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Summary. — Absolute cross-sections and isomerie cross-section ratios were
measured for the following reactions in which the ®¥Zn and %°Zn™, "Zn
and 7tZn™ isomeric pairs are produced: #*Ga(n, p), "*Ga(n, p), "?Ge(n, «) and
“Ge(n, o). These experimental values are interpreted in terms of the spin
dependence of the nuelear level density. Isomeric ratios were compared
with calculations based on different nuclear models. Calculations with
a shifted Fermi gas model require a moment of inertia smaller than
the rigid body; in general a reasonable fit is obtained with independent-
pairing and superconductor models,

1, - Introduetion.

During the last few years, the experimental and theoretical aspects of nu-
clear reactions in which isomers are produced became of considerable interest.
In fact, information about the spin dependence of the nuclear level density
and the nuclear moment of inertia can be obtained from isomeric cross-section
ratios.

HrizeNgA and VANDENBOSCH (1) have gshown that, in compound nuclear
reactions, the relative cross-section for the formation of a residual nucleus in
its ground state and an isomeric state may be used to deduce information about
the distribution of angular momentum of the excited states.

In this work, absolute cross-sections and isomeric ratios o,/o, {where o,
and o, are the cross-sections for the production of the high-spin and low-spin

(1) J. R. Huizenga and R. VANDENBOSCH: Phys. Rev., 120, 1305 (1960); R. Van-
pENBoscH and J. R. Huizexca: Phys. Rev., 120, 1313 (1960).
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isomers of the residual nucleus), for the isomeric pairs %Zn and *Zn™, "*Zn
and 7Zn™ were determined from the reactions *Ga(n, p), "Ga(n, p), *Ge(n, «)
and "*Ge(n, «) respectively.

Previous results of cross-section ratios for these isomeric pairs from the
reactions (n, p) and (n, ) were reported by LEVKOVSKD (2).

More recently a determination for “Ga(n, p) and "?Ge(n, ) reactions was
made by KoLAR, STROHAL and CINDRO (). Unfortunately, their work seems
to be based on the interpretation of unreliable experimental results. Indeed
the 3.9 h Zn™, was masked by the other isomers, though certainly present
in the decay of chemically separated zinc.

More recently Woop, Cook, GoonGAME and FINK (%) have reported a care-
ful determination of the cross-section for the metastable states only in %Zn™
and Zn™ obtained from Ge(n, o) reactions.

In the present paper, we report some new experimental results. These
results have been compared with previous results and with theoretical pre-
dictions from various nuclear models.

2. — Experimental procedure.

Samples of the target materials either in the form of the elements Ga
and Ge or simple compounds Ga,0; and Ga(NO,); were irradiated with
(14.5 - 0.2) MeV neutrons. The spread in the neutron energy at the target is
actually 4 0.15 MeV for about 709, of the neutrons.

The incident neutron flux is determined by mouitoring the outgoing
a-particles with a solid-state detector placed at 90° with respect to the deuteron
beam.

Metal foils were used as targets whenever possible. If foils were unavailable
uniform layers in powdered form were used. The target thicknesses were gen-
erally of the order of (100-+200) mg/cm?.

After irradiation, each target underwent chemical separation to remove
undesirable activities.

The gallium targets were dissolved in hot HCI solution containing standard-
ized Zn carrier; Ga(OH); was. extracted by adding NH, and then filtering.
The solution containing %Zn and ®Zn™, *'Zn and “*Zn and *Cu was examined

(2) V. N. Leveovskir: Zurn. Eksp. Teor. Fiz., 31, 360 (1956); Sov. Phys. JETP,
4, 291 (1957); Zurn. Eksp. Teor. Fiz., 38, 15620 (1957); Sov. Phys. JETP, 6, 1174 (1958).

(3) Z. KoLaR, P. 8troHAL and N. CINDRO: Journ. Inorg. Nucl. Chem., 27, 2471
(1965).

(*) R. E. Woop, W. 8. Cook, J. R. GoonpGAME and R. W, FINK: Phys. Rev., 154,
1108 (1967).
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with a liquid Geiger counter. In a second set of experiments ZnS was precipi-
tated by adding thioacetamide and filtering onto a filter paper disk and then ex-
amined by means of an end-window counter (= 1.2 mg/em?).

