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ABSTRACT
.Production cross sectlons were-measured radiocheﬁically for
isotopes of nicbiumy: 21rcon;uL. copper, nlckel and sodium produced
in niobium targets bombardgd with 240, 320, 500, and 720 MeV protons
and with 320, 500, 720, and 880 MeV helium ions. For the protoﬁ
bombardments these cross sections were aléo calculated by the Monte
Carlo method with an electronic computer by use of the conventional
2-step modél of high energy reactione. Interpolated results of a pre-
ious calculation by Metropolis and co-workers were used to simulate the
effect of the initial high energy cascade. Tlese results were-used in
turn as input data for an evaporation calculation. A comparison of -the
theoretical yilelds of 1nal proaucts to the observed yields in d wes thau
the theory accoﬁnts fairly‘well for low-deposition energy products
» ' {niobium and zirconium isotopes), and quite well for high—&eposition

energy producte (copper and n;cﬁel isotope es). The theory fails completely
He0x

L,

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

ascribed to Prag¢pntauloﬁ, as noted rev1ously by others.

)\
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No Monte Carlo calculations were made for nelium-ion induced

‘reactions. However, a compariscn of yields of products of helium-ion

and proton induced reactions shows a remarkable similarity at all energies

‘ , ¥
and for all products. The main difference 1s a greater yileld by a Tactor
of two in the case of helium-ion bombardments. The implications of this 2
Tor the mechanism of fragmentation are discussed.
A . .
During the course .of this work a 15 minute positron emitter veas
. e o .88
discovered and identified as Wb .
o
1



I. ZINTRODUCTION

'

One general method for the investigation of the interaction of
high energy particles with complex nuclei is the radiochemicel analysis
' ]

of the heavy radioactive products of such interactions.” There exist

many published studies of this type for a variety of targets bombarded

with protons over The range of a few tens of MeV up to 27 GeV.  The

results have often been analyzed in terms of proposed mechanisms for

_the derosition of energy in the nucleus by the incident proton,. and for

‘

the deexcitation 'of the excited nqcleus by particle evapbra%ioh, by
fission, 6r by fragmentation. There have been meny fewer ekperimental.
studies of the interaction bf more complex projectiles such as deuterons
or helium nuclei with complex nuclei, chiefly because most high energy
accelerators havé been designed forrthe acceieration 6f protons only. In.

act there exist only two accelerators vhich are equipped to accelerate

Hy

helium ions in the range of a few hundred MeV up to meximum of about 90C

MeV. These are the Berkeley 184 inch synchrocyclotron and the synchro-

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

Soviet Union. ‘
' investigation

The purpose of the/sﬁmﬁy reported here was to carry out a careful

study . of the rezction products in a typical medium weight target element

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

perimental conditions and over the energy rangeol ?hO to 880 MeV. The

comparison of The results was expected to indicate similarities and

. differences in the interaction of the two types of particles, particulerly

in the first, or energy deposition, stage of the reaction. "It was carried
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. el . . .2 . .
out as a companion study To one by Crespo, Hyde, and Alexander in which

)
L O

the recoil and yield characteéristics of the fragmentation products, Na «

targets bombarded with protons and

o]
b

and Mgg , Wwere measured in a series
helium ions over the same energy range.

A second purpose of the investigation was t0o check with some pre-
cision the predictions of & conventiconal ﬁwo—step model of high.enerﬁy
nuclear reactions induced by protons. In this model, as discussed in de-
tail in the review article of Hudis and Miller% the first ;tep of the re-
-action is a prompt cascade of nucleon-nucleon ;ollisions. These collisioné
are initiated by the ihcoming proton which éonverts a col“ection of target
nuclei into avcollection ofvstrﬁck nuclei with differing numbers of neutrons
énd protons and_differing.lévels of excitation. The second step is the de-
excitation of these excited nuclei by evaporation of neutrons, protons;
deuterons and other particles; MonteQCario methods of calculation éf both
stagesiof the rééction have been formulated in past publications by others.

’ ot }- .
Howe&er, in only_a few instances have these methods been applied in succession
+0 ﬁhe case of a specific target#projectile‘combination in ordexr to make_
ldetailed predictions of -expected reaction prodgcts. We have applied the
Monte‘Carlo Calculéfion method in succession to thé two-stages of the
reactions induced in nioblun by protons. Qur results ére uéeful both in
'indicating'which ?arameters are the sensitive ones, particularly in the %
eveporation deexcitation stage, and in showing to what extent the two—sﬁeﬁ
model is capable of expléining the cross section resulté. » ' 2

Niobium veas selected as a target material for several reasons. It

“is monodisotopiciandiiticontains: sufficientcnucleéons forid meaningful’calculation

of -the knock-on-:and evaporation cascades: :wIts.cspectrum of reaction: i
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products is not complicated by the presence of fission preducts. - And,
finally, it is available in metallic foils of convenient thickness and
- sufficient chemical purity.

“ o In an ideal experiment of this nature one would investigate all

~

possible products. Limitations of time and effort led us %o investigate
only five eigménts aﬁong_the numerous products. . Isotopes of niobi um and
21rcor1am vere studied as indicat ors of reactions in which on¢J-a few

tens of MeV were deposited in the target. Isotopes Of copper and nickel
:were chosen as indicetors of reactions in which some hundréds of MeV Of_

)

excitation were reguired. The element sodium was chosen as an indicator

o

of fragmentation products.

We discuss in order the experimentel methods, the experimental
I . N X : ) . . -
results, the Monte.Carlo calculations, the comparison of experimental and

uheoreulcal results, and finally uhe comnarlson of the results from the -

helium-ion and proton induced reactions.

II. EXPERIMENTAL PROCEDURES
A: Target and Monitoring Details -

Thin niobium tafgeﬁ.foils were'irradiated in.the-intérnal beam of
the l8h-inch synchrocyclotron of the Iawrence Radiation Leboratory. By
> - use of different raaxal settlngs it was possible to select bombardment
energies in the range 240 720 MeV for protons and 320-880 MeV for helium
A ' | ions. We chose the four energies 240, 320, 500, and 726 MeV for the proton
experiménts and 5é0; =00, 720, and 880 MeV for the'helium—ion expériments.

- These energies are believed to be corréct within an uncertalnty of £ 10

MeV. The beam intensity was of the order of 0.5 microampere.
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Deuteron oontaminatioﬁ of the helium—ion'beam wés conéidered to
be smzll. gV was'certainly negligibly sr2ll for the najority of the
bombardments)which were conducted deays-after the last previousvuse of the. |
. cyclotron for deutéfbh acceleration.

The target arrangement consisted of a stéck of Toils clamped to- o

,

gether in 2 simple copper target holder which could be readily connected
and remoyed 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 thicknessiwas small compared to the réngé of the particles, tﬁere was
multiple traversal'of thé foils. vIn order of traversal by the beam, the
stack consisted of a 3 mil aluminum guard foil,la 1 mil aluminum monitor
foil;(of > 99.9% purity))a‘second 3 mil aluminum‘guard fOilband a2.5
mil niobium foil.> In thg experiments in which sodium production was
studied, éuard foils of niocbium enclosed the target foil to prevent ex-
tranéous activity from interfering with the measgrement of sodium Cross
sections; The foils were cut to dimehsions 2 X 5.5 cm and milled as a
stack on all sides to insure uniform area. 'Sbecial care was taken to‘mainf
tain clean suffaceé. Since the beam cuté a circular path outward, the
alignment of the‘léading edge of the foil stack was critical; uHence, the
machining of the leading‘eage was made after the stack was mounted iﬁ the
target holder. Checks were ﬁade to establish the correctness of the aiign-‘
ment - of fhe terget and monitor foils and the error.due fd misalignment was | ;;
found to be below one percent.

