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Abstract: Statistical spectrum extracted from the 172yb(a,2n)174Hf reaction was fit with
Monte Caxlo simulations using a modified GDR El strength function knd several
formulations of the level density.

I, Introduction

After formation in a fusion-evaporation reaction, the compound nucleus decays by a
combination of thre_etypes of gamma-transitions:l (i) statistical transitions, which remove
excitation energy over the yrast Line, but not much spin; (ii) quasi,continuum, collective,
stretched, dipole md quadrupole transitions, which remove angular momentum, but not
much energy; md (irl) discrete transitions, deexciting _o_m, near-yrast levels, The qursi-
continuum% quadrupole transitions go down collective bands that are approximately parallel
to the yrast line, md form a bump on the continuum spectrum at 'F_h, - 1 MeV in mm-earth
nuclei formed at high spin, as in (heavy-ion,xn) reactions. The statistical spec'u'um
on the average ga.mn_-transifion strength and the level density, and we hope to.exn'ac_ dam
on these quantities. An accurat_ determination of the statisticalspectrumksalso _t to
studies of the E2 quasi-continuum spectrum, for the accurate removal of the staustical
background.

II. Experiment

In order to isolate the statistical SlX_tru,m, it is necessary to populate the target nucleuswith low an83Alarmomentum, minimizing the yield of quasi-continuum quadrupoles. The
172Yb(ot,2n)I74Ht reaction was used with a beam of 28 MeV cs particles from _e Notr_
Dame Tas_dem Van de Graaff accelera_. Reaction Trays were record_ using tl_ University

of Pittsburgh Gamma A_y, w_ch consists of 6 Compton su.ppre_rw.dGe detectors _ 14
BGO scintillators. The Ge detectors wvr_ in-plane: two at .'_)", two at 150 'a, one a_ 90_ and
one. at 105° relative to the beam direction. Thirty million y-y coincidence events w_te

recorded up to E,_ = 5 MeV. In addition, response functions of the Ge detectors were
measured using 14 radioactive gamma sources with energies ranging from 0.122 to
2.75.4 MeV. The total projecl_d gamma-coincidence spectrum (Fig. I), shows _ smo_tl'dy
decreasingexponential,withno broadsm_cturca,t I MEV, whichisexpectedina fusion
reactionwithheavyi,ons.

III. Extraction of fltatis,tical Spectrum

"--,, Ia_ord._to extractthecontinuumspectrumfrom..thedata,th¢:o.llowingin_i+urewas
used.Foreachdetector',s.pecwaweregatedon the4+-o2+,6+.-+4,and the8+-o6 linesin

- order to select orfly 174i..yd transitions. The trees from the (n,n y) reatctions w(_r_ then fitted
_d subtractedout.The backgroundfrom Compton-_at_vr¢_dy rayswas rerz_vedby the

-_ unfoldin_ procedtu'e z of Radford, ez al. Afmr their Complton Sl:_la_ were r_movea:l, the
discreteli_,es w'vre fittedand submacu_dfromtheunfold_l _am. The remainingspe¢1_

_, forthes,Lxdete,_ werecorrectedtorthercladvecfficier_ciesoffl_individualde_ asa

i functionofF_.The intensityasa functionofanglewas ass.urt'w.dtofollow a Lengendre
:_ polynomial.,WiththecoefficientofP4(cos0),A4 = 0.The AO aridA2 coefficientscanthen
---- . _ . _ ,,_mm_
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Fig. 1 Total projected spectrum. Fig.2. Spectnun of stati_¢,al transition_ compar_' tosingleu-ansitionprediction(solidline)

be determined from the spectra at two angles. Figure 2 displays the isotropic portion of the
continuum spectrum, normalized to the 2+--g)+ total intensity.

cascadeis entered and exited, it is ftrst assumext mat au ¢ascaoes go m_us__ +,_y-- ..
transition, st) that the total number of cascades, No, is given by the 2+--)0 mtenstw,

rrected for conversion The average multiplicity, _<m_, fcc each transition ts de_co " ' • ted intensi is use_ ann tor me...... N For discrete lines, the fit tyb dlwdmg its mtenslty by c.Y .......... "- -,-....... )-in Is used.The energypcr cascaderemoved
statistica.ts,_e numl3_ oicoumsinu_ _,_isj_,
by a transition is given by E_mx>, where Ev is the fitted peak energy for discrete
wansitions, and the average energy of a bin for'the stafisticals. The angular momentum
removed is AIT<m7>: AI._is known for most of the discrete transitions, and is ass_ to

- be0.5h forthestansucalwansitions.TableI givesthecalculatedtotalvalues.