In a set of experiments performed to measure the 2.456 min "'Zn activity,
the Ga(NQ,;), target was dissolved in hot 5 M NaOH basic solution to which
Zn and KCN carriers had been added. The CN ions have been added to com-
plex Cu; ZnS was precipitated with H,S onto a Biichner and abundantly
washed.

The germanium oxide targets were dissolved in hot aqua regia to which
Zn and Ga were previously added. By adding NH;, gallium was precipitated
from basic solution as Ga(OH),. After precipitation, thioacetamide was added,
and, since GeCl is volatile, a final precipitate of white ZnS was obtained. In
another set of gallium irradiations, the 13.8 h metastable state ®Zn™ cross-
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Fig. 1. — Decay scheme for "Zn and ™Zn™.

section was determined by absolute B3-counting, without previous chemical
separation. The metastable-state activity was used to obtain the %Zn and
1Zn™ cross-sections.

A 7.6 emx7.6 cm NaI(Tl) erystal scintillator coupled with a 512-channel
pulse-height analyser was used for gamma counting.
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The photopeak efficiencies used in the calculation of the absolute disinte-
gration rates were from ref. (*). Samples were counted in a shielded box to
reduce background radiation.

Decay curves were analysed by least-squares methods; corrections for self-
absorption (%) were made.

The various measurements were compared to the measurements on the
*Al(n, «)?*Na reaction whose cross-section value is (114 4 6) mb.

The half-lives and level schemes were from Nuclear Data Sheets (7).
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Fig. 2. — Decay curve of Zn measured by B-counting. The components are assigned to

be due to 13.8 h $*Zn™, 3.9 h "1Zn™ and 55 min %°Zn. There is evidence of the 5.2 min %Cu

component.

From the *°Zn and ®Zn” decay scheme, the 13.9 h #Zn™ is observed to decay
exclusively by isomeric transition to the 55 min f7-emitting %Zn ground state,
therefore the entire decay sequence can be followed by observing the B -decay
with the B counter.

The conversion electrons from the 13.9 h isomeric transition (o = 0.06,
ref. (%)) were detected by the end-window Geiger counter. In the computations,

(*) C. E. CrouTHAMEL: Applied v-Ray Spectrometry (London, 1960).
(8) C. OLpano and A. PASQUARELLI: Nucl. Instr., 36, 192 (1965).

(" K. Way, et al.: Nuclear Data Sheets (National Academy of Seciences, National
Research Counecil, 1963).

(®) . DeEmicueLis and C. OrpanNo: Nuove Cimento, 51 B, 341 (1967).



ISOMERIC CROSS-SECTION RATIOS FOR REACTIONS PRODUCING ETC. 181

we have assumed that the Geiger counter has the same efficiency for the con-
version electrons as for B-rays having the same average energy ().

The decay scheme of 7'Zn and *Zn™ is shown in Fig. 1.

Fignre 2 shows the $-decay curve of the ¢Zn and "'Zn isomeric pair. The

curve was analysed by a least-squares method assuming half-lives of 13.9h,
3.9 h and 55 min, respectively.
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Fig. 3. - Gamma-ray spectrum from a zinc simple. The curves correspond to the spectra

observed 2.5 h and 7.7h after the end of the irradiation. The 0.44 MeV gamma-ray

is assigned to be due to 13.8h *Zn™, the other gamma.rays are assigned to be due
to 3.8h "Zn™.

The gamma-ray pulse-height spectrum for a typical sample is shown in

Fig. 8. The intensity of the photopeaks was observed several different times
after irradiation for each sample.

{®) B. P. Bayaurst and R. J. PRESTwoOD: Nucleonics, 17, 82 (1959),



182 F. DEMICHELIS, M. GUIDETTI, E, MIRALDI and C. OLDANO

3. — Results.

The experimental results are reported in Table I. The absolute cross-sec-
tions are accurate to about 159%,; the errors for the isomeric ratios are less
than 209.