Tﬁe niobium used in all the irradiations caﬁe‘f;om the semé 2.5 mil
sheet; which when analyzed by optical spect%oscopy gave the impurity values

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

background activity resulting from any structural materials of higher Z.
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Tne total proton current passing through the foil stack was
. e Rl
determined by measurement of Na. - activity produted by the reaction,
27 el *r2)+ .‘ S~ ) L ~ > <
A1 (p,3pn)Na” . 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 well known.5 We used a value of 9.5 mb at 240 MeV

and of 10.6 mb at our three other bombardment energies.

The integrated helium-ion beam was monitored with the Na~ "activity.

. e 27, ek
produced in the monitor foil by the reaction Al '(¢,02pn)Na” . The ex-
e e L5 )
citation function for this reaction has been measured only to 380 MeV.
At 380 MeV it has the value 24 mb, and it decreases slowly at an unknown
rate at higher bombarding energies. We use the value of 24 mb throughout
the energy range 320 to 880 MeV. We also quote the ratio of our product
cross section 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.

- . S e o Coh

In some cases when the count-rate of the Na~ activity in the
monitor foils was too high for accurate determination, the longer-lived
.22 e a 22 N -
Na ~ was measured instead. The Na — activity was then converted to an

. om 24 ) B . . . .
equivealent Na count-rate by a conversion factor determined in a separate

o

set of experiments.

B. Chemical Separations

A Bheort time sfter each irradistion the nicbium foil was dissolved

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

‘of zirconium, copper, nickel, and sodium were added to the solution,

Ea)

following which, radiochemical separaticns were performed to isolate one

or more of the product elements of interest in high chemical and radiochemical
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purity. Outlines of the methods are given in Appendix A. The final
chemical step for each element consisted of the precipitation of a com- .
pound of definite composition which was dried end weighed to determine

in the determination of

n
ct

the percentage recovery of the élement. ZError
chemical yield were estimated to be less than 5 percent. The precipitate.

was filtered <oli w filter Cisc - 7o form a sample of approximately

2 ~ . . . __"..“v ‘.' - ) ] ‘A,' .
8 mg/cm thickness which Was suitebly mounted for measurement of its

radicactivity.

C. - Activity Measurements
The gamma spectmm of each element was measured with a sodium iodide

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

‘served to identify'the;isétopes present in the sample, to reveal possible
_impurities,vand, in ste casés, to calibrate the counting efficiency bf the
beta countérs} All quantitati?e yield measurements.werévmddé by an analysis
of decay éurfes_of the actiﬁity measured in'methane—fiow, end-window, pro-
., portional countérs.' Thesé éounter§ wére-standardized for absoluté'counting,
in cooéeration'with_Blann6 by the ?rocedufe published by Bayhurst and
'Prestwood.7 .Accbrding'td this_method, an empirical-relationship‘beﬁween
the efficiency of thé éounter and the average beta energy is used to deter-
‘mine thé éouhting efficien¢y for.a particulaf actiVity. gIndépendent empirical

corrections  for self absorption, back scattering, etc., were not made. We v g

estimate an absolute error of 5 to 10% on our standardization of counting -

efficiency. However, since our samples are measured relative to the'Ne~ e
monitor activity standardized by the same method, the resultant error in the

reported cross sections is somevwhat less.
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Errors in determination of the count-rate were less than two per-

5

cent and in the resolution of the decey curves into components.less than

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

(o]
: o - e .8
each nuclide. Thé values which we used 29

ere listed in Table II.
Foi'any of our reported ab;olute crossisections_ﬁe estimate an
overall error of 20 percent.
Details of the gnﬂlysis oi activity medsurements for individual

elements are given in Appendix 3B.

ITI. EXPERIMENTAL RESULTS

The experimental cross sectlons are listed in Tables IIT 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
ok . . . 1 N
Na~ yield in the aluminum monitor are given. ZEach block contains the average
value of the defermined ratios under X. When more than one measurement was
made)a stahdard error is given under the heading Oi and the number of
determinations under D. The absolute cross section was computed from the

. 2k . : . . . .
average values by use of the Na monitor cross -sections listed. in the tables.

s e e ol ) . X
"It is emphasized again that the Na“~ monitor cross section of 24 mb for

helium-ion induced 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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IV. MONTE CARLO CALCULATIONS OF PRODUCT YIELDS

In this section, we discuss the calculation of reactidn product
- yields on the assumption of the validity of the conventional two-step
model,
For the first stage we have used selected results of Metropolis
lo.x_ "'.l.l : 7 Lo | 1" -.~.-‘- : £, s
and co-workers to determine the spectrum of struck nuclei and 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 mention some of the main points.
The target nucleus. was represented by a degenerate Fermi gas in
‘ P e , -1%,.1/3 . . .
a sguare well potential of radius 1.3 X 10 A 7cmr,  The incoming proton
. was assumed to make a collision with one nucleon in the well. After the
collision, if both particles had a final energy greater than the maximunm
Fermi energy, the collision was allowed; if not, the collision was rejected
as unphysical. fter the_initial collision,. both particles were.followéd

separately by.Monte'Carlo calculationsto see whether they made additional

collisions before they emerged from the nucleus. When all collision partners.

~had either escapedyfrom the nuéleus.or been absorbed, a summation was made

of the energy of the "holes™ in the Fermi gaé and the exc¢itetion energy

of the bound collision partners. The output infofmation consisted of

- summaries of the following informationi

nl), The type, nﬁmﬁer, energy, and angulaf distribution of emitted
particles

2) The type, number, ‘excitation enefgy,_moméntum and aﬁgular

distribution of all residual (struck) nuclei

-

-

<



-paxrticle, o

10

Metropolis et al.” did not use niobium as a target in their calculation..
[} o ] loo . " . : - N W e e - . L. . -
but they did consider Ru which is not much different in composition. We
- k| > » o lOO Q0 it SRS B 3 95
have used their results for Ru and "transposed’ ‘them for the b case

by subtracting three units of charge and seven units of mzss from each of

the residual nuclei at the end of the cascade. This transposition was per-

O

formed for the three enérgies of 462, S4l, and 18LL MeV,although the third

energy falls above the energy range used in our ekperimentél work and will
not be discussed in de%ail.

