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PJ3STRACT 

Proc..uction cross sections ,-Jere measu:r-ed radiochemically for 

isotopes of niobium,' ~irconiu...'ll; copper) nickel, and sodium produced 

in niobium t?-rgets bombarded ,-lith 240, 320) 500, and 720 HeV protons 

and i-7i th 320, 500) 720) and 880 MeV helium ions. For the proton 

bombardments these cross sections were also calculated by the Monte 

Carlo method "lith an electronic computer by use of the conventional 

2-step model of high energy reactions. Interpolated results of a pre-

vious calculation by Metropolis and co-workers ',Jere used to simulate the 

effect of the in:Ltial high energy cascade. 'E'lese results '.-7ere,used in 

turn as input data for an evaporation calculation. A comparison of the 

theoretical yields of final products to the observed yields indicates that 

the theory accounts fairly i-7ell for 1m/-deposition energy products 

(niobiumand.zir.conium isotopes») and quite well for high-deposition 

to account for the yields of sodium isotopes) whose production must be 

ascribed to fragmentation, as noted previously by others. 
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IJo lv10nte Carlo calculatioD5 -v7ere rnade for nelimil-iol1. induced 

reactions. HOViever) a comparison of yields of products of helium-ion 

and proton induced reactions shops a remarkable similarity at all energies 

and for all products. The main difference is a greater yield by a factor 

of t,\·IO in the case of heliu.;n-ion bomoarCL.uents. The iYnplications of this 

for the mechanism of fragmentation are discussed. 

During the course of this work a 15 minute positron emitter '\'7as 

d · d d'" .. J:O' d "n 88 ·1.scovere an l.Qen-C1..Lle as 1m • 

, 
l 
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I. INTRODUCTION 

One general method for the investigation of the interaction of 

high energy particles i-lith complex nuclei is the radiochemical analYSis 

l 
of the heavy radioactive products of such interactions.~ There exist 

~~ny published studies of this type for a variety of targets bombarded 

vIi th protons over the range of a fe-v] t_ens of MeV up to 27 GeV. Tne 

results have often been analyzed in terms o,f proposed mechanisms for 

the deI-osition of energy in the nucleus by the incident proton) and for 

'the deexcitation 'of the excited nucleus by particle evaporation) by 

fission) or by fragmentation. 'E'1ere have been many fever experimental 

studies of the interaction of more complex projectiles such as deuterons 

or heliQ~ nuclei with complex nuclei) chiefly because most high energy 

accelerators have been designed for the acceleration of protons only. In 

fact there exist only two accelerators vlhich are equipped to accelerate 

helium ions in the range of a fev] hun,dYed MeV up to maximum of about 900 

MeV. T.fJ.ese are the 'Berkeley 184 inch synchrocyclcitron and the synchro-

cyclotron of the Joint Institute for Nuclear Research at Dubna in the 

Soviet Union. 
investigation 

The purpose of the/~""n:QY reported here ivas to carry out a careful 

study· of the reaction products in a .typical medium weigh~ target element 

bombarded alternately with protons and with helium ions under similar ex-

perimental conditions and over the energy range of ;240 to 880 MeV. The 

comparison of the results vias expected to indicate similarities and 

. differences in the interaction of the ti-TO types of particles) particularly 

in the first, or energy deposition) stage of the reaction. It '\-laS carried 
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out as a companion study to one by Crespo) Hyde) and Alexander2 in vihich 

the recoil and yield characteristics of the fragmentation products) 

28 
and i:fJg ) i.Jere measured in a series of targets bombarded vlith protons and 

helimil ions over the same energy range. 

A second pu..."":pose of the investigation viaS to check \'ii th some pre-

cision the predictions of a conventional two-step model of high energy 

nuclear reactions induced by protons. In this model) as discussed in cle

tail in the revievl article of Rudis and Miller~ the fiYst step of the re-

-action is a prompt cascade of nucleon-nucleon collisions. .Tb_ese collisions 

are initiated by the incoming proton which converts a collection of target 

nuclei into a collection of struck nuclei with differing nUInbers of neutrons 

and protons and differing levels of excitation. The second step is the de-

excitation of these excited nuclei by evaporation of neutrons, protons) 

deuterons and other particles. Monte Carlo methods of calculation of both 

stages of the reaction have been formulated in. past publications by others. 

Hov,ever) in only a few instances have these methods been applied in succession 

to the case of a specific target-projectile combination in order to w~ke 

detailed predictions of· expected reaction products. vIe have applied the 

Monte Carlo calculation method in succession to the two-stages of the 

reactions induced in niobiUL1 by protons. Our results are useful both in 

indicating which parameters are the sensitive ones) particularly in the 

evaporation deexcitation stage) and in shoHing to v7hat extent the tyro-step 

model is c,apable of explaining the cross section results. ~ 

NiobiUill viaS' selected as a target material for several reasons. It 

is monoisotopic;;a:rid;-it '-contains' suffiCient "nucleons· fora:~rri.eariingf111= ca-lc-q:la tion 

ot·the_ k..'1O'ck-Qn -;p,D,d ~evap-orp,·ti.on: cascades. ;:.-Its.::spectr.um ::of:; re.action; '.:'~' :·:·:_C·';:;·:~·'~ 
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products is not cOrP.plicated by the presence of fission products. And, 

finally) it is available in metallic foj.ls of convenient thiclmess and. 

sufficient chemical purity. 

In an ideal experiment of this nature one 1-,ould investigate. all 

possible proo.ucts . Limitations of time and effort leO. us to investigate 

only five elements among the numerous products. Isotopes of niobiG~ and 

zirconium vlere studieo. as indicators of reactions in "lhich only a fe,-7 

tens of MeV I'Tere deposited in the target. Isotopes of copper ano. nickel 

vJere chosen as indica tors of reactions in vihich some hundreo.s of MeV of 

excitation v,ere reCluired .. TI'1e eleElent sodium 1-7as. chosen as an ino.icator 

of fragmentation products. 

We discuss in oro.erthe experimen~al methoo.s) the experimental 

results) the Monte Carlo calculations) the cOIT,parison of experimental and 

. . 
theoretical results, and finally the comparison of the results from the 

helium-ion and proton induced reactions. 

II. EXPERIMENTAL PROCEDURES 

A. Target and Monitoring Details 

~'1in niobium target foils were irradiated in the internal beam of 

the 184-inch sync:b.xocyclotron of the Lalvrence Radiation Laboratory. By 

use of different radial settings it was possible to select bombardment 

energies in the range 240-720 MeV for, protons and 320-880 MeV for heliu.'1l 

; io~s. We 'chosethe four energies 240) 320) 500) and 720 MeV for the proton 

experiments and 320) 500) 720) and 880 lvIeV for the helium-ion experiments. 

Tl'1ese energies are believed to be correct within an u.~certainty of ± 10 

MeV. The beam intensity ioTas of the order. of 0.5 microampere. 
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Deuteron contamination of the helium-ion beam 'vias considered to 

be small. It "\,ras certainly negligibly small for the majority of the 

bombardment's) '{ihich,,7,~re conducted days after the last previous use of the 
'!~ . 

cyclotron for deuteJ;'on acceleration. 

The target arrangement consisted of a stack of foils clamped to- " 
gether in a simple copper target holder "hich -could be readily connected 

and removed from the internal cyclotron probe. The beam struck the outer 

edge of the foil stack at right angles to the target. Since the total 

stack thickness was small compared to the range of the particles) there was 

multiple traversal of the foils. In order of traversal by the beam) the 

stack consisted of a 3 mil aluminUc'1l guard foil) a 1 mil alUc'1linum monitor 

foil (of> 99.9CJ/o purity) a second 3 mil aluminum guard foil and a-2.5 . > . ) 

mil niobium foil. In the experiments in '\-Thich sodium production was 

studied;. guard foils of niobium enclosed the target foil to prevent ex-

traneous activity from interfering with the measurement of sodium cross 

sections. The foils were cut to dimensions 2 x 3.5 cm and milled as a 

stack on all sides to insure uniform area. Special care was taken to main-

tain clean surfaces. Since the beam cuts a circular path outward) the 

alignment of the leading edge of the foil stack "\.;a s critical. Hence) the 

machining of the leading edge was rnade after the stack 'Has mounted in the 

target holder. Checks were made to establish the correctness of the align-' 

ment of the target and monitor foils .>and the error due to misalignment "\.,;as 

found to be below one percent . t,' 

The niobium used in all the irradiations carne from the same 2.5 mil 

sheet) which when analyzed by optical spectroscopy gave the impurity values 

listed in Table 1. The guard foils protected the monitor foil from any 

backgro~~d activity resulting from any structural materials of higher Z. 
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TDe total proton current passing t;nrough the foil stac}~ "Vlas 

determined by measurement of Na24 activity produced by the r'eaction, 

Al27 (p;3pn)Na
24

. The cross,section for this reaction is nearly constant 

over the energy range of interest here and from the careful, work of many 

authors its value is w'ell Y.llmm.3 We used a value of 9.5'mb at 240 MeV 

and of 10.6 mb at our three other bombar~~ent energies. 

