
DOP PLER SHIF TS WITH GAS BACKINGS; . . . 1699

state in "Mg and of the four lowest excited states
in "Fe. In addition, Doppler shifts were mea-
sured for 0.87-MeV y rays from '7O nuclei and
the 0.58-MeV y rays in "Mg nuclei recoiling in
krypton. Since the mean lives of both of these
states are well known, the results could be used
to show that for the range of velocities used, the
slowing down of '~O in krypton and of Mg in kryp-
ton are consistent with the calculations of LSS' to

al least 6 and 12%, respectively. This may indi-
cate that the theory of LSS works better for calcu-
lations of an integrated value of dE/dx for ions
slowing down in krypton than it does for calcula-
tions of dE/dx at a given velocity for ions slowing
down in lighter elements. " However, the data
presented here are certainly too few to allow
definite conclusions about this matter.
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Energy Dependence of the Reorientation Effect and the Static Quadrupole Moment
of the 0.847-MeV 2+ State in Fe
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The energy dependence of the reorientation effect has been investigated using 0 and S3

ions incident on Fe~ nuclei. The influence of nuclear interference on the reorientation effect
was observed before it could be detected on the elastic cross section, and exhibited an angu-
lar dependence similar to that expected for the reorientation effect. It was found that an ap-
propriate separation of projectile and target nuclei was given by 2a =Ro(A& ~3+%2 ~3)+4,
where Ro ——1.6 fm and 6~ 3.5 fm. The static quadrupole moment of the 0.847-MeV 2+ state in
Fe~ewas measured tobe Q&2 =-0.23 + 0.08 b, while the rotationalvalue is given by~Qs~ =0.276 b.

I. INTRODUCTION

In recent years the reorientation effect' has been
used to measure a large number of static quadru-
pole moments of first excited 2' states of even-
even nuclei, using various experimental techniques

(for example, see Refs. 2-11). However, the un-
ambiguous interpretation of the reorientation ef-
fect depends sensitively on the experimental con-
ditions in the individual experiments. In order
to realize the full potential of the reorientation
effect as a method of determining static quadru-
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pole moments a number of questions need to be
answered by experiment:
(1) What experimental conditions are required so
that the effect of the nuclear force is entirely neg-
ligible?
(2) What combination of measurements is required
to accurately determine the sign and magnitude
of contributions from higher states?
(3) What is the magnitude of the interference ef-
fects between the direct Coulomb excitation of the
excited state and the excitation of the excited state
via the giant dipole resonance?
(4) How can the reorientation effect be "calibrated"
or cross-checked with other methods of measuring
nuclear quadrupole moments?

In order to separate these difficulties a search
was conducted for a nucleus where a substantial
reorientation effect occurs, and where multiple
Coulomb excitation effects are negligible. Then
it would be possible to study the energy depen-
dence and the projectile dependence of the reori-
entation effect. The energy dependence for a par-
ticular projectile and target would give detailed
information about the "safe" bombarding energy.
Self-consistency of the reorientation effect as a
function of the projectile can give information
about the presence of contributions from higher
states in those cases where nearby states exist."
For target excitation, theoretical estimates in-
dicate that the fractional contribution of excita-
tion via the giant dipole resonance to the observed
deviation from first-order Coulomb excitation is
essentially independent of the projectile type.
Model-dependent calculations also indicate that
the contribution is negligible for the present ex-
periments. " W'e have carefully studied the energy
dependence of the reorientation effect of the
0.847-MeV 2+ state in Fe", using 0" as a pro-
jectile in the energy range from 22 to 40 MeV.

The self-consistency of the lower-energy re-
sults was cross-checked using S" as a projectile.
The Fe' nucleus was chosen because a substantial
reorientation effect is known to occur' and higher-
state contributions are negligible.

II. EXPERIMENT
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FIG. 1. Schematic diagram of arrangement of particle
detectors in the scattering chamber.
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where do~/dQ is the Rutherford cross section.
We have chosen to measure the relative excitation
probability as a function of ion scattering angle
and to identify the inelastic events by requiring a
coincidence between a deexcitation y photon and a
scattered ion.