The trénsposed output data of the prompt cascade was used as the
input information of a Monte Carlo evaporation cascade calculation. We
followed closely the calculagtion ogtlined by Dostrovsky, Fraenkel, and

. 11 .. . L : . . .
Friedlander,”” which in turn-is Dbased upon the theoretical ideas of

troa 12 N N ' : .
- Weisskopt:. Dostrovsky et al. used the WEIZAC computer at the Weizmenn

Institute. We used a program written for the IBM 7090 by Alexander, Altman,
5 1
and Howry. >
. 12 1 - . sl i - i
Weisskopf expressed the probability per unit time for the
emission of particle: J with kinetic energy between E and E+dE by the

equation

It

PJJ(E)@ : J,j.oCE (oW Jem. - | )

Here 8; is the number of spin states of Js my is the mass of the emitted

c

is the cross section for the inverse reaction, and Wf

Wi are the level dengitics of the final and initial states.
For neutron emission, the value of cé is oblained from the

geometric cross section og via the expression e o .
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'oc/cg =

ca(l +8/E) (‘2)

"

where ¢ and P are constants obtained from continuum theory.

For charged particle emission, the coulomb barrier nmust be taken
into account. An empirical equation of the form

o /o = (L+¢) (1 -k, /E) )
Jog = (150 Q- k) )
waé used. The factor (1 - ijj/E) is en approximation to the guantum
mechanical penetration of the barrier. C

3 and k. are constants which
are evaluated from continuum theory. The barrier is computed from the
simple classical expression

=3 zZe2 o _ (h) 
. r A;/B + | I k i
Ry , .

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

residual nucleus, e is the electronic charge, and p. 1s an approximation

. . d

for the radius of the emitted particle. The radius parameter Tq was set
. a5

egual to 1.7 X 10 cm.

~

The level density expression of crucisl importance to

any

*

evaporation calculation based on the Weisskopf theory.
TN & R
and Friedlander chose the form

Dostrovsky, Fraenkel

whe

=2 8L

W(E) = c'eScp {2['(E-6]l/2}

| R (5)

re C 1s a constant, a 15 a constant proportlional to mass number,
E 1is the energy, and 8  is a correction term to adjust for odd-even pair-

ing energy effects. The term O , in effect, adjusts the position of the
ground state energy and was evaluated from Cameron's

e

semi-empirical mass
equation. We used the velues A/20 and A/10 for the parameter a.

“
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We must consider also the limits of integration. The maximum

energy available for the evaporation process is

(e.) =E -Q - & for neutrons and
7 max n n :
(¢.) =B -0Q. -k.V, - &, for charged particles.
Jmax J Jd J J :
Hence, the integration is carried out over the range of O to E - Qn - Bn

for neutrons eand ijj to B - Qj-'aj for charged varticles. Q and
are the separation energies.

A combinatioh of the above expressions together with the approxi-
mation that
| 1/2 g . '
exp [2(a R ) > 1 , (6)
yields the neutron-emission probability
1/2
/2

Pr'i ~ _[ &mﬁroz)/(gﬂ’ﬁg)] exp »{—E[QO(E—SO)]

x a2
n

(6,0/2,2] e [2(a,R)Y2) B o
X {2a R, (5/2 - aB) [2(a R )l/é _]}
‘vhere’

o R
1With'£he agsumption tnat |
1/2

exp [é(éjRj) ] > ;' - | ,. | {9)
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one obtains for the probability of charged particle emissicn

T. ﬁ'[(m Ty )/(Eﬂh )] egp {- 2[aO(E —.6o>}l/2

J
2/5 1/2
X [g (l*c )/a X exp 2(a Ry ) (10)
X {2a Ry - (3/2) [2(a R )1/2 - 11}
.yhere_  o
Rsz’QjJ%%"Sj‘ . | | (11)

These are the basic equations used in the work of Dostrovsky, Fraenkel
_ S 11 - . e an s
and Friedlander”  and of ocurselves to calculate the relative probabilities
for the emission of neutrons, protons,deuterons, tritons, helium-3 ions, -
helium-4 ions and other .charged aggregates.
The kinetic energy ofthe emitted(particlés was selected from a’
“distribution calculsted from the original Weisskopf formalism. This

is expressed by

1/2 |

P(X) (x/xmax {ajxmax— a. (R -XJ (12)
where X = E -V with V = k7, for charged particles, V= - B for
neutrons,and Xmax is given by

N 1/2 . '
X = (Ua, ) [(oB, s oapr . ()

“max
" To save'computér time the high energy tail was approximated by a Maxwellian

distribution.:

R0 = (/X ) e [1- (x/xmax (iu)
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.the first evaporation step and the input data for the next step. The
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A1l the éonstants'required for solution of the above eqﬁations
were reéd-into the ;omputer;, The atomic ﬂumber and mzss, the excifation
energy, aﬁdlthe number of cases.to be examined vere specifled. A random
number selected theAparticles to be emitted from a distributibn weighted
by the relative emission probability for éach particle. Thé weighting

fractions were recomputed at each step of the evaporation chain. ther

" random numbers selected the kinetic energy of the particle from the calculated,

-

inetic energy dilstributions. This information determined the result of

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

particles were < 0." The computer then was instructed to move on to the
nexc eveporation chain. Thévihformation obtained from each evaporation
chain was |
l), The type, number, énd ehergyvof emitted particles
2) The type, number, and residuéi excifation ehergy af'the
final products
3) The detailed evaporation'paﬁh.

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

~

and statistically reliable. -The 'chiéf sumary needed for comparison with

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

product the Z, A,"number of cases, and fréction of the total products. :

In most of our calculations we limited the evaporation to the

fellowing six particles: neutron, proton, deuteron, triton, helium-3

”

nucleus, and helium-b4 nucleus. In a few test calculations the evaporation

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

-

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

products in which we were interested.
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The input information from the Metropolis et al. cascade calculations

covered 809 cases at L62 MeV and 695 cases at G4l MeV. The geometric cross

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

e

N
statistical error for any final product with a formation ::» cross secvion
less than a few millibarns was guite large. To reduce somewhat the statistical
error in the results five evaporation calculations were performed for each
I3

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

-

procedures to smooth out the.results.v This is possible and proper since
“the model predicts systematic trends in yield as function of atomic mass
and charge. TFor example, the.isobaric;distribution could be approximated
by a Caussian curvelv The éomputer-resuits for 3 or more“productéidf{different
.z at.each value of A.éould be plotted on probabiliﬁy,paper to determine.a
nost probabléﬂz, designated Zp , and the standard deviation ¢ of the
Caussian distribution. Resulting values for Zp.and’c are shown in figures
6 and 7. TIn order to.obtain a satisféctoriiy émooth curve of fractionaliyield
Versus mass number,.it was necessary to average‘ﬁhe isobaric yields over
.'B'mass ﬁnit;. Figure 8 shows one éummary of our calculations averaged
in this fashion. |
Wifh the aid of our curves forvzé,the charge distriﬁu%ion parametéy
¢, the isobaric yield cﬁrves,‘and a total cross section value of 1250 mb,
obtaihéd by graphical interpolation of the fésultsLdf Gboding,15 we were.éblév
to calculate the.cross section of any isotope. We madéﬁsuch caléulations for
the»isotoPes isolated in our Qork. We discuss thése in <The next section;,
Defailé of the éaiculatibné and the résults are given more fully

: %

in the thesis study by one of us.