The "t .1. 0.. h 1" "' ' " .1. d "th' h ' 1\'J 24. .1." ". In egra"e e lUID-lon oeam -viaS monl"ore"Vil 'CJ. e !~a aC"lVl'CY 

produced in the monitor foil by the reaction 
27, 24 

Al (a,a2pn)Na . The ex-

h 5 citation function for this reaction has been measured" only to 380 MeV. 

At 380 MeV it has' the value 24 mb, and it decreases slo"Vily at an lli'1k.'Ylmm 

rate at higher bombarding energies. .vIe use the value of 24 mb throughout 

the energy range 320 to 880 MeV. We also quote the ratio of our product 

cross sectioh to the monitor cross section so that the correction to an 
\ ' 

absolute cross section value can. easily be made later, when better values 

of the monitor cross section are available. 

In some cases "Vlhen the count-rate of the Na
24 

activity, in the 

monitor foils "viaS too high for accurate determination, the longer-lived 

22 Na was measured instead. Th N 22 t'".1. th t d .1. l' e a, ac lVl "y "viaS en conver e' ,,0 an 

eqUivalent Na24 count-rate by a conversion factor determined in a separate 

set of experiments. 

B. Chemical Separations 

in a mixture of hydrofluoric and nitric acids. Ten to t-vienty milligrams 

of zirconium, copper, nickel, and sodilli~ were added to the solution) 

follo"Viing whiCh) radiochemical separaticc:s "Viere performed to isolate one 

or more of the product elements of interest in high chemical and radiochemical 

, ~ ", ~ 1 •• 
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purity. Outlines of the methods are given in Appendix A. T11efinal 

chemical step for each element' consisted of the precipitation of a com-

pound of definite composition ivhich vias dried and vleighed. to determine 

the percentage recovery of the element. Erro:'s in the determination of 

chemical yield vlere estimated to be less than 5 percent .. · ['he precipitate 

:::.:; filter G.lse ... 'C. :=onn a sample of approxir;J8. tely 

8 mg/ cm2 thick..'1ess \vhich vas suitably mounted for measurement of its 

radioactiv::':cy. 

C. A.ctivfty Measurements 

T'ne ganima s}2,e.etr:um of each element was measured with a sodium iodid.e 

crystal coupled to a multichannel pulse-height analyzer. These spectra 

served to identify the isotopes present in the sample, to reveal possible 

impurities) and) in some cases) to calibrate the counting efficiency of the 

beta counters. All quantitative yield measurements were mad.e by an analysis , 

of decay curves of the activity measured in methane-flOi.l, end-windovl) pro-

" portional counters. These counters were ·standardized for absolute counting) 

6 in cooperation.with Blann by the procedure published by Bayhurst and 

Prestwood. 7 A.ccording to this method) an empirical relationship between 

the efficiency 'of the counter and the average beta energy is used to deter-

mine the counting efficiency for a particular activity. ,Independent empi.rical 

corrections for self abs,orption; back scattering, etc.) were not made. 1'1e 

estimate all- absolute error 0f 5 to 10% on our stanC1~rd.ization of counting 

efficiency. 
9U 

However~ since our samples are measured relative to the" Ne'":: . 

monitor activity standardized by the same method) theresultent error in the 

reported cross sections is somewhat less. 

~ 

~ 
9 

~ 
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Errors in determination of the count-rate were less than t'\-70 per-

cent and in the resolution of the decay curves into components less than 

three percent. Errors in the correction for the decay scheme varied for 

each nuclide. 
() 9 

The v;alues which vie usedO) are listed in Table II. 

For any of our reported absolute cross' sections vie estimate an 

overall error of 20 pe~cent. 

Details of the analysis of activity measurements for individual 

elements are given in Appendix B. 

III. EXPER]}!JENTAL RESULTS 

The experimental cross sections are listed in Tables III and IV 

in blocks according to bombarding energy. In all cases both the absolute 

cross section and the ratio of the cross section for the isotope to that for the 

Na24 yield in the aluminum monitor are given. Each block contains the average 

value of the determined ratios under 'X. When more than one measurement was 

roade
J 

a sta~hdard error is given under the heading 0"- and the nlL'Tl.ber of x 

determinations under D. The absolute cross section was computed from the 

1 b f 'h m 24 .,' t· 1" d' th ~ ~~ average va ues y use 0 "C e 1,a monl "Cor cross 'sec lons _ls"Ce ',In e vauJ.es. 

,It is emphasized again'that the Na24 monitor cross .section of 24 mb for 

helium-ion induc~d reactions is an estimate and may be progressively incorrect 

(on the high side) as the helium-ion energy increases. 

The results are also displayed graphically in figures 1 through 5. 
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rr. MONTE CARLO CALCULA:1IONS OF PRODUCT YIELDS 

In this section, we discuss the calculation of reaction product 

yields on the assumption of the validity of the conventional hlo-step 

model~ 

,For the first stage :V7e have used selected results of Metropolis 

lO 
and co-workers- to determine the spectrum of struck nuclei ahd their 

excitation energies at the end of the prompt cascade. The detailed 

assumptions and mechanics of the 'calculation are given in the Metropolis 

paper so we need only mehtion some of the main points. 

The target nucleus, was represented by a degenerate Fermi gas in 

, · -13 1/3"' a sCluare 'Hell potential of radius 1.3 X 10 A . cm'. The incoming proton 

, was assumed to make a collision with one nucleon in the 'Hell. After the 

collision, if both particYe s had a final energy greater than the maximu.'il 

Fermi energy, the collision was allol'Jed; if not) the collision was'rejected. 

as unphysical. After the initiai collision, both particles· were._'follm'ied 

separately by Monte Carlo calculations-w see v7hether they made additional 

collisions before they emerged from the nucleus. lfnen all collision partners, 

had either escaped from the nucleus or been absorbed) a surr~atioh was made 

of the energy of the Ilholes" in the Fermi gas and the. excitation epergy 

of the bound collision partners. Tne output information consisted of 

s~'ilaries of the following information: 

1) The type) number) energy) and angular distribution of emitted 

particles 

, 2) The type) number) 'exci ta;tion energy). momentum and angular 

distribution of all resid.ual (struck) nuclei . 

, 

, 



'. 

'. 
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1 .J... 1 10 d' d' . b" t J' ''1"..' -1 1" }~etro-po is e l, a. l no"C use nlO lum as a arge G In "Cllelr ca cu a'tlon :,:, 

100 
'but they did consider Ru v7hich is not rrcu.ch diffel"ent in composition. itle 

have used their results for Ru
lOO 

and "transposed" them for the Ifo 93 case 

by suotracting three units of charge and seven units of mass from each of 

the residual nuclei at the end of the cascade. Tnis ~ransposition was per-

formed for the three energies of 462, 944) and 1844 IvIeV~although the third 

energy falls above the energy range used in our experimental vlork ana. 'Hill 

not be discussed in detail. 

T:1J.e transposed output data of the prompt cascade vlaS usea. as the 

input information of a Monte Carlo evaporation cascade calculation. We 

follo-Hed closely the calculation outlined by Dostro-v:sky', Fraen.,.~el, and 

Friedlander,ll which in turn is based upon the theoretical ideas of 

-.. . f 12 WelSS.K.Op :. Do.stJ:ovsky· et ale used the WEIZAC computer, at the Weizmalli"l 

Institute. We used a program written for theD3M 7090 by Alexander, Altman, 

and Howry.13 

weisskopf
12 

expressed the probability per unit time for the 

emission of particle:: j with kinetic energy betvTeen E: and E+dE:' by the 

eq,uation 

P
j 

(E)dE 
g.m. 

