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High order Coulomb excitation has been sug-
gested as a tool for measuring static quadrupole
moments of excited nuclear states in a well known
paper by Breit et al. [1]. Attempts at carrying out
such measurements have so far been generally
unsuccessful, due in a large measure to the in-
adequacy of existing calculations in Coulomb ex-
citation theory. It was found [2] that if one wishes
to treat the process as a second order excitation,
the condition that higher orders than the second
may be neglected, places quite stringent require-
ments on the parameters of the process and se-
verely restricts the experimental maneuverability.
Multiple Coulomb excitation theory is free of
these restrictions but calculations carried out to
date [3,4] are not accurate enough for this pur-
pose, mainly in the treatment of the energy of
excitation. Also these calculations are. all for
specific nuclear models, implying fixed ratios
between the relevant E2 moments and transition
probabilities, whereas if a measurement of any
one of these moments is intended, one has to study
the dependence of the excitation process on these
parameters and calculations of much greater
scope are therefore required.

In one experiment of this nature [5, 6] an at-
tempt was made to determine the quadrupole mo-

ment of the 2" state in Sm152 in a precision meas-
urement of the excitation function for Coulomb ex-
citation with back scattered oxygen ions. The ex-
citation function was found to agree very well with
the calculations of ref. 3 for a rotational band.
This agreement could be taken as a confirmation
that the rotational band description is in general
correct in this case. As the quantity @(2%), the
quadrupole moment of the 2% state, is one of the
significant parameters in this case - the general
agreement also implies a value of @ (2%) which is
not very far from the rotational value. However,
because of the problems and difficulties discus-
sed above, nothing more definite could be said
about @(27).

In the present work a detailed and rigorous
calculation was carried out for this excitation
process and both @(2%) and the transition proba-
bility B(E2; 2+— 4%) were treated as variable pa-
rameters. In comparing these calculations with
the measurements of ref. 5 some definite state-
ments can be made about @(2%).

Following the procedure of ref. 3 we describe
the Coulomb excitation process by the Schrtdinger
equation
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Fig. 1. The calculated ratio Ro(Eg)/R9(E1) as function
of M(E2)9.9/M(E2).o for different bombarding energies
and particles. The ratios are normalized to unity for
the rotational value of M(E2)2;2/M(E2)0;2 (i.e. 0.639)
by appropriate constants K;

Ky =17.305; Ko =7.463; K3=6.139.

Exact solutions for these equations were found,
mostly for the set of states: 0%, 2%, 4*. In some
typical instances larger sets including higher en-
ergy states were also considered but this addition
was found to make no significant difference in the
region of bombarding energies covered in the ex-
periment of ref. 5. For the sake of simplicity the
excitation process was in most cases calculated
for exact back-scattering (at 180°). Finite angle
calculations were also carried out for 160.7°, the
meahn angle of the counter, for most of the bom-
barding energies of ref. 5 and the rotational val-
ues for the E2 moments. All other calculations
were then '"normalized" to these standard solu-
tions [7]. The quantities calculated were the R;
measured in the experiment of ref. 5:

Rog=DPog+ Pyp+... =1-Pg;

R4=P4+P6+...:1—P0—P2,

where P; is the excitation probability for the
state of spini. The R; were evaluated as func-
tions of the nuclear reduced matrix elements
M(E2)9.9, M(E2)g.4, M(E2)4.4. For the param-
eter ﬁ/?(EZZ)O;z thez’\?alue: -1.%’549 % 10-24 ¢m?2
was adopted. This corresponds to: B(E2;0 — 2) =
3.43 ¢2 x 10-48 e¢m? [8] and is the same as in
ref. 5.

