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Electromagnetic properties of the excited states in Pu
239
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The electromagnetic properties of the 285.5- and 391.6-keV levels in 3 Pu populated in the

P decay of Np have been investigated. The half-lives of these levels have been measured

using the delayed-coincidence technique to be Tf/2(285. 5) =1.12+ 0.05 nsec and T,/2(391. 6)

=192+ 6 nsec. The multipole mixing ratios of the 106.1-, 209.8-, 228.2-, and 277.6-keV tran-
sitions have been determined from p-p angular-correlation measurements to be 6 (M2/E1)fpg i

0.05 + 0,02 6 (E2/M 1)209 8
= 0,12+ 0 03 (5 p2/M 1)228.2 -0.10+ 0.03, and 6 p2/M 1)277 6

=+0.17+ 0.02. The mean precession angle ~~ for the 285.5-keV level, in an external magnet-

ic field of 20 kG, is measured to be ~w =0.166+ 0.037. From this the value of gP is obtained

to be, gP =-1.06+ 0.25. The paramagnetic correction factor P for the Pu4' state is estimated
to be 2.16 in the limit of L-S coupling. Using this the g factor of the 285.5-keV level has been

deduced to be -0.49+ 0.11. The magnetic moment and the reduced transition probabilities
have been compared with the theoretical estimates based on Coriolis-coupling calculations.

RADIOACTIVITY Np; measured P-y and y-y delay, yy(8), yy(8, H). 39Pu

levels, deduced T&&2, 6, B(M1), B(E2), g.

I. INTRODUCTION

The energy levels of "'Pu, populated in the P
decay of "'Np and the electron-capture decay of
"'Am, have been investigated by several work-
ers' ' and its level scheme is well established.
The lowest four excited states shown in Fig. 1
are interpreted as the members of the ground-
state rotational band based on the K =-,'+[631]
intrinsic state. The 285.5- and 391.6-keV levels
are identified as the —,'[622] and ~2 [743] Nilsson
states, respectively. Earlier we had determined
the mixing ratios of the transitions in" Pu from
y-y angular-correlation measurements using
scintillation detectors. ' Krane, Qlsen, and Stey-
ert' have recently determined the mixing ratios
of the transitions in "'Pu from measurement of
angular distributions of y rays from oriented"'Np.
The mixing ratios of the transitions reported by
them are in agreement with those of our earlier
work. ' The ground state of ' 'Pu is, like the 285.5-
keV level in "'Pu, the —,'+[622] Nilsson state. '
The measured" value of the magnetic moment of
the ground state of '4'Pu is y, = —(0.716 +0.017)p,„,
which can be compared with the Nilsson' estimate
p, = —0.5p,„for this state. Bunker" has calculated
the transition probabilities in "'Pu based on the
Nilsson model with pairing correlations and

Coriolis coupling taken into account. " It is there-
fore of interest to measure the magnetic moment

of the 285.5-keV level in "'Pu and to compare it
with different theoretical estimates. '"

We report here the measurement of the magnetic

moment of the 285.5-keV state using a perturbed
angular-correlation technique. The half-life of
this level has been measured with better accuracy.
In addition the half-life of the 391.6-keV level has
been measured. The y-y angular correlations
have been remeasured using a Ge(Li)-Nal(T1)
coincidence system in order to determine the
mixing ratios of the transitions more accurately.
Brief accounts of the present work have been
reported earlier. "

II. EXPERIMENTAL PROCEDURES

AND RESULTS

A. Source preparation

Sources of "'Np in the carrier-free form were
obtained from the Radiochemistry Division of the
Bhabha Atomic Research Centre, Trombay. Mea-
surements were made with "'Np as neptunium

nitrate in 8 M HNO, . For lifetime measurements
the carrier-free neptunium source was evaporated
to dryness on a thin Mylar film.