=' J J 
7T

2n3 (1) 

Here gj is the number of spin states of j, mj is the mass of the emi tt,ed 

particle, d c is the cross section for the ,inverse reaction, and Wf and 

Hi ar~tn€ level densities of tho final and initial st$,"c<!!s . 

ForneMtron emission, the value of d c 

geometric cross section d g via the expression 

is obtained from the 
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C:(l T piE) 

vlhere ex and p are constants obtained from continuwll theory. 

For charged particle e!'lission) the coulomb barrier must be taken 

into account. An empirical equation of the form 

= (1 T C
J
.) (1 - k . .v ./E) 

J J, 

was used. 'E'1e factor (1 - k j Vj/E) is an approxima,tion to the quantrun 

mechanical penetration of the barrier. and k. 
J 

are constants 1-ihich 

are evaluated from continuum theory. 'E'1e barrier is computed from the 

simple classical expression 

. 2 
V. zZe (4) = 

J 
roAl/3 + Pj 

where z and Z are the atomic numbers of the emitted particle and 

residual nucleus, e is the electronic charge, and is an approximation 

for the radius of the emitted particle. The radius parameter r 0 was set 

-13 equal to 1.7x 10 cm. 

The level density expression of crucial importance to any 

evaporation calculation based on the Weisskopf theory. Dostrovsky, Fraenkel 

" Fr' dl ' 11 h ~h ~ ana .l:' J..e anuer . c ose v e .Lorm 

.... There C is a constant, a i~ a eon3tant proportional to !l1a3S number) 

E is the energy, and o is a correction term to adjust for odd-even pair-

ing energy effects. The term 0, in effect, adjusts the position of the 

, d t t ' 1 ~ 'f C I 14 . '" 1 groun s. a e energy ana was eva uaveu rom ameron s semJ..-empJ..rJ..ca mass 

equation. v.le used the values A/20 and A./10 for the parai:neter a. 

.' 



'. 
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We must consider also the limits of integration. Tb.e maximum 

energy available for the .evaporation process is 

(E.) ::= E - G - on for neutrons and n rnax , vn 

(E) ::= E - G - k.V. - O. for charged narticles. 
j max v j J J J - . 

Hence) the integration is carried out over the range of 0 to E 

for neutrons and kJoVo , J 
to for charged particles. 

are the separation energies. 

- Q 
n 

o 
n 

Q"n and Qj 

A combination of the above expressions together vii th the approxi-

mation that 

yields the neutron-emission probability 

·x 

x 

vihere 

A 2/3 
n 

2 [g a/a ] n n 
1/2 exp [2(a R .) J . n n 

, 1/2 
{2a R -(3/2 - a $) [2(anR ) - l]} n n n n . 

Wi th the a~surru?tion tha.t 

(6) 

(8) 
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one obtains for the probability of charged particle emission 

(10) 

x (2a.R. -. (3/2) [2(a.R. )1/2 - I]) 
J JJ J. . 

where 

(11) 

These are the basic equations used in the work of Dostrovsky, Fraenke1 

11 . 
&~d Friedlander. and of ourselves to calculate the relative probabilities 

for the emission of neutrons, protons.;deuterbns, tritons, helium-3 ions, 

heliwil-4 ions and other .charged aggregates. 

The kinetic energy of:th.e emitted particles was selected from a 

distribution calculated from the Original Weisskopf formalism. This 

is expressed by 

where X = 

,p(X) = (X/Xmax) exp (a .X - [a. (R. -X] 1/2} 
J max J J 

E - V with' V = k.V. . for charged particles, V = - f3 
J J 

neutrons,ahd Xmax is given by 

X = (l/a
J
.) [(a.R. + 1/4)1/2. - 1/2] 

max J J ' 

for 

To save computer time the high energy tail was approximated by a lVJaXVlel1ian 

distribution.' 

- (X/X . ) exp [l-(X/X )] 
max, max (14) 
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All the constants required for solution of the above equations 

were read into the computer .. , The atomic num.ber and rra ss) the excitation 

energy) and the number of cases to be examined.Here specified. A random 

number selected the particle s to be emitted from a di~tribution -vleighted 

by the relative emission probability for each particle. 'E'le "Vleighting 

fractions "Vlere recomputed at each step of the evaporation chain. Other 

random numbers selected the kinetic energy of the particle from the calculated. 

kinetic energy distributions. This information determined the result of 

the first evaporation step and the input data for the next step. L'1e 

procedure was repeated until the R values (see equation 8 and 11) for all 

particles were < 0.' The computer then 'Has instructed to move on to the 

next evaporation chain. The information obtained fror:l each evaporation 

chain "VIas 

1) The type) number) and energy of em.itted particles 

2) The type) number) and residual excitation energy of the 

final products 

3) The detailed evaporation path. 

For our purposes)only certain summaries of this information were useful 

and statistically reliable. . 'rhe chief SlL'TIrrlary 'needed for comparison with 

experimental data was a table of the final products) giving for each 

product the Z) A.) number of cases) and fraction of the total products. 

In most of our calculations we limited the evaporation to the 

following six particles: neutron) proton) deuteron) triton: helium-3 

nucleus) and heliu.m.,.4 nucleus. In a few test calculations the evaporation 

. of heavier particles numbering 16 in all was permitted. vie did not find 

that this change made an appreciable difference in the yield of the 

products in ~tThich we were interested. 
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The input information from the Metropolis et a1. cascade calculations 

covered 809 cases at 462 MeV and 695 cases at 944 MeV. The geometric cross 

section for protons interacting with niobium is :::::: 1200 mb. Hence, the 
, 

statistical error for any final product '"ith a formation ," cross section .. 

less than a fel-1 millibarns vlaS quite large .To reduce some'dhat the statistical ~ 

error in the results five evaporation calc1llations were performed for each 
I, 

initial cascade case. It also proved helpful to employ certain averaging 

procedures to smooth out the results. This is possible and proper since 

the model 'pred.i,cts systematic trends in yield as function of atomic mass 

and charge. For example, the isobaric distribution could be approximated 

by a Gaussian curve. The computer results for 3 or morep'roducts oLdiffei:ent 

Z at each value of A could be plotted on probability paper to determine a 

most probable Z, designated Zp , and the standard deviation cr of the 

Gaussian distribution. Resultin,g values' for Z and (J are shoviD in figure's 
p 

6 and 7. In order to obtain a satisfactorily smooth curve of frEwt.ioD8.I,j:yield 

versus mass number, it was necessary to average the isobaric yields over 

3 mass units. Figure 8 shows one SU1l1.'11ary of our calculations averaged 

in this fashion. 

vlith the aid of our curves for Z , the charge distribution paramet~r 
p 

cr, the isobaric yield curves) and a,total cross section value of 1230 mb, 

obtained by graphical interpolation o'f the results of GOOding,15 we were able 

to calculate the cross section of any isotope. We made such calculations for 

the isotopes isolated in our i,ork. We discuss these in the next section .. 

Details of the ca:Lculations ana. the results e.re given morefu:Lly 

16 
in the the sis study b'y one of us. 

\ 
\ ... 

\ 
. \ 

'\ 
~ 

, 
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COMPARISON OF THE EXPERIME~~AL ~D CALCUT~D CROSS SECTIONS 

Figures' 9, 10, ll, and 12 'shovT the calculated yields at hiO bomb-

barding energies and the experimental yields at four for the isotopes of 

niobium, zirconiUID,copper and nickel studied in our experiments. 

A. Lovr Deposition Energy Processes 

The niobium and zirconium results- are representative of low 

deposition-energy processes. The experimental" and .calculated values are 
I ':, 

compared in figures 9 and 10. The excitation functions have a negative' 

slope in agreement with the expectation that their maximum cross s,ections 

are obtained at much lower bombarding energies than those considered here. 

This decrease can be attributed to the competition from processes of 

higher deposition energy as the bombarding energy is increased., , The fact 

that the yields decrease rather slowly is proof that the prompt cascades 

includes a sizeable proportion of events in which only a small fraction of 

tbe energy of the incoming particle is transferred to the target nucleus. 

The rough agreement of the experimental and theoretical curves shovrs that 

the general trend with increasing energy is correctly reproduced. 