-
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V. COMPARISON OF THE EXPERIMENTAL AND CALCULATED CROSS SECTIONS

.FiguresA9, 10; 11, and 12 show the calculated yields'at two bomb -~
barding energies and the experimental yiélds at four for the isotopes of

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

A. Low Deposition_Energy Processes'

The niobium and zirconium results=are representative of low -
deposition-energy processes. The experimental and calculated values are
compared in figures 9 and 10.. The ex01tation functlons have a negative
slope in agreement with the exoeCUation that their maximum cross sections'
are obtained at much lower bombarding energies uhan those considered herea
This decrease can be attribuued to the competition from processes of
higher depOSlulon energy as the bombarding energy is 1ncreased. 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

the energy of the incoming particle is transferred to.the target-nupleus.

*  The rough agreement of the experimental and theoretical curves shows thatv

the general trend with increasing energy is correctly reproduced.
The calculation underestimates the measured value for Nb9 by a

factor of l 7 at h62 MeV and by a larger factor at. higher hombarding

' 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 1s & emall

~ number.

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

- the zirconium isotqpes is somewhat better. At 462 MeV the calculation

88

underestimates the values for Zr and Zr89 by about 25p. The experimental
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value for Zr87 is bracket=d by the calculated values based on A/2O and
A/lO for the level-denSity parameter ad. There ‘is a gradual worsening

of this agreement at higher energies.

B. High Deposition Energy_ProceSSes_
The experimental cross sections'for copper:end nickel isotopes 'tl R

show sharply increasing excitation functions. The slopes of tﬁese

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

" neutron-excess isotopes These are the'qualitative properties expected o
from the cascade-evaporation model. The quantitative predictions of the‘fl :
model are presented in figures 11 and 12- and compared with the experimental
data. N , . » -
. The agreement in moSteofﬁtheseenasesgcanlberconsiderbdmeXEEllen$yb5ﬁh for
~ the order of magnitude‘for these small-yield products, and for thelslqpe' |

Lo
6 67 166 65,

ﬁ'iof the excitation functions. In the cases of Cu ', , and Ni

.f_the'theoretical curves for the two choices of the'eﬁparameter im the level
density formula bracket the experimental results. In the casevof the very t
’ %f:light'product Cu6; the calculation overestimates thelyield .but“ty less -
."than a factor'of 2, vhich is not serious.,i The lightest nickel 1sotope,
i':‘ Ni57, is an exception. It 1is badly overestimated by the calculation.
We conclude that within the statistical accuracy’imposed by the
. limited number of cascade events;cohsidered in the calculation, the yieldsv
" of the copper and nickel isotopes'on the heutron-excess-side of beta stacility
" are satisfactorily'described by the4conventional}reactiom‘model. The yields |

. could easily be more closely calculated by an‘adjustment of the level density

. parameter within a reasonable range of choices. These cases represent large
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deposition energy (500 MeV or more on the a&erage) sufficient for the re-
moval of agbout BOlunits of mass from the %arget nucleus. The fact tﬁat

the heutron—deficient‘isotoPes of these elements are not so well calculated
may indicate that the chérge distribution of yields ié iﬁproperiy estimated.

C. High Deposition Energy Processes Leading to Fragmentation

. o ebh .22 )
The production cross sections for Na and Na (see figure 5)
increase with bombarding energy. Our results follow the systematic trends

!

observed for the production of Naglr in other targets dy Cafetto, Hudis, and
Friedlandergl and by Crespo, Alexander, and Hyde.2 Our experimental'daﬁa

. : N
for Na22 are considerably less certain than those for Nag'; and in parti-

cular, the higher y'ielld‘of.Na22 at 240 than at 5éo MeV is questionable.'

Two features of the excitation functions may be mentioned. First,

_the slopes are not as great as those for the copper and nickel isotopes; ther

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 isotopes. Second,
i e e 22 el o
the ratio of the more neutron-deficient Na ~ isotope tTo Na decreases with
increasing bombarding energy, whereas the corresponding ratios for the co@per
and nickel isotopes increase. Both these observations are contrary to tHe -

predictions of the reaction model which.vould'say‘that the slope of the ex~

citation function and the -increasing yield of neutron-deficient over neutron-

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

Furthérmore the yilelds of the sodium isotopes are orders of magnitude

greater than the cascade-evaporation model would predict. The experimental

nickel, whereas the calculation does not predict the formation of any products

with mass < 35 until the bombarding energy is raised above 1 (eV.
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We conclude that the sodium isotopes were produced by a reaction
mechanism quite distinct from that described by the conventional model which
is based on the evaporation of numerous small varticles from a highly-excited E

' target nucleus. Our result supports the conclusion reached by many
1,2,21-2k

. . w

others that an additional mechanism, often called fragmentation,

is operative in reactions induced by particles of high energy.
s s 2Lk . o
t is interesting to compare our Na = cross sections with those

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

'"nufigufe-lB..‘It can be seen that the poiﬁts for nioblum targets correlate

with those for other elements. The unusiial form of the curves in this figure consti-!

tutes part of the evidence for a fragmentation origin for Na~ as 1s dis-
- ' - . § . .21 i -
cugsed by.Caretto, Hudis, and Friedlander, and Crespo, Alexander, and

Hydé.2
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VI. DISCUSSION OF RESULTS AR REACTIONS INDUCED BY HELIUM IONS

v

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

listed in Tables III -~ and IV.: " and plotted in Figures 1 through‘5. The .

two striking features of the com@érisbn of these yields to those obtained

in the protonéinduced reactions are the greater yieldé in the reacﬁions

induced by helium ions and ©the close paralle*ism‘of the éxcitation.functions.
The yield ratios are summarized in Teble V. These fatios_are close,to;the.value
2 for all products and‘all‘bombarding energies. This is a striking constahcy
cohsidefing the great range éf cross section’values and ﬁhe differenceé in. 

{

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

‘energy deposition is quantitatively very much the same in the helium-ion:

bombardments -as it is in the proton bombardments.

This is an unexpected resu t for several reasons. Wencite.
the conclusion for our discussion above and from the prévious work of others
that the sodiﬁm i;otopes are formed by a reaction mechanism which 1s differ-
ent from that which leadé td the production of the heavier products,. It
séems surérising that the resultsvfbr both types of reactions sbould 5e 50
similar.for fhe two types of;particles. This is particuiarly so if one accepfs
the fragmentation mééhanism suggested by Wolfgang et 55.22 i#i which pion
formatioﬁ pléys a‘significant role in transferring large»amounts of energy
to the struck nucleus. It seems unlikely that an alphavparticie wQuld Pro-
duce pions,in nearly the same yileld as protons:, It is usually stated that

a pion can be produced only by the interaction of an individual nucleon with

a nucleon in ﬁhe'target_hucleus; Bach component nucleon of the alpha parti-

cle has about one gquarter the total energy of the alpha particle, with a
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distribution.reiated to the internal momenfum. Since the cross section for
pion production by a-f?ee.nqcleon is a steep/functioniof energy in the regioﬁ
100-500 MeV, one would expect fewer pions produced by alpha particles than by
- protons: © of the same energy over the range of~energiés weAhéve,s@udied.’ The
threéhold and the sﬁeep rise in'the meson excitation function should be dis-
placed to higher helium ion energies. This difference in the éﬁility.of the
tTwo projectileé to produce/mesoﬁs should Dpe refleéted in thelproduction Cross
sections of products whose formation is inflﬁenced‘in-a significant way by
meson prodﬁction and reabsorptioﬁ. We see no evidence for differences in the
production of any of the studied isoto?es exéepﬁ that the yields a?e higﬁer'
by a factor of 2 in the helium ion experiments.

