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"So the atoms in turn, we now: clearly dlscern,

Fly to bits w1th the utmost fa01llty,,
They wend on their way, and, in. spllttlng, dlsplay

'-An absolute lack of stablllty

‘Sir Wm, Remsay, Ind, Enga Chem, ,
News Ed., 8, 18 (1930).
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' SPALLATION-FISSIQN COMPETITION ~ .
FROM THE COMPOUND SYSTEM U°> PLUS He

T. Darrah. Thomas
Radiation Laboratory -
University of California

Berkeley, California

July, 1957

ABSTRACT

The results of a series of experiments . to study the competltlon '

between spallatlon and f1ss1on in the .reactions induced in U 233 with

_ helium ions of energies between 20 and 46 Mev are glven. The striking

features of the excitation functions are the lowness of the (a, xn) cross
sections compared w1th Cross sectlons for the same reactlons in other
very‘heavy elements and the prominence .of the (a,pxn) reactions,

The results are 1nterpreted in terms of reaction mechanisms.
inﬁolv1ng either the formation of a compound nucleus or direct. inter-
actions between the progectlle and the. nucleons in the surface of the.

nucleus, Flss10n ~competes more successfully agalnst the compound '

_nucleus spallatlon reactions in the reactions of U 233 than in those of

other very'heavy elements; 1n general the products of the dlrect inter-

_act1on reactions are able to survive f1881on equally well for all targets.

233

_ - A partial explanat1on for the relative f1ss1onab111ty of U
and Pu 39 is given in terms of the neutron binding energles of the prod-
ucts. Asmodel for the compound nucleus reactions, based on a model by '
Jackson, is presented and it is shown that cross sections calculated on
the basis of this model are in approximate'agreement.with_the.experi-
mental values, Poseible mechanisms fer»the direct interaction reactions
are discussed. |

é . The 1dent1flcatlon and decay properties of the new 1sotope,

Pﬁ 33

, are descrlbed
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I, INTRODUCTION

The existence of the fission process among the nuclear reactions

‘of the heavy elements makes the study of these reactions doubly inter-

esting. First, fission (which does not occur sbundantly in light elements
except at very high excitations) is interesting in its bwﬁ right. Second,
competition between fission and'nohfission, or spallation, reactions makes
it possible to draw conclusions as tb the mechanisms of the spallation .

reaétions.“ It has'been fruitful to study reactions induced by charged

'particleslof'enérgies less than 501Mev, partly because of thevavailability

of a fairly intense source of such particles .in the Crocker Laboratory 60~

inch cyciotron, but chiefly because it 'is possible to make .a qualitative

' interpretation of the results in terms of the reiatively-simple compound -

‘nucleus theory, without having to be concerned with such effects as nuclear

transpafency, The work presented here is a study of the spallation and

fission reactions induced in uranium-233 by helium nuclei of energies from

20 to L6 Mev,

The Compound Nucleus

: _ 1
The compound-nucleus theory, first put forth by Bohr, states that
the nuclear reaction ' ' “ ' '

A+ a

> B+ Db

(where A and B are the target and residual nuclei, respectively, and a and

b are the projectile and emitted particle(s), respectively) proceeds

through an intermediate state, or "compound nucleus",
> C —> B + b,
The lifetime of C is long enough that the energy of the incoming particle

A+ a

a is distributed throughout the nucleons of C and the nucleus "forgets"

its mode of formation., However, invariants such as energy, momentum,

angular momentum, and (probably) parity must be conserved., Thus, two
cOmpdund nuclei, C'and‘Cf,'formed by two different reactions;

| > C

> C*

A+ a
and D+ 4

and having the same Z, A, energy, angular moméntum, and parity, are

indistinguishable, -
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" The decay of the“compound nucleus to products B and b can be
described indterms.simiiér'ﬁo those dsed to describe ordinary nuclear
- disintegrations, The. compound nucleus - C is said to have a level width
vf‘ if the reciprocal mean lifetime of the nucleus is rj/ﬁ. 'j thus has
thevdlmenelons.of energy,. If ?he;nacleus,oan,decay_by;severalvlndependent

paths, we have

P-total i 47 |
where the summation is made over-the various modes of decay. ~The cross
section*ci'for a particular reaction is given by the expression °
‘H

rlotal

where . is the Cross sectlon for the formatlon of “the compound nucleus,

G, =
1

Fission.
”:It has been hoped that the study of spallation-fission competition
would lead to'a clearer understanding of thé rather puzzling process .of
fission., Shortly after its discovery in 1939 by Hahn and:Strdséman,z
Tan3

fission was described by Bohr. and Wheeler~ and by Frenkelh in terms of
the'liquid—drop'or compound-nucleus, model, .On the, basis of the liquid?
drop model, Bohr and Wheeler predicted that flss1onab111ty should depend

> and by

on -7 /A It”was later demonstrated.1ndependentlyvby Seaborg
‘ »_Whltehouse and Galbraith6 that spontaneous fission rates showed a direct
dependence on Z /A of the fissioning nucleus.. However, the dependence

T

on Z /A is only approx1mate Sw1ateck1, by correcting the fission rates
for 1rregular1t1es in the .mass surface, has been able to show a linear
_dependence of the logarithim of the spontaneous fission half life w1th

A /A vVandenbosch8 has found a correlation between the cross section for

. the (a,kn) reaction in heavy elements (a sensitive measure of fission-

ablllty) -and Z /A , o L
It is. in the mass distribution of -the- fission products . that fission
has been least.understood. It has been found that for excitation energies
of 10 to 20 Mev or less the nucleus.of a.verj heavy element preferentially
formsaeJheayy,fragment'of.mass.about 140 and -a light fragmentvof mass 100

when it fissions.9 This phenomenon is known as agsymmetric fission, A
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-liquid-drop model,
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plot of yield of_fiséion:products versus mass number shows two peaks with

. a valley in between, meaning that at low excitations symmetric fission is

unlikely -- Jjust the oppbsite of what was predicted on the basis of the

lo’ll. As the excitation energy of the fissioning

nucleus is increased, the valley rises rapidly and, at_high-exciﬁaﬁions,

fission.becomes predominantly symmetri¢.9
A number of explanations of ésymmetric fission have been ad-

vanced, Mayer.,l2 Meitner,l3 and CurielllL have suggested that the asym-

metry is due to a tendency of the nucleus to fission_to a pair of

fragments, one of which has a "magic number" of neutrons and protons.

Hill and Wheelerll have proposed an explanation that as the nucleus

is deformed the even-parity levels arqlpushed to higher energies, with
the result that further deformation is'possible only if the nucleus can
slip from the even-parity levels to the lower-energy odd-parity levels,
According to Hill and Wheeler, such sli?page is possible only if the
nucleus is asymmetrically deformed, ]1"renkell5 has suggested that, be~
cause of its lower reduced mass, a nucleus in an asymmetric deformation
can penetrate the fission barrier more readily than can one in a sym-
metric deformation. . ,

Fong16 has given an explanation for asymmetric fiséion in terms
of the masses of the fission fragments, Because of shell effects, the
masses .of the asymmetrié fragments will bé leer'than those of the sym-
metric fragments;v The result is that the asymmetric fragments will have
a higher excitation energy and, hence, a higher level density than the
symmetric, If, as Fong assumes, fission is a slow enough process that

equilibrium is established among the various possible states at every

‘moment during fission, there will be more nuclei passing through the

configurations having high level densities at the instant of separation

i.e.; the asymmetric configurations.

The unified.mddelbof Bohr and Mottelsoan’;8‘provides still
another explanation of asymmetric fission, As the excited nucleus

approaches the' saddle point (the highest energy point along the most

.energetically favorable reaction path leading to fission), its ex- -

citation energy is converted into_potential energy of deformation, with
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the result that at the saddle point the nucleus is "cold". - Only a few,
widely:spaced levels will be available to the nucleus, and the spins and -
‘parities of.these.leveIS'will probably have a marked effect on the mode
of fissien; .It‘is thought that the speetrum of low-lying,levels-at~the
~saddle point.will resemble that of the levels .of the hucleus near its
ground state cohfiguration.. The existence ofvlow-lying odd~parity states
in even-even nuclei of the heavy elements can be'explained'by assuming ’
that the nucleus is;hpear shaped", 1f the spectrum of levels at the
'saddle point is to be similar tc that near the ground state configuration,
: the nucleus will probably also have a pear- shaped or asymmetrlc, mass
dlstrlbutlon.as it passes over the saddle point. At higher excitation
energies, levels that -do not involve an asymmetric shape for the nucleus

will become available, and fission will become moré symmetric,

Previous Work on_SpalletioneFission_Competitibn

The'initial studieé :of spallation—fission competition in the very
heavy elements were done by Glass, Carr, Cobble, and Seaborg,l9,who
studied the reactions induced in. Pu238,‘ 239 and Pu zhz by hellum nuclei.
This study has been extended to reactions induced in uranlum 1sotopes with

helium nuclei by R1tsema,20 Vandenbosch, 2l Gordon,-22 Donovan,23 and this

23t 25 in Th232 with hellum ions

author; in Np with helium 1ons by Glbson,

by'Foreman,26 and in plutonlum, neptunlum, and uranium 1sotopes w1th

25 | ar

”deuterons by’Glbson Luoma, Vendenbosch,zl and Lessler,28. Less

detalled:studles have -been made smong the heavier actinide elements by

Harvey; Chetham-Strode, Ghiorso, Choppin, and Thompson;29

1 .
Glass, ‘Carr, Cobble, and Seaborg 9 observed that the greatest
part of the reaction cross sectlon was taken up by flss1on, with the
result that-the-f1551on cross section-is not a sensitive measurement of

. the- relatlve fissionability of dlfferent compound nuclei, .Since ©

fission
is approximately equal to o w? it follows that f7 otal 1s.approx1mately
equal to r7 and, hence . co '
: fission . o
: . r1Spallation .
e} ; R ~ g
spallation c [1
T fission
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Therefore, an increase in the half width of a'nucleus for fission will
result in a‘corresponding’decreaseiin the cross section for spallation,

-~ The result is that it is possibie to compare the:relative fissionability

| of two nuclei by cOmparingvthehcross'sections of these nuclei - to undergo »
'spallatiOn redctions that proceed by way of a compound nucleus. Glass
.and co-workers, observed a marked increase in the (a 2n) and (a An) cross

238 to P 2h 2. Since the greater part of these

‘sections in going from: Pu
reactions‘probably takes place by the formatdonvof 8 compound nucleus,

they concluded that fission was-competing with spallation~more'succe3s-
fully in the reactions of the light plutonlum 1sotopes than in those of
the heavy plutonlum isotopes. .