TasLE I. — Experimental isomeric cross-section.
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Our absolute ecross-section for %Zn™ does not agree with the value of
(42 & 3) mb at 15 MeV reported by BorMANN (*°). This discrepancy may be
accounted for by the presence of 14.22 h "*Ga from the "'Ga(n, v)"Ga reaction
in Bormann’s work.

The present Zn ratio from the (n, p) reaction is in disagreement with that of
Levkovskii. Since this author reported only the ratio and not the individual
isomeric crosg-sections, the reason for the disagreement is not easily found. The
present ®Zn ratio from the (n, «) reaction is consistent with those reported by
KoLAR ¢t al. and by LEVEOVSKIT.

Moreover, the "'Zn» ©“Zn™ ratio from Ge(n, «) is in good agreemgent with
Wood’s results.

Finally we report only a maximum value of the Zn cross-section from the

(1) M. BorMaNN: Zeits. Phys., 166, 477 (1962).
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(n, p) reaction and consequently only a minimum value for the isomeric ratio.
The present ratio, however, is in disagreement with the experimenta] value of
Levkovskii.

4, - Statistical model calculations.

In the present experiments we have used the method of Huizenga and
Vandenbosch to analyse the two isomeric pairs. We shall describe calculations
based on the predictions of various theoretical models. These models and
their application to isomeric ratio calculations have been thoroughly discussed
previously (*1012),

The form for the nuclear level density expression used in the present work is

M) ol7) = 0(0)(2T + l)exp[:f%j 1’] :

where g(J) is the density of levels of spin J. The density of levels of spin zero,
0(0), contains most of the excitation energy dependence of the nuclear level
density. The spin cut-off parameter ¢ characterizes the angular momentum
distribution of levels and is defined by

(2) ot = gt{m*;,

wheve ¢ is the thermodynamic temperature, g the single-particle level density
and {m?%> the mean-squnare value of the magnetic quantum number of individ-
ual nucleons (13). The parameter g can be expressed in terms of the Ilevel
density parameter a by

{3 a=ing®.
For a simple Fermi gas (1)

4) 6% = ot =

{(*t) T. EricsoN: Nuel. Phys., 6, 62 (1958); D. W. Lanc and K. J. LE COUTEUR:
Nucl. Phys., 14, 21 (1959).

(12} A. Bour, B. R. MorrELSON and D. Pines: Phys. Rev., 110, 936 (1958); D. W,
LaxNG: Nucl. Phys., 42, 353 (1963); H. K. Vonach, R. VaANpENBOScH and J. R. Hul-
2ENGA: Nucl. Phys., 60, 70 (1964); R. VANDENBOSCH, L. HaskiN and J. C. NOBMAN:
Phys. Rev., 187, B 1134 (1965).

(%) T. D. NEwroN: Can. Journ. Phys., 34, 804 (1956); T. Ericson: Adv. Phys.,
9, 425 (1960).
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The quantity c#? can be interpreted as a moment of inertia. It is sometimes
convenient to compare .# with the rigid-body moment of inertia 4 given by

(5) S =tMR*A,

where M is a nucleon mass, A the mass number and R the nuclear radius.
A value of the radius parameter of r,— 1.2 fm was taken in the present
caleulations. The relationship between the nuclear temperature 7' and the
excitation energy U is approximatively given by

(6) U=al?—A4T .

Caleulations of the expected isomeric cross-section ratios have been carried
out using the formalism described previously ().

The first step of calculation is the determination of the angular momentum
distribution of the compound nucleus produced in the reaction

I4s Jo+8 2J+1
Lrd JO E - ﬁZ S "T E
@ oo By =l 3 2 e )

where J, is the angular momentum of the compound nucleus formed by cap-
turing the incoming projectile of energy E and spin s by the target nucleus of
spin I.

The transmission coefficients for the incoming neutrons were calculated
using the usual formulae.

The next step is the caleulation of the angular-momentum distribution in
the residual nucleus following particle emission. The probability that the ini-
tial compound nucleus of spin J, will become a residual nueleus of spin J, by
emission of a particle is given by

Jpts’ T8 ,

(8) P(J,),, < e(Jy) Z 2 TuE),

sefast] <1731
where s’ is the intrinsic spin of the emitted particle, T,(B) is the transmission

coefficient for an alpha-particle or proton with angular momentum ¥ and
energy F, and

(9) o(J) < (2J,+ 1) exp[— (J, + 3)*/20°] .