. 90' 
The calculation underestimates the· measured value for Nb ,by a 

factor of 1.7 at·462 MeV and by a' larger factor at higher bombarding 

energies. The agreement for Nb89 is satisfactory at 462 MeV but worsens 

at higher energies. These discrepancies are of the same order as those 

observed by others for products of the (p,pxn) type when x is a small 

number.10,17-20 The comparison of calculated and experimental values for 

the zirconium isotopes is somewhat better. At 462 MeV the calculation 

underestimates the values for zr88 and Zr89 by about 25%. The experimental 
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, \ 

value for zr87 is bracke"t<::d by the, calculated values' based on A/20 and 

A/lO for the level-density parameter a.There'is a' gradual worsening 

of this agreement ~t higher energies. 

" , . ~' , " , 
B. High D~position Energy Processes 

.. 
The experimental cross sections for copper :and nickel isotopes 

show sharply increasing excitation functions. The slopes of these 

curves are greater for the more neutron-deficient 'isotopes than 'for the 
.. -•. ----

neutron-excess isotopes. These are the qualitative p'roperties expected 

from the cascade-evaporation model. The quantitative predictions of the' 

model are presented ·in figures 11 and 12 and compared ,with the expe'rimental 

data. 

the order of' magnitude f'or these small-yield products, and f'or the slope 

of' the excitation functions. In the cases of cu64 ., Cu67 Ni66 and Ni65 
" " , 

the theoretical curVes for the two chOices of thea-parameter in the level 

density f'ormula bracket the e~erimental results. In the case of' the very 

. light product Cu6l the calculation' overestimates the, yield, but~ by iess 

than a factor of 2, which is not serious. , The lightest nickel isotope, 

Ni57, is an exception •. It is badly overestimated by the calculation. 

We conclude that within the statistical accuracy' imposed by the 

limited number of cascade events' considered in the calcuiation, the yields 

/ 

,of the copper and nickel isotopes on the neutron-excess side of beta stability 

are satisfactorily described by the ,conventional, reaction model. The yields 

, could easily be 'more closely calculated by an adjustment of'the level density' 

, , parameter within ~ reasonable range of' choices. , These cases represent large 

<,' . 
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deposition energy (300 MeV or more on the average) sufficient for the re-

moval of about 30 units of mass from the target nucleus. The fact that 

the neutron-defic~ent isotopes of these elements are not sO ~iell calculated 

may inclicate that ,the charge distribution of yields is improperly estimated. 

C. High Deposition Energy Processes Leading to Fragmentation 

Th d .L • J • f N 24 0. ~T 22 ( .0' 5) , e pro uc "lon cross sec Clons or I a an l~a see .L 19ure 

increase with bombarding energy. Our results follol-i the systematic trends 

observed for the production of Na
24 

in other targets by Caretto, Hudis, and 

Friedlander21 and by Crespo) Alexander, and Hyde. 2 Our experimental data 

.0 'lI1J 22 . 0. bl 1 .L.' th . , f -J 24, d' t· .Lor ~a are conSl era y ess cer"aln .an ~nose 9r ~a ,an In par l-
. : 22 

cular) the higher yield of Na at 240 than at 320 IvLeV is questionable.' 

T\vo features of the excitation functions may be mentioned. First, 

the slopes, are not asgre'at as those for the copper and nickel isotopes,; there 

is only a factor of 10 increase in yield over the range of bombarding,energy 

compared to a factor of about 100 for the copper and nickel iSQtopes. Second, 

th . - ~ th t d f" . N 22. .L' • ';\T 24 d . t' e ra~lO OI e more neu ron- e lClen~ a lso"ope ~o Iva ecreases ~Tl n 
.- ;~) 

increasing bombarding energy, whereas the corresponding ratios for the co~~®r 

and nickel isotopes increase. Both these observations are contrary to tli~: 

predictions cif the reaction model ivhich ~iould say that the slope of the ex-

citatiori function and the ·increasing yield of neutron-deficient over neutron-

excess products should be much greater for sodium than for copper and nickel. 

Further.more~he yields of the sodium isotopes are orders of ITsgnitude 

greater than the. Cttl3cttc..e-eV'ttporation model would preCiicJc. The e)..'IJel'iwental 

nickel, i-ihereas the calculation does not predict the formation of any products 
..' . 

, 
ivi thmass < 35 urltil the bombarding energy is raised a'Dove 1 GeV. 
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~\le conclude that the. sodium isotopes vere produced by a reaction 

mechanism quite distinct from that described by the conventional model \'ihich 

is based on the evaporation of numerous small particles from a highly-excited 

target nucleus. Our result su~ports the conclusion reached by rr~ny 

. - 1) 2) 2l-2)+ .L.h .J.. - - • t·· l h· fJ 11 - f J' . o"Cners . . v a v an aQQ). lona me c."arnsm) 0 cen ca ed. -ragmenca"Clon) 
I" 

is operative in reactions induced by particles of high energy. 

I .L.· • t .J.. • .L. TIT . 24 , . ·.L.h t-v lS In eres vlng vO compare our J:,a cross seC"Clons Ion v no se 

obtained by others from various targets; such a comparison is presented 

in figure ·l3. It can be seen that the points for niobium targets correlate 
; 

"Yiith those for other elements. T.'1e unusual form of the curves in this figure consti-~ 

tu.-tes part of the evidence for a fragrnentation origin for Na
24 

as is dis-

cussed by. Caretto) Hudis) and Friedlander) 21 and Crespo) Alexander) and 

2 
Hyde. 
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VI. DISCUSSION OF RESULTS:FeR REACTIONS INDUCED BY HELIl.JM IONS 

The yields of the products for the helium-ion..;induced reactions are 

listed in Tables :.111' and N.,· &'1d plotted in Figures 1 through 5. The . 

tvo striking features of the comparison of these yields to those obtained 

in the proton-induced reactions are the greater yields in the reactions 

induced by helium ions and the close parallelism of the excitation flh~ctions. 

The yield ratios are su..rn..rr.arized in Table V. These ratios are close .to.the value 

2 for all products and all bombarding energies. This is a striking constancy 

considering the great range of cross section values and the differences in 

slope for the different products. It seems apparent that the pattern of 

energy deposition is quantitatively very much the s~~e in the helium-ion 

bombardments as it is in the proton bombardments. 

This is an unexpected result for several reasons .. i-le~'·cite.: 

the conclusion for our discussion above and from the previous work of others 

that the sodium isotopes are formed by a reaction mech&'1ism which is differ

ent from that which leads to the production of the heavier products. It 

seems surpri$ing that the results for both types of reactions s00uld be so 

similar for the two types of Particles. This is particularly so if one accepts 

the fragmentation mechanism suggested by Wolfgang et al.
22 

in which pion 

formation plays a significant role in transferring large amounts of energy 

to. the struck nucleus. It seems unlikely that an alpha particle 'ITould pro

duce ~ions ,in nearly the same yield as protons., It is usually stated that 

a pion can.be produced only by the interaction of.an individual nucleon w~th 

:a nucleon inihe target nucleus.. Each component nucleon of the alpha part~

c1e has about one quarter the total ene:r:-gy of the alpha particle; with a. 
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distribution related to tbe internal momentwfi. Since the cross section for 

pion production by a free nucleon is a steep fu.'1ction of energy in the region 

100-500 MeV) one vould expect fevTer pions produced by alpha particles than by 

protons~ . of the same energy over the range of energies ,\·re have studied. The 

threshold and th~ steep rise in the meson excitation function should be dis

placed to higher helium ion energies. This difference in the a'bilityof the 

tvo projectiles to produce mesons should 'be reflected in the ~9rOQuction cross 

sections of products ,-1hose formation is influenced in a significant I·ray by 

meson production and reabsorption. We see no evidence for differences in the 

production of any of the studied isotopes except that the yields are higher' 

by a factor of 2 in the helium ion experiments. 

One might argue that the alpha particle compensates for its lesser 

pion production and reabsorption by initiating a more cODlplex cascade vri th 

its four nucleons. This could well be ture but it seems unlikely to us that 

this compensatation should be so close for each of the four bombarding energies 

and for each group of products. . 