- On the other hand, Glass and co-workers found that reactlons
1nvolv1ng the em1s51on of charged partlcles were able to compete falrly
-successfully against fission.  Often cross sections for the emission of
charged particles were equal to or greater than those for the emissiOn
of an equal number of neutrons. This phenomenoncis particularly sur-
.prising in view of the fact that among the reactions ofgiighter elements,
where the competition from fission is negligible, the cross sections for
charged-particle emission at these energies'are an order of,magnitude']“.-g
lower than those for neutron.emission.30 The conclusion is that reactions
involving charged-particle emission -do not proceed by the formation of a .
compound nucleus, but rather by‘some direct interaction between the pro-
~Jectile and the target nucleus,'probably with the.emission”of a cOmplexv
charged particle such as a deuteron or a triton - This explanation has
‘been borne out by the work of Wade Gonzalez-Vldal Glass, and. Seaborg,31
who have measured directly the amount of tritium produced when varlous
elements are bombarded with helium nuclei,’ deuterons, and protons,

It was found by’Glass and co-workers that .the valley in the curve
of the fission mass yield rose rapldly‘w1th increased energy of bombardlng
particle (and, hence,»1ncreasing,exc1tatlon energy of the compound nucleus),
and that fission induced by,helium nuclei of 30 to 45 Mev was predominantly
synmetric ' v -

Prev1ous studies of the charged-partlcle -induced. spall;tlon re-

3

actlons of U 233 have been done by Hyde Studier, and Ghiorso,” who produced
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j
; 1.\_TP2-35 , and Pu2.3 '
234 236

, and Pu 7,

. the nuclides szsh

who produced Np23u,-Pu“

33

; Perlman, Morgan, and'O‘Connor
and measured Cross sectlons .Tor
“their production with Ll -Mev . helium ions; Magnusson, Thompson, and

‘Seaborg,3u who producede31 232
2?3 pu?3 ana P

and Np 3:‘j’and Orth 35 who produced Np 3h, »

. The .cross sections measured by Perlman, Morgan,

and 0' Connor33 of 0.5 mb for the (a, n) reaction and 1 mb .for the (ct, 3n) e
reaction at M Mev are in good agreement with those determined in this

work; their cross section of 0.2 mb for the (e ,pZn) reaction is low by

two orders of magnltude Glbson €5 has studled the competition between
spallatlon and fission induced in U 233 by deuterons, and Cchen, Ferrell-

36

Bryan, Coombes, and Hulllngs have measured the angular dlstrlbutlon of
- the flss10n fragments from f1s51on 1nduced by 22-Mev protons. (No attempt
.,w1ll be made to review the work done .on the reactions induced in U 233 oy
neutrons and photons,)
This Work

The work to be described here is part of:avprogram to determine
to what extent the proncunced mass effect on spallation-fission cOmpetition
thatfwas,observed'in the reactions of the plutonium isotopes will also
appear in those of the uranium isotopes; to study the effect of varying
the charge of the target nucleus; and to look for possible-effects of
~odd nucleons, The,comparison of the reactions ofU233 with those of
Pu239 l9 should be particularly fruitful; since the two -are analagous
nuclei, differing in mass and charge by two protons and four neutrons
~and each being the first beta-stable odd-mass isotope of its element,
Comparison of these results with those of Gordon22 and Ritsema20 on U23Llr

_ and-U238
235

should reveal- any odd-even effect, and w1th those of Vand.enbosch21

on U any mass effect,



the isotope were carried out in a "glove box".
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II. EXPERIMENTAL WORK

Target Material

The U233 used in these bombardments was obtained from vafious

sources, One sample was, subjected to méss analysis and found to contain

23& and U235

.. For purposes of célculat—

about 3% U238 and less than 1% U
233,

ing cross sections, it was assumed that the material was 100% U

pulse analysis .of the-alpha particles emitted from the U233 showed that

about 1% of the activity was due to U232( The-contributionvofithe U232

was neglected in the calculations, Because of the high specific activity

of U233, all .operations involving the handling of more than 100 pg of

1 37 ’

‘ A number of purification procedures were used on the target
material at various stages during the éourse of these experimenté; The
four most common were extraction of the uranium into ethyl ether (a
procedure that proved to be unfailingly unsuccessful), extraction into

a solution of tributylphosphate in carbon’tetrachloride, precipitation

- of uranyl hydroxide and ferric hydroxide followed by the dissolving of

the uranium in a solution of Sodium carbonate, and,adsorption,df the

uranium from concentrated hydroéhloric acid onto aﬁ ionfexchange column
packed with Dowex A-1 anionfexchange resin followed'by an elution with
hydrochloric acid of concentration between 0.1 and 1 M. For purifying
the uranium from large amounts of aluminum, iron, and fission éroducté,

the tributyl phosphate extraction was found to be the most reliable

method, The hydroxide=~carbonate cycle worked well for large amounts of

uranium (éxcept for an .occasional disaster due to overexuberant efferves-
ence). The anion-exchange procedure was used as a final purification

step, but was not a useful method of freeing the uranium from iron.

Targef Preparation

: 2 : . -
The U 33 was electrodeposited as a hydrated oxide on dish-shaped
pieces. of aluminum (hereinafter referred to as "hats"), 10 mil thick and
about 7/8 inch in diameter. The plating procedure was been described by

Hufford and~Scott,38 The amount of uranium that had been plated was

—
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determlned from the spe01flc act1v1ty'of y?33 (2. lO x 100 d/m per mg) and
.the disintegration rate of the sample measured in one of two alpha-
particle counters of known geometry. In some cases the activity was
measured in both counters w1th agreement to a few percent

It was necessary to know whether or not the uranium was evenly
deposited over the surface of the hat. To determlne the uniformity of
the'target "I masked the target with an aluminum disk from which a small
‘hole or a quadrant had been cut, and measured the act1v1ty comlng from
vthevunmasked area, A comparlson of several such measurements, each with
a different part of the target covered, showed_whether or not the target
was'uniform. vIn‘general, four suchrdeterminations were within 10% of
théir' average, although some targets were used in which the agreement
was no better than 20%. ‘ | _.
' The area of the target was determlned by measuring the dlameter

of the:target This measurement 1s perhaps one of the largest sources of -~

error, because the targets were not perfectly circular and - the measured
diemeter is only an average . of several measurements, ‘and because a 3% to
'5% error in measurlng the diameter becomes a 6% to 10% error in the area.
For the bombardments, the- targets were mounted in one of two
assemblies, In the first ten bombardments, a "pistol grlp target holder,
described by Glass,39 was used, For all later bombardments, a micro-
target assembly described by‘thsemaZO was used, The target was aluays
covered by a 1-mil aluminum foil, ~which caught the reaction products that

rec01led from the target in the forward direction.

The Beam of Helium Tons

_ - The helium ions emerging from the Crocker Laboratory 60-inch
cyclotron. have a range in.aluminum.of-23l.mg/cm2 with a variation of

, 2
perhaps 5Amg/cm . According to the range-energy curves of Aron, Hoffman,

‘and'Williams, ” a range of 231 mg/cm corresponds to an energy of 48.3 Mev,

Aluminum and platinum foils were placed between the emergent beam and the
- target to lower the energy to any desired bombarding energyi‘;vAgain_the
curves of Aron, Hoffman, and-Williams.uO.were used for aluminum, and a

| curve. interpolated between two of their curves was used for platinum , to

determine the bombarding energy. .

g
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At full energy the cyclotron beam'was an energy spreéd.of about
2%, .or 1 Mev,  The effect .of passing the beam through degrading foils is
to increase thevenergy_sPread, with thevresult that the spread at 20 Mev
is somewhat greater than 1 Mev. This spread causes a significant error
in measured cross sections only if the energy is such that the excitation
function isvéithér risihg or falling sharply, since under these conditions
é small'confribution from the high- or low-energy portion of the beam

would cause the .cross section at.a given energy to appear to be higher

‘than it actually.is.

During the bombardments, the target holder was insulated from
the'cyclotron and from ground, so that it was possible to measure the
beam intensity from the rate of accumulation of charge .on the target
holder, In general; the beam intensity'was recorded by a Speedomax
recorder, and invariably the total integrated beam was recorded. The
beam-monitoring device was calibrated frequently so that the beam in-
teﬂsity was known to an accuracy of 0,5%.

