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1.~ INTRODUCTION, -

- The aim of this note is to present the proposal of an experiment
to study the deexcitation properties of the electric dipole (GDR) and qua
drupole (GQR) nuclear giant resonances, .

This experiment was planned to carry-out systematical cross sec
tion measurements for nuclear elastic and inelastic scattering of mono-
“‘chromatic and plane-polarized gamma rays. The photon beam will be ob
tained by Compton scattering of Laser light from the high-energy elec-
“trons circulating in Adone (see Ladon project(l)).

In order to get a general picture of the information one can extract
from photon-nucleus scattering experiments, it is convenient to divide
the nuclei according to the following three different classes:

1) Spherical (vibrational) nuclei,
2) Deformed nuclei,
3) Hard sphere nuclei,

Nuclear scattering and absorption of photons in the GDR region are
1

usually described in terms of a "jpola:r'izabiliity tensor e, , defined as
Dq /Ep, where o and D are respectively the photon electric field and

the induced dipole moment, We can have a scalar polarizability (&g p =
safdaﬁ) only when the nucleus isg optically isotropic in its ground state

and the GDR is associated only with a pare dipole harmonic oscillation,
Detailed theoretical previsions of the tensor character of the optical nuclear
polarizability, can now be obtained in the framework of the dynamic collec
tive model (DCM)(2'5). In this picture the GDR depends both on the sym-

metry of the nucleus in its ground state and on the coupling of the dipole
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vibrations to the quadrupole surface oscillations and rotations of the
nucleus,

(6)

As it has been shown by several authors over the past few years' ’,
the spherical (vibrational) nuclei have a GDR structure which agrees re
markably well with the previsions of the DCM, In this case the tensor
part of the nuclear polarizability is essentially determined by the coupling
between the dipole and the low-energy quadrupole vibration modes, This
naturally implies the existence of inelastic scattering processes which
populate those low lying vibrational states that can be reached by E1 tran
sitions, The experimental observation of these inelastic components is
by itself sufficient to prove the existence of the above mentioned coupling
that is one of the basic concepts of the DCM.

The optical anisotropy properties of the strongly deformed nuclei
are very well known!7): the presence of a symmetry axis splits the GDR
into two components, The coupling with the surface oscillations splits the
upper resonance further into two, and each of the three resonances acqui
res an associated satellite resonance. The spectrum of the scattered photons
will contain those inelastic components which populate the levels of the
ground state rotational band that can be reached by E1 transitions (Raman
effect),

, The hard sphere nuclei, for instance Pb208, have a pure scalar
polarizability and therefore should not exhibit any inelastic sca,tte-ring(g),,

To conclude this short discussion let us point-out that a fine ana
1ys1s of the inelastic components of the photon scattering cross section is
essential to obtain a quantitative test of the pcMm(7), Moreover, as it will be
shown in the following section, the photon polarization is extremely impor
tant allowing an easier separation of the different components of the scatte
ring cross sections, By plane-polarized photons it is in some cases possi
ble to separate the contributions connected to different angular momentum
transfers, even in poor energy resolution experiments,

Another interesting possibility we want to emphasize here, is the
study of giant resonances other than the usual E1(9). Several evaluations
of the energy positions of the resonances E2, E3, are now available: for
example an isoscalar E2 resonance has been suggested at the energy(10)

-1/3

E 258 A MeV (E2, T=0)

(11)

and, furthermore, an isovector E2 resonance at the energy

-1/3

E*120 A MeV (E2, T=1)
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Experimental evidence for these resonances has been obtained by
electron inelastic scattering(g‘s 12) put it has been impossible to separate
the isoscalar E2 contribution from that due to another isoscalar E0 reso-
nance, predicted approximately at the same energy(m). The experimental
yield generally saturates 50% of the E2(T=0) sum rule, but in several ca
ses there are anomalies: for Ca%4 this fraction is, in fact, 150% and be
comes 240% if one assumes the resonance to be EQ, Of course, an overlap
ping between these two resonances could be an obvious explanation.