B. Lifetime measurements

A time-to-amplitude converter (TAC) of the
start-stop type was used for the measurement
of the half-lives of the 285.5- and 391.6-keV levels.
The start and stop pulses were obtained from two
fast discriminators. The detectors were plastic
scintillators mounted on RCA 8575 photomultipliers.
Calibration of the TAC was done by introducing
known delays using standard 50-Q cables.
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The 106.1-277.6-keV y-y cascade was used for
measuring the half-life of the 285.5-keV level.
The 106.1-keV y ray was detected in a 3.7-cm-diam
x 3.7-cm-thick 5% lead-loaded plastic scintillator
and gated at the full energy peak. The 277.6-keV
y ray was detected in a 2.5-cmx 2.5-cm NE 102A
plastic scintillator and gated near the Compton
edge of the 277.6-keV y ray. The energy gates
were selected using radioactive sources of "Co
and '~Hg. The time spectrum obtained with the"Np source is shown in Fig. 2. The prompt
spectrum taken with a ' Co source, with the same
energy gates as for the "'Np source is also shown
in Fig. 2. The half-life of the 285.5-keV level of
"'Pu as obtained by a least-squares fit of the.
delayed part of the TAC spectrum is T, /, =1.12
+0.05 nsec; the error includes uncertainty in the
time calibration. This is in agreement with the
older value of 1.1+0.1 nsec reported by Graham
and Bell.'4

For the measurement of the lifetime of the 391.6-
keV level, the 328-keV-P-106. 1-keV-y delay was
measured. The P rays were detected in a 2.5-cm-
diam x 5-mm-thick NE 111 plastic scintillator.
The energy gate was chosen at -300 keV. The full
energy peak of the 106.1-keV y ray detected in
the 5% lead-loaded plastic scintillator was chosen
as the gate for the y channel. The time spectrum
is shown in Fig. 3. The least-squares fit of the
delayed part of the spectrum gave the half-life of
the 391.6-keV state as T, /, =192+6 nsec. This
value agrees with Ty/2 =193+4 nsec reported by
Engelkemeir and Magnusson. "
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Nal(T1) detector along with a 512-channel analyzer
was used for the angular-correlation measure-
ments. The coincidence resolving time was 2z
= 60 nsec. The "'Np source was made in the
carrier-free form as nitrate in 8 M HNO, . The

FIG. 2. The decay curve of the 285.5-keV level as
measured by the 106.1-keV-y-277. 6-keV-y delayed coin-
cidence. The "prompt" curve was measured using a Co
source.

C. Angular-correlation measurements
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FIG. 3. The decay of the 391.6-keV level as measured
by the 328-keV- p-106.1-keV-y delayed coincidence.
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106.1-keV y ray was detected in the movable
NaI(T1) detector. The y spectrum detected in the
Ge(Li) detector in coincidence with the 106.1-keV
y ray was recorded in a multichannel analyzer.
Data were collected at angles 90, 135, 180, 225,
and 270'. The spectra at the equivalent angles
of 90 and 270' and 135 and 225' were combined.
The counts in the photopeaks of each of the 209.8-,
228.2-, and 277.6-keV y rays in the coincidence
spectra were integrated and corrected for chance
coincidences. The 106.1-keV y ray is known to
be mainly E1 in nature from earlier studies"'
and hence the coefficient of P~(cos8) in the corre-
lation function is expected to be negligible. ' The
count rates of each y-ray peak were fitted by a
least-squares method to the correlation function

W(8) =1+A,P, (cos8) .
The A, coefficients corrected for the finite solid-
angle attenuations are shown in Table I. These
coefficients are analyzed graphically to get the
multipole mixing ratios of the transitions (Fig. 4).
The mixing ratio 6 is the ratio of the quadrupole
and dipole reduced matrix elements as defined
by Biedenharn and Rose." The results of the in-
ternal-conversion measurements of Ewan et al.'
were used to estimate the upper limits of the
quadrupole admixture in the y rays for the anal-
ysis. The mixing ratios of the transitions ob-

TABLE I. %he angular-correlation coefficients of the
y~ cascades in Pu and the multipole mixing ratios of
the y rays deduced from them.