It is not possible to program a Monte Carlo Calculation for the initial 

fast cascade induced in target nuclei struck by energetic helium nuclei be

cause of insufficient data On elastic and inelastic cross sections of helium 

ions interacting with nucleons. In particular) the literature does not contain 

extensive data on the production cross sections for mesons in targets bom

barded with hel'ium· ions. Another uncertainty is the fate of the helium ion 

after the first collision. Does it break up and re.lease four fast nucleons 

in the interior of the target nucleus ,to propagate separate cascades? Or 

does it retain its. identity throughout the cascade until it is absorbed or 

escapes from the nucleus? . There is some evidence that the latter is the case) 

',.;,J 
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at least for reactions occurring in the surface. 
~ ,. 25 Igo) Hansen) and GOOQlng 

studied the (0:) 20:) reaction in a series of targets bombarded at 910 Mev. 

They used. two particle detectors to measure the identity) energy and angle 

of the t~ro alpha particles emerging from the target. Their res\llts indicate 

a strong probability for alpha clusters in the nuclear surface and for a 

quasi-free elastic collision of the incoming o:":particle "lith an alpha cluster .. 

The near constant value of 2 (Table V) in the ratios of yields in the 

helium ion and proton experiments is caused) for the most part) by the larger 

26 
reaction cross section for the helium ions. Huizenga and Igo give 1628 

mb as the reaction cross section for 46 MeV heliu.'1lions interacting wi.th a 

niobium target. For the proton bombarllilient calculations we have used a 

value of 1230 mb interpolated from the measurements of C-Ooding15 at 34 MeV.:.· 

These values differ by 32 percent. It coul.d easily be that the total in-

elastic cross sections for :i.ncident· particles of 320-720 MeV energy are 

appreciably different from those determined at 46 arta. .34 MeV by these 

authors. It is known) for example) that there exists an approximate 15 

percent nuclear transparency effect for a target with a mass in the region 

of niobium bombarded with protons in the energy range of 150 to 400 MeV. 

Nuclear Transparency is probably not so pronounced for helium ions . Hov/ever) 

no experimental measurements exist for the total reaction cross section for 

targets near niobium bombarded with protons and helium ions at these energies . 

It is appropriate here to call attention to two other recent 

studies. of spallation reactions with high energy heliUt"TI ions and protons. 

~7 '. . ( 59 
L. Miller- has eompa'l."ed. th{!! (p;pn) and. CAXn) reaetiems on Co targets 

wi~h protons and heliUt"TI ions in the same energy range used by us. He finds 

a marked similarity in the results. ~ TT··· b 28 h t d' d th t . L.wlns erg as s u le e proper les 

J:> ,. l' . ·-'-t· '11' 149 " d' -'-h b . " t f ttl d ld o~ ~ne a pna-eml0 er .~O proQuce In 0.e omoaramen 0 fu~ a urn an go 
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targets with protons ranging from 0.45 to 6.2 GeV and_ vii th helium ions 

of 0.5; 0.] and 0.88 GeV. ' This product is about 30 IT~SS units 

removed from the tantalum target and-·hence. can' be -compared) "at 

least roughly) with our copper and nickel products for niobiUtll targets. 

Winsberg measured production cross sections and recoil properties and 

IT~de a detailed analysis on the basis of the conventional 2-step model. He 

concluded that the model can account satisfactorily for the results. T-~ere, 

is a marked similarity in the cross section values and in the overall 

recoil properties for the reactions induced by helium ions and protons of 

the same energy. There are hm-7ever someiridications ~ 

of significant differences in the initial stage of the reaction 

induced by the two projectiles. 
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CONCLUSION 

The cOITwarison of oUY·experimental results for proton-induced 

reactions with detailed calculations based on the conventional 2-

stage model of high energy r.eacti"ons, shOYTs that a vlide variety of prod:ucts 

produced by low and high energy transfers are moderately ·Hell d.escribed 

by the model. Hmlever, there is one group of products (the sodium isotopes) 

vlhichrequire·. >" .. a separate mechanism (fragmentation). 

The results for the helium ion reaction are remarkably similar 

to the proton results for all groups of products indicating that the 

energy deposition process is nearly the same. Together vIi th the study of 

Na
24 

fragmentation products reported by Crespo, Alexander, and Hyde,2 our 

results ind.icate that fragmentation induced by helium ions is closely similar 

to that induced by protons. This result raises some unresolved questions 

about the high energy cascade in reactions leading to fragmentation. 

I . 
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APPENDDC A. CFillVJlCAL PROCEDU?ES 29 

Preliminary Step s. The foils were snipped from the target after the 

irradiations to produce a uniform set of foils. After the niobium and 

aluminum pieces were vleighed) the niobium foil vTaS placed in a cellulose-

nitrate tube and the aluminum f6il was stored for later mounting and cOUJ.'1.ting. 

A cellulose nitrate tube was used for the dissolution of the niobiw~ rather 

than glass because a corrosive mixture of concentrated hydrofluoric and 
employed 

nitric acids was/to dissolve the niobium. After complete dissolution) the 

excess fluoride ion was removed by successive precipitation of calcium 
. removed by 

fluoride and barium fluorozirconate. These precipitates vlere/ centrifugation 

and. the supernatant solution vTaS transferred to glass equipment. 

To this point the chemical treatment was the same for each case. 

Niobium Separation Procedure.· NiobiUm pentoxide was precipitated from the 

above target solution by digestion i-lith potassium bromate in a water bath. 

The oxide was washed with a solution of dilute nitric acid and ammonium 

h;v-droxide,transferred to a cellulose-nitrate tube) and dissolved in concen-

trated hydroflu·oric acid. After a barium·flourozirconate precipitation) 

niobium pentoxide was precipitated .vTith concentrated ammonium hydroxide, 

washed with a dilute 'solution of ammonium and sodium hydroxide) and dis-

solved by digestion with nitric and oxalic acids. A. second acid precipitation 

of niobium pentoxide was carried out on an aliquot of the solution by adding 
the solution. 

potassium bromate and ~hea;ting/ The niobium pentoxide ivaS filtered through 

a vieighed paper filter and washed with vlater) alcohol) and acetone .. The 

'sample was weighed ane. mOUJ.'1.ted in this form. After cOUJ.'1.ting the sample, 

the precipitate was ign::' ted and i<7eighed to determine the chemical yield. 

The procedure took'approy~mately 40 minutes. 
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Zirconium Separation Procedure. nlenty milligrams of zirconium carrier 

"iere added to the initial target solution.. Addition of barium ion caused 

the precipitation of barium fluorozirconate "ihich -viaS "lashed ~Iith "later 

and dis'solved in concentrated nitric acid containing 5% boric acid. The 

barium ion was eliminated by the addition of sulfuric acid. Zirconium 

hydroxide was formed by addition of ammoni1.1t'Tl hydroxide) and) after a water 

wash) it was dissolved in concentrated hydrochloric acid. 'L"1e solution "laS 

adjusted to 6 N hydro~hloric acid and contacted with a 0.4 M solution of 

thenoyltrifluoroacetone eTTA) in benzene. The organic phase (containing the 

zirconium) was washed three times with 1 M nitric acid and contacted with 

4 N hydrofluoric acid to back extract the zirconium. The first part of 

the procedure was repeated up to the TTA extraction step.' An aliquot of 

the solution was then precipitated by digestion with 16% rr~ndelic acid. 

The zirconium tetramandelate was washed with hot "later and filtered through 

a tared glass filter and again washed'lvith water) alcohol; and ether. After 

drying for 10 min. at 110oC) the sample was weighed and mounted. The 

chemical s~paration took about 1. 5 hours. 

Separation Procedure 
Copper) Fifty milligrams of copper carrier and milligram quantities of salts 

of a number of elements near copper and niobium in atomic number were added 

to the dissolved target. Excess fluoride ion was removed by the standard 

method. Upon addition of an excess of amrno~ium hydroxide) the copper re

mained in solution as the ammonium complex while the niobium) and many other 

hydrochloric acid and cupric sulfide',<vl8;S precipitated. Concentrated hydro-

chloric and nitric acids dissolved the sulfide) and the addition of sodium. 

sulfite rec1uced th~ copper to the plus-one state. Addition of potassium 



,~ 

'v 

-27- UCRL-11391 

thiocyanate precipitated cuprous thiocyanate v7hich 'was dissolved vlith con-

centrated hydrochlo:r:ic and nitric acids. Niobium, zirconium,: yttrium, and 

iron ions were added and precipitated as mixed hydroxides to remove con-

taminants. The copper "Has then reduced to the metallic form by' sodh.mJ. 

hydro sulfite in a strongly basic solution. Tne metallic copper "Has dis-

solved in nitric acid, and the procedure "Has repeated starting at the thio-

cyanate precipitation. The copper Vias filtered through a v7eighed glass 

filter) "Hashed with "Hater and acetone) veighed, and mounted. Approxi-

mately 45 minutes vere required for the separation. 