Since it was important that all the beam measqred should strike

'the.target/within the uﬁiformly‘plated-area, the beam was collimated with

a 5/8—inch.collimator.' Before_most,of the bombardments in which.the
pistol-grip target holder was used, a piece .of Séotch-tapevwas_placed
over the target and bombarded for a few seconds, From the pattern of the
bﬁrned:area on the Scotech tape it was possible to tell whether or not the
target was well centered-with.respect‘to the beam. F¢r those'bbmbard—
ments in Whiéh-the,microtarget assembly was used it was impractical to
measure a beam pattern, However, it was possible to tell from
<examipation“ :v of the aluminum target hat after_the bombardmentwwhether

or not all of the beam had struck the target, A beam pattern showed

.either on the back of the hat, or on .the front Jjust after the uranium hed

been dissolved,

Cheniical Procedurés

The chemical procedureé that Were-used in this erk~have many
origins, and it is nearly impossible to give any one person credit for
a particular procedure. Two procedures were used for the separation of

neptunium and plutonium,  The first, which was devised by'the.author,,v
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proved to be too slow; to give. an:insufficient purification, and'to'give
too low a yield of neptunium. -The second was. a modification of one de-
1
v1sed by Magnusson, Huizengs, Siddall, and Studier. % Many of the pro-
'cedures for the separation of the f1$Slon products are from the compila- .

tions Dby Melnkehz and Lindner. 43

Dlssolutlon of the Target

The target, aluminum hat, and cover foil were dlssolved in aqua

237 239

regia containing known amounts of Np .and Pu tracers and fission

product carriers from which the chemlcal ylelds of the various products

were to be determined.,

Separation of Neptunium and Plutonium
‘ In the first procédurefméntioneduabove, cerium, which had been -
added as a carrier, was precipitated as cerous hydroxide by the addition
of sodium hydroxide. The aluminum stayed in solution as aluminate ion,
while nEptuuium; plutonium, the lanthanides, zirconium, and other fission
" products copreci?itated'wifh-thegcerous hydroxide, The hydroxide pre-
cipitate was redissolved in hydrochloric aoid, and hydrofluoric acid wés
added to precipitate cerous fluoride., Only the actinides and lanthanides
coprecipitated with the fluoride, The.oerous fluoride was dissolved in
& solution of 6,M nitric acid saturated with.boric“acid, and cerous
hydroxide (carrying with it the actinides and -lanthanides) was précip-
itated with ammonium hydroxide. The hydroxide precipitate was redis-
solvéd in concentrated hydrochloric acid and the solution passed through
an-ionéexchange column (3mm by‘Z'cm) packed with DoWex A-1 anion,exohange ol
.resin, 'Thevactinides in oxidation states greater than +3 adsorb strongly
on .such a_column.fromlconcentrated hydrochloric acid, uheréas.fhe lan= .
thanides wash through The coiumn was'wasﬁéd with additionai-concentrated
vhydrochlorlc acid to ensure the removal of the lanthanldes The actinides
were stripped from the column with 1 M hydrochloric acid 1nto a solution
contaln;ng,enough.hydrochlorlcvac;d, hydriodic acid, and hydraz1ne di=-
~hydrochloride so thatrthétresulting solution was 1 Muih hydrochloric
., acid, O;l,M in hydriodic acid, and 0,005 M in hydrazine. The solution:

was heated to reduce the plutonium to the (III) state andunéptunium to



P

~the (a,2n), (a,kn), and (a,5n) reactions,

; . 6

the (IV) state, .cooled, saturated with hydrogen chloride gas, and passed

through a second ion-enchange column similar to the first. Under these

conditions the neptunium (IV) is adsorbed, while the plutonium (II1)

washes'thfough. Whén the column had been washed with additional concen-
trated hydrochloric acid made 0.1 M in hydriodic acid, the neptunium was
stripped with 1 M hydrochloric acid and further purified by an extraction
into a benzene salution of thenoyltrifluoroacetdne (TTA), a procedure
which is described below. The neptunium and plutonium-weré then mounted
on platinum disks for counting (see below). .

In the second procedure, affer the dissoclution of the target,. _
ferrous ion and hydrazine dihydrochloride were added to the solution to
make the final concentration 0,005 M in ferrous ion and 0.1 M in hydrazine.
The solution was heated in.a hot water‘bath,at‘900 ¢ for 5,minﬁtes to re-

duce neptunium to the (IV) state and plutonium to the (III) state. Ad-.

dition of enough orthophosphoric acid to make the solution 0.5 M in

phosphoric acid precipitated-the zirconium-fission-product carrier as the

*
phosphate, The neptunium (IV) coprecipitated with the zirconium phosphate,
32

In some of the later bombardments, 200 micrograms of Th2 were added and

a second zirconium phosphate precipitation was made to ensure removal of
228

the Th daughter of U232 from the plutonium, Because the products of

232

Pu235, Pu233, and Pu -

, have

- short half lives; the precipitate containing the neptunium and zirconium

was set aside at this point and the purification of the plutonium was

continued, The plutonium was oxidized to the (IV) state by making the

solution 0,1 M in sodium bromate and heating in the water bath for 1 minute,

* ‘ ’
The first zirconium phosphate precipitate did not always form readily,
and a heating period of several minutes was sometimes necessary to coag-

ulate the precipitate. A possiblée explanation of this phenomenon is that

‘the zirconium forms a stable complex with chloride; with the result that

the rate of formation of zirconium phosphate is slow, It .should be noted
that when second and third zirconium phosphate precipitations were made

the precipitates formed readily,
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About 10 mg of zircoﬁiﬂm.wasradded;"the“plutonium (IV) coprecipitated
with the resulting.zircbniumfphOSphatebprecipitate. ‘The'precipitate was
fwﬁshed with a solution_O.S_M in nitric acid-and 0.05 M in orthophosphoric
acid and dissolved in'a sblution 1M in ﬁitric-acid‘and, 1 M in hydro-:
fluoric acid,' The addition of 2 mg of:lanthanumwprecipitated lanthanum
fluoride, with.which.thé.plutonium coprecipitated. The fluoride was
redissolved in 6 M nitrié,acid saturated ﬁith boric acid, and ammonium
hyaroxide.was added to the resulting solution. to precipitate lanthanmj
hydroxide;' The hydroxide was dissolved in. concentrated hydrochloric
~acid, and the solution was passed through a short column (3mm by 1 cm)
of Dowex A-1 anion-exéhange resin. When the column had”been_washed with -
concentrated hydrochloric acid to remove any traces of lanthanum, a
solution of concentrated hYdrochloric écid made 0,1 M in hydriodic acid
_ was passed through the column at the rate of two dfops a minute, The
hydriodic acid reduced the plutonium to the (III) state, which is not
adsorbéd on the resin. 'About»lh.drops were necessary to remee.mostpof_
the plutonium from the column. The plutonium was then mounted on
platinum (see below)., The chemical yield of plutonium ranged from 10%
to L4o%. v vl A ‘ ' | )

B The neptunium separation procedure is identical to the“plutdniﬁm
procedure from-ﬁhe precipitaﬁion of the zirconium phosphate to the pre-

cipitation of the lanthanum hydroxide, with the exception that small

amounts of ferrous ion and hydrazine were added to the solution with which .

the zirconium phosphate was washed, This techniqué helped to remove any
- Plutonium that had not,been reduced initially, and the,waéhings were
therefore added to the SOluﬁion from which the plﬁtonium was to be re-
moved. The lahthanum‘hydroxidevwas dissolved in 4 milliequivalents'of
concentrated hydrochloric acid, and the solution diluted to 2.0 ml.
Four-tenths ml of 1 Mihydroxylamine-waS-added'and the éolution heated
for 1 minute to reduce any plﬁtonium that might still have been présent.
Two drops of 1 M stannous chloride and 1.6 ml of 2.5 M potassium iodide
. were-added,'and the solution was heated in boiling water for 10 minutes.
Any'neptunium that might havevbeen‘oxidized during the earlier steps was

reduced to the (IV) state by this step, The solution was cooled and

&Y

£
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stirred vigorously with 2 ml of a 0.4 M solution of thenoyltrifluoro-
a33

acetone for 20 minutes (5 minutes when the short-lived isotope Np

was thought to be present). The organic phase was washed twice with

2-ml portions of 1 M hydrochloric acid for 3 minutes each, and the

neptunium was back-extracted into S_M'hydrochloric,acid for 20 minutes

(5 minutes when Np233 was present), The.reason.for the back-extraction
is that any zirconium that may have followed the neptunium through the
thenoyltrifluoroacetone extraction does ndt baCKAextract into'8.M
hydrochloric,acid. The acid was washed with an equal volume of benzene
for 3 minutes to remove any thenoltrifluorocacetone and the samplé;was
mounted on platinum., The chemical yield of neptunium ranged from l%a

to 30%.J+l¥

 Fission-Product Procedures

When the first procedure for the separation of neptunium and
plutonium was useq, the only fission products taken out were zirconium,
éadmium, cerium, and ~-- on s few bombardments -- other lanthanides. The
zirconium precipitated as g hydroxide with the cerous hydroxide, but

remained in the supernatant solution when cerous fluoride was precipitated,

‘Barium chloride was added to this solution to precipitate barium fluo-

zirconate, and the zirconium was purified by a procedure devised by
43 iﬁvolving,an extraction with
thenoyltrifluoroacetone.

Cadmium hydroxide, which precipitated‘slowly‘from‘the_solution .

left after the cerous hydroxide héd been precipitated, was dissolved in

hydrochloric acid. (Since cadmium forms a .chloride complex which hinders

the formation of a sulfide precipitate, the hydroxide should have been

dissolved in sulfuric -acid,) The acid was diluted to about 0.5 M, and . .o .

hydrogen sulfide gas was bubbled,intoithe solution to precipitate cadmium

sulfide. The sulfide was dissolved.in hydrochloric acid and-passed
through an ion-exchange column -(5mm by 5 cm) packed with Dowex A-1
anion-exchange resin, which adsorbs cadmium from hydrochloric acid., The
column was washed with 1 M hydrochloric acid, and the cadmium removed

with O0.75 M sulfuric acid, .The column. effluent was diluted to/O.S M
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aéid“and‘saturated with.hydrogen sulfide gas. The resulting sulfide
precipitate was dissolved in 4 M hydrochloric acid, antimony (III) car-
rier was added as a scavenger, and the solution was saturated with
vhydrogen'sulfide to precipitate antimonous sulfide, When the super-
'natant soiution_was diluted to -an acid éoncentratiqn of less than 0.5 N,
 cadmium suifide_precipitated, ' ‘ v |

- The ceriuﬁ and the rare earth fraction was found in the effluent
from the first anion-exchange column. When cerium was the .only lanthanide
:.to be isoiated; an oxidation-reduction cycle developed by Hicks and
déscribed by Lindnerh3_was used as the-purification procédure. When
othér rare earths were to be separated, an ion—exchahge_column packed
With"Dowex—SOAcation—exchange resin was used, Hydrofluoric acid was
" added to the effluent from the anion-exchange column to precipitate the
» rare earth fluorides.,  This precipitate was dissplvéd in 6 M ﬁitric acid
saturated with borie acid. «Ammonium hydroxide was added to precipitaﬂe
‘the rare- earthlhydroxides, which were redissolved in 2 M hydrochloric
aCid and adsorbed onto 1 ml of Dowex-50 resin, - The resin was placed on
the -top of the column and the rare earths eluted with a mixture of
lactic acid: and ammonium -lactate with a pH varying continuously from
about 3 to about 5,-acGordihg,to the procedure desecribed by‘Nervik,lLS