IV. Calculation of the Statistical Spectrum

__ The spectraldistribution,v(_), ofprimaryy raysisproportionaltotheaverage
gamma-transitionprobabilityand theleveldensity.Ifthestatisticalgammas were only

: electricdipoleinnature_,then

3 fe1(Ev)_p(Ei. Ey,If)Ip(Ei,10 (I)v(r )=E.f
If

'onal to the average B(E1)value, p is the level d.c.nsity, i is the initial
wheretelisproPont ' ' eneralthe n'aldistributionwould berateandI isthesm. In g , spec_ . .state, f is the final s , . . _ ' "" of elccmc and unagneuc

: composedofasum ofcontnbuuonsofdifferentmulnpolariue_sboth
. rsun licit,inthepresentstudy itwas assume,that the stadsl:ic_lca_ade .!stransitions.Fo " p Y .... n est in sin aructe

cmc di le transmons only, since these are mc stro g gte pcomposedof ele " "po

=- T_le 1. Multiplicities of transltions,_andenorgYand angular momentum removed.__
....... discre__ stati.qical uxal .... _._..

J L,. ' .....

= 4.202 ::t:0.475 4.262 ± 0.018 8.464± 0.493_ __-- - ,,,,

- 1.680 ± 0.131 6.565 ± 0.121 8.245¢ 0.252

Ix [_l ....-6-_705± 0.853 2.146:1:0.009 8.85I:I:0.862 _-- mma..------.L---- ' '
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estimates. We take fEl to be dominated by the giant E1 resonance, and that it exhausts the E1
sum rule4,-s,so that

= +0.8,,> (r:,:lI
k J

whom x=0.5isthefraction6ofexchangefoxesinthenuclearforce.Theenergyandwidth
oftheGDR areestimatedbyEG --80A"I/3MeV, whichcorrespondtoEo --14.6MeV for
174Hf,andI"o--,5 MeV, respectively.Thisexpressionmatchesthemeasuredstrength
function from the photoabsorption spectrum, but overestimates the strength at low energies7
('F_q,< 5 MeV) by about 30%.

Kadmenskii, Marloashev,and FurmanS (KMF) address this by including quasiparticle
fragmentation in a microscopic calculation of the strength function. The result is to multiply
fE_at low E.,_by a factor

= 0.7(E2_,+ 2UtC3g(er:))/E.¢EG (3)0

where Uf is the energy of the final state of the transition and the density of shagloparticle
states at the Fermi energy is g(eF). Since eq.3 fits the measured strength functions, the KMF
formulation of the E1 strength function is adopted for this work.

The other major component in eXl.l is the level density. The effect of pairing on the
level density is to reduce the number of states below the pairing gap to rza'o, but this effect
decreases as a function of spin. This was simulated with a level density yrast line (LDYL),
which was determined by fitting E_,n. = Eo + (fi2/2j} I(I+1) to the first levels lying above
the _ound state and beta-vibrational band for each spin, where I is an effective moment of
inertia for the LDYL. The intrinsic excitation energy U is measured relative to the LDYL:
U = Eex '.Et_. The spin dependence of the level density is taken to be 9

p(F-.ex,D= (2I+l)(t_2/2j)3np(U,0) (4)

Three level density formulas have been used: the Constant Temperature formula (CT),
the Fermi-gw model formula 9 (FG), and the Grossjean a.adFeldmeier Fea-mi-gasformula t0
(GFFG):

CT : p(U) = Irl'exp(U/T) (5)

cx  aU) (6)
FG ' p(U)= (q-'a/2,4)(E+(3n)T)2

T='_U/a+ 9/16a + (3/4)a

e_+a_a_ I - exp(-aT) (7)
GFFG • p(U) = 8(u)+- q_U q I. (Ut_T)exp(-aT)

U ---aT2/(l - exp(-aT))

The level density paran_ter a = _2g(_D/6,and the nuclear texture T =U_'.

