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Momentum distribution in heavy deformed nuclei: Role of effective mass
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The impact of nuclear deformation and effective maggm on the momentum distributionéViD) of
occupied proton states fitU is investigated in the self-consistent Skyrme-Hartree-R&HF) scheme with
parameterizations SkT6, SKMSLy6, and SkI3 as well as with the phenomenological Woods-SaW)
shell model. The deformation effect turns out to be significant in the low-momentum dom#&if=af/2*
stategmainly of those lying near the Fermi surfa@nd negligible for other states. The most remarkable result
is that all Skyrme parameterizationsith essentially differentm’/m) and the WS potential give very similar
MD. This means that the value of effective mass, although crucial for single-nucleon spectra, is not important
for the spatial shape of the wave functions and thus for the MD. For the description of MB<&t O
<300 MeV/c, one may use any single-particle scheme fitted properly to the global ground state properties.
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The momentum distribution@D) of nucleons in nuclei  Nilsson basis involving 21 shells. The SHF calculations em-
provide a basic observable carrying important information orploy a coordinate-space grid with cylindrical coordinates
the single-particle structure of nucksiee Ref[1] and refer-  [16]. Although the Skyrme forces SkT6, SKMSLy6, and
ences therein We will consider here two, yet little explored, SkI3 are fitted with a different bias, they all provide a good
aspects of the theoretical description of MD. The first aspec@verall description of nuclear bulk properties and are equally
is the effect of nuclear deformation on MD. The deformationsuitable for heavy deformed nucléor an extensive review
mixes different spherical components in the single-particlesee Ref[17]). For our aims, it is important that these four
wave functions[2] and thus can affect MD. At the same forces cover different values of the effective mass/'m,
time, the single-particle MD extracted frorfe,e’p) and  (see Table)l _ o
other reactions with deformed nuclei are often angular aver- The bareG matrix theory results irm' /m=0.7[18]. The
aged[3], which somewhat smears out the deformation ef-Same value is obtained from empirical data for the levels far
fects. The question is how strong is the remaining effecteyond the Fermi energyE-Eg|=>20 MeV, in Ref. [7].
Investigations[4,5] hint that there are some states in the The effective masses /m<1 are known to stretch the
spectrum for which the deformation effect is essential. Thesingle-particle spectrgr,8], making them dilute as compared
second aspect concerns the self-consistent Skyrme-Hartrelé- the experimental data. After taking into account the corre-
Fock (SHP approacheg6] coming now into the focus of lation effects, the spectra should be more compressed and
MD studies. The Skyrme forces allow for nonunit values ofcome closer to the experimental level density near the Fermi
the effective masan /m, which is known to have a dramatic Surface. Actual Skyrme parameterizations are developed with
effect on single-particle spectfd,8]. But its influence on m'/m as a fitting parameter varied irj a reasonable interval
MD of individual states is still unclear. 0.6<m /m<1. The actual value fom /m depends on the

We will consider here the axially deformed actinide Preferences of observables in the fit. The giant quadrupole
nucleus®®U as test case. The heavier the nucleus, the denségsonance is best fitted witm /m~0.8, the value as in
its single-particle spectrum, and thus the better the conditionSkM . Nuclear surface properties seem to drive to the lower
for the deformation mixing. So, actinides promise to deliver TagLE |. Effective masses¢m’ /m) for Skyrme forces, quadru-

the strongest deformation effe_cts. For exploring the effects Ihole moment£Q,), Fermi energie¢Ex), and energies of the lowest
self-consistent models, we will use four Skyrme parameterte) proton single-particle levels if?°U. Experimental estimations
izations (SKT6 [9], SkM" [10], SLy6 [11], and SKI3[12])  for the quadrupole moment if*%U lie in the intervalQ,=11.1
with essentially different effective masses/m. For reasons  -11.3 b[19,20.

of comparison, we will also check with results from the phe

nomenological Woods-SaxdiVs) potential[13]. Potential m'/m Q (b) Er (MeV) Ey (MeV)
A few words on the calculational schemes: In the WS, the

deformed shape is described by the Cassini ovaloids allow- WS - 11.66 —6.63 —33.69

ing us to parameterize elongati¢aquadrupolg and hexa- SkT6 1.00 11.10 —6.48 —32.75

decapole deformatiofiL3]. The ground state deformation is  Skwm" 0.79 11.11 -6.17 —39.80

found by minimizing the total energy. We use the standard sjys 0.69 11.06 —7.25 —43.12

set of the WS parametef$4] slightly modified for actinides SKkI3 0.58 10.89 ~719 — 4853