It has been assumed that the particles carry off an average energy; the
Coulomb barrier energy is a reasonable approximation for the average energy
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of the emitted charged particles. The calculations of Feshbach et al. (**) have
been used for the charged particles.
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Fig. 4. — Distribution of angular momentum at several stages of the calculation for

the $%Gra(n. p) ®9Zn-%%Zn™ reaction using the spin cut-off parameter ¢ = 2. «) the cross-

section of the compound nucleus, 5) the distribution following the emission of the proton
and ¢) the distribution obtained after the emission of one dipole gamma-ray.

(**) H. FesaBACH, M. M. SHAPIRO and V. F. WEISSKOPF: Atomic Energy Commission
Report NYO0-3077 (1953) unpublished.
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The spin distribution in the residual nueclei following particle emission when
only a single-particle type of average energy need be considered in order to
determine the distribution leading to the isomeric ratio is

(10) P(Jy) = 3 PI)P 1), »

where P(J.) = o(J,, K) z (J., E) is the probability of spin J, in the total

spin distribution of the compound nuclei.

After the last particle is emitted, the final stage of de-excitation takes place
by emission of one y-ray or a cascade of gammma-rays. The number » and energy
spectrum of the gamma-rays emitted have been discussed in previous works ().
Gamma-ray cascade cut-off energy limits of 1 and 2 MeV were used. Isomeric
ratios were calculated from the distributions just preceding the final gamma
emission.

The calculations of isomeric ratios discussed in this report were carried out
with an IBM 7040 using a program written by HAFNER, HUIZENGA and VAN-
DENBOSCH ('*). Figure 4 shows the distribution in angular momentum at sev-
eral stages of caleulations for the **Ga(n, p)*Zn reaction using the spin cut-off
parameter o= 2.

TasrLe 11. - Calculated isomeric ratios.

Gmiag
Reaction o |
1 p=90 : p=1 y=2 »=23 y=4
|
|
89Gra(n, p)s®Zn. 2 1.375 | 1.052 0.835 0.688 0.582
3 2.498 2.332 2.191 2.071 1.972
"Gain, p)'Zn 1 0.138 0.0358 0.013 0.0080 0.0069
2 1.434 1.092 0.862 G.706 0.600
3 2.551 2.377 2.229 | 2.104 1.999
2Ge(n, o)%Zn 2 0.744 0.627 0.546 0.491 } 0.452
3 1.851 | 1.793 1.762 1.699 1.662
"Ge(n, o)Zn 1 0.038 0.013 0.0081 0.0068 0.0066
2 0.748 0.630 0.549 0.492 0.453
3 1.866 1.804 1.753 1.708 1.669
I

(*) W. L. HaFnNER jr., J. R. Huizenca and R. VANDENBOSCH: Argonne National
Laboratory, Report ANL 6662, unpublished.
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Curve a) shows the distribution in angular momentum of the compound
nucleus prior to the proton emission, curve b) the distribution following the
proton emission and curve ¢) the distribution obtained after the emission of
one dipole gamma-ray. The final population is then determined by dividing
this distribution at J= $(I,.+ I,) =%, where I,, and I, are the angular mo-
menta of the metastable and ground state, respectively.

States with J>$% are assumed to populate the higher-spin isomer
(I.=%) and states with J < § to populate the lower-spin isomer (I,=1).
Half-states with J==% are presumed to decay to each isomer.

The isomeric ratios calculated in this way are reported in Table II. They
may be compared with the available experimental isomeric ratios reported in
Table I.

The best agreement with experiments was obtained by setting o= 2 and
y=1 for the %Ga(n, p)®*Zn-*Zn™ reaction and ¢=~2.5 for the "2Ge(n, a)-
-%97n-%Zn™ reaction.

Analyses of isomeric cross-gsection ratios for the reactions in which the iso-
meric pair “Zn and "Zn™ is formed indicated a value for ¢ of approximately
1.5, according to the data of Levkovskii; a value for ¢ of approximately 3 is
obtained taking into account the present result for the Ga(n, p) reaction.

