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ABSTRACT 

The (n, 2n) excitation functions are given for 
Zn64, Br79, Ag107, Sb121, and Pr141. Evidence is 
presented for a 7+ isomeric state in Y90 at 0. 685 
Mev. Zr90(n, pjY90”1 and Nb93(n, a)Y9om cross 
sections for 14. 7 -Mev neutrons are reported to 
be 12 ± 4 mb and 5 ± 2 mb, respectively. 



TABLE OF CONTENTS 

Page 

INTRODUCTION. j 

THEORY . i 

EXPERIMENTAL PROCEDURE . 5 

RESULTS AND DISCUSSION .  ¿ 

Excitation Functions .■. y 

Isomerism of Y90 .. 14 

Niobium and Zirconium Cross Sections. 19 

CONCLUSION .. ¿¿ 
9 

Appendix A. - DERIVATION OF "APPROXIMATE" 

EXPRESSION FOR (n, ¿n) CROSS SECTION, 15. 23 

REFERENCES . 25 

DISTRIBUTION.   27 

iii 



LIST OF ILLUSTRATIONS 

Page 

o 

F igur e 

I Target and sample apparatus. 6 

¿ Zn64 (n, ¿n) Zn63 excitation function . 9 

3 Br79 (n, Zn) Br78 excitation function . 10 

4 Ag107 (n, Zn) Ag106 excitation function .. . H 

5 Sb121 (n, Zn) Sb120 excitation function.. . . . . 11 

6 Pr141 (n, Zn) Pr140 excitation function . 12 

7 Gamma ray spectra resulting from niobium activa¬ 
tion with 14. 7-Mev neutrons... 15 

8 Gamma ray spectra resulting from zirconium 
activation with 14. 7-Mev neutrons .. 17 

° 9 Gamma ray spectra resulting from 14. 7-Mev 
neutron activation of Zr9° and Zr92. Id 

10 Decay of Y,0m.. • 20 

11 Cu63 (n, Zn) Cu62 excitation function .  21 

IV 



NEUTRONS PARTIAL CROSS SECTION STUDIES 

INTRODUCTION 

The present state of nuclear reaction theory reflects the very 

® primitive comprehension of the nucleus. The number of models 

employed in the reaction description is even more revealing evidence 

of this lack of understanding. To date the statistical model is one of 

the most common used; however, experimental results point to a re¬ 

stricted application and a direct interaction mechanism (Ref. 1) is 

frequently called upon to complement the description of the reaction 

process. Indeed, scientists generally agree that one of the basic tenets 

of the statistical compound nucleus structure is establishing highly 

chaotic nuclear conditions through absorbing an external agent (nucleon, 

■y-ray, etc.) with a subsequent loss of memory of the mode of excitation. 
Even this method appears questionable in some instances. Possible 

failure of the "thorough mixing" idea of compound nucleus theory has 

been discussed by Blatt and Weisskopf (Ref. ¿). The action of the Pauli 

Exclusion Principle and the apparent existence of shell structure effects 

lead to fewer unoccupied states for energy transitions (leading to larger 

nucleon mean-free path) and weaker nucleon interaction within the 

nucleus (abandonment of quick energy sharing idea)(Ref. 3). Nonetheless 

the statistical model can be applied advantageously if only to demonstrate 

experimental deviations from theory. 

Cross section studies of neutron induced particle emission pro¬ 

cesses constitute an area containing a paucity of experimental knowl¬ 

edge and this paper was prepared primarily to help fi.ll this void. The 

(n, 2n) cross sections have been measured for Zn , Br79, Ag107, 

Sb121, Pr141, and Nb93 (Refs 4-7, 13). The need for a comprehensive 

knowledge of the decay scheme of the residual nuclei is a prime 

requisite for measurements which utilize the activation technique as 

employed in this work. This need has led to an independent determina¬ 

tion of a new isomeric state of Y90 whose characteristics and produc¬ 

tion yields by (n, p) ■ and (n, a) processes have been studied and will 

also be discussed (Refs. 7-13). Of secondary importance then, as a 

result of not having an adequate model with which to collate the experi¬ 

mental results, are the calculations of theoretical excitation functions. 