" When theAsecond_neptunium and- plutonium separatién,procedure was
used, fission-product carriers were added for strohtium, zirconihm? -
cadmium, and barium. 'On a few bombardments ruthenium and lanthanides
were also-added, . , ' '

" Ruthenium was reduced to the metal wheh.the target hét waé dis=~
solved -and was removed by-centrifugation. The metal was dissolved in a
mixture of nitrié and’hyﬁrochloric-acids and added to a mixture of
sodium-bismuthate,”perchlbric acid,'orthophosphofic acid, and sodium
ibdide,'from which ruthenium tetroxide was distilled. The disfillate
'was absorbed in 6 M sodium hydroxide, to which ethanol was added to.
precipitate ruthenium dioxide. The dioxide was,diSSOlVed in hydro-
chloric*acid, and the ruthenium was reduced to the metal with magnesium
powdér, The .cross sections that were based on ruthenium activity '

purified by this method were uhifbrmly low, both in this work and in
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the -work of Vandenbosch,Zl relativé to those for other elements of ap-

. proximately the same mass number, - It .is thought that,the.raté of iso-

topic -exchange among the various oxidation states of ruthenium is slow,
with the result that the measured chemical yield of carrier does not
represent the true yield of radioactive material. .On three bombardments,

aliquots of the target solution were added to ruthenium carrier, which

was thenpdistiiled.directly; without precipitation of the metal until

the final step. -Results obtained by this method were higher in both
the,U233 and the U™7 n than those obtained by the method involving
the initial precipitation of the metal. R '

To the supernatantvsolution from the final zirconium phosphate

precipitation were added sodium hydroxide and sodium carbonate to pre-

.cipitate barium, strontium, some cadmium, and the lanthanides. The

precipitate was dissolved in  hydrochloric acid and the solution, cooled
in an ice baih,lwaslsaturated with hydrogen chloride gas to precipitate
barium and strontium-chlorides;:,The supernatant.solutionvfrom»thé
hydfoxide—carbonate precipitation was saturated with hydrogen sulfide
gas to precipitate'cadmium and ferrous sﬁlfides, which were dissolved
in_cénceﬁtrated hydrochloric acid and added to the solution remaiﬁing
after the precipitation of the alkaline earth chlorides., The chloride
solution was passed through an ion-exchange column (5mm by 5 cm) packed
with_Dowequ—l énibn—exéhange resin, The lanthanides passed throﬁgh
and ‘were purified as described above; iron and cadmium were adsorbed.
The iron was removed by washing the column with 1 M hydrochloric»acid,

and the cadmium by washing with O0.75 M sulfuric acid, The. cadmium was

- then treated as before,

The barium and strontium chlorides were dissolved in water and
reprecipitated with hydrogen chloride gas. The precipitates were again

dissolved in water, the pH of the solution was adjusted-to‘S with a

sodium acetate—acetic acid buffer, and barium chromate was precipitated.

The barium chromate was metathesized to barium carbonate with hot 6 M

sodium carbonate. The carbonate was redissolved in nitric acid, and a

few milligrams of strontium holdback carrier was added. The .pH of -the

solution was agéin.bufférea to 5, and barium carbonate reprecipitated.
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- The supernatant ‘solution from the'firstabarium*chromate»prebipitationA
- was made basic with ammonium hydroxide, and sodium carbonate was added
to precipitate strontium ‘carbonate, - The ‘precipitate was dissolved in
nitric acid, and barium holdback cérrier added. Barium chromate and
s strontium-carbonate~Were then precipitated.ae before and the barium
discarded. S

' The zirconium, which had been precipitated as zirconium phosphate
in the neptunium chemistry, remalned 1nvthe supernatant solution when

the lanthahum fluoride was precipitated, AS before, barium chloride was

~added to precipitate barium fluozirconate and the zirconium was purified .

b3

,by‘the procedure .of Iddlngs mentloned above .
. In three-bombardments, aliquots of the target solutlon were added
to prev1ously'measured amounts of ruthenlum, molybdenum, and silver car-
rlers. _One al;quot was ueed“for_both.31lver and_molybdenum_wath the
_ result that_it was.neceseary to.separateAthe”silyerZfrom the molybdenum,
. Two methods Were,used,_ In the first, the silver was precipitated as
silver chloride by dilutiou of the soiution (enough hydrochloric gcid
~had beeg“added to complex: all the siluer). In the.sechd; the solution
containing the_ﬂolytdenum and theHsilvef-chloride complex was passed

through an ionfexchange COlumn (6 mm by 10 cm) -packed with Dowex A-1

«anionﬁexchange:yeein.. The column was washed with 0.1 M hydrochlorlc acid

.. and the silver_remoyed_w1th 3 M ammon;um hydroxide, The_molybdenum was
stripped from the column with 6 M sodium hydroxide and purified by a
procedure:of Stevenson, Hicks, and Levy, reported by Lindner.18 A pro-

cedure from Meinke&?,was-used to.purify the silver,

Mounting_of Sampies

-_Spallatlon Products

Since. ‘the energles of the alpha partlcles emitted from the samples
cwere to be measured 1n an . alpha pulse—helght analyzer, and since it was
-necessary to detect_the low:enepgy'Auger’electrons_emltted during the
,electronfcapture proceesz itﬁwas:necessary“to have very'thiﬁ samples, At
"itbe begionigg,of theseeexperimepts, neptunium and‘plutoniumfwere vapor=

v,;zed;from_a 1- or 2-mil tantalum filament,heated'to red heat under vacuun

@
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onto a l-inch diameter disk of meil.platinum placed.about‘a,centiﬁeter

“gbove the filament, The vaporization technique had the disadvantages

that it sometimes-required as longras half an hour to pump down the apu
paratus to a low enough vacuum, and that occa31onally tantalum would be
vaporized onto the platinum plate..

" The vaporization procedure was replaced by an electrodep051tlon
29_and_descr1bed‘1n.deta11
by Chetham-Strode;46 ‘A solution 6 M in ammonium;chloride containing'the

material to be deposited was adjusted-to just:the'acid side of the

:methylured.end point. A current .of about: Z amperes was;passed through

the solution for 2 minutes with a 2-mil platinum disc serving as cathode,
On this plate a very thin dep031t of the sample was - formed. |

' In some of . the earlier bombardments, samples of plutonlum were
merely evaporated onto plat1num plates '

The platinum plates used were always heated to. red heat in the
flame of a microburner before being used, and, when either the electro-
deposition or the evaporation_technique was used, the plates were again
so heated before the samples were placed in a counter. -The purpose .of
the heating was to destroy any organic matter, which might,cause thiek-
ness:of the sample, and to make the material adhere more firmly tO'the'

plate,

F15$1on Products

The purified f1ss1on products were taken up in either acetone or
ethanol and slurried onto prev1ously weighed aliminum dishes 2 mlls thlck
and l-ingéh din dlameter. The samples were dried under a.heatplampvand
weighed, A few drOps_of.Zapon, a colorless- lacquer, (Atlas Powder Co,,
North Chicago,vIllinois) were placed on.the‘sample1to;hold-it:to-the

dish and dried under a heat lamp, The dighes were mounteduon.rectangles

.of.aluminum_2;5 by 3.5 inches and 50 mils thick,
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Detection of Radiations. -.~

" -Bpallation Products

“'All. the spallatlon prodicts produced.in these bombardments decay
236

Ly
- by‘:either electron capture. or alpha-emission; -or both.. 1 (Np- decays

by negative beta-particle emission as well -as-by electron capture, and
234 is known to decay:by positron em1551on3h8“:although the predominant
mode -of decay’is:éiectronVCapture,),

v Alpha/particlES were detected:in an.érgoneflow windowless ioniz-
ation chaﬁber of 52% geometry, and in one.of three alpha pulse-height
- .analyzers, From the pulse analyses it was possible to determine.what
-fraction of ﬁhe'alpha particles were due to the decay of a particular
isotope, and from the coﬁnts taken at 52% geometry it was possible to
tdeterminé the absolute disintegration rate of any alpha-emitting,nuclide
present, '

A continuous=flow-methane windowlesgs proportional counterz the
‘Nucleometer (Radiation Counter Laboratories, Ine., Skokie, I11inois),
was used;to detect the Auger electrons accompanying electron capture,
-Unfortunately, the efficiency with which this instrument detects .electron
-capture events varies from nuclide to nuclide, and probably depends on
the decay scheme of the nuclide,. It was therefore necessary to determine
‘the counting efficiency, or ratio of number of events detected by the
Nucleometer .to number.of disintegrations, for each nuclide studied. A
discussion of methods .of determining counting efficiencies and results

of somé’ determinations is found in Appendix A,

‘Fission Products ™

The radiations emitted from the fission products were counted in

- an end-window GeigerhMﬂller counter coupled to a standard scaling circuit,

- The. tube’.on this counter was filled with a chlorihe~argon mixture.