y-y cascade
(energies in keV) A2 Mixing ratio a

106.1-209.8
106.1-228.2
106.1-277.6

-0.003 ~ 0.004
-0.027 + 0.004
-0.001 + 0.005

pe. &
=-0 05~0 02

l52p9 9
= -0.12 a 0.03

I5228 2
= —0.10 + 0.03

6»& 6 =+0.17+0.02

~ See text.

tained from the analysis of the angular correla-
tions are also shown in Table I. These are in
goad agreement with the values reported by Krane,
Olsen, and Steyert. ' The difference in sign ~~-
tween the present value and that of Krane, Olsen,
and Steyert' for the mixing ratio of the 106.1-kep
transition is due to the different sign conventions
used for the first y ray in the cascade.

The angular correlation of the 106.1-228.2-keV
y-y cascade was measured earlier' using a solid
source in the form of NpO, . The A, coefficient cor-
rected for finite solid angle of the detectors was
A, = -0.021 +0.006. This coefficient is to be cor-
rected for the interfering cascades accepted be-
cause of the poorer energy resolution of the NaI(T1)
detectors. With these corrections' the correla-
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FIG. 4. Graphical analysis of the y-p angular-correlation coefficients. The upper limits of the quadrupole admixtures
of the y transitions were obtained from high-resolution internal-conversion measurements of Ref. 2. The mixing ratios
of the transitions were obtained accurately from the analysis.
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tion coefficient with a solid source becomes A,
= -0.025 +0.008. This value agrees with the one
obtained using a liquid source (Table I).

D. g factor of the 28S.S-keV state

As the 106.1-228.2-keV y-y cascade has the
largest anisotropy (see Table I) it was used for
the measurement of the g factor of the 285.5-keV
state. The integral perturbed angular-correlation
method was employed. The y rays were detected
in two 4.4-cm-diamx5. 0-cm-thick Nal(TI) scintil-
lators. An external magnetic field of 20 kG was
applied perpendicular to the plane of the detectors.
The source was made from carrier-free '"Np
in 8 M HNO, . The fractional change g in the coin-
cidence count rate with field up and field down was
measured with the counters at +135'. The value
of H obtained for +135' (0.0104+0.0021) and -135"
(-0.0096+0.0020) agreed with each other within
statisticai errors. The average value is )ft ~

= 0.0100+ 0.0014.
The angular correlation of the 106.1-226.2-keV

y-y cascade was also measured at five angles in
the same geometry as was used for the measure-
ment of p. A least-squares analysis of the data
gave the correlation coefficient, uncorrected for
geometx"y, to be A, = -0.022 +0.004. This value
was used to calculate (d T from the measured
value of g using the relations:

4C,G,~T
Rs1$5 1 ~ (2G ~7)2 ~

Rnd

Here 7 is the mean life of the nuclear state, G,
is the integral attenuation coefficient due to pos-
sible time-dependent perturbations and H,f, is
the effective magnetic field at the nucleus. The
value of G,mr obtR1ned fx'om the present measure-
ments is G,~7=0.166+0.037 rad.

Since the observed angular-correlation coef-
ficient A.„is the same within statistical errors
for solid and liquid sources (see Sec. II C), the
attenuation coefficient G, is close to unity. Gunther
and Parsignault" have measured the differential
e-y correlation in the decay of '4'Am to "'Np.
Assuming the extranuclear interactions to be
similar in '"Np and 'SQPu we get G, =0.97 for the
285.5-keV level in'3'Pu. This is consistent with the
obser ved correlation using solid and liquid sources

of "'Np. In the following we have taken the value of
G, = 1.0. Since plutonium is paramagnetic, the mag-
netic field at the nucleus H,~ is different from the
externally applied field: H, ff = PH,„„where P is
the pax amagnetic corx ection factor. " Using H,„,
=(20.0+0.4) kG and r= 1.62+ 0.07nsec we get
gP = -1.06 + 0.25.