For the present work these computations were based on the aforemen¬ 

tioned statistical model, a description which has been found by other 

workers to give a fair agreement with the experimental (n, ¿n) cross 

section data. 

THEORY 

A more detailed description of the statistical model of nuclear 

reactions is necessary. Assuming the independence of the decay mode 

1 



upon the compound nucleus formation mode, the research scientists 
separate the cross section function as follows: 

o-(a, b) = <rc(a)G(b) (1) 

where crc(a) is the cross section for formation of the compound 
nucleus by particle a and G(b) is the probability that the compound 
nucleus will decay by emission of particle b. In the continuum or 
statistical theory (continuum in compound and residual nuclei) which 
represents an average over resonances, the first factor trc may be 
readily calculated. It is assumed that at the excitation energy of the 
compound nucleus, many levels of all types are involved. The corres¬ 
ponding wave functions will have random phases and averaging over 
these phases leads to noteworthy simplifications. 

The probability of decay, G(b), can also be calculated in this 
model which neglects phases between various excited levels of the 
compound nucleus if one assumes a continuously varying energy density, 
w, of levels in the residual nucleus. G(b) can be expressed as 

^^ where Fi is the level width or decay probability into channel i. 
^ri 

The channel concept is presented in more detail in Reference ¿. 
Furthermore, by use of the reciprocity theorem (Ref. 2), 

F(b) = k2(b)«r(b) (2) 

where k(b) is the wave number for particle b and is given by the 
exprès sion 

k(b) = 
M(b) 

“h 
v(b). (3) 

Inasmuch as there are many decay channels that result in emission of 
particle b, if the incident particle energy is high enough to leave the 
residual nucleus in many excited states, F(b) can be written as an 
integral 

¿ M ft s* b y 
F(b) = rb(tbY) = fp^c^ßW^by “ €ß)d6ß = ‘’c^ß* W- 

is the cross section for formation of the compound nucleus by 
a collision with the energy €ß between particles b and the excited 
nucleus Y* , the latter having an excitation energy €bY - tp and 
being the residual nucleus in the reaction X(a,b)Y*. _ iß)is 
the level density function and furnishes the number of levels at the 
energy €by _fp of the residual nucleus Y* in the energy interval 
dtp . ui has also been calculated by statistical mechanical procedures 
(Ref. 3). The results are an exponential dependence on excitation 



energy <j) a exp F(E). Thermodynamic analogies lead to a temperature 
concept and in particular a degenerate gas model yields the expression 

u> = Cexp¿(aE) (5) 

where C and a are constants depending on the mass number of the 

nucleus (Ref. ¿). C is dependent on the odd, even character of the 

nucleus and for the calculation here the relation C odd odd = 2.4 C even 

odd = 12 C even even has been used (Ref. 14). 

The temperature concept referred to manifests itself in the energy 

distribution of the particles emitted from the compound nucleus. The 

statistical procedures outlined result in a Maxwellian energy distribu¬ 
tion where the temperature of the source is given by 

a is the constant in the level density function and E is the energy of 

excitation of the residual nucleus. Some experimental results indicate 

a lower "temperature"; that is, a lower energy maximum than the 

theory predicts. It appears that the fault lies in w; there are fewer 

low-lying levels and more high levels than indicated by an exponential 

function (Ref. 15). Our cross section function now has the form 

cria, b) = <rc(a) 
r(b) 

where the F's are given above in equation (4). 

(7) 

An approximate cross section expression can be derived for the 
(n, 2n) process if certain reasonable assumptions are made. In con¬ 

sidering the (n, 2n) feaction, the F(b) function in equation (4) rep¬ 

resents a probability for neutron emission; however, the integral 

includes only those cases in which the intermediate nucleus .after emis¬ 
sion of the first neutron, is sufficiently excited to emit the second 

neutron. A common assumption is that the intermediate nucleus will 

emit the second neutron if the excitation energy is sufficient. Under 

this assumption then, the probability of the (n, 2n) process can be 

viewed as the difference between the total probability of neutron emission 
and the probability that the intermediate nucleus will not be excited 
enough to emit a second neutron. 
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Stated in mathematical form 

a(n, 2n) 
f n€ncrc( * n ) (^n “ * n n 

/E". nOc (€n)wY(En - « n )d«n 
sec 

STi 
i 

(8) 

where En is the energy of the incident neutron and «sec is the maximum 
energy the first emitted neutron can have and still allow the emission 
of a second neutron. The above expression can be written as 

cr(n, 2n) = (7c(n) 

f\ € 

/ SeVn(‘n)“Y(E„-«n)*n.' 
0 

sr; 
(9) 