Nickel Separation Procedure. Ten milligrams of nickel carrier together '\-lith 

milligram quantities ofa number of elements in the region of niobiw~ "Here 

added to the target solution. Follov7ing the· elimination of the fluoride 

ion, an excess of ammonium hydroxide vas added to preCipitate the niobium and 

a number of the other hydroxides, leaving nickel in solution in the form of 

the ammonium cOJl1plex. A. copper-sulfide precipitation "Has folloved by a 

'. 
precipitation of the mixed hydroxides of zirconium, yttrium, and iron. Tne 

nickel vas then preCcipitated with 1 per cent ,.dimethylglY9xime and re

dissolved in hydrochloriC acid. A. second copper sulfide preCipitation 

succeeded by a .. Cl.imethylglyoxime precipitation yielded a sample free from 

contamination. The pre'cipitate was filtered through a tared glass filter 

and vlashed with 'Hater. After drying for 10 minutes at 110oC, the sample 

was veighed and mounted. The procedure took about one hour. 

to the dissolved target; and the fluoride ion "Has eliminated. Addition of 

armnonium hydroxide pre:~i:pitated the niobium. Copper was added to the 

superJ:'1.ate to precipitate' cupric 'sulfide.·; as a scavenge. Iron hydroxide 
i 

vlas then precipitated for the same purpose. The solution viaS evaporated 
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to dryness and 6 lvI arnmoniurn acetate was added. Sodium_ -Has pre-

cipitated by stirring with a solution of uranyl acetate) magnesiw"ll acetate) 

and acetic acid) and vlashed vlith a solution of glacial acetic acid) anhydrous 

ethyl acetate; and anhydrous ethanol. T'ne sodiurn uranyl acetate vTas suspended 

in n-butanol. N-butanol saturated with dxy hyd.'ro!Sen chloride "i'las added. to 

change the precipitate to soo.iw"ll chloride i,hich was i·7ashed vTith a solution 

of n-butanol and n-butanol saturated with hydrogen chloride. ~~e sodiQ"ll 

precipitation "iaS repeated; and the organic material vias expelled by heat-

ing. A. small amount of potassiurn ion ,vas. added together with perchloric 

aCid) and the solution f'uIned to dryness. N-butanol was added and the 

mixture was boiled to dissolve the sodium perchlorate. Sodilli"ll chloride 

'"as again precipi tatecl from 'the supernate by addition of n-butanol 

satur_atecl vii th hydxogen chloride. T'ne precipitate was filtered through a 

tared glass filter) '\-lashed with n-butanol) dried for 10 minutes' at 110oC) 

weighed) and mounted. The separation took approxirnately 3.5 hours. 

r 
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.APPENDIX B. DETAILS OF ACTDTITY MEASUREMENTS 

Niobium. ,The amounts of }J'b89 and 1\1b90 in the purified niobi'lli"!l fraction 

were measured by, the resolution of the decay curves taken in the pro

portional counter. Activity contributions from 1\1b9lm
J No 92

J and No 95 

were also observed but no quantitative measurement of them was attempted. 

For Nb$9 the, experimentally observed half life of,l.79 hours was used in 

the analysis of the decay curve. The contribution to the Nb89 yield from 

,,---decay of isobars of higer atomic number was estimated to be less than 10 

percent. The growth of 79 hour Zr89 into the sample interfered with the 

measurement of Nb90
j this interference was eliminated by repeating the 

niobium 

niobium 

chemic'al separation"24 hours after bombardment on an aliquot of the 

fraction, afte;which the Nb90 could be observed free of Zr89 con-

tamination. The measured Nb 90 yield was judged to be the independent yield 

of this nuclide because of the expected 10v7 yield of M090 and because the 

5.7 hour M090 half life is long compared to the time of the initial }Th 

separation. 

/ 

Discovery of Niobium 88. During the course of these experiments a 15 minute 

positron activity was observed in the niobium fraction and it was established 

88 that this activity was the pa~ent of Zr . This conclusion was confirmed 

by preparation of theNb88 activity by the reaction of carbon nuclei with 

a ~romine target in the Berkeley Hea.vy Ion Linear Accelerator. Details of 

this identification will be published elsewhere. 

87 ' '88 8 ' , 
Zirconium. Zr, Zr ,and Zr 9 were measured by analysis of the decay 

curves of the zirconium fractions taken on the proportional counter. ' zr86 

activity was also observed but certain difficulties in the measurement of 

this e1ectron-Gapture activityprev~nted an absolute determination of yield. 
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88 . 
The proportional CDLL'1ter activity of the 85 day Zr \-Tas due to the con-

version electrons of the 394 keY gam:na trans:Ltion present in 100 percent 

abundance. Quantitative measurements of the 394 keY photopeak in the 

NaI crystal counter made it possible to calibrate the beta counter for 

Zr88 counting. Measurement of the' 79 hour Zr89 \-Tas hampered by the grovth 

of 80 hour y87 from the decay of its 1.6 hour parent) Zr87. This inter-

ference i·ras eliminated bya second purification ~of an aliquot of zirconiu.."ll 

87 
24 hours after bombardinent) 1vhen the Zr ' had decreased belov detectabili ty. 

The complex decay curves vere analyzed 'In th a least squares. program 

on an IPM 704 computer. C-ood fits "iere o"otained for the three measured 

isotopes w~th half life values in agreement ivi.th published values. 

. 87 88 . 
The yield values for Zr and Zr include contributions from iso"bars 

of higher Z "which were judged to be less than 20 percent of the tota,1. The' 

slight contribution from lIJo89 because 

could have decayed into Zr 89 before tne 

. Z 89' .. 1 yield value of r con~alns on y a 

less than 10% of the 1. 79 hour Nb89 

initial chemical separation was made. 
. . 

In a few cases the results from the analysis of the proportional 

counter decay curves were checked by measurement of gamma ray photopeaks 

in the NaI crystal spectrometer and by application of knCiill information on 

garw'Ua ray energies and intensities. 

Copper. 
62 . 66 

Ten minute eu and 5 mlnute Cu were observed in copper fractions 

isolated by a rapid chemical procedure but o'wing to experimental difficulties 
) 

"Te did not. complete an accurate determination of their yield. There i·ras 

I . 61 64 6 
little difficulty in resolving 3.,) hour Cu -; 12.0 hour Cu .; and 2 hour 

Cu?7 components from the decay curve taken ivith the aid of the proportional 

counter. on the copper fraction purified by the longer procedure described 
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in Appendix A. 

'h ' C 67 . ., d ' 

The contributions of,isobars of higher atomic number to 

~.e u yle~ lS . l' d' . < 1 ' t "t' h C 61 '1" be leve "to be , percen) ana O"tl e u Yle a) less 

than lOpercent. 

Nickel. Ni57 ) Ni65 ) and Ni 66 components ,,;ere resolved from the decay curves 

. tal;;:en in the proportional cou.."lter. Application of the Biller-plot method30 

helped in the separation of the 36 hour Ni57 and 54.8 hour Ni66~ ~~e con

tribution of Cu57 to the Ni57 yield and of C065 and c066 to the yield of 

Ni65 and Ni66 is believed to be small as judged from the general observation 

of a rapid drop off in yield with distance from the line of beta stability. 

Sodium. A 1 - , i'i- 24 '" .I..L 1\T 22 , 1 " ) nour Lia componen't and a consvanv J.~a componen"c 'Here ,reso vea 

from the curves taken with the proportional counter. Calibration errors 

are small since the same nuclides were counted in the monitor foils. How-

22 ever) the counting rates:for the 2.6 year Na ,,]ere only 1 to 30 counts per 
at times 

minute so that/there was a considerable error in the subtraction of the 

background. Tnemeasured cross section values include contributions from 

iso"bars with ,Z 1= 11. vfuetherthis contribution is large or small is 

difficult to estimate since there is no systematic information on isobaric 

yields) and furthermore the mode of production of these light nroducts is 

unknmm. 
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Table 1. Impurities in the niobiUIrl. foil. 