E. Paramagnetic correction

In order to deduce the g factor of the 285.5-keV
state from the measured value of gP, the para-
magnetic correction factor has to be estimated. In
the case of the tripositive rare-earth ions the P
factors have been calculated by Gunther and I.ind-
gren' and are found to be large. Such calculations
are not available for the actinide ions. The acti-
nide 1ons can exist ln R number of 1onlc stRtes in
solution.

Plutonium in 8 I HNO, exists mostly in the Pu"
state, although at lower acidities Pu" and PuO,"
(Pu") can also coexist. " In the present case since
the 285.5-ke7 state is populated through the iso-
meric state at 391.6 keV (T,» ——192+ 6 nsec) we
assum~ that the stable state of plutonium is
reached within this time. The electronic con-
figuration of Pu" ion is 5 f

' beyond the radon core.
The paramagnetic correction factor may be es-
timated using the relation"

(Z. )H~
&ex~

'

where (Z,)/4 describes the average orientation
of the 5f shell in the external fieM and H, z is the
magnetic field due to the 5f shell at the nucleus
for J,=J. The P factors, calculated for rare
earths in the limit of I.-S coupling, compare well
with the experimental results. " Gunther and
Parsignault have calculated the P factor for
Np" (Sf') to be P=I.66g0.11, which compares
well with P =1.85+0.37 derived indirectly from
experimental results. " In the case of actinides
appreciable departures from Russel-Saunders
coupling have been observed. " These departures
can be taken into account in the intermediate cou-
pling calculations. Moreover, appreciable crystal
field effects can also be present due to complex
formation by actinides in solution. " In the pres-
ent case the value of p has been estimated in
the limit of L,-S coupling neglecting crystal field
effects. In this limit P is given by"

where g~ is the Lande g factor, (r ') is the ex-
pectation value of the inverse cube of the radius
of the electron orbit, and (J ~(N ~~ J) is the radial
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matrix element. The values of the radial matrix
elements are tabulated by Elliot and Stevens"
and of (r ') =7.599a, ' has been taken from the
relativistic calculations of Lewis et al." Using
these we get P=2.16 for Pu" at T=300 K.

We have made an attempt to observe any change
in P for plutonium in different chemical forms
of the source by measuring ~z of the 285.5-keV
level. The g measurements discussed in Sec.
IID were repeated using (i) a solution of carrier-
free neptunium in 1 M HNO, containing 0.1 M
K,Cr,O, as an oxidizing agent (source B) and
(ii) neptunium in 1 M HNO, containing 0.1 M FeSO,
as a reducing agent (source C). The measured
values of A are shown in Table II. In solutions
containing macro amounts of neptunium, Np"
is the main oxidation state present under condi-
tions of source B, and Np4' under conditions of
source C. If the ionic state of plutonium is dif-
ferent in these two forms of the source and in 8 M
HNO„ the quantity 8 is expected to be different
due to differences in the p factors (Table III).
However, because of the large statistical errors
no definite conclusion could be reached regarding
the ionic state of plutonium in the various condi-
tions of measurement. The differential perturbed
angular-correlation technique is ideally suited for
seeing such changes. However, such measure-
ments were not feasible in the present case due
to the short half-life of the intermediate level and
the small anisotropy of the angular correlation.

Assuming the ionic state of plutonium, after
P decay of '"Np, to be Pu" in 8 M HNO, solu-
tion, the g factor of the 285.5-keV level has been
obtained to be -0.49+0.11.

V. DISCUSSION

The reduced transition probabilities of the y
rays from the 285.5-keV state have been calculated
from the present measurements of the lifetime
and the mixing ratios (Table IV). The conver-
sion coefficients of the y rays have been taken
from Hager and Seltzer. '4 The present experi-
mental values of B(M1) and B(E2) are considerably

TABL. I. The measured values of R for the 106.1-
228.2-ke, cascade in an external field of 20 kG with
different chemical forms of the 3 Np source.