The deexcitation y photons were detected in a
22.85-cm-diam x 10.15-cm-thick Nal(TI) crystal
positioned with the front face of the crystal 3.18
cm from the target. The crystal symmetry axis
was placed directly above the target center and
perpendicular to the scattering plane. The crys-
tal was physically rotated about its symmetry

The static quadrupole moment Q» of the first
excited 2' state of an even-even nucleus can be
determined by measurements of the relative ex-
citation probability P;z($, 6„„)a.s a function of
projectile ion scattering angle, ' where $ is the
adiabaticity parameter. The relative excitation
probability may be evaluated using the relation
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P«(g, e«„)= '~ (inelastic) FIG. 2. Eon-detector spectrum at 60' in the laboratory
for 56-MeV S~ projectiles incident on Fe 6.
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axis during the experiment to average out any 4&
asymmetry in the crystal efficiency.

In order to perform the experiment most effi-
ciently and to cover a large range of ion scattering
angles, ions were detected simultaneously in four
ion detectors placed at different angles in the ion
scattering plane. The excitation probability is
extremely sensitive to the scattering angle for
forward scattering, so that the scattering angle
must be accurately known. We have constructed
a cylindrical ring with a 26-cm diam, behind
which two ion detectors can be positioned symmet-
rically with respect to the beam axis at laboratory
scattering angles of 90, 75, 60, and 45 . This
cylindrical ring is aligned with respect to the scat-
tering chamber center and incident beam direction.
Using a transit, which sights along the beam line,
the target is positioned with respect to the cham-
ber center with an accuracy of +0.3 mm. Calibra-
tion of the detectors with respect to the ion scat-
tering angle is achieved by moving the detectors
into the transit line of sight and noting the corre-
sponding angle setting. The various circular ap-
ertures in the cylindrical ring are 1.54 cm in di-
ameter, while the surface-barrier detectors,
which are positioned behind these apertures, have
a sensitive surface with a diameter of 2.39 cm.
Thus, slight detector positioning uncertainties

can be tolerated while retaining angle integrity.
In the backward angles it is preferable to place
detectors closer to the target. Inside the 26-cm
cylindrical ring a third detector with its sensitive
surface individually masked to a diameter of 1.9
cm is positioned at 7.5 cm from the chamber cen-
ter. This detector is moved over a range from
100 to 145 in the laboratory. The fourth detector,
with a sensitive surface of 2.39 cm in diameter,
is fixed 7.50 cm from the chamber center at a
laboratory scattering angle of 162 . The chamber
arrangement is shown schematically in Fig. 1.

In order to continuously monitor the angle integ-
rity during the reorientation experiments, the to-
tal number of scattered ions in each of the four de-
tectors is compared with the Rutherford cross sec-
tion. Deviations from the Rutherford cross sec-
tion are interpreted as a change in the beam posi-
tion and are used to correct the data. Expressed
in angular terms these variations reflect uncer-
tainties of &0.2' for the individual forward counters.
The corrections thus further reduce the angle un-
certainties.

The ion counters were used to gate the y detector.
Thus a real-plus-accidental and accidental y spec-
trum are recorded for each ion detector. The de-
tails of the electronic arrangement have been de-
scribed in an earlier paper. " A typical ion spec-
trum and ungated y spectrum are shown in Figs.
2and3

The targets were in the form of self-supporting
Fe metal films -200 gg/cm' thick. Naturally abun-
dant Fe, which contains 91.7% Few, was evaporat-
ed from an Al,O, -coated Mo boat onto glass sub-
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FIG. 3. y-ray detector spectrum for 56-MeV 832 pro-
jectiles incident on Fe FIG. 4. Focal coordinate system.
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strates heated to 200 C, The glass slides had pre-
viously been coated with a release agent, KCl, by
evaporation. After evaporation of the Fe the slides
were heated to 350'C in order to anneal the films.
The films were floated onto water and then lifted
onto copper target holders which had a 0.635-cm
circular aperture.

III. TREATMENT OF DATA

least 4000 real coincidences were measured at
each angle. The relative excitation probability
P;z(g, 8„„)was obtained from

v((~ qo„) =R(D;(8h„)/N; C((( 8ro~) ~

where C;(g, 8„„)is the relative crystal correction
to be discussed below.