T ., ..... mpurJ.-cy Perce:it Impurity Percent 

Oxygen 0.03 Titanium 0.01 

Nitrogen 0.03 Tungsten less than 0.01 

Carbon 0.015 Zirconium. less than 0.005 

Tantalum, 0.05 Nickel less tha:1. 0.005 

'Iron 0.015 

'. 
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i 

, Table II. Decay properties of investigated nuclides. 
\ -

Energy, Energy 
Nuclide Half-life Rad. '(MeV) 10 Nuclide Half-life Rad. (MeV) ,10 

- --
14.7 h + 

50 Nb-90 !3 1,·50 Cu-64 12.88h - 38 13 0.573 

e 0.114 11 13+ , 0.656 ,19 

- 0.123 19 13+ 
' .I e Cu-61 3.32h 0.56 3 

Nb-$9 1.79h 
'+ 
13 2.86. 91 

' 13+ 0.94 5 
+ 

13+ 
13 1.15 1.l. 

Zr-89 79.3 h 0·90 30 
13+ 1.21 53·1 

."/ 0·915 100 
Ni-66· 54'.8 h 13- 0.20 100 

Sr-87m 2·75h e 0.363 22 
, , " cu:-66 5:1Om 13- 1.59 9 

Zr-88 85d "I 0.394 ''1.00 
13- 2 .. 63 ,91 

( e 0.377 4.62 
.. 

, Ni-65 2.56h· 13- 0:60 
13+ 

' . 23 . 
Y-88 105d 0.57 0,7 -13 \ 1.01 8 
Zr-87 1.57h 13+ 2.10 -83 13- 2.10 69 

Zr-86 ' 0.241 
,~. . 

17h ~ "/. 100 13+ " ... ~ 

Ni-57 3611 0.849 ":39.9. 
" +. 13+ 

... . ' 

Y-86 14.6h ,13 0·90 3 0.712 ' 5.6 
, \ , + 13, l'.32 15 Na-24 -1511 13 - 1.391 ,100 ... 

+' '1.4i 5 :., 13 ' 
+ :,'Na-22" 2.58y , 13+ 0.554 89.8 

13 2.09 6 
/ ' , 

.. -

Y-87m 14h - ,0.363 .. e ; 22 

Cu-67 -61.6 -h ~- .. ' '0·395 4? 
~' .. 

13- 0.484 ' , 

35 

13~ , 0.577 20 ,-

e- " 0.083 ~20 
" 

.,\ 

, 
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':f.1able III. Product cross sections from proton bpmbardments of niobiUln 

240-MeV Protons on Niobium 320-':MeV Protons on NiobiUln 
-x-

X 
-x 

X Cross section (J- D Product Cross section 
__ ,_ (mEl ___ x (mb) 

65.6 6.9D 1 Nb-90 54.8 5.17 

25·0 2.63 1 Nb-.89 21. 7 2.05 

62.7 6.60 
_2 

Zr-89 5.63 ,2.5xlO 2 59·7 

80·9 8.52 1 Zr-88 71·,7 6.76 

_ ~~6. 7 ~1'·92 1. Zr-87 )~2 . ~~ ~~. 00 

, ' '46 1,:'3 ,1. X_O ~ -~, 1. 51X10 4 -6 .5X10 2 Cu-67 5.20XlO-3 ~ -~I' 
~. 9lX10 

2.09xlO -2 2.20X10-3 1·5xlO 
_i~ 

2 Cu-64 0.103 9. 75xlO-3 

'-3 
5.18xlO ' 

' 4 
'5· !~5X10- 6.2Xl0-5 2 Cu-61 3 '!~2xlO -,2 ..' ' -3 

3.-2),xlO 

. -4 
1.03XlO 1.08X10-5 1 Ni-66 3.80X10-4 

3. 58xl0 -5 

5.50~10-4 5. 79xlO-5 1 Ni-65 3.15~10-3 ' -!~ 
2·97xlO , 

3. i~9x10 -4 , 
' 5 

3·67X10- 1 Ni-57 1. 77~10-3 c '. _ii, 
1. 07xlO 

8.21~10-3 6l - _l.~ 
8. !X10 , 1 Na-2i~ 

, 2 
1. i~8xlO- i '-3 J.. 10xlO 

, -2 ' 3 _l.~ 
Na-22 

'-2 1. hO '10-3 1·92X10 2. OllX10 ~ 1.3xlO 2 1.59xlO - -,.J X 

.. 

(Jx 

0·50 

' -5 
2·5xlO 
' ' L~ 
2.6xl0-

' -!~, 
1.4X10 

4 -5 .Ox10 
' _i~ 

1. 9xlO 

D 

2 

1 

1 

1 

1 

2 

2 

2 

1 

1 

1 

2 

2 

I 
vi 
--:) 
I 

~, 

o 
:-'j 
L-I 
I 
l--' 
l--' 
,--" 
\.0 
1--" 



500-HeV Protons on Niobiwll 
-x- _ 

Cross section X 
. (ml:i) 

47. L~ 4. LI-7 

17·7 1.67 

l~l~. 8 1~.23 

54.2 5.11 

32.8 3·09 

I -2 2·9LJ-X10 . 2. 77X10-3 

0·731 
. 2 

6·90X10-

0.1~16 3. 92X10 
-2 

2.86x10-3 . -4 
2·70X10 

2.20x10 -2 2.08~10-3 

1. 83X10 
-2 1. 73X10-3 

1 -2 
~, 27x10 l~. 03X10-3 

2·57><10 
-2 2 . 1-l-2x10 - 3 

0.24 

a
x 

-2 
2·5x10 

1. 6X10-5 

3.4x10-3 

3.5X10-3 

3.5X10-
6 

.- ~ 

1. 3X10- ~ 

1. 5X10-1~ 
-~~ 

1.2x10 

-~~ 
1.0X~Q, 

D 

2 

1 

2 

1 

1 

2 

2 

2 

2 

2 

2 

2 

2 

Table III. Continued 

720-.lv1eV Protons on Niobium 

-x-
Product Cross section X 

(mb) 

Nb-90 37·0 3.49 

. Nb-89 13·9 1.31· 

Zr-89 38·5 3.63 

Zr-88 42.1 3·97 

Zr-87· 26.1 2.46 

Cu-67 0.119 1. 12xl0 -2 

Cu-6~~ 2.79 0.263 

Cu-61 1·73 0.163 

Ni-66 8.)OX10-3 .. -4 
7.8)><10 

·Ni-65 
. -2 

6.28x10 . 5. 92x10 -3 

Ni-57 7·30X10 
··2 6.89X10-3 

Na-2!~ 0;130 1.23x10 -2 

Na-22 -2 7.29x10· 
. -3 6.88x10 

,,-----

0·35 

0-
x 

1 -4 
L~. 7X10 

1.3x10-2 

. -2 
1.0x10 

1. 5X10-5 

. -5 
1.0x10 

3.5X10-5 

1.0X10-4 

9.0X10-5 

-:" 2~~ 1 c Na 'moni tor cross section'taken as 9.5 mb for 2 +0 MeV p) and as 10.0mb for 320)' 500) and 720 ~IeV 

. protons. 

- ,24 
X == ratio of product cross section to Na monitor cross section. 

()_ == standard error of X Hhennwnber of determinations D is greater than 1. 
.x 

-----< ~!.. '"' 

D 

.. ,'"';". .. 2 

1 

1 

1: 

1 

3 

3 I 
\....'J 
0) 

3 I 

2 

2 

2 

2 

2 

~ 
!:D 
t--l 
I 
l-' 
1--' 
'-N 
\.0 
l-' 
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Table IV. Product cross sections from heliwu-ion bombardments of niobiUlll targets. 