Form of source

TABLE III. Values of the paramagnetic correction
factor P for various oxidation states of Pu in the LW
coupling limit (see text).

Oxidation state

Electronic con-
Qguration beyond (~ 3)'

the radon core Q() )

Pu~+ (Np~+)
Pue+ (Np~+)
Pu5+ (Np4+ )
Pu (Np )
Pus+ (Np2')

5f1
5f2
5f3

5f4
5f5

8.854
8.223
7.591
6.942

1.68 b

2.64
2.82
2.16
1.24

~ From Ref. 23.
b From Ref. 17.

TABLE IV. Reduced transition probabilities of y
transitions depopulating the 285.5-keV level in SPu.

y-ray
energy
(keV)

B (Ml)
(10-4~ 2)

Exp. Calc. '
Set I Set II

B (E2)
(e2 fm4)

Exp. Calc.
Set I Set II

209.8 1.36 + 0,08 1.6 0.75
228.2 3.53 + 0.21 7.8 3.77
277.6 2.29 + 0.14 4.1 2.00
285.5 ~ ~ ~ ~ ~ ~ ~ ~ ~

0.64+ 0.32 5.3
1.00+ 0.65 1.6
1.27 + 0.27 0.01
2.15+ 0.13 3.8

2.50
0.67
0.03
2.52

different from those given by Krane, Olsen, and
Steyert' even though the mixing ratios of the tran-
sitions are in agreement with their values. It
appears that they have not taken the internal con-
version of the y rays into account in deducing the
partial y-ray transition probabilities. The B(M1)
and B(E2) values obtained from the measurements
have been compared with the calculations of Bunk-
er." The Coriolis matrix elements between the
—,
' [631]and ~ [622] bands are particularly large. "
The —, [631]state is assumed' to lie at -700 keV
in '"Pu. Bunker" has given two sets of admixed
wave functions for '"Pu. It is found that the cal-
culated energy spectrum for Set II compares bet-
ter with the observed spectrum than the one with
Set I. The transition probabilities calculated us-
ing both the Sets are given in Table IV. The pres-
ent experimental values of the M1 transition prob-
abilities agree well with the values given with Set
II. The experimental values of B(E2) do not agree
with these calculations. Krane, Olsen, and Stey-
ert' have compared their values with Set I.

The magnetic moment of the 285.5-keV —,"[622]

A Nitrate in 8 M HNO3
B Nitrate in 1 M HNO3 containing

0.1 M QCr20)
C Nitrate in 1 M HNO3 containing

0.1M Fe SO4

0.0100+0.0014

0.0113+ 0.0025

0.0112+ 0.0037

Values calculated using the wave functions of Bunker
(Ref. 11) taking pairing correlations and Coriolis cou-
pling into account. The Nilsson parameters are taken to
be 6=0.24, ~=0.0635, p =0.325, and the static moments
Q0=11X10 cm, g =0.8 g ', and g&—-0.1.
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state obtained in the present work is p, = -(1.23
+0.25}p„. The Nilsson estimate for this state
is p, ~„=-0.49'„usingg„=Z/A and g, g,' . The
value of the magnetic moment calculated using the
Coriolis coupling wave functions" (Set II} is uc„
= -0.74'.~ for g, =g,' . The experimental value
of p, differs considerably from thyrse estimates 9 x'¹ieadded in Proof: When internal conversion
of the y rays is properly taken into account in the
work of Krane, Olsen, and Steyert, ' the reduced
transition probabilities are in good agreement
with those in the present work (K. S. Krane, pri-
vate communication}.

ACKNOWLEDGMENTS

The authors thank Professor B. V. Thosar for
his interest in this work. Thanks are due to the
Radiochemistry Division, Bhabha Atomic Re-
search Centre, Trombay, for providing the "'Np
sources. They are grateful to Dr. M. E. Bunker
for providing the results fox the Coriolis coupling
calculations and to A. Roy for calculating the
geometrical attenuation factors for the Ge(Li}
detector. One of the authors (S.B.P.} thanks the
University Grants Commission for financial assis-
tance and the Tata Institute for its hospitality.