2. - GENERAL EXPRESSION FOR do /dQ.

Let us introduce some preliminar definitions. By coherent scatte
ring will be meant that scattering in which the nuclear system returns
exactly to its initial energy and angular momentum state; all nuclear scat
tering processes by which final excited states are reached, are obviously
incoherent, When the nucleus takes up angular momentum but the scatte-
red 7y-rays lie so close in energy to the incident ones as to be indistingua
ble experimentally, we have a quasi-elastic incoherent scattering,

The general expression for the nuclear scattering cross section
(do/d&) in the dipole 'approximation has been given by several authors(8, 13),
Averaging over the final photon polarization and for completely polarized
incoming photons we find:

4e 2 AL
(1) a0 - iv ov 1 v (8, 9),

where:

Ay are the scattering amplitudes for processes in which v =0,1,2
units of angular momentum are transferred to the nucleus,
They are respectively called scalar, vector and tensor ampli
tudes;
gy (8,9 ) are angular distribution factors, depending on the scattering
angle 0 and on the angle @ of the incoming photon polarization
vector B with respect to the scattering plane,

One has:
g," —%—(coszecoszq) + sen2 ®), g, " 1- —;—(coszg coszq> + sen2 ),

(2)

gz =1+ -—é—(coszgcos2m+ sen.ztp ).
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The v =0 contribution arises mainly from the coherent elastic sca’cterlngg
whereas the v =1,2 terms contribute to the incoherent scattering.

It is straightforward to show that in the even-even nuclei only
1ne1ast1c components with ¥ =2 are present, A schematic diagram of typi
cal scattering processes involving even-even nuclei is shown in Fig, 1,
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FIG. 1 - Typical scheme for scattering processes, -

In odd-A nuclei, due to the coupling between the even-even core
and the extra-nucleon, the level structure becomes more compiex, The
addition of a nucleon, in the weak coupling limit, splits any of the low-
-lying vibrational states in a multiplet of levels, producing a distribution
of the E1 strenght among them, The inelastic components with »=1 are
here strongly suppressed as well: a detailed discussion of this point may
be found in ref, (8).

Neglecting Ay, eq. (1) becomes:

do

(3) “ja Pg (0, )= |a, P g (0, 9).

Eq (3) can be specialized, according to whether the polarization vector
E is parallel or normal to the scattering plane (@ =0, & /2); we obtain

de' 1, 2 1 1 2
a0 3‘A|cok, 6+ §A[ (1+ - cos”e),
(4)
det 1, .2 1 2
——— = A T .
dQ 3%Ao§ 30 sAzi
doli

For 0= m/2, -—-—-) does not depend on IA [ , So that



2 del 7 gt -
A (E1)] =3{ o 75 S
o 14, TR PR
2 d o
A (ED)|" =5 (=7 .
Ay R
(14)

In a recent experiment Hayward, Barber and Sazama , measured
doll /d Q@ in several nuclei and found that [Ao( El)lz/!Ao(E‘l)}z < 0. 4.

The situation is more complex when the E1 and E2 scatterings com
pete in the same energy regions, In this case, by generalizing equation
(1),0ne has!15);

-1

(6) —3% (29 +1)"" A (EL)A, (EL') g, (LL';0, 9 ).

E'v LL'

Exélicit formulas for the coefficients g, (LL';0,9 ) with 1,,1.'=1,2 and
v =1,2 can be found in ref, (16), pag. 17. In our notations one has
gyv(11;0, 9 )= g, (6,9).