A further simplification results from neglecting processes other than 
neutron emission (Ref. 15). In this instance, the denominator becomes 

Er. rr if iiu__ih: — c me 
(10) 

a (e )wv(E - € )d€ J n c' n' Yv n n' n 

For En - Eth > Li, the above expression can be approximately written 
as (see Appendix) 

crin, ¿n) = <rin(En) [l- (l + exp(- ^)] (ID 

Where €c is the excess energy over the threshold of the (n, Zn) 
reaction ( 6 c - En - Ej-j^n, 2n)) and U is the nuclear temperature of the 
intermediate nucleus as defined earlier. This approximation expression 
was the one used to calculate the theoretical (n, ¿n) excitation functions 
presented in the following text (with the exception of the calculations 
for zinc). 
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EXPERIMENTAL PROCEDURE 

With the Research Laboratory 2-Mev Van de Graaff accelerator 
as a source of deuterons, neutrons in the energy range from 12. 2 to 
18. 3 Mev were produced by utilizing the T(d, n)He4 reaction. The 
target was 300 pg/cmz of tritium impregnated zirconium on a 0. 25-mm 
platinum backing and was obtained from the Oak Ridge National 
Laboratory. Since He4, the residual nucleus in this neutron producing 
reaction, has no excited states below 20 Mev, this reaction provides a 
source of monoenergetic neutrons. Variation of neutron energy was 
effected by the choice of angle for irradiation and by variation of the in- 

* cident deuteron energy. Another nuclear reaction used for neutron pro¬ 
duction was the Be9(d, n)B10 reaction, which with deuterons of 2 Mev 
produced neutrons of energy less than 6.4 Mev. Although this source 
does not produce monoenergetic neutons, it does provide an intense flux 
(~ 109n's/(jia sec) of neutrons. The water-cooled beryllium target used 
in these experiments was purchased from High Voltage Engineering 
Corp. An important consideration in using gas-occluded targets is cool¬ 
ing. For the tritium targets cooling was accomplished in one case by 
directing a jet of nitrogen on the platinum backing and for the second 

03 tritium target by circulating water over the back face of the platinum. 
The water layer behind the target was only 1/m inch and thus introduced 
negligible attenuation of the neutron flux. Beam currents were restricted 
to less than 4 microamperes for the gas-cooled tritium target and to 
less than 10 microamperes for the water-cooled tritium target as an 
additional safeguard against tritium loss; however, up to 30 microam¬ 
peres of deuterons could be used with the beryllium target. 

The water-cooled tritium target and sample irradiation apparatus 
are shown in Figure 1. This apparatus was designed to keep the mass 
in the vicinity of the target to a minimum to reduce neutron scattering 
and absorption. The samples were positioned in a horizontal plane 
passing through the beam axis and could be located about the target at 
any 10-degree interval from 0° to 160° and at distances of 2, 3, or 4 
inches. When using 0. 3-Mev deuterons on the tritium target, the spread 
in neutron energies for 0° to 90° is only 1.4 Mev (in 14. 7 Mev). With 
this energy spread which is tolerable, a sample can be placed immed¬ 
iately adjacent to the target, thus subtending a large solid angle and in¬ 
creasing the neutron flux seen by the sample. The niobium and zircon¬ 
ium activations were done in this way. 