Treatment of Daﬁa

Decay‘Curves
' Coincidence corrections were added to the observed countlng rates
and the resulting quantities were plotted on semilog graph paper as a

function of time to give a "decay curve." Since, in general, several

&



.plot and the synthetic curves described by Shudde.
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nuclides decaylng with dlfferent half llves were present in each sample,
it was necessary to resolve the deﬂay curves into. their. various components ,
Decay‘was followed untll all but the last component had - decayed avay,
i,e,, until the decay curve was a stralght llne This line was,ex—
trapolated back in time and its value was sgbtracted from that -of ‘the
observed curve, The process was repeated until all the components had
been_resolved‘ However, it must be admitted that for curves.having more
than two components, the technique works better in theory than in practice,

It was also sometimes necessary to correct for the increase in activity

-due to the growth of radiocactiveé:.. daughter nuclides, .When thevdecay

curves hadobeennresolvedd the activity’of'each‘componentvatrﬁhe time of
the end of the bombardment was calculated by'extrapolating the various
straight-line curves backward to ‘the appropriate tlme

Because the.half lives of almost all the products were known it
was possible and sometimes necessary to use .such aids as the Billerh9

20 A new type .of plot

- involving parent-and-daughter relationships was,devised, and is described

in Appendix B. An attempt was made to use the IBM 650 digital computer
- ‘ - 50

to make a least-squares fit to some of the decay curves, using Shudde's

method of fractional residuals. The results were satisfactory, but the

method was time-consuming,

Corrections Applied to Alpha-Counting Data

Since most of the nuclides whose activities were determined by

alpha-particle counting decayed alsoby electron. .capture, it .was necessary to

know the ratio of the_number’of disintegrations.by alpha emission to the

total number of disintegrations. The values-.of these ratios .and their

- sources..are given in Table I,
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Table.i, 'Percent'alpﬁa”emieeien’for'plutehiﬁm’isotepeS“'

Nuclide = . L Percent,alpha emission C sisource
P30 0. - a
Pu23% T 0.003 b N
P23 s, e
. Pu233 : | 0‘1,2: . o v a
| Pu2-32 11.2 o e
‘a, See Reference 51 i
bb. Thie work, See Appendlx A, _
c. R, Hoff and F, Asaro, prlvate commuﬁication

d, This work. From estimated countlng eff1c1ency of
- daughter.  See Chapter V, :

e. Estimated from the alpha systematics, See Reference 51,

Correctlons Applled to Gelger-Counter Countlng Rates

Because of the phy51cal arrangement of the Gelger counter and
because of the nature of the interactions .of beta partlcles with matter,
it was necessary to make a number of correctlons on the countlng rates
measured with the Geiger counter in order to obtaln dlslntegratlon rates,
Therelatlon between dlslntegratlons per mlnute d/m,mand-counts~per

mlnute, c/m ige

d/m = c/m (fAW) / ( SfBSfG)

The various factors are discussed‘below

,  The .air-window correction, f W,'ls a correction for the fractlon
of the beta partlcles absorbed in the air between the sample and the
counter and in the mlca window of the counter, These factors were ob-
tained from a cﬁrve of f,..

CAW 50

cle, based on the data of Ritsems,

versus the max1mum energy‘of the beta parti-
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" The self-scattering .and selféabsorption.correction, fs,>is to

' dorrect for the beta particles which, originally moving away from the

counter, areiscattered'by the sample back'intortherCOunter; and for the

beta particles which are absorbed by the sample itself, These factors
: 52

were obtained from the data of NerVik.andetevensonv'Tfor'samples.of

‘lead nitrate and sodium chloride, using the.interpolation,formula

£ = (f

S .S)Pb(NO3)2 - [;}16 ) Z)/llé][;fS)Pb (NO5) - 8 S)Nac:] ’

where Z is the sum of the charges of all the atoms represented by the

'formula for the compound being cons1dered There is no mathematical

~and practically no theoretical Justification for this formula, but the

factors .determined from it are in fair agreement with the experimental
values of chks and Gilbert 23 | , _

The backscattering correction, T S’ is applied to correct for
the beta particles scattered into the .counter by the aluminum backing
material, Enough aluminum was used o that the backing was in effect

infinitely thick. 'Thezdata of BurttslL

was used to determine this
factor. ‘ o

The geometry factor, fG,scorrects for the fact that the Geiger
counter does .not subtend a solid angle of Ux steradians, Although it

is possible to calculate the geometry correction factor, it was deter-

" mined by_measuring the counting rate of a Bureau of Standards sample of

RaD of known disintegration rate, Correction was made on the counting

- .rate of the standard for a1r-w1ndow absorption, self—scattering and

self- -absorption, and backscattering.

In the cases in which a nuclide decayed by emissicn of beta

particles of several energies, and over-all correction factor was cal-

culated from an apprOXimate'formula derived by Foreman and Glass55
e : 1 o,
f - .
fszs ¢ o (Zixi/fAWij(ZiXifSifBégy .

where the summation is over the number of different-energy beta parti-

cles and Xy is the fraction of the total number of disintegrations that

occur with emission of a beta particle.with-energy,Ei. When there were
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conversion electrons. to”be considered, it was aSsumed that a monoener-
getic electron of energy E “:.interacted w1th matter in the same manner

bvas d1d a beta partlcle w1th a max1mum energy. E ;T3E,

.“Calculatlon of Cross Sectlons

The cross sectlon o for a glven reactlon is. given by the formula

N/nIt
where N is.the number of atoms of product formed durlng the bombardment
n. the number of target nuclei per square centlmeter, and It the number
of prOJeCtlleS (current multlplled by tlme) strlklng the target  How-
ever, the quantlty'measured is dlslntegratlons per mlnute at the end .of =
T the bombardment T A
| a/m = N(l e My,
where t is the length of the bombardment and k is the decay constant of

.Lthe product ‘Hence' we ‘have

Aty o
) - (d/m)/(l -e _) I.. .
For the case in whlch the half life of the product 1s long compared with

the bombardment time, we have

="(d/m) /AnIt.
“When a particular spallation product was’ also -the daughter of a
short-lived_spallation_product,fthefapparent.cross section for the

-daughter was corrected by the formula -

B R R (U (e il

where O3 is the true cross section for produCtlonﬂof the daughter, o,

is the apparent cross section, Up the croSS section for the production
‘of the parent, xl and xz the decay constants of parent and daughter,
the length of the bombardment, and t, the time between

1 2
the end of the bombardment and the separatlon of the daughter from the

_respectlvely, t

parent. If the daughter has a long half life relative to tl and t2

the formula 51mp11f1es ‘Lo

A ->\.t,..->\.t |
3 -.qa oy +0, (L -e™1)(e™ 2>/>‘.ltl'
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III. RESULTS

Spallation Cross Sectlons

The values for the cross sections for the (a, xn) and (a,pxn)

N reactions on U 33 together with the helium-ion energies. at which these
tfcross sections were observed are presented in“Table II,' The alpha-

branching ratios and counting efficiencies on which these values are

based are listed in Table I (Chapter II) for the alpha branching ratios,

- and Table\ﬂ:(Appendix A) for ‘the counting efficiencies, In Figure 1

are plotted the cross sections for the (@,xn) reactions as a function

:_of’energy, with smooth curves drawn 'through" the points, In Figure 2

‘are plotted the (o,pxn) cross sections, .The (@,p) excitation functions

represent a lower limit, since the yield of the'long-lived isomér of

: ;Np236iwas not measured,

Fission-Product Cross Sections -

'_ Mass Yields

"The fissioning nucleus divides into two fragments such that the

- sum of thevmass numbers of the two fragments plus the number of neutrons.

emitted equals the mass number of the~fissioning nucleus  and such,that

the sum of the.charges'of the two fragments'equals the charge of the

original nucleus, For a given mass'distributiOn,‘more than one ‘charge

‘distribution is_possible; It is reasonable to assume, however, that for

a given mass distribution, there is a most probable charge distribution,

and that the probability of finding other charge distributions decreases

‘monotonically as one varies the charge distribution from the most prob-

"able one, Hence if, for a given set of isobars, we plot yield from

fission of an 1sobar versus its ‘atomic number, we w1ll get .a curve with

a maximum, We will call the position of the maximum Zp and note that

‘Zp is not necessarily an 1nteger

Ideally, in measuring the fiss10n yield for a particular 1sobar1c ‘

chain, we try to measure the yield of a nuclide whose Z- Zp is great

.enough ‘that the nuclide is produced only by'the negatron decay of other

nuclldes‘and not by;dlrectcfiss1on. Hence, if the half lives of its
radiOactive‘precurscrs’are short enough, the yield of this nuclide will

-
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i Table IT
Crbss sections for. spallation zrea'ctior_ls induced in U233 with heiium dons.
- E o : : - Cross .Section
(Mev) o _ (millibarns)

(@n) (@20) (a,30) (akn) - (@,58)  (2,8) (@,pn) (a,p2n) (a,p3n)

3 0.18

23.5 0.k2 1.30

26.2  0.59 3.86  0.003 - 0.20 1.0 = 0.16

28,9 . 0,96  6.54 0,09k 0.53 =1.8- 1,63

29.% - 0.6F  0.066 D

0.7 B | 0.63 3.5 5.0k

31.8 1,01 3,50 1,03 172 0.3 4,91

32,4 | 0. Lk | 0.6k 3.2

3%.3 R 1,07 13.5  10.9 |

35.3 0,49 1,19 1,10 | | 0.58 2.5  5.20 0.21

36.8 T 1.6 6.5 10.5

36.8 - o.T6 | | : |

37.8 0.52  0.9% 0.54 | ok - 3.5 T.25  o.m
39.0 0.61 - . ' |

40,0 - 0.50 -

40,4 | | ) 0.50 4.6 104  1.16
k1.0 0,k2 1,19 0.37 - o - 0.62 .'1u,9 11.8 © 0.60

b2.7 0,21 . 0,27 = 0,002 0,70 ~-2.6 9.4 |

43.8 S 2,53 8.8  17.8 1.k
- 4h.3 073 0.29. '0;72 7»18;7_ 19.9 1.72
) . 0.57 103 . 0.6 15,9 0.6k
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be,equal to the total fission yield for the isobaric chain. 1In practice,
ho&ever; it is,not.always possible to pick such a huclide, and it is
.often necessary to makefa‘correction tovthe measured yield for those
members of the chain having 7Z higher fhanTthe 7 of the isolated. nuclide,
It 1s possible to find some nuclides.that; .because of the ex-
1stence of -a long~lived isobar of lower .Z, can be produced in measureable‘
yield only by direct fission. If we measure the ylelds of a number of
these shielded nuclides as Well as the total yields of the isobaric chains,
and if we have some way of determining Zp, we may make .a plot of the
fraction of the chain yeild that is accounted for.by the direct production
of a nuclrde@with:charge'z_as a. function of z-zp,‘and thus obtain an
empirical .correction curve, Because the. yields of nuclides from dif-
ferent regions of the periodic table, produced from fissioning‘nuclei of
_various excitation energies,‘are included in such a plot, the assumpﬁion
must be made that the fractional yield is a function only of Z-Zp and is
1ndependent of the mass number of the isobaric chaln and of the exc1tatlon
~energy -of the,flss1on1ng,nucleus. A further assumptlon has: been made in
this work that-for-fissioning_nucleiain the range from Npi35.to AmZhl the
fractional chain yield is.independentiof the fissioning nucleus
' The.problem remains: what is the value of Z? One solution,  due
to Glendenln, ‘Coryell, and Edwards, and developed by Pappas?6 states that

(z =7 ) of the light fragment is equal to (z., -7 ) of the heavy fragment

A

'where ZA represents the charge of  the most stable nucllde of mass A.