The excitation probability was parametrized as

The output from a reorientation effect experi-
ment, for a given set of ion angles, consisted of
the eight gated y spectra and the total number of
scattered ions in each detector. The y spectra
were processed to determine the number of real,
A;, y rays in the photopeak coincident with ions in
detector i, where i=1 to 4. The small fraction of
real coincidence events under the photopeak due
to higher-energy y rays from target impurity de-
cays was determined and subtracted. The number
of ions from detector i was denoted as N;. The
kinematical corrections were combined in the quan-
tity D; (8&„)which includes corrections for isotopic
impurities in the target which affects the total
cross section. Typically, four measurements
were made at each of four sets of scattering angles.
The 162' position was repeated each time. At

where M», the reduced matrix element, is re-
lated to Q» by eQ» ——-0."I53M». The theoretical
excitation probability was calculated using M»
values which straddle the experimental curve,
with the aid of the Winther-de Boer" computer
program. A least-squares fit to the experimental
points was then made to obtain M».

The origin of the relative crystal correction
C($, 8&„) is the variation of the anisotropic parti-
cle-y angular distribution with the ion scattering
angle. Consider the focal coordinate system shown
in Fig. 4. The large y-crystal axis is situated
along the z axis above the ion scattering plane.
After integrating over the 4 dependence, the an-
gular distribution of the deexcitation photons seen
by the large y crystal in the focal system can be
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written

II'(8», 8„, g) =1+G,(0„„)A,(8„„,E)P,(cos8~)

+G,(0»)A, (0», ()P,(cos 8„), (4)
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where 8~„ is the ion scattering angle, 8y is the
angle of emission of the deexcitation photon with
respect to the z axis, and E is the adiabaticity pa-
rameter. The P,(cos8 }are Legendre polynomi-
als, and the A~(0», g) are proportional to the
statistical tensors for the distribution. The
G~ (0„„}are the attenuation coefficients.

If the excited target nucleus recoils out of the
target before decay occurs, the nucleus can be
subject to large electric and/or magnetic fields at
the nucleus due to ionization of the atomic electron
shell. These fields can interact with the nuclear
moments and cause precession of the angular mo-
mentum vector of the excited nuclear state before
decay. Since the degree of ionization of the atomic
electron shell can depend on the recoil energy,
the amount of precession can depend on the inci-
dent--ion scattering angle. The precession results
in attenuation of the y angular distribution as man-
ifested in the attenuation coefficients G~ (0„„).

The crystal correction C(L, 0») compensates

for the differences in the photon angular distribu-
tions for different scattering angles. The correc-
tion is the relative probability that the emitted y
ray due to an excitation from a particle scattered
to 6&,„is captured as a photopeak event in the
NaI(T1) crystal. The correction can thus be writ-
ten

f W(0&, 0», $)e(0&) sin0 d0
C(L, 0„„)= '

f II'( 0&, 0~,~ () sin 0„d0
0

(5)

where the quantities H~ are combinations of the
A„(],8„„)and the integrals f, P,(cos0„)e(0~)
x sin0 d0 . The A, (L, 0„„)are evaluated using the
Winther de Boer program. These parameters
are quite insensitive to M» so that the crystal
correction is also insensitive to M». The re-
lative photopeak efficiency e(0 ) was measured as
a function of y-ray energy and interpolated to the
energy of the y ray detected in the experiment.
No 4 asymmetry was detected. The quantities
H„were then evaluated using a numerical integra-
tion. For the experimental geometry used here,
H, (0„„,() «H, (8», g). Because of this the impor-
tant quantity to be determined is G,(0»).

To measure the values G,(0„„)and G,(0„„)[or
equivalently G,(E„„„)and G~(E„„„}],we measured
the angular distribution of the y radiation with re-
spect to the incident-particle direction using a
3.82-cm-diam x 2.54-cm-thick NaI(T1) crystal.
Both the total y-ray distribution, corresponding
to some average recoil energy, and a distribution
in coincidence with particles scattered into an
annular detector symmetric with the incident beam,

TABLE I. Summary of criteria for safe bombarding
conditions. Ro is the radius parameter in Eq. (7), R
=Ro(A& +A2 '); D is the minimum separation between
nuclear surfaces in a head-on collision; E~~ is the
maximum "safe" laboratory bombarding energy for
Coulomb excitation of Fe~ using these criteria.

where e(0&) is the relative photopeak efficiency of
the crystal. The denominator in Eq. (5) is a nor-
malization constant. The integration can be per-
formed and the crystal correction can be written

C($, 0»}= I+G2(0»}H2($, 8h„) +G4(0»)H~($, 0„„),
(6)
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FIG. 7. Effect of the nuclear interference on Coulomb
excitation for 0 projectiles exciting the 0.847-MeV
state of Fe~s.