[15]. The single-particle wave functions are expanded in the
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0 3pq2 ‘:\\ _______ PP The MD are computed as follows: In cylindrical coordi-
1 3p3p2 o o > ¢ s nates(r,z, ¢), the single-particle wave function of the state
PR S S is
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where the labela=K™[Nn,A] includes the exact quantum
{ 8840 — ____ _-—— numbersK™ (total angular momentum along the axial sym-
104 2dgzp ——-. sz -- metry axis and parityand the asymptotic Nilsson quantum
1hyg ——- %
] 52 ——— D — numbers[Nn,A]. Further,c=+1/2 andm”=K-¢ are the
—_ S o—— T spin and orbital momentum projections, respectively. In mo-
> 1970 ——- T——, mentum spacek,,k,,k,), the density reads
= -15- N ~
w | o2 - . n.(K) = [, ([P = 2 R (kI (2
%p«l/z R —— \:\:—\\ — o=£1
] “Pae P — \ . where (k) is the Fourier-transformed single-particle wave
204 Wsp o \ N -8 function. In the WS potential, the wave functions are ex-
1 1 ol “\ N . T “ panded in the Nilsson basis whose Fourier transformation is
72 K N\ R done analytically(for more details see, e.g., Rg#]). In
] Veemeren AN - SHF, the Fourier transformation is done directly from coor-
25 Y dinate space into momentum space using the basis function
I s N\_____ appropriate for cylindrical coordinates, namely plane waves
N along z direction and Bessel functiong,(k;r) in radial
. direction(see Ref[21] for more details
-30- ws SkT6 SkM* SLy6 Ski3 As is usually done irfe,e’p) calculations, we average Eq.

(2) over the nuclear symmetry axis direction:

FIG. 1. WS and SHF proton single-particle spectr@¥fu at 1 ("
zero deformation(spherical limiy. The levels of the positive and n,(k) = —J dé sin 6n,(k;,k,), (3)
negative parity are depicted by solid and dotted lines, respectively. 2Jo
As a guide for the eyes, identical levels are connected by dashed . . .
Iines.gThe chemical };otentials are indicated by dotted Iir)(es withWhere ki=ksin § and kZ.:kCOSH. Of course, this averaging
Crosses. smooths the deformation effect. However, we consider the
averaged MIO3) since this value is often used in the analysis
values found in SLy6 and Ski3. A bias on nuclear energie®f the knock-out reactions. And it is important to understand
complies well withm'/m=~1. WS, Nilsson, and other phe- how strong deformation effects remain in MD after the av-
nomenological potentials employ a “trivial” kinetic energy, eraging by all the orientations.
i.e.,m /m=1. Thus they should in general give spectra close It is also worth noting that in general single-particle mod-
to the Skyrme ones witm"/m~ 1. els are not well suited to describe MD because of the impor-
Basic ground state properties for the different models aréant contributions from short- and long-range correlations
shown in Table I. The WS potential and all SHF parameter{1]. However, these perturbing effects take place mainly in
izations give a reasonable quadrupole moment and Ferntile high-momentum domain  with k>ke~ 1.3 fm?
energy for’*%U. At the same time, they yield different spec- =260 MeV/c while we will focus on MD at lowk, where
tral stretching(defined as the differencé-—Ey|, between the single-particle models are still appropriate.
the Fermi energy and the energy of the lowest single-particle Figure 2 compares the MD from SKMalculated at the
level). The stretching ranges from 26 to 41 MeV and growsequilibrium shape and in the spherical limit for a representa-
with decreasing the effective mass. SkT6 withi/m=1 tive set of occupied proton states. Both deeply and slightly
gives an average spectral density close to the WS one.  bound states are involved. The deep hole states include
The dependence of the proton spectra on rifiém is  1/27[330] and 1/2[301] (with the single-particle energies
illustrated in Fig. 1. For a more transparent analysis, the-26.5 and—17.2 MeV, respectively The other six states lie
levels are presented in the spherical limit. This avoids thaewear the Fermi energy. As is discussed below, they are ex-
complexity caused by the deformation splitting and thus conpected to deliver the most pronounced deformation effects
centrates on the essential trends. The figure clearly shows tlaad thus we pay them more attention. In the spherical limit,
stretching of the single-particle spectra with decreasinghe number of maxima in the MD profile for the statk is
m’/m. While the Fermi energies remain basically at the simi-equal to the number of radial nodasHence, the deforma-
lar position, the hole levels steadily dive deeper from SkTétion effects can be easily spotted by looking at an increasing
with m'/m=1.00 to SkI3 withm'/m=0.58. In agreement number of the maxima and/or an essential redistribution of
with Ref. [7], the main stretching effect takes place for thethe strength between the maxima. We present here thé SkM
spectra far from the Fermi energy. The spectra near the Fermésults though, as is discussed below, other Skyrme param-
energy also show changes but not so strong and regular. eterization might be used as well.
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' \ i i i eeply bound states, even if they are influenced by the de-
10 7 deeply bound stat f th fl d by the d
0 Lt 0 . formation, the momentum distributions should be consider-
0 100 200 300 400 O 100 200 300 400 ably smeared by correlations, thus hiding, to a large extent,
k (MeV the deformation mixing. The only chance for deeply bound
(MeV/c) states to exhibit in experiment the deformation effects is of-

fered by theK™=1/2" states, where the deformation-induced
=0 strength is strictly localized &=0 and so can in prin-
ciple be distinguished from thle 0 patterng5].