Excitation function measurements were made by an activation tech¬ 
nique wherein the residual radioactivity resulting from the (n, 2n) re¬ 
action was observed. The relative cross sections were determined by 
simultaneously irradiating four samples and subsequently measuring the 
induced beta activity in four shielded Geiger counters of window thickness 
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1.6 to 2. 0 mg/cm2. The counters fed an event recorder which pro¬ 
duced a permanent record of sample activity as a function of time. The 
information was then plotted, the decay curves analyzed, and initial ac¬ 
tivities determined. The activities thus measured, after applying appro¬ 
priate neutron flux correction factors, provided a measure of the cross 

' sections. The differential cross section measurements of Bame and 
Perry (Ref. 16) were used in order to correct for variations in neutron 
yield with angle. To reduce the errors arising from small differences 
in samples (less than 1 per cent by weight) and in counter efficiencies 
(approximately 5 per cent by calibration standard), the following tech¬ 
nique was used. For a given choice of four sample positions, and the 
corresponding neutron energies, four runs were made. Each sample 
was assigned to a particular counter and during the course of the ex¬ 
periment was counted only by this particular counter. Sample position, 
however, was permuted for each run. This procedure resulted in each 
sample being exposed to the four neutron energies and subsequently each 
counter counting an activity induced by each of the four neutron energies. 

For the Nb93(n,a)Y90m, the Nb93(n, 2n)Nb92, and the Zr90^, p)Y9om 
cross section measurements, a gamma ray counting technique was used. 
For the Nb93(n, ajY90”1 and the Nb93(n, 2n)Nb92 mesaurements, the niobium 
sample was sandwiched between disks of copper foil ai^d activated. A 
comparison was made of the yield of the Y9001 and Nb92 gamma rays and 
the annihilation gammas from Cu62. The Zr90(n,pjY90^1 cross section was 
determined by comparing the total counts under the Y90”1 gamma photo¬ 
peaks and the 0. 915-Mev photopeak from Zr®9. Gamma rays were de¬ 
tected by two Nal(Tl) crystals, 21^ inches in diameter and 2 inches 
thick, coupled to DuMont 6363 photomultiplier tubes in conjunction with 
two single channel analyzers. Other instrumentation used in the gamma- 
ray measurements were a coincidence circuit of 0. 1 psec resolving time 
and a Radiation Counter Laboratory Inc. 256 channel analyzer. 

Irradiation times were approximately two half lives of the pertinent 
residual activity except for the niobium and zirconium activations which 

were restricted to one hour. The samples were rectangular sheets of 
reagent grade zinc (99.99 per cent) and pure silver (99.9 per cent), rec¬ 
tangular pellets of Pr203 (99. 8 per cent), rectangular pellets of reagent 
grade sodium bromide coated with Formvar to reduce the rate of moisture 
absorption, and reagent grade Sb203 encapsulated in circular plastic 
planchets. The samples of niobium metal powder (99.92 per cent pure) 
and zirconium hydride powder (99.8 per cent pure, reactor grade) as well 
as the separated isotope samples of Zr90 oxide (98. 66 per cent enriched) 
and Zr92oxide (93. 22 per cent enriched) were likewise encapsulated in 
plastic planchets for irradiation. The thicknesses of the rectangular sam¬ 
ples were approximately equal to the range of the associated beta particle. 
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Each sample consisted of two such rectangular pieces placed back to back 
when being irradiated and side by side when being counted. In this manner 
a larger mass was exposed to the neutrons with no loss in detectable beta 
activity due to the added thickness of sample material. 

Chemical separations (Ref. 17)were carried out following irradiation 
of the niobium and zirconium samples, however no chemistry was per¬ 
formed when the separated isotopes of zirconium were employed. The 
niobium samples were dissolved in concentrated nitric and hydrofluoric 
acids ; yttrium and zirconium carriers were added with the yttrium pre¬ 
cipitating as the fluoride. For beta counting under thin window Geiger 
counters and for gamma ray coincidence measurements, the yttrium pre¬ 
cipitate was metathesized with 10 molar potassium hydroxide, washed, 
dissolved in hydrochloric acid, and evaporated to dryness. The irradiated 
zirconium samples were dissolved in dilute hydrofluoric acid after which 
the process was the same as for the niobium samples. 

RESULTS AND DISCUSSION 

Excitation functions have been measured for the following reactions: 
Zn64^, 2n)Zn63, Br79(n, 2n)Br78, Ag107(n, 2n)Ag106, Sb12l(n, 2n)Sb12om, and 
Pr141(n, 2n)Pr140. in addition to these excitation function measurements, 
the values of the following cross sections have been determined at 14. 7- 
Mev neutron energy: Nb93(n, 2n)Nb92; Nb93(n, ajY901”; Zr90^, p)9om. Prior 

to making these latter three measurements, the characteristics of the 
isomeric state of Y90 were carefully studied in order to provide the decay 
scheme information necessary to the cross section measurements. 