One ﬁight argue that the\alpha.parﬁicle compensates for its lesser
plon production and reabsorption by initiating a'more compléx cascade with
its four nucleons. This could well be ture but it seems unlikely To us that
this-compensatation should be so close fér.each of the Ffour bombarding energies
and for each'group of products.

_It is not possible to program a Monte Carlo Calculatidn for the_initiél
fast cascade.induced in target nuclel struck by'energetié helium ggclei be-~ -
cause of insufficient data on elastic énd inélastic cross sections of helium
ions interacting with nucleons. In particulaf, the iiferature does not contain -
‘_extensive data on the prodﬁction crossvsections'fbr mesons in_targets bonm-
.barded with helium ions. Another uncertainty is the'fate of the helium ion
after the first collision. . Doces it break up and ré;easé»four'fast nucleons
in.the interior of the target nucleus to propagate separate cascades?v.Or
does 1t retaih'its.identify throughout_thé céscade until it is:absorbed or

escapes from the nucleus? There is some evidence that the latter is the case,
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at least for reactions occurring in the surface. Igo, Hansen, and Gooding

studied the (@, 2a) reaction in a series of targets bombarded at 910 Mev.

'They used two particle detectors to measure the‘identity, energy and angle

of the two alpha particles.emerging from the target. Theirlresqlts indicate'
a strong probaﬁility for alpha clusters'in the nuclear surface and for a
qﬁasi-free elastic collision of the incoming O-particle with an alpha cluster.
The neér constant value of 2 (Table V) in the ratios of yields in the
he;ium ion and proton ex?eriments is caused, for the most part, by the larger

. ~
reaction cross section for the helium lons. Hulzenga and Ig<>2o give 1628

no as the reaction cross section for L6 MeV helium.ions interacting with a -

niobium target. TFor the proton bombardment calculations we have used a

15 at 34 MeV..

value of 1230 mb interpolated from the méasurements of Cboding
These values differ by 52-percent. Tt could easily be that the total in—v
elastic cross sections for incident- particles of‘520—720 MeV energy are
appreciably~different_from those detefmiﬁed ét.h6 énd 34 MeV by these
authors. It is known, for example, that there eﬁists an approximete 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 L0OO MeV. 'g@

Nuclear Transparency is probably not so pronounced for helium ions. However,
no experimental measurements exist for the total reaction creoss section for
targets near niobium bombarded with protons and helium ions at these energies.
t is appropriate here to call attention to two other recent

studies of spallation reactions with high energy helium ions and protons.

L. Miller®' hag compared the (p,pn) and (com) reaetions on Co”” targets

with protons and heiium ions in the same energy range used by'us. He finds

a marked similarity in the results. L. Winsberg ~ has studied the properties

1h9

produced in the bombardment of tantalum and gold



fargets with protons ranging from 0.45 to 6.2 GeV and with hgiium ions
of 0.5, ov.,7 aﬁd 0.88 Gev.- : . This product is about 30 mase units
removed from the tantalum target énd*hencefcan”be-comparéd,“at_

least roughly, with our copper and nickel produgts for niocbium targets.

- Winsberg measured production cross sections and recoil properties and

made a detalled analysis. on the basis of the conventional 2-step model. He

concluded that the model can account satisfactorily for the results. There.

-

is a marked similarity in the cross section values and in the overall
recoill properties for the reactions induced by helium ions and protons of
the .same energy. There are however some - indications:

Nl

of significant differences in the initial stage of the reaction

induced by the two projectiiesy
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CONCLUSICN
The comparison of our experimental results for proton-induced

reactions with detailed calculations based on the conventional 2-

stage model of high energy reactions, shows that a wide variety of products

‘ produced by low and high energy transfers are moderately well described

by the model. However, there is one group of products (the sodium isotopes)
vhich :require’ = 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 with the study of
o2k . ' . ' ' . . 2
Na~ fragmentation products reported by Crespo, Alexander, and Hyde, our
results indicate that fragmenbation induced by helium ions is closely similar

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

 about the high energy cascade in reactions leading to fragmentation.
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APPENDIX A. CHeMICAL PROQEDURES2/

Preliminary Steps. Thé fQils ﬁere snipped from the target after the
irradiation; to produce a ﬁniform-set of foils. tér.the niobium and
aluminum piecéé were weighed, the niobium foil was placea.in a cellulose-
nitrate tubé»and thé aluminum fqil was storedvfor later mounfing and counting.
Avcellulose nitrate tuﬁe was used for the dissoluﬁion of the niobium rather

than glass because a corrosive mixture of concentrated hydrofluoric and
employed ' ( o o
nitric acids was/to dissolve the niobium. After complete

dissolution, the
excess Tluoride ion was removed by successive precipitation of calcium

' . : . removed by
Tluoride and barium fluorozirconate. These precipitates were/centrifugation
and’ «u. the supernatant solution was transferred to glass equipment.

v

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

Niobium Seéaration Procedure. Niobium pentoxide was precipitated from the
above térget solution by digestion with potassium brométe in a water bath.
The oxide was washed with a solution Of.dilute nitric acid and ammonium
hydroxidé, transferred téna cellulose-nitrate tubé, and dissolved in concen-
trated hydrofluoric acid. After a barium~flourqzir§onate precipifation,
nicbium pentpxide.wés precipitated with concentrated ammonium hydroxide,
washed with a dilute solution of ammonium énd sodium hydroxide, and dis-
solved by digestion with nitric and oxalic acids. A second scid precipitation
of nicbium pentoxide was carried out on an aliqﬁot of the solution by adding
_ the solution.
potassiumvbromate andiheaking/ The niobium pentoxide was filtered through
a weighéd paper filter and washed with water, alcohol, and acetone. The
" semple was weighed and mgunted in This form.v After_cbunting thé saﬁple,
.thé precipifate waé igﬁ;ted and‘weiéhed to determine the chemical yield.
The procedure took approximately 40 minutes.

/
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Zirconium Separation Procedure. Twenty milligrams of zirconium carrier

were édded to the initial target solution. ‘Addition of barium ion caused
the precipitation of barlum f vorozirconate which was washed with m-ter

.gnd diésolved in concentrated niftric acid,containing 5% boric acid. The
barium ion was eliminated by the addition of sulfuric acid. Zirconium
hydroz 1ae was formed by addﬂtlon of ammonium njdroxide, and, after a water
ﬁash, it wasfdissolved in cohcentrated hydrochloric acid. The solution vas
adjusted to 6 N hydfqghloric acid and contacted with a 0.4 M solution of
thenoyltrifluoréaéeﬁone (TTA) iﬁ;benzene. Thé oréanic phase (containing the
_ziréonium) was washed three‘timgs with 1 M»nitric‘acid and contacted with

L N hydrofluoric acid to baék exﬁract the zifconium;_ The first part of

the procedure ﬁas repeated ui to the TTA éxtféctioh step.  An aliguot of

the solution wés then précipitated_by digestion with 16% mandelic acid.