5. — Diseussion.

The calculated isomeric ratios for the shifted Fermi gas ('¢), the inde-
pendent-pairing (*') and the superconductor (*2) models for various values of
the level density parameter a are compared with the experimental data. By
making appropriate parameter choices, it is possible to obtain agreement with
the experimental results. In the present calculations, a was treated as adjustable
parameter.

Pairing energies 26 = 3.16 for *Zn and 20 = 3.04 for "'Zn have been taken
from the work of NEMIROVSKY and ADAMCHUK (V7).

5'1l. Isomeric yields from the ¢°Ga(n, p)s*Zn®-Zn™ reaction. — The calculated
isomeric ratios for the shifted Fermi gas, independent pairing and super-
conductor models for the value of a=%4,a=%4 and a=4%A are com-
pared with experimental data.

The level density parameter value needed in the Fermi gas model to fit

(1) K. J. LE CouTtevr and D. W. LaxNG: Nucl. Phys., 18, 32 (1959).
(*) P. E. NeMirovskY and YUu. V. ApavMcBUK: Nucl. Phys., 89, 551 (1962).
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experimental data is too large for the Fermi gas. If one assumes a value of
the level density parameter a =44, which is the more accepted value ('2) in
agreement with temperature measurements, a reduction of the rigid-body
moment of inertia is required to fit the experimental isomeric ratios. From the
o=2 and a= 54, one estimates F|F,= 0.28 + 0.03. This corresponds to a
moment of inertia which is appreciably less than the rigid-body value. The
error on the /7, ratio is deduced from the experimental one on the isomeric
cross-section ratio.

On the other hand, a reduction of the moment of inertia was necessary for
agreement with experimental results on several other isomeric pairs (!8).

A reduction factor of S/f,=0.35 was observed (**) in neighbouring
9Cu-sCn™.

Comparison of the experimental data with the prediction of the independent-
pairing model wags made for the various level density parameters ¢. It is known
that this model gives moments of inertia which are considerably less than the
rigid-body values.

However with the accepted a-value given by a =34, a smaller reduc-
tion of the moment of inertia is needed. To reproduce the experimental nuclear
temperature using a rigid-body moment of inertia, a value of a larger than that
given by a= %4 is required.

Caleulations based on the superconductor model were performed for the
above values of the level density parameter a. Among allthe caleulations per-
formed on the Ga(n, p)®Zn-%Zn™, the superconductor model with a=7% 4 using
a rigid-body moment of inertia gives a reasonable fit to the experimental data.
The superconductor model requires usually large a-values to fit the experimen-
tal nuclear temperature (*2).

For a = %4, a moment of inertia smaller than the rigid-body moment is
needed in the calculations.

52. Isomeric yield from the "'Ga(n, p)"'Zn-"Zn" reaction. — The experimental
data of Levkovskii (2) are compared with results calculated with the various
models. For a value of the level density parameter a=3A4, the shifted
Fermi gas model gives too large a moment of inertia. With this assump-
tion, a ratio S/J, = & 0.31 is indicated.

The superconductor model would fit the experimental data for a=%4
with a rigid-body moment of inertia.

On the contrary, accepted a value ¢ =3 for the spin cut-off parameter,
for a value of the level density ¢ = %4 and a reduction factor of .#/.4, = 0.63,

(18

} J. H. CARVER, G. E. CootE and T. R. SHERWoOD: Nucl. Phys., 37, 449 (1962).
(1 J. H. Carver and G. A. JoNES: Nucl. Phys., 19, 184 (1960).
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a good agreement between Fermi gas theory and our experimental data was
obtained.

A reasonable fit can also be obtained for the superconductor model with
o =3A. Thus our experimental result seems to be somewhere between the
predictions of the various models.

5°3. Isomeric yield from the "*Ge(n, «)®Zn reaction. — The nuclear level
density parameter a has been computed using the relationship a = 75 4. This
choice is in agreement with several authors (). For a= 54, a value in
agreement with the nuclear temperature, a reduction of the rigid-body moment
of inertia of #/7, = 0.53 4- 0.04 is needed in the shifted Fermi gas model.