Figure 3 compares MD for WS and four different Skyrme
forces (SkT6, SkM, SLy6, and SkI3 We see rather good

Figure 2 shows some general deformation effe@jsThe  agreement between WS and SHF distributions. The modest
lower theK quantum number, the stronger the deformationdifferences mainly take place at low where deformation
effect, see e.g., th&=1/2 states 1/2330] and 1/2[530].  effects are most strong. This result somewhat deviates from
This follows from the fact that spherical configurations with that in Ref.[5] where the deformation effects in the WS
low K have in general a denser spectrum than those witlpotential were overestimated because of the insufficiently ac-
high K, which favors the mixing lowk states due to the curate treating of the WS wave functions in the momentum
deformation. The exception®.g., 1/2[301]) mainly con-  space. It is worth noting that the calculatio@§ for Ne and
cern deeply bound states whose mixing is often suppressedd also display rather modest differences between phenom-
due to a rather dilute spectruii) The levels near the Fermi €nological(Nilsson and Skyrme(Siil) MD.
energy are more affected by the deformation because they The most striking result displayed in Fig. 3 is that, in spite
reside in a region of higher spectral densiti) The defor-  Of the very different effective masses, all the Skyrme param-
mation usually results in a shift of the MD strength to lower eterizations give very similar MD. The deviations are about
momenta. Note that the normalization condition invisible at high momenta for all the states and at all mo-
fn,(K)k? dk=1 carries a weigh? and so even a small modi- menta for the states with high. Even for deep hole states
fication of MD at highk may cause considerable changes atl/2[301] and 1/2[330], the MD are about the same. The
low k. As a result, the lovk domain is most sensitive to State 1/2[530] with the maximal deformation effeasee
deformation(see also the discussion #&=1/2" states in Fig. 2 also demonstrates rather small deviations. The only
Ref. [5]). strong difference takes place at Idwin 1/2*[660]. How-

Altogether, one may conclude that in heavy nuclei khe ever, this case is very specific and reflects the considerable
=1/2 states in the vicinity of the Fermi energy are mostmixing of 1/27660] and 1/2[400]. Just because of the
promising for displaying the deformation effect in MD. In 1/2[400] admixture with its dominants§,, component, the

FIG. 2. Momentum distributions for occupied proton states in
239y calculated with SkM in the spherical limitsolid line) and at
the equilibrium deformation@ashed ling The spherical ancestors
are indicated for every state.
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state 1/2[660] acquires a jump atk=0. The mixing particle states, which in turn, fixes the position of nodes and
1/2*(660] and 1/2[400] levels is caused by their maxima in the momentum space distribution. Finally, we
pseudocrossing at the equilibrium deformation. The statemay conclude that any single-particle potengjaienomeno-
exhibiting the pseudocrossing are usually very sensitive tdogical or self-consisteptthat reproduces the basic ground
details of the single-particle scheme and in this sense thetate properties should accurately describe momentum distri-
state 1/2[660] is an exception from the general picture. So, putions of individual states in the momentum domais 10
we may conclude that value of the effective mass, being<300 MeV/c (with exception of the level pseudocrossing
crucial for the description of the spectra, turns out to becasey
irrelevant for the momentum distributions. . In summary, we have studied the effect of deformation
The remarkable insensitivity of MD to the effective massanq effective mass in the averaged momentum distributions
means that single-particle wave functions are much less segf heavy deformed nuclei. The main deformation effects
sitive to m'/m than the single-particle spectra. Moreover, were found in the low-momentum domainkf=1/2" states
together with the similarity of MD from different potentials near the Fermi surface. The effective mass is found to have
(Nilsson, WS, SHF; this result signifies a general robustnesspractically no influence on the MD although it modifies
of MD at low k. This may be understood when realizing that srongly the single-nucleon spectra. Results from all Skyrme
MD at low k are determined by the structure of the waveforces turn out to be similar to those from a Woods-Saxon
functions that are mainly specified by the orbital moment angynodel. It seems that, for the description of MD at lewand
number of nodes of the dominant components. All the relthe subsequent inputs for knock-out reactjprsie can use
evant single-particle potentials evidently keep this structurgyny well fitted Skyrme or phenomenological potentials. This
in the spherical limit. In deformed nuclei, the different mod- simplifies the analysis of knock-out reactions.
els should reproduce the nuclear quadrupole moment and
then their eigenfunctions should have a similar composition We thank Professor A.N. Antonov and Professor S.
of angular momentum components, thus giving similar MD.Frauendorf for fruitful discussions. This work was supported
It is essential that all the reasonable models are fitted tby FAPESP Grant No. 2001/06082-1, Germany-BLTP JINR
overall extensions of the system. Adjusting the spatial exten¢Heisenberg-Landguand Bundesministerium fir Bildung
sions seems to determine at once the extensions of all singlend ForschungBMBF), Project No. 06 ER 808.
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