The zirconium tetramandelate was washed with hot water and filtered thfough
a tared glass filter and agaiﬁ wéshed'with water, alcohol, and ether. ter
drying for 10 min. at 110°C, the sample vas veighed and mounted. The

chemical separation took about 1.5 hours.

Separation Procedure : :
CoPperA Fifty mllllgrams of cqpper caryier and mllllgram.quantltles of salts

of a number.of element; near copper and niobium in atomic nuber were added
to the dissolved target. Excess fluoride ion was removed by the standard
method. Upon“addition of an.eicess of ammopium‘hydroxide, the copper re-
mained in solution as the ammonium complex while the niobium, and man& other
elemants, precipitated as ﬁhé‘hyaféxidéQ The aaluu*cn was adjusted. to 2
h&drochloric acld and cupric sulfide.was precipitated. VConcentrated hydro-
chioric.and‘nifric acilds dissdlved thefsulfide, and the_addition ox sodium

suliite reduced the copper to the plus-one state. Addition of potassium
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thiocyanate precipitated Cuprous thiocyanate which was dissolved with con-
centrated'h&drochloric‘énd nitriciacids. !Niobium, zirconium,{yttriuﬁ, an@
i;on ions were addéd and precipitated as mixed hydroxides to remove con-
taminants. The copper wés then reduced to the metallic form by sodium
hydrosulfite in a sﬁrongly basic solution. The metallic copper was dis-
solved in nitric acid,_and‘the procédure was repeated start;ng ét the thio-
cyanate precipitation. The copper was filtered through a weighed glass

filter, washed with water and acetone, weighed, and mounted. Approxi-

mately 45 minutes were required for the separation.

Nickel Separatiqn Procédure. Ten milligfamscf niékel‘carrier together with
milligram quaptities of a numbef of elements in the regidn of ﬁiobium vere
added to the target solutiqﬁ; Following fhe-elimination Qf the fluoride

ion, an excess of ammonium hydrokide vas added to precipitate the niobiuﬁ and
a nuiber of the other hydroxides, leéving nickel'invSolution in the form bf
‘the ammonium coﬁplex. A copper-sulfide precipitation was followed by a
precipitafion-bf the mixed hydroxides of zirconium; yttrium, and iron. %he
nickel was then pfecipitated with.l @er cent wdimethylglypximes and re-
dissolved in hydrochloric acid. A second copper sulfiae precipitation.
succeeded by a : dimethylglyoxime ﬁre¢ipitation yielded a éample free from

contémination. The précipitaté was filtered ‘through a tared glass filter

~and washed with wétér; After drying for 10 minutes at llOOC, the sample

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

Sediuvm Separation Drocsdure. Twenty milligrams of sodium carrier were added

to the ‘dissolved target, and the'flﬁoride ion was eliminated. Addition of

ammonium hydroxide precipitated the niobium. Copper was added to the
) . _

supernate to precipitate cupric sulfide’ as a scavenge. Iron hydroxide-

was theh precipitated for the same purpose. The solution was evaporated
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to. dryness and 6 M ammonium acetate was added. Sodium was pre-
cipitated by stirring with a solution of uranyl acetate, magnesium acetate,

nd acetic acid, and washed with a solution of glacial zace

(0]

ic acid,.aﬁﬁydrous

5 - N
ethyl acetate, and anhydrous ethanol. The_sddium uranyl acetate vas suspehdéd >
in n—Eutanol. N-butanol saturated with dry hydrdgén chloride was 35d5§ to v .
change the precipitate to sodium chloride whicﬁ was wasned with a solution
of n—butanoi and_n-buﬁanol saturated with hydrégen chloride. Thae sodium‘
precipitation was repeated, and the organic material was expelled by heat-
ing. 4A.smail amount of.potassium ion was, added ﬁoge%her with perchloric
acid, and the solutipn fumed to dryness. N-butanol was-added_and the
mixture was bolled to dissolve the sodium perchlorate. Sodium chloride
was again pfecipitatéd f:omathe supernate by‘addition.of n—buﬁanol‘
saturated with hydrogen chloride. The precipitate was filtéreq through a

R . . i R ,.' i . T o
Tared glass filter, washed with n-butanol, dried for 10 minutes at 110°C,

welghed, and mounted. The separation Took approximately 3.5 hours.
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APPENDIX B. DETAILS OF ACTIVITY MEASUREMENTS

Niobium;v,The amounts of Nb89 and Nbgq in the purified niobium fraction
were measured by;the resolution 5f tﬁe'decay curves taken in tﬁe pro-
portional counter. . Activity -contributions from Nb9lm, Nb92, and Nbg?m
lwere also observed but.no_quantitative measurement of them was attempted.
For Nb89 the . experimentally observed half life of -1.79 hours was uéed in
.ﬁhe analysis of the decay curve. The contribution to the Nb89 yield from
“._deecay of isobar§ of higg: atomic number was estimated to be less than 10
- percent. The growth of 79 hour Zr89 inté the sample'interfered with the ‘~
‘measurement of Nb9o; this interferencé wés eliminated by repeating the

§

niobium chemical separation 2k hours after bombardment on an aliquot of the

89

niobium fraction, after which the Nb9o could be observed free of Zr - con-

 tamination. The measured Nb9o vield was judged to be the independent yield
- of this nuclide because of the expected low yield of_Mbgo and because the
5.7 hour'Mo90 half life is long compared to the time of the initial Nb

separation.

Discovery. of Niobium 88. During the course of these experiments a 15 minute
‘ positron,aétivity vas observéd in the niobium fraction and it was esﬁaﬁlished
- that this activity was‘the parent of Zr88. This conélusionAwas confirmed
“v :  by’preparation.of thé‘Nb88 activity by the reaction of garbbn nuclel with‘

| a bromine targét in the Berkeley Heavy JTon Liﬁear Accelerator. Details of
this identification will be published'elsewhere..

87 _ 88

Zirconium. Zr ', Zr , . and Zr

89

were measured by analysis of the decay
curves of the zirconium fractions teken on the proportional counter. .Zr85
activity was also obserVed but certain difficulties in the measurement of

this electron-capture'activity‘prevented an absolute determination of yield.
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: . 88 NI
The proportional counter activity of the 85 day Zr was due to the con-
version electrons of the 39k keV gamma transition present in 100 percent

abundance. Qaantltaclve measurements ol the )9L PeV h opeoA in the

— o

Nal crystal counter made it possible to calibrate the bete counter for

88 . L . 89 . . L
Zr counting. Measurement of the 79 hour Zr 7 was hempered by the growth
Py ! 'v8' = L -D“'J— AN 4 : 87 M s ot »

of 80 hour ¥ from the decay of its 1.0 hour parent, Zr . This inter-

ference was eliminated by a second purification-of an alicquot of zirconium

1

24 hours after bombardment, when the Zr ' had decreased below detectability.
The complex decay curves were analyzed with a least squares progran
on an IPM 704 computer. Good fits were obtained for the three measured
isotopes with half life values in agreement with published values.
. . 87 88 . o . ..
The yield values for Zr —and Zr = include contributions from isobars
of higher Z which were Jjudged to be less than 20 percent of the total. The-

_ 89 : - .8
yield value of Zr 2 contains only a slight contribution from Nb 2

89 89.

because

less than 10% of the 1.79 hour Nb ~. could have decayed into Zr ~ before the

initial chemical separation was made.
In a few cases the resul s from the analy51s of the prooortlonal

counter decay curves were checked by measurement of gamma ray photopeaks

in the Nal crystal spectrometer and by application of kncwn information on‘
gamma ray energles and intensities.

