238U-238U RHI colhslons as a func- 

tion of the incident energy Eta b (GeV/nucleon) 

the adiabatic cut-off [see eq. (1)] is reached. The 
probabdmes for N > 1 decrease faster (~ 1/b2N) and 
are of  smaller magnitude, as it as expected. However, 
thmr values are stall qmte appreciable. In fig. 2 the 
total cross secnons o N for the excltatmn of  N-phonon 
GDR states 

ON= 2rr f b db PN(b ) (9) 
R a + R 2  

are given. The mimmum impact parameter as gjven by 
R 1 + R z , w h e r e R  l = 1.2,41/3 fm ( i=  1,2). It can be 
seen that the cross sectmn f o r N  = 1 as larger than the 
geometrical cross sectmn for Ela b ~ 2 GeV/nucleon. 
It increases logarithmmally with % The cross sectmns 
forN~> 2 are smaller, however stall large as compared 
to nuclear fragmentation cross sections. They tend to 
a constant value as ~' -+ o% as can be directly shown 
from the behaviour of  la0_+ 1 (b)l 2 [eqs (6), (8)]. 

The one-phonon GDR excitanons in RHI colhsmns 
have been observed experamentally (see e.g. ref. [2]) 
with the theoretacally expected large cross sections 
The experimental signature of  that process was the 
observation of  fragments which have lost one or two 
nucleons (mainly neutrons) by the decay of  the GDR. 
Since this pamcle decay as very fast (the GDR as a 
strongly damped collectwe motmn) at may be asked 
whether a two- or more-phonon exmtation as posmble 
at all. The decay tame of  GDR corresponding to a 

wldth of  P = 5 MeV is given by 

7decay = h / P - - ~  10 - 2 2  s .  ( 10 )  

This time has to be compared to the passage time 
tcoll m b/Tc~ (5/7)X 10 -23 s for b = 15 fm. Thus 
we will have rdecay > %oll  even for moderately high 
values of  7 and multiple excltation will be possible m 
pnnclple. Nothing IS known about the widths of  the 
tugher ( N ~  > 2) phonon states, if the widths of  these 
states would become larger than the level spacing 
EGD R [see eq. (5b), ~13 MeV forA = 238] then the 
observation of  such states would become difficult. 
The experimental detecUon of  such two- (or more-) 
phonon GDR states is a challenge, the signature could 
be fragments where qmte a few neutrons have been 
removed m this giant oscillation of  neutrons against 
protons ("cold fragmentation", see I~enle [9]). This 
electromagnetic excitation process can therefore be 
a promlsmg method to produce beams of  new nuclei 
with unusual N/Z-raUos, this can lead to further inter- 
esting studies. 

The two-phonon multlplet contains angular mo- 
mentum states I = 0 and 2. These states are exphcitly 
given by [see eq (4)] 

12,00) = (1/X/~)(Za~aT_l - a;a;)[O> 

= x/2/311,0, 1> -- (1/V"3) 10, 2 , 0 ) ,  

[2,20) = (1/vr3)(a~a; + a~ a?_l)}0) 

= v / - ~ l  0, 2 , 0 ) +  (1/x/3)l 1,0, 1>, 

12,21) =a~ a;10> = J0, 1,1>, 

[2,22) = (1/X/~)a~a~{O> = 10,0,2) ,  (11) 

and similarly forM = - 1  and - 2 .  Here we have intro- 
duced the uncoupled normahzed states In_l, no, n 1 ), 
where n u denotes the number of  phonons with angu- 
lar momentum projection/~. For 7 >> 1, the m = -+1 
excltaUon amphtude completely dominates over the 
m = 0 exc,tatmn (see e.g. re f. [1 ]). Neglecting la~n_~10 [ 

m=-+l I [eq. (6a)] as compared to la0_.l -=x [eq. (6b)] we 
obtain a rumple and realistic result for the excatatmn 
of  the angular momentum states. In terms o f x  we 
obtain for the excitation probablhty Pn _ x n o n 1 of 
the uncoupled states I n  1, no, nl  ) (see ref. [7], p. 
199ff) 
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P101 = x4 e x p ( - 2 x 2 )  , 

P002 =P200 = 21- x4 e x p ( - 2 x 2 )  • (12) 

The other combinations give only a neghglble contri- 
but ion.  From eq. (1 1) we obtain for the excitat ion 
probablhty P2,1M of  the angular momentum coupled 
states 12, IM) 

P2,22 = P 2 , 2 - 2  = ½ x4 e x p ( - 2 x 2 )  , 

P2,21 = P 2 , 2 - 1  = 0 ,  

1 x4 exp(_2x2  ) P2, 20 = 5 

_ 2 x4 exp(_2x2  ) (13) P2, 0O - ~ 

The total  N = 2 excitation probabihty adds of  course 
up to the value PN=2 which has already been obtained 
above [eq. (8) with 2x 2 = Ix(b)[ 2 ]. The ratio of  exci- 
tat ion of  0 + and 2 + states is 1:2. 

In conclusion, the use of  RHI offers a unique 
method to study mult lphonon GDR states, nuclear 
collective states very high up in the continuum hither- 
to unexplored.  The multlnucleon decay of  these 
states offers a new method to produce nuclei with 
very unusual N/Z-ratios. Our simple model should 
glve a fairly reliable estimate of  the cross sections. 

They are found to be quite appreciable. However It 
remains to be seen in new experiments with RHI 
what the properties of  these new and exotic nuclear 
states really are, especially what their particle decay 
widths are, their anharmomcltles, and how the strong 
damping of the giant dipole oscillation will affect 
these states. 
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