320-lYleV Heliwn ions on NiobiUlll ·500-lYleV Heliwil ions on Niobium --_._- .-

-)(- -x-
X Cross section X G-- D Product Cross section (L D 

(mb) x (mb) x 
... _._. __ ._ ... ' 

129 5·37 0.27 2 Nb-90 97.2 ' 4.05 0·31 2 

46.8 1.95 1 Nb-89 35·5 ' 1.!~ 1 

111 4.61 1 Zr-89 81. L~ 3,39 3.0Xl0-2 

145 6.01~ 1 Zr-88 105 4.38 1 

. 92. 2 3.84 1 Zr-87 65.8 2. 7L~ 1 

-2 1.08Xl0 , . 4.49Xl0- 4 1.0Xl0-5 
3 Cu-67 7. 15x10 

-2 2. 98xl0-3 6 _L~ 1. Xl0 ' 3 

-3 ' 4 
Cu-64 0.145' 

". ' 2 ' -3 
0.173 7. 19X10 8.3xl0- 3 6.05xl0- 1·7xl0 

I 
'VI 

3 \.0 
I 

L~. 4-2 10-2 1. 8l~Xl0 - 3 ' -5 1 -2 " Cu-61 
-:; 

7·0X10 3 6.50Xl0- 2·71Xl0 1.0x10 3· 

1.06Xl0-3 !~. 40Xl0-5 1 Ni-66 ' -3 7.30x10 
' . -!~ 
3·04Xl0 1 

6.07X10-3 
'- L ' 2 

1. 70X10-3 2. 53Xl0~ ~ 1 Ni-65 4.08xl0- 1 

5. L~OX10-3 . -4 
2. 25xl0 1 Ni-57 

' 2 
3.60xl0- ·'1.50~10-3 1 

4 ~·2 . 32Xl0 . , 1.80X10-3 1 Na-2!~ 0.113 L~. 70>~10 - 3 1 

L~. 68xl0-2 1.95>(10-3 1 Na-22 8 6! -2 " 60V10-3 . ~xlO :; . /,-' 1 c: 
----.-~-- 0 

~ 
t-l 
I 
f-' 
f-' 

\..>1 
\.0 
f-J 
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720-·MeV Helium ions on Niobium 

~(~ 

·Cross sectioh 
(mb) 

-
X 

8;;; '') 
/" -'" 3.48 

27.13 1.16 

73·9 3·08 

93·1 -3.88 

55·9 2·33 

0.166 6,9lXl0..,3 

4.34 0.181 

2.59 ·0.108 

... 2 
1. 92x10 

. 4 
8.02x10-

:,0:121 5.06xl0-3 

0'.143 6· -3 5.9 xl0 

0·300 
. -2 

, 1.25xl0 

. 0.196 8. 18x10-3 

0.10 

a_ 
x 

2.6xl0-4 

3.5X10-3 

2.0X10-3 

D 

2 

1 

1 

i 

1 

2 

2 

2 

1 

1 

1 

1 

1 

Table IV. Continued 

880-HeV Helium ions on Niobhun 

Product 

Nb-90 

Nb-89 

Zr-89 

zr-88 

Zr-87 

cu;..67 

Cu-6l~ 

Cu-61 
-

Ni-66 

Ni-65 

Ni-57 

Na-2L~ 

Na-22 

* .Cross section X 
(mb) 

72.2 3·01 

27.1 1.13 

63.1 2.63 

79·7 3.32 

47.8 1.99 

0.257 1. 07><1:0-2 

6.26 0.261 

ll. 75 ... 0.198 

8r' -2 7. 

2. oxlO 1. 19X1:0-::> 

0.167 6.9~(X10-3 

O. 2l~2 1.0~10-2 

0·533 2. 22xl0 -2 

0.254 . 
. '·2 
1.06X10-

a_ 
x 

0.15 

6.0 10-2 

8 
_L~ 

9. x10 

9.6xl0-3 

I -2 
1. L~xl0 

. 5 
6.1><10-

L~. 2Xl0 _L~ 

8.3x10-)+ 

1 

* 24 Na monitor cross sect:lon taken as 24 rab for all energies. 
.......... _-_ .. - -------."." -~.-.-- ------_ ... _.-.. -----

-For·meaningof ~. anc10- see footnotes -Df Table-III. 
x x 

< ,t"'(' • .. 

D 

3 

2 

1 

1 

1 

4 

I 4 .p-
o 

4 
I 

3 

3 

3 

1 

1 
- c: 

(") 

~ 
I 
1-' 1 __ ' 
VI 
,0 
1-' 
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Table V. 

Ratio of the cross sections from helium-ion bombardments to those 
from proton bombardi'i1.ents. 

Nuclide 320 MeV 500 MeV 720 :VieV Average 
----

Nb-90 2·33 2.03 2.24- 2.20 

lfu-,39 2 .~l.3 1. <)9 lA99 2.04 

Zr-B9 1. .. ~':)L~ ·.f.--, 
.l. ~ \ . \..} 1·90 1.85 

Zr-88 2~Ol 1~ St2 ,) 10 ........ -1-.....- 2.04 

Zr-87 2.15 1.99 2.12 2.09 

Cu-67 2.05 2.42 1.38 1.95 

Cu-64 1.65 1·97 1.54 1.72 

Cu-61 1.28 1.55 1.49 1.44 

Ni-66 2.76 2.53 2.29 2·53 

Ni-65 1.91 1.83 '. 1.92 1.89 
'. 

Ni-57 3·03, 1.94 1.94 2.29 

Na-24 2.89 2.62 2.29 2.60 

Na-22 2·92 3·34 2.27 2.84 

Average '2.23 2.15' 1.97 

'w 
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.FIGURE CAPTIONS 

Figure 1. Production cross section of niobium isotopes in niobi~~ targets 

bombarded vli th high energy protons (shown by circles) &'1d high 

energy helium ions (shoiffi by squares). 

Figure 2. Production cross sections of zirconium isotopes in niobi~~ targets 

bombarded vlith high energy protons (shown by circles) and high 

energy helium ions (shovm by squares). 

Figure 3. Production cross sections of copper isotopes in niobium targets 

bombarded vli th high energy protons (shoiffi by circles) and high 

energy helium ions (shOiffi by squares). 

Figure 4. Production cross sections of nickel isotopes in niobium targets 

bombarded vli th _ high energy protons (ShOiID by circles) and high 

energy helium ions (shown. by square$). 

Figure 5. Production cross sections of sodium isotopes :i.n niobium targets 

bombarded vli th high energy protons ( shovm by circles·) and high 
~ 

energy helium ions (shown by squares) . 

.. Figure 6. Variation in calculated value of most probable nuclear charge 

Z - vlith mass n~~ber of reaction product. Niobi~~ target 
p 

bombarded vlith protons. Data is for a = A/20 and the emission 

of 6 types of particles. 

Figure 7. Width of the distribution in charge of the final products as a .. 
function of mass nurriller. Calculated value of averaged Gaussian ~ 

half-"\·lidths at half maximum, (2 In' 2)1/2rJ) for niobium targets 
.• 

bombarded vrlth protons. Results sho,ffi for 2 values of the evapora-

tion parameter: a = A/20 and a = A/IO. 
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Figure 8. Averaged mass-yield curve from the Monte Carlo cascade-

, . evaporation calculation for react:i,on of protons v7i th 

niobium. Data are for a:= A/20 and. the emission of six 

types of pa+ticles. 

Figure 9. Experimental production cross sections for niobium isotopes. 

(solid symbols) ~ompared to calculated values (open symbols). 

Broken curve indicates trend of calculated results for r 

evaporation parameter a:= A/IO; dot-dash curve ShOVTS trend 

for a:= A/20. 

Figure 10. Experimental production cross se~tions for zirconium isotopes 

(solid symbols) compared to calculated values (open sYmbols). 

Broken curve indicates trend of calculated results for 

evaporation parameter a:= A/IO; dot-dash curve shows trend 

for a:= A/20. 

Figure 11. Experimental production cross sections for copper isotopes 

(SOlid symbols) compared to calculated values (open symbols). 

Broken curve indicates trend of calculated results for 

evaporation parameter ~:= A/IO j dot-dash curve shows trend 
'. 

for ,a := A/20. 

Figure 12. Experimental production cross sections for nickel isotopes 

(solid'sJnbo1s) compared to calculated values (open symbols). 

Broken curve indicates trend of calculated results for 

evaporation parameter a:= A/IO; dot-p.ash curve shows trend 

for a:= A/20. 
'. 24 

,Figure 13. Formation cross section for Na as a fU.-nction of mass of 

target for proton and helium ion induced reactions. Niobium 

points are from this vi'ork. The data at 1 and 2 GeV are from 

Caretto, Hudis, and FriedlanCl-er (se p ~oot o~ 21) _ J. n l.·e • The rest are 
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Figure 13. ,from Crespo, 1-0_~xander, and Hyde, (see footnote 2) • Proton da:ta 

(Cont.) 
are given by circles, helium-ion data by squares. The niobium 

points are solid. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mlsslon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accur~riy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringepri1ately owned rights; or 

8. Assumes any liabiliti~s with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on beh~lf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or con~ractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