TheCT formulaarisesfroma_suminga nucleartemperature,andusingtheFermi-
distributionforasimplecalculationoftheleveldensitybasedonthedensityofsingle-particle
states near the Fermi energy,

The FG formula arises from a detailed statistical mechamcalcaicul_don, in which it is
assumedthat thedensityof singleparticlestates is asmoothfunction.
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The GFFG tormula is calculated following the same procezture as the FG formula,
except that the ground state is taken into account with a delta function, thus ttr,ing the
divergence at low energy arising from the denominator in the standard Fermi-gas formula.

The statistical cascade, from an entry distribution in phase space, to within 1 MeV of
the yrast line was modeled iri a Monte Carlo simulation 11, using eq. 1 with the KMF
strength function and the three level density expressions. The probability of decay by a given

tral_sition is given by v(F.5,),and the cascades typically proceed through several transitions.The,average entry point of the cascade was fixed at the value calculated from the experimental
data. When using the CT level density, T was varied, and when using the two FG formulas,
a w_svaried.Theresulting_ werenomaUze_tothenumberofcascades.

In Fig.2, the experime.n_ spectrum has been fit with the.expression. A_"3 exp(-E_),
where A is an amplitude, and T is analogous to temperature m eq. 5. This eor'responds to a
cascade consisting of a single 1'ray, with a constant temperature level density, no change in
spin, lind a constant f_l as a function of energy. This and related expressionst, t2,33have
typica_Llybeen used to fit the continuum _u'um above 2.5 MeV, to then subtract the fit as
the background to the quasi-continuum specmxm.In Fig.2, for an a-induced reaction, this fit

'" is only good aoove 1.5 MeV, whereas for rare-earth nuclei fomaed at high spin, the quasi-

I. continuum bump typically is centered around 1 MeV. Therefore, this expression is not
adequate to determine the background of the quasi-continuum.

i Figure 3 shows the results of the Monte Carlo simulations. These simulations consistof cascades of several statistical transitions, with realistic expressions for the level density

[ I I '"]
.q Ptm.. T=0.67 M,¢V T--0.8 MeV i

II

] a = 18 / MeV a = 22/ MeV a = 26/ MeV

fordifferentexpressionsforthelevel¢knsity:(a)CTformula,(b)_ [ormma,tc7ut.t-t_xormeaa
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and the E I su'ength function. Ali three expressions for the level density arc able to produce a
good fit of the data down to I MeV, with the GFFG formula giving the best fit, although
comparable to the CT formula. In particular, we note that for the GFFG form_da, the level
density parameter, a = 22/'MEV, is consistent with both a diffuse Fermi-gas formula
estimate, t4 a = (AJ14,61) (I + 4 A -t/3) = 20.44 / MeV, and a = AJ8 = 21.75 / MeV,
determined from a fit of neutron resonance densities across a wide range of nuclear mass. t5
Similarly, if we take a = 21 / MeV and U = aT 2 for the constant temperature formula, for an
intrinsic excitation of 9 MeV, T = 0.65 MeV.

V. Summary and Conclusions

The spectrum of statistical gamma transitions was measured in the 172yb(a,2n)174Hf
reaction. This spectrum was fit to a simple formula corresponding to a single transition in the
statistical cascade, and to Monte Carlo simulations with multiple transitions in the cascade,
using realistic expressions for the average gamma-transition probability, but considering only
E 1 transitions.

The data could not be fit with the single-transition model below Ew= 1.5 MeV. With
the Monte Carlo simulations it is possible to fit the data down to F.,.l = 1 MeV. The GFFG
formula gives the best fit, with level density parameter close to that expected, but the CT
formula gives a comparable fit.

The yield of statisticals is underestimated by the realistic models at low energy.
However, M1 and E2 transitions are expected to become more important as the cascade
approaches the vicinity of the yrast line, and the statistical nature of the transitions eventually
gives way to domination by nuclear structure effects.

In the study of quasi.<:ontinuum transitions, the use of the expression A F_ exp(-_

is _t recommended, because it can only reprc_ce the observed statistical specd'um .dowh._
EV. 1.5 MeV. An improved determination of the statistical backgrotmd can be obtained y
using a Monte Carlo simulation of a multiple transition cascade, using etl. 1 to dem'miae the

, transition probabilities, with a Constant Temperature level density and the K.MF ga.mms-
strength function. To determine the temperature, the data can be,fit above Ev > 2.5 MeV.
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