de Boer-Eichler (Ref. 14) 1.25 3.0 35.1 80.2
Cline et al . (Ref. 6) 1.6 3.0 29.2 66.3
This work 1 6 3 5 28 1 64 0
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corresponding to a higher recoil energy, were
taken. The measured distributions are compared
with the distributions calculated using the Winther-
de Boer program and the coefficients G, and G4
are extracted. The attenuation coefficients mea-
sured with respect to the beam are identical to
those in Eq. (4) if the perturbing force is random-
ly oriented. "

The G, were measured using incident 25-, 30-,
and 35-MeV 0 and. 56-MeV S3 jons. The G2 data
are plotted versus recoil energy in Fig. 5, as the
solid circles and appear to be linear over the
range of interest. For purposes of interpolation
the G, data were fitted to a straight line by least
squares. The fit yielded G, = 0.824 —0.0018E„„„.
(MeV). The point shown as a solid triangle was
taken at 35-MeV incident energy and was not in-,
cluded, since it probably contains nuclear-force
effects. The points shown as solid squares are
the G4 measurements. The line drawn through
these points is derived from the G2 line, assum-
ing a randomly oriented static magnetic inter-
action. This line is G4=0.584 —0.0031E, ,„-.

The G, are interpolated using these straight
lines and the crystal correction can be calculated
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probability foi:the 0.847-MeV state of Fe56 excited by 25-
MeV 0 ions.
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using Kq. (6). Figure 6 shows the crystal correc-
tion as a function of 6&„for 25-MeV incident 0"
and 56-MeV incident S". The error due to the un-
certainties in the measurements of the G~ is 1.3%
of C(g, e„„).

The effect of the relatively high recoil velocity of
the target nucleus on the y-ray angular distribution
can be computed. For example, P=V/c=—0.015 for
the recoiling target nuclei when 56-MeV S" ions
are scattered through 180'. Because of the sym-
metry of the large y detector about the z axis in
the focal coordinate system, the first-order cor-
rections in P cancel out. The P'=2x10 ~ terms
are negligible within the accuracy of these mea-
surements.

The effect of the finite angular resolution of the
ion detector on the crystal correction C($, 6„„)
has also been computed and found to be of the or-
der of 0.05%. A decentering error of 1 mm due
to a possible y detector misalignment also in-
troduces corrections of about 0.05% and is con-
sidered negligible for the present measurements.

IV. RESULTS

The energy dependence of the reorientation ef-
fect was studied using 0" ions in an energy
range from 22-40 MeV. For these measurements
the ratio of the excitation probabilityP(163 )/P(45 )
was observed. This ratio is independent of B(E2)
and is proportional to the reorientation effect.
The results are shown in Fig. 7. The data have
been normalized to the value for the ratio calu-
lated by the %inther-de Boer program for M»
=0.3. These data are shown as the solid circles.
Similar ratios for the total ion counts at 163 to
the total ion counts at 45' normalized to the val- .

ues predicted by dos/dQ are shown as the open
triangles. For laboratory energies below 27.5
MeV the reorientation effect gives a constant
value M» -0.3. The first deviation is observed at
28.5 MeV and the deviation becomes massive
above 30 MeV. If we attribute this change in the
inelastic cross section to the nuclear force, then
this nuclear interference effect is observed at a
lower energy in the excitation probability than the
effect of nuclear interference is observed in the
total cross section. Thus the use of the total cross
section as an indication of so-called "safe" bom-
barding energies can lead to significant errors in
reorientation measurements. For this case it
wo-uld give-too large a value of M», i.e, too large
a magnitude of -Q». It is convenient to express
the distance of closest approach between projectile
and target nuclei (2a) in terms of the effective
strong interaction radius R,:

2a=R, (A '"+A '")+b, (fm),

0
Zw~

K
QJ 4 e ~

C3
6

O
8

(/)
10

~ IZ-
0 14

16-
l~
O 1g

~ 20-

Cl
22-

~o 240
26-
28-

M22= Q.Q

22

I I I I I

50 70 90 110 I30 )50 170
c.m. SCATTERING ANGLE

FIG. 11. Percent deviation from first-order excitation
probability for the 0.847-MeV state of Fe~ excited by
27.5-MeV 0~6,ions.

where A, and A, are projectile and target masses
and 6 is the "gap" distance.

A summary of safe bombarding conditions is
given in Table I, where we have chosen 28 MeV
as the maximum "safe" energy. The maximum
safe bombarding energies are computed for 0"
and S"projectiles using the various criteria.