Excitation Functions 

The measured excitation functions are shown in Figures 2 through 6. 
In these figures, the neutron energy spread is shown as a horizontal bar. 
The main source of this sprçad was due to sample size (angular spread) 
since the thickness of the zirconium layer corresponded to only small 
energy decrements from 36 to 49 Kev for the incident deuterons. Esti¬ 
mates of standard deviations, which amount to approximately ± 9 per cent, 
are indicated by vertical lines except where noted otherwise. Sources of 
error considered in these estimates were: (1) uncertainty in geometry and 
sample size; (2) uncertainty in counting efficiencies; (3) contribution due 
to scattereo and absorbed neutrons; (4)the statistical error in counting; 
and (5) the error in the angular distribution of neutrons from the T(d, n)He4 
reaction as measured by Bame and Perry (Ref. 16). The indicated standard 
deviations do not include the errors due to the conversion from relative to 
absolute cross section. 

Figure 2 shows a composite of the experimental results obtained for 
the Zn64^, 2n)Zn63 cross section. The energy interval from 12.2 to 18. 1 
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600 r T T 

Figure 2. - The experimental Zn64 (n, 2n) Zn63 cross section as a function of 
incident neutron energy. The present data are indicated by the symbols O, A, 

and □; each symbol representing the averaged results for one particular choic 

of four neutron energies, and corresponding to deuteron energies of 2. 0, 1.5 

and 0.8 Mev, respectively. The point at 12.2 Mev represents an upper limit 
for the cross section value. 
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Figure 3. - Br79 (n, 2n) Br78 excitation function. 
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Mev was spanned by three sets of data, each set consisting of four neu¬ 
tron energies. These three sets corresponded to deuteron energies of 
2. 0, 1. 5, and 0. 8 Mev. Smooth curves were drawn through the cross 
section results of each set,and each curve was subsequently assigned an 
absolute scale by normalizing to Rayburn's value of 167 mb at 14.4 Mev 
(Ref. 18). The cross sections as measured at 14. 1 Mev and 14. 5 Mev by 
Yasumi(Ref. 19)and Paul and Clarke (Ref. 20), respectively, are also in¬ 
dicated. The theoretical excitation function was calculated according to 
equation(7)and is presented as the dashed curve. In the level density 

function Ci!(E) = C exp 2(aE)/2 the value of a = 2.0 (Ref. 15) was used and 
a value of 12 was employed for the ratio of C odd odd to C even even 
(Ref. 14). For these calculations the cross sections for compound nucleus 
formation were taken from Blatt and Weisskopf (Ref. 2) assuming 
r = 1. 5 (10)“13cm. Neutron and proton branching probabilities were cal¬ 
culated by numerical integration and other possible competing reactions 
were neglected. The computations leading to the theoretical curve include 
a nonnegligible contribution from the Zn64^, p)CuM decay channel which 
results in a departure from the usual behavior of (n, 2n) cross sections 
where neutron emission is predominant when energetically possible. In 
general the qualitative results of these cross-section measurements a- 
gree well with those of Cohen and White (Ref. 21). 

The theoretical excitation functions, presented with the experi¬ 
mental values, in Figures 3 through 6 were calculated with equation (11). 
The a values, as for the Zn calculations, were taken from 
Reference 15. Although no experimental results are available for 
(n, p) and (n, a) reactions on Br79, the more exact expression, 
equation (7), which takes into account these competing reactions, 
yields an excitation function which differs negligibly from the results 
shown in Figure 3, which were calculated with the approximate expres¬ 
sion (equation 11). The experimental and theoretical results are in 
good agreement from threshold to about 14. 5 Mev. The absolute scale 
for the experimental curve was obtained by using the previously 
measured value of 835 mb at 14.4 Mev (Ref. 18). Also shown is Paul 
and Clarke's value at 14.5 Mev (Ref. 20). 