Fig. 1 presents the calculated ratios
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Fig. 2. The measured values of Ry are here shown
divided by the values calculated for M(E2)g.0/M(E2).9 =
0.639. The full line through the points represents a
straight line with a least square fit and the broken lines
show the "'probable error' limits. Straight lines repre-
senting least square fits are also shown (with the points
left out) for M(E2)g.o/M(E2)(.0 equal to: 1; 0.8; 0.4; 0.
The values of M(E)3.,9/M(E).2 consistent with the
measurement are those for which the probable error
limits include a horizontal line. Ideally this line should
be at the ordinate 1 but due to possible errors in the
counter calibration, the permissible range of ordinates
for such "horizontal" lines is: 1 + 0.07.

R9(Es)/ Ry(E1) for various bombarding energies
of hoth oxygen and chlorine ions as a function of
the parameter M(EZ)Z'Z' The parameter

M (E2)y;4 and M(E2)4;4 are assumed in this case
to have the rotational values. One gets in this way
a clear indication of the sensitivity of Coulomb
excitation as a measurement of static quadrupole
moments. Quite obviously the sensitivity in-
creases markedly with increasing bombarding
energy. In choosing a suitable energy it is how-
ever important to consider also the dependence
of these ratios on the other relevant parameters
in particular M(E2)g.4 and M(E2)4,4. 1t was
found that in the range of energies considered,
Rg depends on M (E2)g.4 about as sensitively as
on M(E2)g.2° M(E2)2;4’ can however be measured
easily and well by the quantity R4, as in ref. 5,
and in this way it can essentially be eliminated.
M(E2)4;4 was found to have an almost negligible
effect on Rg in the range of energies considered
and for these energies Rg is therefore a direct
measure of M(Ez)z;z. For higher hombarding
energies the effect of M(E2)4;4 and of higher ex-
citations on Ry increases rapidly and because of
this limitation the optimum energy (for oxygen
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ions) for this type of measurement would in this
case be about 45 MeV.

In analyzing the results of ref. 5 it was found
that a correction had to be introduced due to a
circumstance which was not realized at the time
of measurement, namely - the fact that the recoil-
ing Sm nuclei are not stopped in the backing but
rather escape almost with the full velocity. During
their lifetime these nuclei travel several milli-
meters and the efficiency of the gamma counter
is thereby modified. In order to evaluate this
correction a Co%7 source was moved along the
recoil path in a counter geometry similar to that
which obtained at the original experiment and
from the counter response and the known mean
life of the 2% level, the efficiency was computed
for the relevant recoil velocities. The relative
correction for the various energies was found
to be small but the absolute change in counter
efficiency is substantial - about seven percent.
The 4% level is short lived enough to make this
correction completely negligible.

Interpreting the R4 measurements we now con-
clude that B(E2, 2% — 47%) has the value:

B(E2, 2+ — 4%) =

= B(E2,2"— 4% 1 % (1.08  0.05) .

rotationa.

The excitation probability Ry was calculated
for this value of B(E2, 2* — 4%) and for the rota-
tional value of @(4%).

In fig. 2 the suitably corfected measured val-
ues are compared with calculations for various
values of the parameter @(2%). In this presenta-
tion the points drawn for the correct value of
Q(2%) should be consistent with a horizontal line,
but they may be somewhat removed from unity
due to a possible inaccuracy in the counter cali-
bration.

In an analysis of this type the value of the
quadrupole moment was established as: Q(2%) =
(-1.8 + 0.8) X 10-24 cm? in good agreement with
the rotational value of: @(2%) = -1.68 X 10-24 ¢m?2
and in good agreement also with the original es-
timate of ref. 5.

Because of the lack of adequate calculations
the original measurements were in the nature of
a shot in the dark with respect to the proper
choice of bombarding energies, counting statis-
tics, etc. With the calculations now available it
seems to be possible to carry out such measure-
ment to within about half the relative error of
the present case. It also seems exceedingly dif-
ficult to improve the accuracy beyond this point
in this type of measurement.

We wish to express our gratitude to Mr.
Daniel Asher for his help in the calibration meas-
urements.
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