Pappas has shown.that,_for lOWrenergy f1551on, the data agree with his
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postulate, A second solution, proposed by Goeckermann and Perlman,
states that the two’ fragments have the same charge—to-mass ratlo as the
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”flss1on1ng nucleus Glbson 25 has shown that, for: moderate-energy fls—

sion, the data are in better agreement w1th the postulate of Goeckermann
and Perlman than with that of Pappas
In.thls-work four yields of shielded nuclides were measured --

135m 142 135m

three for Ba and one for Pr . The yield of Ba - was multiplied

_by a factor of 4/3 to correct for the formation of the stable isomer,
o135 135m

, on the assumptlon that the ratlo of the amount of Ba formed

to that of Ba 135 would be- glven by

\
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which is equal to 3, where the I's repreSent.theiuuclear:spins_of the

(21 + 1)135 /

respective isomers, A first approximation to the total mass=135.yield

" was made on the basis of a curve of fission yiéld’verSus mass number

. drawn through the uncorrected points, No second approximation'was made,
.For the Prlga, it was assumed that the total mass-142 .chain yield was
approximately equal to the mass-143 chain-yield,'based on the yield of
Prlu3} measured at the same time as that,of;Prluz; The values .of the
fractiOnal>chainfyieldvsovdetermined-togefhernwith one point measured
'vby'VandenboeCth:were plotted on the curves of Gibson, It -was found
—-that -the. points plotted .against a Z-=Zp calculated on the basis of the
postulate of Goeckermann and Perlman fell more nearly along a smooth
curve than did those‘plotte@ against .a Z-Zévcalculated on the basis of
the postulate of Pappas. Accordingly, the curve used by Gibson was re-
drawn to integrate more nearly to unity (Gibson's curve integrates to
0.90); and was used to calculate the mass-yield corrections used in this
work, The experimental curve is shown .in' Figure 3, and anvintegrated
curve based on it in Figure L4, - '

To caleulatelzp, it was necessery~to have some idea of how many
neutrons were emitted during the fission process, An estimate of v,
the average number ofvneutrons,emitted, was made by using the formula v

- ST EAELS | |
where E g is the eXcitation eﬁergy of the compound nueleus in Mev, The
_ba51s of the formula is that about two nuetrons are emitted in sponta-

58

neous f;ssion and an addltlonal neutron is emitted for each additional
8 Mev of excitation (4 to 6 Mev for the neutron binding energy and 2 to
4 Mev for the kinetic energy of the neutron). Except for the few cases
in which.Z-Zp was less than -1.0, and.error of 1 or 2 neutrons in the

L,Velue of_Gidid_not make an appreciable error in_the.correction'faetor,

49

% Noﬁe*addedAin processing. The experlmental ev1dence of Blller and
of Hicks and Gllbert53 do not agree w1th thls formula, the results based

on its use are, therefore, of dublous value
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Fission Yields

The corrected and uncorrected values of the cross sections for

the production .of the various fission,products”,at different]energies
are presented in Table III. Figure 5 shows six curves of total yield

of a given isobaric chain plotted against mass number for six helium-ion
energies from 23.5 to 4k,3 Mev ‘Both experimentalland reflected points
are shown; the-reflection was made about the point (237 - G)/Z, where

v was calculated from the formula on page.3l. Strictly speaking, one.
should find the best point for'reflection and from this calculate 5.
However, considering the quality of the data, it seemed more reasonable
to assume a valae.of v.. For convenience of comparing the fission-yield
cﬁrves,vthey have been replotted.tqgether in,Figare.6, without the ex-
perimental.points.f Some of the points shown in Figure.5.were taken from
plots of isobaric yield versus helium-ion energy5'such_ae those shown

in Figure .7.

Total Spallation and Fission Yields

The total fissioh cross section at a given energy‘is equal to the
sum :of all the individual fission-product cross sections (taken from the
smooth curves of Flgure 6) divided by two (since two fragments are pro-
duced in each flss1on event) Slm;larly, the total spallatlon Cross
section is the sum of the individual spallation cross sections at a
given energy. ‘The total fission and total spallation cross'eectioné
together with the percent spallation are plotted against helium-ion
energy in FigurevB):and the total;reactioh”cross section (sum. of the
fission and spallation cross sectibns) 1s shown plotted against helium-
.ion energy in Figure 9, Also ghown in Figure 9 are two theoretical

°9

curves of the total reaction cross section calculated by Glass on the
basis of materlal glven by‘Blatt and’ Welsskopf 60 The upper curve has
been calculated by using. the radlus parameter T l.5vx'lQ-l3.cm, and

_ the lower using roo= = 1.3 x lO 13

.Sources of Error

The sources of error can be divided into two classes: one we call
"absolute" errors because they are thé same throughout all the bombard-
ments; the other we call "relative" errors, because they may vary from

bombardment to bombardment.
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The absolute .errors arise from uncertainties in the half 1ife of
U233-(O,6%);61 in the geometry factors for the alpha counters (1% for the
counters used to measure the target activities and 2% for the ionization
chambers with 52%‘geOmetry),62 in the various counting efficiencies
(5% to 20%), beta corrections (probably nor worse than 10%), -and alpha
branching ratios (0% to 40%); and in the assays of the tracers and car-
riers uséd;to determine chemical yields (1% for the neptunium and
plutonium tracers and 1% to 5% for the fission-productVcarriers),

Relative errors are due to uncertainties in the acfivity of the
target (1%), in the area of the target (5%, based on a 2% to 3%run-

~certainty in the diameter), chemical yield (l% to 10% for fission pro-
ducts and 3% to 10% for spallation products), the activity of the pfo-
ducts (1% to 3% for Tission productsvénd 0.5% to 10% for spallation -
products), and the intensity‘of the cyclotron beam (0.5%).63 In addition
there are soﬁrces of error:sudh as unceftainty in the length of the bom-
bardment, variation of the beam,“nonuniformity'Of the target, and variation
of counting efficiencies with sample thickness whosevébntribution cannot

be evaluated, | ’ o »

The nuﬁerical values given above are based on:an error of O;Ol.mg
in weighings, of the square root of the total number of events in deter-
minations of activity, of 0.2 of the sﬁallest-diviéion of the ruler in
measuring lengths; on the-root—mean-SQAare deviation of a value .of which
several determinations.haﬁe been 'made; on a few estimated uncertainties;
and on.probéble.déviatidns quotedﬁby:othefs (see references).

' Takihg the square roof pf the sum of the squares of the various
values, we géf the nﬁmbers givenriﬁ Table IV for over~all relative,
absolute,.and total errbr, _‘ '
| | Table IV. . Estimated error

Spallation prodﬁcts' Fission products

(%) (%)
Relative -6 - 15 . 5 — 12
Absolute 7 - 40 10 -~ 12
Total 9 — U3 11 - 18
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Iv. DISCUSSION

Features of the U233 Cross Sections

Spallation _

The excitation functions for the spallation reactions induced
in”U233 with helium ions are marked by two striking characteristics: the
cross sections for theK(a,xn).reactions are very:low, with the highest
no more>than 7T mb, and the cross sections for the;(a,pxn) reactions are
by contrast relatively high, rising in two cases.to almost three times
the height of the highest (@,xn) cross section, Other noteworthy fea-
tures are the flatness of the curves for both the (a,n) and (a,p) cross
sections, the peaks for the (a,2n) and (a,3n) cross sections, and the
rapld rise of the (a ,pn) and (a,p2n) cross sections, with no evidencé
that a maximum has ‘been reached, (Perhaps at this point it should be
stated that such expressions as "(o,pn)" do not necessarily mean that a
proton and a neutron are emitted as individual particles, but rather
that the product is,oné that would be formed if such particles were
.emitted.) Another interesting point .is the éharp decrease in peak
height between.the (d 2n) curve and the (a,3n) cuivé.

These excitation functions show both similarities and contrasts
to those of Pu239,' 9 Pu 238 19 -and ,238. 20
shapes of the curves in all four cases are similar -- flat (a,n) and
(ot,p), peaked (a,2n) and (a,3n), and sharply rising (a,pn) and (o,p2n)

curves, Also, the (a,xn) cross sections show 2 similar decrease in

In general, the

* peak height fbr’succeeding value of x, The major‘dissimilarity is that

233

the magnitude of the (a,xn) cross sections for U are considerably .
lower than thoSe'for the other nuclides. In particular, we note in
Figure 8 that the ratio of the total spallatlon cross: sectlon to total
reaction cross section for Pu 39 is about lO% at. the lowest energy and
- decreases to about 2% at the highest energy. The sametratlo for U 33
~ on the other hand, remains close-toul% at nearly all energies, rising
“to a little more than 1.5% at 'the highest energies, . _

Glass, Carr, Cobble, ‘and Seaborg have explained the lowness of
their cross sections by saying that both fission-and the major part of

“the (a,xn) reactions go by way of ‘a compound nucleus and that fission
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competes more .successfully fhangdoéé_spallation.to claim the larger

share of the totél Cross sectidﬁ.lQ_ The‘decrease in the peak heights

for the successive (a,xn) reactions in interprefed to meanvthatffission
is competing successfully at every step of theﬂevaporatiohfto cut down