At 0= 7 /2 all the interference terms vanish and retaining only’
the 1ncoherent terms with ¥ =2 one has:

de" 1 2,1 2, 1 2y
(55) == A EB)|7+— LA EDP - ja ED)] L
dSZ“/25lo l 5{12 I+ 14, }
(7) . ,
(g‘?‘i)‘ / =—-§- EAO(EI'1)13‘2+—;)—“—-;—— 1A2(E1)]2+—§-;A2(E2)[2} ,
/2 :

A rough information on the difference |A (El); -3/5 1A (E2)
can be obtained by directly subtracting the two terms of eq, (7) the terms
in brackets are in fact equal within 15%, Moreover, a complete separation
between the scalar E1 and E2 components is immediately obtainable only
in the case of hard sphere nuclei, In fact in this case one has:

2
doi §AO(_E27) ;

1
(8) = | == } =
{ d.Q d@ o= /2 l,AO(El)iz

To further illustrate this point, let us point-out that, when ¢ # & /2,
the interference terms are always present, Since they depend on Re [Ax(El)*
AW(EZ)] six amplltudes should be determined in the most general case:
|Ay (E1)]%, |Ay (E2)|2 and ReiAliiEl)Av(Ez)] with ¥ =0 and 2. Therefore,
a complete solution of our problem can be, in principle, simply obtained
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by performing six independent cross section measurements at suitably se
lected angles,

In particular, information on the quantities Re [A?‘f(El)Av (EZ)]
could be obtained by isolating, in suitable experiments, the single interfe
rence terms; for instance by comparing the yields at 0= ®/4 and §=3 W /4,
one has:

d.o dot 6 X

(=) ~( ) === Re |A_(E1)A_(E2) |,
®) i

do dok 4 X

(5=—) - ( ) x> -Re| A (E1)A (E2) |-

A suitable choice of angles could be §=m/4, /2, 37 /4 and
9=0, & /2. Unfortunately this program cannot be easy developed in the
most general case, due both to the presence of competing non-resonant.
coherent processes (Thomson, Delbrlck scatterings) and to the fact that
the coherent amplitudes tend to add up to give an almost isotropic contri
bution, "

However, the direct measurement of the interference terms can
be attempted in light nuclei where Delbrlick scattering dosen't play an
essential role: the nuclear contribution can be isolated, for instance, by
studying its resonant energy behaviour,

Finally, we have:to stress the fact that a good energy resolution,
obtainable with Ge(Li) spectrometers for instance, could be very crucial,
both for the separation between the L=1 and L. =2 components (see eq, 7)
and for the detailed analysis of the distribution of the El strength among
the low-lying energy levels., This certainly has to be considered as a
~quantitative check of the validity of the DCMI(7), '

3. - PROPOSED EXPERIMENTS, -

In spite of the complexity in the separation of the different ampli-
tudes A, (EL), several experiments are reasonably feasible with a simple
experimental apparatus: furthermore from the theoretical point of view they
appear to be among the most interesting ones,

In the following the proposed experiments will be mentioned in or-
der of increasing experimental difficulty,

We will limit ourselves to the use of natural isotopic targets, lea
ving ‘the possibility of employing separated isotopes to the second stage of



our experimental program,

A) Measurement of|Aj (El)j2 and [A9(E1)} 2 near the giant dipole resonance
peak (E~80A- 1/3 MeV) for deformed nuclei, -

The E2 (E3, M1) contributions will be completely negligible in this
case so that, according to equation 5), the two measurements at 0= 7 [2
and =0, & /2 would be sufficient, On the other hand, further measurements
at 0= 3 @/4 and ® =0, #/2 would provide a reasonable direct ¢heck on the
assumption that both the E2, ¥ =0 and the inelastic El, » =1 contributions
are really absent, We chose to add an angle in the backward hemisphere
to reduce the interference term with the coherent Delbrlick amplitude.
Furthermore, the beam polarization will allow us to use detectors of me
dium energy resolution, e,g. Nal(4'"x6') erystals, On the contrary, to
study the distribution of the E1 strength among different excited states,
we need (for example at 0= m /2, ¢ = #®/2) a higher resolution detector like
a sizeable Ge(Li) counter of ~» 100 cc, A sketch of the experimental appa-

ratus is shown in Fig, 2,
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FI1G. 2 -~ Schematic picture of the experimental apparatus.
a) Adone and beam line; b) Na-I counters arrangement,
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, For every nucleus we would run with Nal crystals at ten different
energies, in step of ~1 MeV, whereas the measurements with the Ge(Li)
detectors could be limited to a few suitably selected energies,

At the present time very few data, obtained with unpolarized photons,
are available: inelastic scattering data from the first 2% levels of Tb159,
Tal8l, Th232 gnd U238 and in the energy range between 7.9 and 11,4 MeV
are reported in refs, (16,17), A part of these results is summarized in
Fig. 3.

