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, 89 97„ 90m,, 90g^^^ ^ 92,^ 
Production cross sections of Zr, Z r, Y, T^b and Y

formed by the irradiation of natural zirconium  with deuterons were

measured. Thiclc-target yields for ®®Zr (d,t) ^^Zr reaction were

determinad for different irradiation times and as a function of de-

uteron energy.

INTRODUCTION

Many examples illustrate current trends in charged particles activation 

analysis which aims at further broadening and refining its capabilities, thus 

expanding its role as a tool for elemental trace and ultratrace analysis.

The measurement of cross-sections are necessary in order to calcúlate 

the lim its of detection for a given element in charged particles activation 

analysis^’ ^

Such excitation functions are also crucia l to the development of the field

3
of radionuclide production by charged partióle bombardment .

Formation cross sections of residual nuclei produced by deuteron re-

actions change with the incident energy characteristically for the different

processes involved. Although excitation functions do not lead to detailed

understanding of nuclear reactions, they do contribute to the general picture

4
of reaction mechanisms .
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This paper reports the experimeata,. measuremeats of production cross 

sections of ^^Z r , aad formed by irrad iation of

natural zirconium  with deuterons. The results were compared with the 

data publishedby different authors^ ^ and with systematic studies^^’
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EXPERIMENTAL

Irradiatíons

Cross sections were measured by the activation method.

Stacks of zirconium  foils were irradiated with the external beam of the

Buenos A ires synchrocyclotron. The máximum  uncertainty in the incident

beam energy was estimated to be below 1%.

The targets were prepared with natural zirconium  foils of high purity,
_2

provided by Koch Light Ltd. Their thickness was 13 m g .cm  . The target

foils were placed between alum inium  degrading fo ils of known thicknesses.

The energy of deuterons at the m iddle of each target fo il of the stack

12
was determined from the tables of W illiamson, Boujot and P icard . The

energy straggling in the target was estimated to be about 0.5 MeV for the

13
fo il in which the deuterons had been slowed down to 16 MeV .

27 24 14
Since the excitation function of the A l (d,cc p) Na reaction is

well known, the yield of radioactive isotopes in the zirconium  fo ils relative 

24
to that of Na in the alum inum fo ils provides a means for obtaining ab- 

solute cross sections for the deuteron reactions on zirconium .

Counting

After bombardment, the gamma spectra of each sample were m easur­

ed without previous chemical separation using a high resolution Ge(Li) 

detector connected to a multichannel pulse-height analyzer. The absolute 

detection efficiency was determined with calibrated sources of known ac- 

tivity.

128



WASILEVSKY et a l.: DEUTERON INDUCED REACTIONS

Several efficiency determínations agreed within the statistical error 

o£ 1%. The formula £ (E„) = coast. E_*^was usad to interpólate the ef-
a ^

ficiency £ (E^) to other eaergies,

The nuclides produced by deuteron induced reactions were recognized

by carefully followiag of the decay curves at each photopeak eaergy.

15—16
The photopeak areas were calculated by usiag Wassoti’s method 

The relative activíties at the and oí the irradiations were calculated ex­

trapola tion of the decay curves. The detector efficieacy and decay scheme

I7 18
data ’ were used to convert peak area to absolute activity of each radio- 

isotope. These data with those of the flux, were employed to calcúlate the 

production cross sections for the nuclides observed in each fo il.

Corrections for the energy spread in each fo il due to uncertainties in 

the fo il thickness and the energy decrease in the preceding foils, were not 

applied. Losses of reaction products by recoil were assumed to be negli- 

gible.

RESULTS AND CONCLUSION

The cross sections and excitation functions for the production of radio- 

isotopes measured in the present work are shown in Figs 1 to 5.

The máximum  error in the determination of the cross sections is 

estímated to be below 15%.

Since the radiochemical technique deais only with the residual nuclei, 

and not the emitted partióles, it cannot, in itse lf, distinguish neither the 

reaction modes ñor the different reactions producing the same nuclide 

when these are energeticaüy possible and the threshold differeaces are not 

appreciable. For example (d, t) means (d, t) (d, p2n) or (d, dn).

The production cross sections measured are not always corrected for 

the atomíc weight and the isotopía abundance of each target nuclide principal- 

ly when several reactions starting from different zirconium isotopes con-
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TABLE 1

Cross sections for the production of nuclides by deuteron iaduced 

reaction on zirconium .

^d

(MeV)

G (mb)

97^
Zr

^p(mb)

90111̂

‘̂ p(mb)

^ % b
92^

25.3 207.0 4.318 0.058

25.0 151.0 180.0 4.088 0.044

24.6 183.0 168.0 4.934 0.054

23.5 145.0 173.0 5.519 0.051

22.8 192.0 5.780 0.050

22.0 132.0 214.0 5.945 0.049

21.2 67.8 192.0 18.8 6.275 0.053

20.5 217.0 18.9 5.879 0.056

19.7 235.0 17.5 5.945 0.057

18.8 18.8 220.0 17.6 5.791 0.054

17.9 17.7 242.0 0.058

16.9 17.0 17.0 5.648 0.052

15.9 7.1 227.0 17.4 5.560 0.053

14.9 234.0 4.714 0.059

13.8 241.0 16.4 3.417 0.052

12.6 264.0 2.121 0.049

11.3 194.0 15.3 0.225 0.035

9.5 121.0 0.019

8.3 88.0 9.7 0.014

7.3 58.0 0.007

6.1 5.6 3.0
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tribute to the formatioa of a gtvea product auclide. To evalúate these con- 

tributioas the shapes of the excitation functioas given by Lange and Münzel 

in their systematic work^^ were coasidered, taking into account the thre- 

shold energies.