The Ag107(n, 2n)Ag106 cross sections, normalized to Rayburn's 
value (Ref. 18) of 889 mb, are presented in Figure 4 along with the 
results reported by Forbes (Ref. 22) (560 mb ± 10 per cent), Yasumi 
(Ref. 19) (458 mb ±11 per cent), and Paul and Clarke (Ref. 20) (519 mb 
± 50 per cent). These experimental results should not be compared 
directly with the theoretical values since they represent an experimental 
cross section for the production of the 24-minute state of Ag106 only. 

13 
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Figure 5 shows the cross-section results for the Sb121(n, 2n)Sb120 
reaction. These results represent the cross section for the (n, 2n) 
reaction leading to the 17-minute component of the Sb120 isomeric pair. 
The value of 1056 mb (Ref. 18) was used to normalize the experimental 
relative excitation function. Paul and Clarke's result (Ref. 20) at 
14. 5 Mev is also indicated. The decrease observed above 17 Mev is 
probable evidence of the onset of the (n, 3n) reaction. This decrease 
is also apparent in the theoretical cross section curve which takes 
account of the (n, 3n) reaction with a threshold at 16. 0 Mev (Ref. 23). 

The Prui(n, 2n)Pr140 experimental and theoretical cross section 
results are shown in Figure 6. Again the experimental values were 
normalized to Rayburn's value of 1591 mb (Ref. 18). Ferguson and 
Thompson's (Ref. 24) experimental excitation function is also presented 
for comparison in addition to Paul and Clarke's value at 14. 5 Mev. 
(Ref. 20). The more rapid rise (as opposed to a smaller nucleus, 
e.g. Zn64) and approach to the plateau of the excitation function can 
be understood in terms of the greater density of levels available to 
larger nuclei. In other words, for a given excitation energy, the 
larger (greater A) nucleus has more channels open to decay and con¬ 
sequently a larger fraction of the nonelastic neutron cross section will 
be observed for the (n, 2n) process. 

Isomerism of Y90 

The recently reported activity induced by bombarding niobium 
with 14-Mev neutrons has been studied and has been shown to be due to 
an isomeric state of Y90 arising from the Nb93(n, a)Y9°m reaction 
(Ref. 25). Two coincident gamma rays having energies of 0.485 and 
0. 200 Mev decaying with a 3.1 ± 0. 1 hour half-life have been observed 
in agreement with previous measurements. The results obtained for 
14. 7 ± 0. 7 Mev neutrons on niobium are shown in Figure 7. Prior 
to chemical separation the niobium gamma spectrum showed, in addi¬ 
tion to the well known gamma ray at 0. 930 Mev from Nb92, two other 
gammas at 0. 200 and 0.485 Mev (Ref. 26). The spectra shown in 
Figure 7 for the yttrium fluoride precipitate and for the supernatant 
solution indicate a satisfactory chemical separation. The decay of 
both the 0.485 and 0. 200 Mev gammas was studied by following the out¬ 
put of single-channel analyzers set to pass pulses occurring within the 
two photoelectric peaks in two back-to-back Nal crystals. Measure¬ 
ments on both gammas covering a period of about 15 hours gave a value 
of 3. 1 ±0.1 hours for the half-life of each. The coincidence counting 
rate was also followed and the same half-life was obtained. Additional 
gamma spectra were recorded on the multichannel analyzer gated by 
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the output of the coincidence circuit. The gating pulse required coin¬ 
cidence between the output of the two Nal crystals and the output of 
a single channel analyzer. Spectra were recorded on the multichannel 
analyzer with the single channel set at 0.200 Mev and at 0.485 Mev. 
The spectra showed these gammas to be in coincidence. 

The decay of the yttrium fraction was also followed by a thin win¬ 
dow Geiger counter. The sample decayed with a half-life of approxi¬ 
mately 65 hours, a value matching that of the beta decay of Y9 . 
Observation of a buildup of the 65-hour decay due to the possible 
3. 1-hour isomeric state was unsuccessful; however, the low yield of 
Y90m and the delay due to chemical separations would make this 
difficult. 