We plan here to study the Raman effect in the even-even Th.z32

and U238 nuclei and afterwards in the odd-mass nuclei Pr1‘41', Tb1‘52, H0165,
Tm169, Lul75, Tal8l, In Fig.4 the theoretical differential cross sections
for Hol63 are reported.

Of course, the structure of the first excited levels for Lu175 and

Ta = are very similar, and therefore any difference between their inco-
herent amplitudes can only be ascribed to a different polarizability.

Finally, P:r"lé]t1 lies in the transition region between the spherical
vibrators and the strongly deformed rotators, so it would be particularly
interesting as well,

B) Measurements of |A,(E1)[2 and |A4(E1)|? near the GDR peak for sphe
rical (vibrational) nuclei, -

As far as the experimental apparatus is concerned, the considera-
tions relevant in section A) are still valid here, In addition, the measure
ments with Ge(Li) detector will be probably unnecessary in many cases,
due to higher separation energy of the excited states, We plan to study the
even-even natural isotopic mixtures of Ni and Cd as well as the even-odd
nuclei Y89, Rh103, Lal39 and Au197. Quasi-elastic scattering experiments
in this field are reported in refs, (6) and (8), but information on the distri
bution of the E1, » =2 strength among different excited states is completely
absent, Theoretical predictions for Cdl12 are shown in Fig,. 5.

C) Measurements of [AO(EZ)I 2 aumj[A.o(}Ell)}2 for hard sphere nuclei, -

In this case only three Nal crystals are really needed so that, for
instance, we may forego the counter at 0=3mw /4 and @ = & /2; also the
measurements with the Ge(Li) detector are here redundant.

The proposed nuclei are in this case ca%0 and Pb208, where the
energy of the first excited state is of the order of 3 MeV, Of course, let
us remember that in the second case targets of radiogenic lead must be
used, Moreover Bi209 does not seem to show any inelastic scattering,
so it will give information very similar to those given by Pb208,
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We think that for each of thése nuclei, an energy scan between
the two quadrupole resonances at T=0 and T=1 (10-20 MeV for Pb2;08 and
18-36 for Ca%0) in steps of (1-2) MeV would be sufficient i - the first stage;
later on, a further fine scan will be performed in the region of the maxi
_ma-of the quadrupole resonances, . e e e e L e

The E1 coherent scattering has been studied very recently by Jack
son et al, (17) 1n addition, for these nuclei we have at the present time
very scarse information on the quadrupole resonance, both experimentally
and theoretically, Evidence for an E2 resonance in Ph208 at 10,8 MeV has
been. found only recently(la).. v e e e

4. - COUNTING RATE, -

The counting rate for a single detector is given by:.

(10) Cy =( o) 4Qy e £, ) By (sTO )A"l‘u@,

where:
; A.Qy: accepted solid angle;

€ = detector efficiency (the assumed value will corre-
spond to the total absorption peak);

f fa = target and filter tranSmission coefficients;
®y = gamma flux, in photons /cm2 xsec;

s, T,0 =target section, thickness and density;

A = Mass number;

L)‘:C = Avogadro numberi.y

In the following calculation the incident photon energy will be as-
sumed to be a typical value of 15 MeV., The amplitudes with ¥ #0 and L. #0
as well as the Delbruck and Thomson contributions will be neglected, Moreo
ver, for]Ao(El)lz the value given by the Saclay group(‘l‘l) o