* on the number of'remainingZCOmpound nuclei, The long tails on the (a,xn)
exéitation functions and the-relativelyAhigh cross rsectioné for the |
reactions involving the .emission of-chargéd particles suggest that there
are direct interactlon mechanlsms by which a projectile can interact w1th
a few nucleons on the nuclear surface, knocking out .one ‘or more- of them
Vwithout,leaving,much of its energy in the nucleus, with the result that
the residual nucleus is not sufficiently excited to unaergo fission,
Hence, the products of the direct—ihteractibn#type_reactions.survive;

whereas the:products‘that,result‘from‘the.formatiOn'of a compound. nucleus

- tend to beleliminated'byVfission.- It has been. further suggested by Glass-

- deuteron-induced reactions of U

and-co-workers that reactions .such as the (a,p2n) occur with the’emission

of a high-energy triton. Work by Wade, Gonzalez-Vidal, Glass, and
Seaborg has shown that high-energy tritons are indeed emitted when.U238

31

is bombarded with helium ions, Calculations based on a classical

model for this reaction, given in Appendix C, show that if the model is
valid, the residual nucleus will have an excitation of only a few Mev,

233

' The excitation functions that have been measured for U can be

" readily explained in terms of the above theory. From the factor-of-ten
difference between the ratic of spallation to total cross section in U233
and that in Pu239, we must conclude that fissioh is'competing even more

233 239 §

.successfully in the reactions of U than in the reactions of Pu

(Gibson has reached the same’ ‘conclusion on the basis of his work on the
233 ana Pu239 ) 2 The spallation reactions -
involving the formatlon of a compound nucleus have been so drastlcally '
'v reduced in U 233 by fission competition that the magorlty'of the observed
" reactions are due to direct interactions. At the higher helium-ion
enefgies,_whibh favor the direct interaétions; these reactions have in-
creased so much relative to the com@oﬁnd—nuéleué feactions thét the
~-ratio of spallation to total- cross section has actually increased., In

pu239

5 on the .other hand, where at-low energles the - compound-nucleus
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spallation reactions survive relatively well, the increase-invexcitation

with increasing helium-ion energy causes fission to compete more success-

Tully against the Gtheér Tompound-nucleus reactions, with the result that

the cross sections for these reactions decrease faster than the direct-

interaction cross sections increase, The result is that the ratio of

_spallation to total cross section decreases with increasing energy,

For U233 and Pu239 bombarded with deuterons, cross sections for
the spallation reactions of Pu239 again fun higher than those for U233,
although the difference is not so marked as in the helium-ion-induced
reactions.25 Siﬁcerthe deuteron is a particle particularly.susceptible
tb direct-interaction-type reactions, it seems likely that a large
portion of the deuteron-induced reactioné’gé by this mechanism. The
products from such reactions then survive fission equally well in either
case, The observed differences. in the magnitudes of-the cross sections
for corresponding deuterondnduéedIEacthm'on the two nuclides are attri-
butable to that part of the spailatioh reactions that goes by way of a
compound nucleus, with the resulting elimination by fission of most of

the products.

Fission ’

The determination of -the individual fission-product cross sections
was undertaken with the view of determining the total fission .cross seqﬁbn;
the data are barely good. enough for that purpose., .One is not Jjustified

in trying to draw any conclusions regarding_the characteristics of the

fission reaction on the basiS'of phese curves. It is sufficient to note

that, as in most of the spallation-fission studies, fission induced by

.low-énergy'helium ions is asyﬁmetric, and fission induced by’high—enérgy

helium ions tends to by symmetric.

An interesting'pdint with regard to fission yields has been made
by Fong.64 ‘If the fissioning nucleus has an even mass- number A, the
total yield at mass A/2 is just twice that at mass A/z +1lor Af2 -1,
since two identical'particles rather than two different particles are
formed in the fission. The emission of ne@trOns during and after the

fission process'tends,to spread out the increased yield over several
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mass numbers,'Causiné'the'effect”to be less noticeable. ' In high-energy
fission there are.several'different compound nuclei fissioning (one for -
each stage of neuﬁron evaporation), and there is additional smearing out
of the raised yield, 1 believe that in this work the experimental un-
_certainties are too great for'such en~effect either to be noticeable or
to contribute any appreciable additional uncertainty to the values of

‘the fission cross sections,

Total Cross Section

A comparison of the measured'total cross section with the calcu-
lated cross section — shown in Figure Q — indicates that the correct
radlus parameter is slightly larger than ro 1.5 x 10 -13 cm, - This
flgure is in agreement with that determined by Gibson from the results
'of his deuteron bombardments of U 33, and is in general agreement with

those determined by others d01ng similar experiments at thls labora— g
tory 19,20 25 .

* The Compound;NucleusvReactions

The Effect of Neutroén-Binding Energies

' : If we accept the explanation that the spallation reactions of
2
U 33 proceding by'way of a compound nucleus, are cut down by fission more

239

“than are the same reactions in Pu 5. we»have.not solved the problem,

but have merely replaced it by another one: Why does fission compete more
.successfully.ih the reactions of U233 than ih the reactions'ef Pu239?ﬂ
-The two target nuclides are the same nuclear type and are the same dis-
tance from 'the. line of beta stability. . Furthermore, Pu239 has a slightly :
larger Z /A than does U 33, on thls’ba81s, we would expect fission to
compete more successfully in Pu- 39 than in U 33

Carr,has;suggested,a theory that leads to a partial eXplanation
.of the paradox. 65 He has postulated that neutrcn emission is fast with
‘respect to fission and fission is fast Wlth respect to gamma. em1ss1on '
-Hence, if the excitation energy of the nucleus is greater than the blndlng
energy of the "last neutron, a neutron is in general emltted _If the
excitation energy after all the neutrons have been.emitted is’ above the

fission threshold, the nucleus fissions, If the excitation energy after
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.all the neutrons have been,emitted.is below the fission threshold, the
nucleus de—exc1tes by gamma emission. It follows, therefore that the
' ease with" whlch a glven reactlon can compete agalnst f1551on -depends
upon the energy spacing between the fission threshold and the_blndlng
‘energy of the last neutronﬂofvthe reaction pfoduct; Jackson ‘has pro-
posed‘a.similar theory in which the outcome of the competition between
neutron emission and fis51on depends on this energy spacing.

. The drawback to Carr's theory is that it makes no allowance
for fission competltlon at the various .stages of neutron evaporatlonn
Glass,lCarr, Cobble; and Seaborg have concluded that fission competes
at every step,l9 However, we”can use'this theory to give a partial

233

' explanatlon of why Tission competes more successfully in the U

239

actions than in the Pu 7 reactions. ILet us.consider the nucleus that

~ has survived fission long.enoughﬂthat it has evaporated all the neutrons
that .the original excitation would allow, The excitation energy of this
nucleus must be less than the’binding energy of therlast neutron, Be-
cause of the incfease.of the level density'withrexcitation, the most
_probable excitation energy,will be closge to the neutron-binding energy.
Furthermore, for excitations of this magnitude, the level width for
fission is almost certainly a sensitive function of excitation, in-

3 creas1ng rapidly with increasing exc1tat10n Thus, a high neutron-

- ‘binding energy implies a high exc1tatlon .energy for the residual nucleus,
a hlgh-exc1tatlon implies a high level width for fission,. Hence, those
’vproducts having a high binding energy for the last neutron will be less.
likely to survive than,those having a low binding.energy. If we compare
" the neutron-binding energies for isotopes of plutonium and curium (in -
Table V), we see that_for‘analogous'nuclei — that is, those nuclei that
-are separated by two protons and four neutrons and are,.in'this case,
.products of the>same reaction in the two different targets — the
plutonium isotopes have hlgher'blndlng energies than “do the .curium

isotopes.
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‘Table V'

‘Binding energy of the last neutron in plutonium and curium'isotopes

o (Mev) . o

p?3T 605 o m®B 5.66

236 . o ' . 2k2 '

Py’ T w69

puo3’ . 6.21 S @t 6.13

Pu23u o 7.67 - szno . S 7.51

pu?33 636 wm®? 63

Values taken from Regerence 58.
‘Another factor to be cons1dered is the so= called fission
"threshold " However, curves given by Jackson indicate that analogous

66,67

nuclei in this reglon.have approximately the same fission threshold.

Jackson's Model _ _ v
' Jacks0n68 has proposed .a model for,spallaticnvreactions.that
combines the results of the Monte Carlo calculations by McManus, Sharp,

69 yith a formula giving the proba-

.’and'Gellmann and by McManus and‘Snarp
‘:blllty of evaporatlng a given number of neutrons from a nucleus with a
glven exc1tatlon The result is -a model that takes 1nto cons1derat10n
* the effects of both direct interaction and evaporation. _

' ' " According to Jackson, the probablllty that a nucleus with ex-

c1tat10n E will emlt exactly‘x neutrons is

P(E%) = Ty, 2x-3) - oy, 2e-D)

where I(z, n) is Pearson's 1ncomplete TGamma functlon,,,

[ .
I(z n) —— Jf ,
.and.Ax (E -'Z B, )/T 'Bi is the blndlng energy of the ith neutron

‘and T is the nuclear temperature, which.is assumed to be-constant.
Although it is doubtful that the results of the Monte Carlo
vcalCulationsJ which were made for bombardments with protons, can be ex-

tended to:givevmore-than-approximate_resultS'for bombardments with
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heliﬁm ions, the formuls fer calculeating thelprobability.of neutron.evaﬁ-'
V>orat10n is Valld regardless of the projectile, Even Without considering
.the effect of f1$$1on, it 1s p0551bJe to estimate Wlthln a few Mev the
-pos1t10n of the peak for a glven reection in the very heavy elements,

However, a modification can be made to the evaporation formula to
~ include theveffect.of fission competitien 50 that thevformala'can be used"
to calculate the cross sections for reactions procéeding bvaay of a

compound nucleus, The modified expression is ‘
o{a,xn) - Uc:rin;r%: I(Ax’ 2x 3)» (f}/rg) I(Ax’ fol)

- (/) 1o, .Zx-l)j ,

_ where.a(a,xn)”is the cross section for the (a@,xn) reaction at a given
energy, o is the total reaction cross section at that energy, ZiL?[%S‘
_1s an’ average ratlo of neutron. level w1dth to total level width,