The independent-pairing model calculations based on a rigid-body mo-
ment of inertia and value a =54 give a good fit to experimental results.

A good fit is also obtained with the superconductor model for ¢=§4
using the rigid-body moment of inertia.

54, Isomeric yield from the "*Ge(n, a)"'Zn reaction. — The experimental data
are those of Levkovskii.

The calenlated isomeric ratios for the shifted Fermi gas model for the values
of 6= 154 and a=4A were compared with the experimental data. For
6=154, a moment of inertia smaller than the rigid-body moment is needed
in the caluclations. A reduction of #/f, = =~ 0.37 is indicated.

Calculations based on the superconductor model were performed for
a=154 and a =%+A. A reagonable fit with the superconductor model re-
quires a level dengity parameter ¢ which is too large. On the other hand, an
e-value larger than %4 is difficult to justify. In view of this uncertainty, no
definite conelusion can be drawn from this reaction.

The calculations were performed on the FIAT IBM 7040 computer. The
anthors are indebted to the Staff of the Computer Center and to Dr. C. D’Urso
and Dr. B. GABUTTI for assistance with the computer caleulations. The authors
wish to express their thanks to Ing. N. P1ccININI for the chemical separations.

() D. G. Garp~NER and Y. W. Yu: Nucl. Phys., 60, 49 (1964); D. L. ALLEN: Nucl.
Phys., 24, 274 (1961); I. DostrOWsKY, Z. FRAENKEL and G. FRIEDLANDER: Phys.
Rev., 116, 683 (1959).
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RIASSUNTO

Sono stati misurati sia i rapporti delle sezioni efficaci di isomeri sia le sezioni efficaci
agsolute per le seguenti reazioni nuecleari: *Ga(n, p), "*Ga(n, p), ?Ge(n, «). "Ge(n, «),
in cui vengono prodotti gli isomeri ¢Zn e %*Zn™, "'Zn e "Zn™. I risultati sono stati
analizzati usando i calcoli’ statistici di Huizenga e Vandenbosch e confrontati con i
caleoli basati sui vari modelli nucleari. In generale 1'accordo tra teoria e dati speri-
mentali & soddisfacente. Nel modello del gas di Fermi I'accordo si ha solo con una ridu-
zione del momento d’inerzia rispetto al valore relativo al corpo rigido.

OTHOILIeHHsI H30MEPHYIECKNX HONEPEYHbIX CeueHHit
JUISE PeaKuuii POKACHHA H3OMepHYeCKHX map *°Zn, %Zn™ w "'Zn, *Zn™.

Pestome (*). — BuUIH H3MEpPEeHB aOCONIOTHBIE IONEPEYHEIE CEYEHHMS WM OTHOIICHHS
M30MEPHHYECKUX CEUCHHI AJIsT CIIeIYOIIHX PeaKIMii, B KOTOPBIX POKIAIOTCS H3IOMEPHUYCCKHE
mapst °Zn u $°Zn™, "Zn u "Zn™: ¢°Gafn,p), "'Ga(n,p), 2Ge(n, «) A “Ge(n, «). ITH IKCAEPHU-
MEHTAJILHBIC BETHYHHABI UHTEPNIPETUPYIOTCA B TEPMHHAX CIIMHOBOH 3aBHCUMOCTH ILIOTHO-
CTH SLIEPHBIX YPOBHER. MI30MepHYeCKHe OTHOINEHNS CPABHHUBAJINCE C BBIYHCIICHHAMH, OCHO-
BAHHBIMH Ha DA3NHYHBLIX AHEPHBIX MoZeisax. BorimcrneHus c moMombro monenn Pepmu-
raza TpeGyroT MOMEHTA WHEePIM MEHBIIEro, YeM MOMEHT TBEepAOro Teina; Boobuie, pazy-
MHAaf IOATOHKA [TONTy4aeTCs C MOAEIIAMH HE3aBUCHMOTO CIIAPUBAHAS M CBEPXNPOBOAUMOCTH.

(*) IHepesedeno pedaxyueil.