(11) | 86(ED)I%~ 0. 35 (4/100)% mb/ster (A 3 100)
will be assumed, |

To remove low-energy photons (and eventually neutrons) produced
in the target will be probably useful ‘to suitably filter the scattered ra-
diation; in a recent work this purpose has been realized by an Al absorber
of thickness a 23 cm(14), Then, by choosing target thicknesses with absorp
tion coefficients not greater than 40%, we may rely on a total fyxfy~0,5,
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An Nal crystal of 4''x6'", placed at 60 cm from the target, covers a solid
angle AQ.n 9x10-2 ster, and its efficiency can be estimated to be of the
order of 25%, Its poor energy resolution makes it unnecessary to work
with a beam energy resolution better than 4 E y /,Ey ~5% for which con-
figuration the expected gamma intensity is s Pyabx 106 photons/sec(l).
Finally, assuming T =10 g/cmz, one immediately obtains the estimate

(12) C),ffi 103 ‘1%6 )2 (c:osz Qcos2 @+ senz @) counts /hour,

Now, by averaging all the energy range explored, in the experi
ments of type A) and B), we will get a value not too far from 50% of this
estimate: in the third column of Table I, these averaged counting rates
are reported,

For the measurement of (d¢!/dQ) . o Dear the GDR peak, the
crucial parameter is jAz(E1)§": assuming for"the spherical (vibrational)
nuclei the ratio tAz(El),’z/iA (El.)a2 220,22 and a value twice as much for
the rotational deformed ones(14), at E =15 MeV one finds:

TABLE I - Estimate of obtainable counting rates at 8= /2
and for typical nuclei, In the last column is reported the effec
tive running time (in hours) for each nucleus, In brackets are
the numbers of hours needed for the measurement of the E1
strength distribution among the low excitation levels (runs with

Ge(Li)), For further details see the text,

Nucleus Experience 4, Cf,' > <;C7‘f h Hours needed

counts /hour | counts /hour

ca?? c) 2 80 220k 100 /k

cattl B) 600 80 50

Hol6° A) 1400 | 340 12(180)

Aut?? B) ' 1900 250 16(150)

pp208 C) 2200 220k 100 /k
232

Th A) . 2700 700 6(100)
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2 13()(A/100)2 counts /h-Spherical
la,(E1)] s/ )
" e 3 2 . (vibrational) nuclei
(13)  (c)) = ————=(C7, ) =)
40 260(A /100) counts /h-Deformed

nuclei

Typical averaged counting rates are reported in column fourth of Table I.

From these figures it turns out that, in order to measure 1A (EL) 2
and [Az(El)‘é’ at ten different energies with a statistical error of 5% the
- required time is 6+ 12 hours for an experiment of type A) and 20+ 50 for
an-experiment of type B). However, to separate the contributions to
jAz(El)]z coming from different low excitation levels, the requested time
is much longer., Assuming a beam energy resolution of 1%, and an effi-
ciency for the Ge(Li) detector typically of 5%,the resulting counting rate
falls down by a factor 22250 with respect to the previous ones: therefore
to get 5 points for Th232 and 200 inelastic photons per point at @ = % /2,
6 = ®/2, approximately 100 hours are needed,

Finally, for experiments of type C), the important parameter at
®=0 is gAO(Ez)§2, which at the present time is scarcely known, If the ob
served E2 resonances at w60 A~1/3 MeV (T =0) and2120 A-1/3 MeV (T=1),
do really saturate their respective sum rules, we should expect on the
peaks

2

(14) ‘A (E2),T) 5%1<o“2(A/100)(1+3T)[F,, (Ez,T)/I’] mb /ster,

"o
where [F}, (EZ,T)/P] are the radiative branching ratios corresponding to the
two resonances, We espect I'y/I'x 102+ 10-3 so we can put I'y /I = 102k
where k probably varies in the range 1- 10, By the previous assumpiions
we obtain:

(15) (C";' ) (c3) w/z’.'iil'? (1+3T)k counts/h,

12 7R
i

Also in this case the required time for a typical experiment with 200 pho
tons per energy is reported in Table I, It tourns-out to be reasonable in
the limits in which k~1,
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