Permanent address: Ramnarain Ruia College, Bombay,
India.

'J. M. Hollander, W. G. Smith, and J. %'. Mihelich,
Phys. Rev. 102, 740 (1956).

26. T. Eman, J. S. Geiger, R. L. Graham, and D. R.
MacKenzie, Phys. Rev. 116, 950 (1959).

3%. G. Smith, W. M. Gibson, and J. M. Hollander, Phys.
Rev. 105, 1514 (1957).

4F. T. Porter, I. Ahmad, M. S. Freedman, R. F.Barnes,
R. K. Sjoblom, F. %agner, Jr. and P. R. Fields, Phys.
Rev. C 5, 1738 (1972).

SB. S. Dzhelepov, R. B. Ivanov, V. G. Nedovesov, and
V. P. Chechev, Zh. Eksp. Teor. Fiz. 45, 1360 (1963)
[transl. .: Sov. Phys, -JETP 18, 937 (1964)j.

D. W. Davies and J. M. Hollander, Nucl. Phys, 68, 161
(1965),

YK. P. Gopinathan, A. P. Agnihotry, P. N. Tandon, H. C.
Jain, and S. B. Patel, Nucl. Phys. and Solid State Phys.
(India) 14B, 395 (1972).

SK. S. Krane, C, E. Olsen, and %'. A. Steyert, Phys.
Rev. C 5, 1671 (1972).

9B. R. Mottelson and S. G. Nilsson, K, Dan. Videgsk.
Selsk. Mat. -Fys. Skr. 1, No. 8 (1959); S. G. Nilsson,
K. Dan. Vidensk. Selsk. Mat. -Fys. Medd 29, No. 16
(1955).
N. Edelstein, Phys. Lett. 33A, 233 (1970).

~'M. E. Bunker, private communication.
~2M. E. Bunker and C. %'. Reich. Rev. Mod. Phys. 43,

348 (1971).
~~S. B. Patel, A. P. Agnihotry, K. P. Gopinathan, and
P. ¹ Tandon, Nucl. Phys. and Solid State Phys. (India)

15B, 459 (1973); A. P. Agnihotry, K. P. Gopinathan,
S. B. Patel, and P. N. Tandon, in Proceedings of the
International Conference on Nuclear Physics, Munich,
Germany, 2973, edited by J. de Boer and H. J. Mang
{North-Holland, Amsterdam, 1973), Vol. 1, p. 267, a
numerical exror had crept into the final value in the re-
port, and this has been corrected in the present paper.

'4R. L. Graham and R, E. Bell, Phys. Rev. 83, 222
(1951).

' D. Engelkemeir and L. B. Magnusson, Phys. Rev. 99,
135 (1955),

'6L. C. Biedenharg and M. E. Bose, Rev. Mod. Phys. 25,
729 (1953).

'YC. Gunther and D. R. Parsignault, Nucl. Phys. A104,
588 (1967).

~SC. Gunther and I. Lindgren, in I'erturbed Angular
Correlations, edited by E. Karlsson, E. Matthias, and
K. Siegbahn (North-Holland, Amsterdam, 1964), p. 357.
G. T. Seaborg, The Trans-Uranium Elements (Addison-
Wesley, Reading, Mass. , 1958), p. 130.

20%'. T. Cargall and B. G. Wybourne, J. Chem. Phys. 40,
3428 (1964).
S, A. Altshuler and K. A. Valiev, Zh. Eksp. Teor. Fiz.
35, 947 (1958) [transl, : Soviet Phys. -JETP 8, 661
(1959)j.
R. J. Elliot and K. %'. H. Stevens, Proc. R. Soc. Lpnd.
A218, 553 (1953).

23%'. B.Lewis, J. B. Mann, D. A. Liberman, and D. T.
Cromer, J. Chem. Phys. 53, 809 (1970).

24R. S. Hager and E. C. Seltzer, Nucl. Data A4, 1 (1968).