The results for 14.7 Mev neutrons on zirconium are shown in 
Figure 8. Here again the chemical separation points to an isotope of 
yttrium as the source of the 0.200- and 0.485-Mev gammas; this 
result is in agreement with the niobium data. Present in the spectrum 
from the supernatant solution of zirconium are prominent gamma rays 
at 0.388, 0. 511 and 0. 915 Mev. The 0. 511 - and 0. 91 5-Mev gamma 
rays are attributed to the decay scheme of Zr89 resulting from an 
(n, 2n) reaction in Zr90. The 0.388-Mev gamma ray is expected from 
the Zr90(n, a)Sr87 reaction. The 0. 551-Mev gamma which arises from 
the yttrium fraction, along with the 0. 200- and 0.485-Mev gammas is 
attributed to Y91 formed by Zr91(n,p). Tht decay of the yttrium 
fraction was followed by the Geiger counter with a resulting decay curve 
which could be resolved into 65- and 3. 5-hour components. These 
components could be accounted for by the beta decay of Y and Y . 

Samples of niobium and zirconium were also bombarded by neutrons 
of energy less than 6 Mev produced by 1.7-Mev deuterons on a beryllium 
target; the neutron energy was below the Nb93(n, 2p), Nb93(n, He3), Zr 
(n, d) and Zr(n,t) thresholds (Refs. 23 and 27). The fact that the acti¬ 
vity was still observed in the niobium bombardment indicates either a 
Nb93(n, a) Y90m ora Nb93(n, n'a) Y89m reaction. The known properties 
of Y89m essentially eliminate the latter reaction as a possibility. 
Furthermore, the fact that the activity is produced in the zirconium 
bombardment completely eliminates Y89m as the responsible activity. 

Since gammas similar to those presently considered have been 
previously attributed to levels in Zr92 from the decay of Y92, separ¬ 
ated isotopes of Zr90 and Zr92 were bombared by 14. 7-Mev neutrons. 
Irradiation of Zr90 gives rise to the spectrum of Figure 9. Apparently 
present in this spectrum are the 0.388-Mev gamma ray from Sr87m, 
0.200- and 0.485-Mev gamma rays from Y90m and those gammas from 

16 



N
/C

h
a
n

n
e
l 

N
/C

h
a
n

n
e
l 

Figure 8. - Gamma ray spectra resulting from zirconium activation 
with 14.7-Mev neutrons. 
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Figure 9. - Gamma ray spectra resulting from 14. 7-Mev neutron activation of Zr90 
and Zr92. The structure of the peak near 0. 500 Mev in the Zr90 spectrum was 
deduced by observing the 0. 511-Mev peak of the 79-hour Zr89 after the 3. 1-hour 

activity had decayed away. 
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the decay of Zr 7. The assumption that the peak near 0. 5 Mev is due 
to a mixture of 0.485- and 0. 511-Mev gammas appears reasonable from 
the width of the peak. This spectrum was taken after sufficient time 
had elapsed for the decay of the 4.4 minute Zrs,m. A subsequent 
Geiger count followed a rate of decay which could be attributed to a 
mixture of Y90 (65 hours) and Zr89 (79 hours). There was no indica¬ 
tion of a 3 to 4 hour component. 

As shown in Figure 9, no gamma photopeaks were clearly evident 
above background in the reaction products of Zr92 plus 14. 7-Mev 
neutrons. Although some low-level gamma activity must certainly be 
present from the reaction products of other isotopes of zirconium in 
the separated sample of Zr92 and from any branching of the Y92 beta 
decay, it was masked by the background. This Zr92 sample, which 
was also counted under the end window Geiger counter, showed a 
3. 5-hour activity as expected from the beta decay of Y92. A compari¬ 
son of the two parts of Figure 9 indicates that a reaction involving Zr90 
is the source of the 0.200- and 0.485-Mev gammas. 

The level in Y90 at 0. 200 Mev has also been reported by 
Bartholomew, Campion, Knowles, and Manning (Ref. 28). On the 
basis of angular correlation studies, these workers gave a tentative 
assignment of 3- to this level. As pointed out by Bocciolini, 
DiCaporiacco, Foa, and Mando (Ref. 25), the 3.1-hour activity is 
consistent with Weisskopf's lifetime formula if the 0.485-Mev gamma 
results from an M4 transition. These considerations would point to 
assignment of a 7 + level in Y90 at 0.685 Mev. The information on 
the decay of Y90m is summarized in Figure 10 where possible shell 
model configurations are also indicated for the studied levels. 