: _ 6 66 = :
Copper.” Ten minute Cu 2 and 5 minute Cu = were observed in copper fractions

1solated bj a rapld chem1cal proceaure but owlng to experlmental dlf'lcult;ea

we did not_complete an accurate determination of theirvyield. There was

' 61 ’ A
little dlfflcu"ty in reSOLerg bR 5 hour Cu ,-12.0 hour Cu6%. and 62 hour

6 . . ) . .
Cu-7 components from the decay curve taken with the ald of the proportional

-

courter on the copper fraction pur if ed by the longer procedure described
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in Appendix A. The contributions of isobars of higher atomic number to

67

the'Cu yvield is believed to be < 1 percent, and to the Cu6l yield, less

than 10 percent.

57

Vickel. Ni” , Ni

65

=
)

.66 ' < -
, and Ni components were resolved from the decay curves

. , P . . s e 230
“taken in the proportional counter. Application of the Biller-plot meﬁnodj

. . , o7

helped in the separation of:the 36 hour Ni57 and 54.8 hour Wi°°. The con-
. i ’ 7 )

tribution of Cu’! to the 1127 yield sna of co®? and co®

1% ena w1l

[

vo the yield of
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.

. . _ ok . . . 22 o -
Scdium. - A 15 hour Na component and a constant Na component were resolved
Tfrom the curves taken with the proportional counter. Calidbration errors
are small since the same nuclides were counted in the monitor foils. How-

ER .‘~ R -y L : 22 i rN En
ever, the.counting ratesfor the 2.6 year Na were only 1 to 30 counts per

at times . : ’ .

minute so that/there was a considerable error in the subtraction of the
background. The measured cross section values include contributions from
isobars with Z % 11. Whether this contribution is large or small is
difficult to estimate since there 1s no systemetic information on Isobaric
yields, and furthermore the mode of production of these light products is

wknovn.
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I. Impurities in the nilobium foil.
Tmpurity Percent Impurity Percent
Oxygen 0.03 Titanium 0.0L
Nitrogen 0.03: Tungsten less than 0.01
Carbon 0.015 Zirconium less than 0.005
- Tantslum, 0.05 Nickel less than 0.005
‘Iron 0.015
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Table II. Decay properties of investigated nuclides.

Nuclide

Half-life Rad.

Energy
- (Mev)

'_va-9o

Y-8Tm

‘Cu-67 -

.lh.7 h

“1kh

61.6n

2,10

. o.elk -

'f?;fo;363
0395
'd.ueu}"i

1.50

- 0.114
0.123

' 2.86.
0.90

0.915

. 0.363

0.394

N

. 0.57

© 1,32 5‘

[}

- 0.083

P

0577

50
11
19
91
30 '
100

22

100
h.62
0147‘-'
.83

100

15

Coe2

.35

230

. iNa-22

Nuclide Half-life

Rad.

Energy
(MeV)

Cu-6k4

Cu-61

. lNi-66i.

-'Cu766

- Ni-65

Ni-57 .

- . Na-24

20 .

_12.88h

3.32h

o 2.56n

';:.15h::£'='

- 5k.8hn

5.10m

- 1l.21

. 0.20

@»_9;60

2,10

. 0.573
10.656

0.56
0.94 |

1.15

1.59 | .A
. 2.63

0.849 f

", 1.391

0.55k . -

531

100

91

v . 23 j, 
ShLon -
7Jn. 69
39.9.

o2 5.6

100

89.8 .




Table III. Product cross sections from proton bombardments of niobium

- Cross sectio

2l0-MeV Protons on Niobium

Product

320-MeV Protons on Niobium

25

55 st X o f Céoss(zsgtion X %
65.6 6.96 1 Nb-90  54.8 5.17 6.50
.0 2.63 1 Nb-89 21.7 2.05
62.7 }v6;6o .é.5x10’21 e 7r-89 . 59.7 5.6
80.9‘ 8.5 | 1 7088 TL.7 6.76
h6.7 "h.92 1 Zr-87 2. .00 |
;1ru6x10;5 1.5&X1o"” "a.5x10'6 2 Cu-67 5.20x1655 h.91xlo"“ ' é.5xlo“5
2.09%10™ 2.20x1072 Lot e Cu-6k 0.103 © 9.75x107 '2.6>f<'_1o‘“1L
'5;18x1d"5: '51h5x10“u 6.ekiof5 2 ’CQ~61 3.42x1072 3031073 1 a0
1.05><"10“lp _1.d8klof5 o 1 Ni-66 5'.8o><'1o"1L 5. 58%10"°
5..5o><-1o"LL "5.?9X'o"5 '1 _Ni_65 3.1521053 2;97210“%
5.u9x1o"u‘ 5.67210'5 1 Ni-57 1.77210'5_ | 1,67210“”
8.21%10;3 :_8.6&%10‘% 1 ta-2k 1.48x1077 1.h0x10™7 h.0x10™7
.gox10™2 2. 0lx10™ 1ot e Na-22 1.59x1072  1.50x1070  1.9x107"




Table III. Continued

500-MeV Protons on Niobium ' T20-MeV Proténs on HNiobium

R

Cross section X o~ - D "+ Product = Cross seetion X o—
() o X (mb) s
ETA 7 ok O M-90 370 0 39 0.35
17.7 ' ;.67 A ._4 “. k f»» 1. Ib-89 ‘15.9" o 1.31' 
4.8 | k.23 o 2.5xlo'2}} | 2 Zr-89 38.5 45.63
| 5.2 . 5.1i » I 1 .88 M2 397
32.8 3,09 SR S 787 26.1 : 2.ﬁ6 ,
2.94107°  2.77x1077 1.6x07° 2 - w67 0.119 | 1a2xa0® b0t
0.731 6 90><io"2 5.hx10 -3 | .Cuféh'. - 2.79. :0.263 .1'.3><1o‘2 .3
_b;&lé _ 5.92xio“2 3. 5x10 3 Qu-61_ 1.757 0.163 1.0x107° 3
2,86><1o’5 , é-.7o><,1o“LL - 3.5X10 -6 Ni-66 8.’3_0><:Lo"~3 7.85%10“h 1.9x10 -2 ef
2.20x10™%  2.08x107 1.5210'%' :Ni-65' 6.28x10°  5.92x107  1.0x1077 2
g3a0%  Lpao” T Lmaot Ni-57 - 73007 6.89x107  3.5q07 2
ho7x10™° h.03x1070 . 1.2xlofh Na-2k 07130 1.23%107% . 1.0x10“”' 2
2.57%107°  2.h2x1070 1.o><139jlP  Na-zp 7.29%x107% 6.88x107 9.0x10™7 °
*Nagu'moniﬁor croSs'section'tékeﬂ_as 9.5 mb for oo MeV p, and as lOﬁ6 mb for %20, 500,.and 720 MeV
"profons. | |

. ’ . ' . v Lol ] _ -
X = ratio of product cross section to Na monitor cross section.