The excitation functions may ia some instances include contributions

from  the decay of short-Uved precursors.

by

89m /g j^  and therefore they would contribute

^^®Zr directly produced by ^^Zr(d , t)^^^Zr (Fig. 1) would be partially

, .  89m„ , . 
generated by Zr and by

to the measured yield of ^^Z r. The haLf-Ufe of ^^°^Zr is 4,18 m , and those

_6

'lo

E<j ( meV)

F ig . 1. Excitation function for the ^*^Zr(d,t) ®^®Zr reaction. Correction 

for the isotopic abundance of ®®Zr (0.5146) was already applied
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o£ and are respectively 2.03 h . ,  and 1.1 h; that is , the
89

89m

89g,

Z r and produced during bombardments w ill be detected as

""Zr in spectra measured several hours or days after the bombardments.

90
No previously publíshed (d, t) excitation function on Z r Is known.

96 97
In F ig. 2 is drawn the excitation function for the Zr(d, p) Z r  re-

action obtained in the present work and is confronted with the results ob-

8 9
served by Otozai et al and Bock .

n

Ejj(MeV)

96 97
F ig . 2. Excitation function for the Zr(d, p) Z r reaction. • • •O to z a i 

et a l .® -- Bock®
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E

Ed (MeV )

F ig . 3. Production cross-sectlons for Y . . . . Excitation fuaction 

for the ®^Zr(d,cC)^^™Y ooo reactioa published by Anders and 

Meiake^

F ig . 3 shows the (y valúes obtained ia the present work for the pro- 

9O111 ^
duction of Y . It should be takea inte account that the atomic weight

was considerad as:

A =
T a. 

i ^

and the isotopic abundaace as ^  a. where A. and a. are, respectively, the 

atomic weight and the isotopic abundance of the target nuclides, of those 

ínvolved in the residual nucleus production.

133



WASILEVSKY et a l . ; DEUTERON INDUCED REACTIONS

10

10^

10

(M e V )
Fig . 4. S ^(m b)¿  /  A fo r %tb formation. Dashed Uaes represent the 

estimates of different possible reactions. • • •  Mercader et a l.'

92

90 91 92
Contributions from  Zr(d, 2p), Zr(d, 2pa), Zr(d, 2\i2'a.) and

Zr(d,cC) reactions were not estimated. The present work data and the

7
reported valúes by Anders and Meinke are compared,

F ig. 4 shows S^p(mb)Sa./A for ^ ^ ^ b .  In the energy interval con-

sidered ^^®Nb is produced by disintegration of ^^™Nb (18, 8 s) and by the

90 91 92
following reactions: Zr(d, 2n), Zr(d, 3n) and Zr(d, 4n), the thre-

sholds energies being 9.50 MeV, 16.66 MeV and 25.81 MeV, respectively.

The excitation functions shown as dashed curves, represent estimates of

the contributions of the different possible reactions. Cross points denote
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_ 9 2
Fig . 5. 5p (tnb)^ / A for ' Y formation. Dashed Unes represent the 

e|timates of differetit possible reactions. Points liae shows the 

Zr(d,oc) Y excitation functioa published by Anders and Meinke^

E<j (MeV)

the results reported by different authors . If a correction due to relativa 

90 91
abundances of Z r and Zr isotopes is appUed, the results agree.

92
Experimental 6 (m b)v a./A  for the Y formation is drawn in F ig . 5.

P  ̂ 94 92
Dashed curves are an estimation of contributions of Zr(d,oc), Zr(d, 2p)

96
and Zr(d, oc 2n) reactions with thresholds energies of 0.0 MeV, 5.2 MeV

94 92
and 6.1 MeV, respectively. The excitation function of the Zr(d,oc) Y

7
reaction, published by Anders and Meinke is represented as a pointed Une. 

The máximum cross sections calculated with the valúes obtained from

our data were compared, when possible, with published excitation fuac- 

1 0 , 1 1  ,
tions , showmg a good agreement.
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O
a.

<
a.

Ed (MeV)
90 89

F ig . 6. Thick-target ytelds for the Zr(d, t) Z r reaction

It is not intended to clarify the reactioa mechanisms for the presented 

excitatioa functions in the frame of this work.

89e
The thick target yields for the formation of Zr ha ve been calcula ted

by aumerlcal Integration using the experimental valúes of cross sections

3 10
obtaíned in the present work with the method proposed by Svoboda ’

The valúes are plotted on F ig . 6. It should be taken into account that the 

isotopic abundance was considered 0.5146 for the evaluation of thick target 

yields.

3t
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