To further investigate the effect of nuclear in-
terference, the angular dependence of the reori-
entation effect was measured. The incident en-
ergies were 25, 27.5, 30, 32.5, and 35 MeV in the
laboratory. The results of these measurements
are shown in Fig. 8. It is apparent from both
this figure and the previous one that erroneous val-
ues of M» can be extracted from experiments in
which the bombarding conditions are not carefully
chosen. Also the influence of the nuclear force
produced a similar angular dependence to that of
the reorientation effect. Figure 9 shows the re-
sults for incident 25-MeV O" projectiles where
the data are presented as relative excitation prob-
abilities. Figure 10 shows the same data pre-
sented as a percent deviation from first-order
excitation probability (or I» =0). Figures 11 and
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12 show the similar plots for incident 27.5- and
32.5-MeV projectiles. Even for the 32.5-MeV data,
the experimental points correspond quite well to
a curve fit using pure Coulomb excitation theory.

We have examined some of the measurements
in the literature and find that the criteria 8,= 1.6
fm and 6 ~ 3.5 fm are violated in some of these
cases (for example, see Refs. 7 and 10}. If the
nuclear force contributes significantly it would
inc~ease the apparent value of a negative quadru-
pole moment and decrease the apparent value of
a positive quadrupole moment of a first excited 2'
state in an even-even nucleus.

To cross-check the value of Q» obtained at the
lower energies we have measured the relative ex-
citation probability P;z(8~„) using 56-MeV S"pro-
jectiles. The results of these measurements are
shown in Fig. 13. Because the raw effect is larger
and the gap distance is "safe," the cross-check
between the O" and S" data is reassuring.

In order to extract a value of Q» we can use the
results of the O" and S" experiments. The values
are shown in Table II. If we combine the 25- and
27, 5-MeV 0" data, we can obtain

TABLE II. Summary of results.

Particle
E&ab

(MeV)
Mp2
(e b) Error in M22

pfe
P16
S32

25.0
27.5
56.0

0.288
0.350
0.308

0.085
0.065
0.053

m„=0.306 ~ 0.037

and Q» = -0.23 + 0.03 b for the quadrupole moment
of the 0,847-MeV 2'state in Fe", The result is
in excellent agreement with a value recently re-
ported by Lesser eP pl. '

M = 0.312+ 0.054,

where a 5% quantum-mechanical correction com-
puted by Pauli and Alder" has been applied. Sim-
ilarly for the S" data we obtain

M„=0.300 + 0.053,

where a 2% quantum-mechanical correction has
been applied. Finally, we can extract a combined
value
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FIG. 12. Percent deviation from first-order excitation
probability for the 0.847-MeV state of Fe56 excited by
32.5-MeV P~6 ions.

FIG. 13, Percent deviation from first-order excitation
probability for the 0.847-Mev state of Fe56 excited by 56-
MeV 832 ions.



ENERGY DEPENDENCE OF THE REORIENTATION E FFECT. ..

2.957

2.658

2.085

0.847

56Fe
0.0

E(Mev)

FIG. 14. Low-lying energy levels of Fe

V. DISCUSSION

We can compare this result with the predictions
of some of the nuclear models. The level dia-

gram of the low-lying states of Fe" is shown in
Fig. 14." Following Kumar, "if we identify the
second 2' state as a 2+ state, . then the 2& 4' level
splitting would suggest that the quadrupole moment
of the first 2' state should be 0.98@~, where Q~
is the rotational limit. For B(E2)0 =0.09 the val-
ue of ~Q„~ =0.276, which is somewhat larger than
the measured value. An earlier measurement
gave the result Q» =-0.345+0.054.' These values
were extracted using 25- and 30-MeV 0" data.
We can understand the higher result in terms of
the present measurement if we include only the
25- and the 30-MeV O" data, as was done in the
earlier measurement. The present experiment
clearly indicates that the 30-MeV data contain nu-
clear interference effects and so the extracted
quadrupole moment would be too large.

We must leave unanswered the experimental
question as to whether the observed deviation
from first-order Coulomb excitation includes a
contribution due to excitation via the giant dipole
resonance because the ratio of giant-dipole inter-
ference effect to reorientation effect remains es-
sentially constant for the O' and S" experiments.
However, nuclear interference effects dictate
stringent criteria for the so-called "safe" bom-
bardment energy because of the relatively slow
onset of the nuclear interference with bombarding
energy.
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