'stastandard error of X when number of determinations D is greater than 1.

< S . - ¥ >




Table IV. Product cross sections from heliwm-ion bombardments of niobium targets.

-BEO«WeV'Heiium ions on Niobium

H500-MeV Helium ions on Niobium

(ross section X - o~ D Product  Cross section’ X o D
(up) X | (mb) * ‘
129 - : 5.37. 0.27 o Nb-90 97.2 .05 o.5i >
| h6.8‘f | 1.95 1 Nb-89 35.5 1.8 1
1 61 1 Zr-89 ~ 8L.L ) 5.39 3}0x1§“?
145 6.0k 1 7r-88 105 4.8 | 1
': 92;2 3.8k 1 Zr-87 65;8 2.7 1
1.08x10°% h.hé%lo-url 1.0x10"5_ 3 | Cu-67 7.15x10"2 2.98x1077 1,6xlof%-f 3
"0.175: 7.19%10"° 8'.'52'1'0"1L 3 Ccu-6h 0.1L5 6.o5gio'21 ':1.7210;5' 3
ke 10 1.8a0™ 7.0 3 cu-6l  6.50x007" C2.mx1078 1.ox1077 3.
1.d6klof3 1. hox10™? | 1 | Ni-66 730510 5.01x20™" 1
| 6.07x10™° 2..5>5><1o“h i Ni-65 u.QSXlo"e '»1;70x10"5.. 1
55051070 2.25x107 1 Ni-57 5.60*10*2::.Jl;55%10~5 | 1
) 3ox1072 1.80x1072 1 Na-2b 0.113 4.70210'5 1
Ch68x107 1,950 1 Na-22 8.61x107°  3.60x107 1

TOCTT-TIN



Table IV. Continued

T20-MeV Helium ions on Niobium

880-MeV Helium ions on Niobium

Cross sectio‘n—X’. X e Produck ,Cros‘s section X o D
(mb) - RN X : (mb) X
83.5 548 0.10 Nb-90 2.2 3.0L 0.15 | j
y 27,8 - 1.16_' | Nb-89 2T7.1 ‘, S5 6.0 107 2
7.9 B 5.08 .ﬂ 71-89 63.1 2.63 1
931 3.8 788 79.7 3.3 1
5.9 - S 2.33 - Zr;87 | 47.8 , '1.99 S 1
0.166. 6.91><3LO“‘5 : 2.6x10“” Cu-67 0.257 1.07x10“2 9.8><10"h I
. 3l i  0.181 3. 5%107 Cu-6t  6.26 o061 9.6c00 i
2.59 o o.io8 | g.oxld'ji .Cu—6l‘ hors” 0.198‘ .1.4xlo‘2 L
1.92x1072 '~_8.02><'10'LL - Ni-66 ; ._2.86><10'2 ‘ 1.19><1:o'3 6.xklo"5 3
."26:121 - 5.o6z><10"3 Ni-65 - 0;167 6.97x1o”5‘A h.25<1o“1L 3
1 0.143 | 5.96210"3 Ni-57 0.2L2 1.01x1072 8.5x10")'L 3
0.300 - '-1,252ib“2 Na-2h 0.533 ' g.zgxlo“g A 1
;0.196 . 8.18x10 Na-22 0.25h 1.06x10~2 1 !
*Nagu monitor cross section taken as 24 mb fof all énefgies.- A o e
- For meaning of = and "o see footnotes of Table ILL. ™ —7 7 = 7
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Table V.

UCRL-1139

Ratio of the cross sections from helium-ion bombardments to those

from proton bombardments.

Nuclide

Cu-67
Cu-64
Cu—6l,.
Ni-66
Ni-65
Ni-57

. Na-2l
Na-22

Average

. 320 Mev -

500 MeV

720 MeV

2.2k

3

L

g

-~

3G

i
\O .

2.29

1.92
1.9%

2.29

2.27

1.97

Average

2.09

1.95

1.72

1.44

2.5%

1.89

2.29
2.60
2.84

1
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FIGURE CAPTIONS

Production cross section of niobium’isotopes in niobium targets
bombarded‘with high énergy protons (showm by circlesj and high
energy heliﬁm ions (shown by squares).v |
Production crosé sectiohs of zirconium isotopes in niobiuﬁ targets'
bombarded with high energy protons (shdwn by circlgs) and high
energy helium ions (shown by squares). |

Producfion é;oss‘sections of copper isotépes in ﬁiobium targets
bombarded with high energy protons (shown by circlés) and high
energy helium ions (shown by squares).

Production éross éections bf nickel iéotopes'in niobium targets

bombarded with.high energy protons (shown by circles) and high

energy helium ions (shown by squares).

Production cross sections of sodium isotopes in niobium targets

bombarded with high'enérgy protons (showm by circles) and high

~energy helium ions (shown by squares).

Variation in calculated value of most probable nuclear charge

7 - with mass number of reaction product. Niobium target

Y

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

. of 6 types of particles.

Width of +the distribution in'charge’of the final products as a

- function of mass number. Calculated value of averaged Gaussian

1/2

half-widths at half maximum, (2 In 2)™7 T, for niobium targets

bombarded with protons. Results shown for 2 values of the evapora-

tion parameter: a = A/20 and a = A/10.

‘..



Figure 8.

Figure 9.

Figure 10.

Figure 11.

7 L UCRL-11391
A .

Averaged mass~yield:curve from the Monte Carlo cascade-
evapqration calculatién fof yeéétipn of_protqns'with

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

Experimental production cross sections for nicbium isotOpes 
(solid symbols) compared to calculated values’(open symbol;).
Broken curve indicates trend of calculated reéults for | -
evaboration parémeter a ='A/lO; dot-dash curve shoﬁs trend
for a = 4/20. | |

Experimental production cross sections for zirconium isotopes

(s0lid symbols) compared to calculated values (open symbols).

Broken curve indicates trend of calculated results for

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

Ei.for a = A/20.

Experlmental nroductlon Cross sectlons for copper 150u0pes

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

" Broken cuxrve indicates trend of calculated results for

Figure 12.

evaporation parameter a = A/10; dot-dash curve shows trend

for.\axz A/20.

Experimental production cross sections for nickel isotopes

»(solid~éymbols) compared to calculated values (open symbols).

Broken curve indiéates trend of calculated results for

eveporation parameter a = A/10; dot-dash curve shows trend

. Tor A/EO

' ok .
Formaulon Ccross sectlon for Na as a function of mass of
target for proton and helium ion induced reactions. Niobium

points are from this work. The data at 1 and 2 GeV are from

Caretto, Hudis, and Friedlander (see footnote 21). The rest are -
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Figure 13. from Crespo, Alcxander, and Hyde~(éee footnote 2). '?roton dsta
(Cont,)_' are given by circles, helium-ion data'by'sqﬁares.. The niobium:

v?oints ere solid.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, 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 infringe privately owned rights; or

B. Assumes any liabilities 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, "peréon acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor 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.