Niobium and Zirconium Cross Sections 

The Nb93(n, 2n)Nb92, Nb93(n, a) Y9om and Zr90^, p) Y90m cross 
sections were found to be 360 ±120 mb, 5 ± 2 mb, and 12 ± 4 mb re¬ 
spectively at 14.7 Mev. The absolute cross sections obtained for Nb93 
(n,2n)Nb92 and Nb93(n, a)Y90m were based on a Cu63(n, 2n)Cu62 cross 
section of 586 mb at 14. 7 Mev taken from Figure 11. The Cu*3(n, 2n) 
Cu62 relative excitation function of Figure 11 was measured to supple¬ 
ment the present work and was normalized to the presently best avail¬ 
able value of 534 mb at 14. 3 Mev, which is a weighted average of 
several workers (Refs. 19, 20, 22, 24, 29 and 30). The Zr90(n, p)Y90”1 
cross section was based on a Zr90(n, 2n)Zr89 cross section of 822 mb 
(Ref. 31). In making the Nb and Zr cross section determinations, 
corrections were included for crystal efficiency, saturation factors, 
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Figure 10. - Decay of y90”1. 
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internai conversion coefficients (Ref. 32), and decay factors. It was 
found that, within the uncertainties in the crystal efficiencies and the 
internal conversion coefficients, the number of 0.485-Mev gamma 
rays was equal to the number of 0. 200-Mev gamma rays. No mea¬ 
surements of these cross sections were made at the lower neutron 
energies; however, the yields were markedly reduced from those at 

14.7-Mev neutron energy. 

CONCLUSIONS 

The experimental cross section results presented here are not 
in significant disagreement with the statistical model theoretical 
results, although in general, the experimental values are somewhat 
smaller than the theory predicts. Moreover, as pointed out in the 
introduction, a direct interaction process might be a possible mech¬ 
anism in some instances. The manifestation of such a mechanism 
would be to reduce the (n,2n) process since the ejected secondary 
particle would carry off the major portion of the incident energy 
leaving the intermediate nucleus energetically unable to emit a second 
particle. Furthermore, since such direct encounters result in a 
forward peaked distribution of the higher energy secondary particles, 
this description can be experimentally tested with techniques similar 
to those of Remy and Winter (Ref. 33). Such experiments are therefore 
proposed for further study of the nuclear reaction process in this 
energy region to help clarify the mechanisms involved. 

The rather low experimental value obtained for the Nb93(n, 2n) 
cross section suggests further study of the energy levels in Nb92. 
Either an extremely short or long lived isomeric state would account 
for the unexpected low value found for this cross section. 
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Appendix A 

DERIVATION OF "APPROXIMATE" EXPRESSION FOR 

(n, ¿n) CROSS SECTION,15 

We make the assumption that competition from other reactions is 
small. Also, since we are considering the (n, ¿n) process, the energy 
of excitation of the residual nucleus (after emission of first neutron) 
must be greater than the binding energy, E^, of a neutron in the 
nucleus, i.e. - €n) > Eb in order that emission of a second 
neutron may be possible. When statistical considerations may be 
employed for both target and residual nuclei, then 

(•En - Eb€n<rc(tnMEn _ €n)d€n 

<r(n, 2n)= <rin(En) ~ 

Jo €n<rc^€n)uiEn “€n^*n 

where «riníEj S «^(En) if En » D0; D0 is the energy spacing of 
levels near the ground state in the residual nucleus. 

Now, 

The cross section <rc(en) is a slowly varying function of «n except 

near « = 0. We can therefore replace <rc(€n) integrand by 
<rc(€max) where €max* is the maximum of the Onction «^(En -*n). 
The denominator can then be evaluated as 
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v2 

since exp (-(aEn)1/2) «I 

En - Eb 

/2 

(En - Eb) 
ni 

exp (-)j 

We then have 

<r(n, ¿n) = o-in(En)^l 

where 

ec = En - Eb and b = • 

exp (-)(€C/ü) 
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