‘ AX.= (E -~ Z B th)/T’ where.Et is the fission threshold for the
residual nucleus The following-assumptlons,are_made‘to simplify the
.calculations: _ : ‘ ' |
(rh/r%) is independent of energy ..
2. (f;/rl) + (r%/[;) =1, Thatvis, reaetlons other than neutron

emission are negligible,
(/%)

(Pf/r‘t) 1 - (rln/nc) for (.T_A.X_,_]_) > 3 ,ME_V)’_ and

(r}/rk) is obtained by linear interpolation between -the above

1 for (Tﬁx%l) < O?.

two ValueSvfor'O.< (mgx+l).< 3 Mev, The bases of these assumptions are

that for excitations between the fission threshold and the binding energy

of the last neﬁtron,.the nucleus will almost certainly fiaaion; that for

moderate excitations more than a few Mev above the binding energy of the

| last neutron; r‘/ﬂf is probably constent; and that f}/f% reaches its
constant value about” 3 Mev above the neutron-blndlng energy. The two

parameters irl7r%5 and T are to be determined,
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An explanation of the various terms in the fogmula will make its
"derivation" more understandable, The fattor'(TI7f¥7 is to correct
for the nuclei that are destroyed by flSSlon of the x compound nucle1
existing at the various stages of evaporatlon. The expression I(A : 2x-3)
is -the probability thet,at least x neutrons will evaporate from the
_compound nucleus with exéitation Ej ICQi, 2z-1) is the probability that
the nucleus remaining after the evaporation of X neutrons will have
enough energy to fission, and,,I(Ax+l, 2x~1) is the probability that the
nucleus will have enough energy to emit another neutron. The term
[}/r% and.r;/[% are WEighting factors to .account for the relative prdbe
abiliyyies of fission and neutron emission,

239

and Pu

233

The cross sections for the (a,kn)lreactions of
| have been calculated by use of this method. The results are shown in
'Flgures 10 and 11, In both cases T was equalrﬁo 1.5 Mev; for U233
(/) = 0.13 and for Pu>>” {[L/[T) = 0.19. The fission thresholds used
were 4,5 Mev for even-mass nuclides and 5,1 Mev for odd-mass . ‘The fit of
the curves to the data is far from quantitative, but it is remarkable that
such a simple model gives as good a fit as it does, The chief weakness
of the model is that[lyf}‘is almost certainly ngt a.constant. Vandenboschz—L
has proposed a modification that takes into consideration the variation of
r‘/r} with mass number and with nuclear typepe The agreement with the ex-
perimental points is cons1derably improved, '

" The model is good enough, however, that we can conclude -that the . .
long tails on the. curves representlng the (a n) and.(a,Zn) cross sections
~are due largely to some direct interaction, Of this more will be said

below, -

The Direct. Interactions

Introductory Remarks

A The possibility of a direct interaction between the projectile and
the individual'nucleons of the target has been recognized for several
years. .Serber proposed that at high bombarding‘energiee the mean free
path of the.projectiie is long ccompared with nuclea£3dimensions and' that

the nucleus is therefore partly "transparent,"7o An incoming high-energy
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particle might knock out one or more nucleons directly without the forma-
v:tion of a highly excited compound nucleus. AButlerdhas.diecussed the
deuteron-stripping and pickup reactions; in-which”eithervan incident
~dueteron is stripped of one of its partlcles, or an 1nc1dent proton (or
- neutron) pickus up a neutron (or proton) to form a deuteron, 71 _

, In general, one expects to see the effects of direct interaction
cnly at progectile energies_greater than 50 Mev., In the reactlons of
nonfissionable nuclei,vthe-prominent compound—nucleus spallation‘reactions-
generally mask any small effects due to direct interaction.ﬁ The region
of fissionable nuclides.is, therefore, a.particularly’good place to study
direct interaction reactions with fairly low—energy particles, because'
the reactions g01ng by way of a compound nucleus are largely eliminated
by f1s31on competition Butler contends that most of the reactlons that
vpopulate low- lying levels in the residual nucleus are formed by direct

72

_reactions; ~we may add that most of ~the: re81dual nuclei that have high

- excitatlons are destroyed by fission. Hence most of the surv1v1ng prod-’

ucts of spallation reactions in the region of f1851onable nuclides are
produced by direct 1nteractions

The Monte Carlo calculations by McManus, Sharp, and Gellmann and -
»by McManus and Sharp,69 as -described by Jackson, 8 show that for SO-Mev
incident protons on a heavy nucleus, less than half of the. reaction cross
section is accounted‘for by.the production of‘a'compound nucleus without
the direct emission of any particles. In about one-third of the cases at
‘this energy one neutron is knocked out directly The validlty of ex-
trapolating the calculations made for protons so as to apply to reactlons
“induced by'helium ions is somewhat’ questlonable,'as also is the’ valldlty
of ‘the model uponwhich ‘the Monte Carlo calCulationsfare;based for pro-
‘jectilé energies of less than 50 Mev. However, it is fairly safe to say
on the basis of these calculations that some few percent of the reactions
involve the ‘direct emission of a neutron.. Furthermore; if the reactions
rot” involving direct interaction tend to be eliminated by fission, those
-that do involve direct interaction may well account for a considerable

fraction of the ' observed cross section.
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The Excitation Functions

(a,n) and (o,p). We see from the theoretical calculations il-

lustrated in Figures 10 and 11 that if the (o,n) reaction occurred en-
tirely by formation of a compound nucleus, we would eXpect"the Cross
section‘tOvdrop rapidly with increase in energyj it does not. Further-
more, we note that in.the reactions of both U233 and Pu239 the (a,n) and
(a,p) cross sections are of the samé magnitude and the curves have the -
same shape, ;Evaporation-theory predicts and experimental evidence in-
dicates that in the region where fission does not compete, the (o,;p)
cross sections should be cOnsidefably lower than the (@,n). Since fis-
sion tends to eliminate the_reactions involving a compouna nucleué, and
since both the (a,n) and (a;p) réactions'surVive equallyiwell against
fission, we conclude that thé'surviving pfoducts of these reactions have
been formed by a nbn-compound—nucleus reaction.* Thelmost'reasonable
mechanism is a knoékron, in which the helium ion strikes the nucleon,
which is then,emifted. A classical calculation shows that if we regard
the nucleon as a free particle, the helium ion may give up as nmuch as
16/25 of its energy to the ejected nucleon, If we assume that the-
neutron-binding energy comes from the otherb9/25°of‘the projectile's
energy, We.see that éven‘for'helium ions with. energies as high as 30
Mev, the.nucleus_may be left with less than 7 Mev of excitation, A
simple stripping model is inadequaté because of. the difficulty'of finding

- a mechanism by which the nucleus .could be left with low excitation.,

* An afgument'canibe made that both the (a,n) and (@,p) reactions in- -
volve .the formation of a compound nucleus, .An,(a,p),product will be
formed only when enough energy is concentrated on_one'proton.thaﬁ it
can,paés over the barrier. An (a,n) product will survive only when the
neutron'éarries off sufficient energy that the residual nucleus is at
toc low an energy to fission. The two processes are essentially iden-
tical, and wé will expect ﬁhe,excitétion.functions to be similar., How-
ever, we see from the theoretical calculations that the probability of
concentrating'enough energy on one particle to leave the'nucleus-at a
low excitation decreases rapidly with increasing initial excitation,

whereas the observed cross sections are constant for almost all excitations.
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(a,2n), The general agreement of the theoreticalt(a,Zn)'excitan
tion functions with the.experimental indicated that a large portion of‘
the (a, 2n) cross section is due to compound-nucleus_formation. As in
the case of the (a,n) cross sections, the failure‘of the curve to drop
rapidly at hlgher ‘energies implies that there is a contrlbutlon to the

cross section from direct 1nteract10ns A llkely'explanatlon is that

one neutron is knocked out as descrlbed above and a second neutron is

-evaporated. (The_Monte Carlo calculatlons.already mentioned indicate

that the knocking out of one neutron is the most probable direct inter-

action up to 100 Mev). Many of the direct interactions to knock out one

" neutron will leave the nucleus'with.enough energy.to evaporate a second

neutron. Fission tends to cut -down the products, but not so severely

'_as'it cuts down the products from the reaction involving the evaporation

of two neutrons, since in the latter case fission has. two chances to

compete with neutron emission whereas in the former it has only one, The

233 .

fact that the tail on the (a 2n) ex01tat10n function for 3 1s lower . -

than that for Pu 239 is evidence of the 1ncreased flsslon competltlon at
the evaporatlon stage of the reactions of .U 33. A comparison of the
(a 2n) ex01tatlon functions for the two heavy elements with those of
bismuth shows that the peaks have been cut down by flss10n more than.
have the tails, 73 an observation that lends further support to the ides
that the peaks, being due to initial compound-nuoleus‘formatlon, suffer
fron fission competition twice, whereas the tails, being due partly to

direct interaction, suffer from fission competition only once,

'(a'3n) and (a,4n). There is no experimental evidenee for any

direct- interaction contribution to the (a 3n) and (a, hn) cross'sectiOns,
as would be expected The Monte Carlo calculatlons 1ndlcate that the
dlrect knocklng out of three neutrons does not begln until the kinetic

energy of the ‘projectile reaches 50 Mev, and that below this energy the

vprobablllty of the direct removal of two neutrons is small Hence, the

only remalnlng mechanism. 1nvolv1ng dlrect 1nteractlon is the dlrect emis-

sion of one neutron, followed by the evaporatlon of two (or three) more,

Since -two (or three) s t°ps of these reactlons 1nvolve evaporatlon, we
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expect the excitation functions to be almost indistinguishable from those
for the evaporation of three (or four) neutrons and’ also expect the prod-

ucts to have been cut down severely by fission,

(o,pn) and (d,ngl; The evidence is overwhelhing that the prod-

ucts of the (a,pn) and (a,p2n) feaetions of the heavy elements are prod-
uced almOstrentirely'by the direct emission of'high-energy deuterons or
tritons,vwifhout.the formation of a:cdmpound nucleue,

_ Wade, Gonzalez-Vidal, Glasé, and'Seaborg have measured the prod-
uction of tritium in U238 bombarded with helium ions and have -shown that
the amount produced is approx1mately equal to the amount to be expected
if the entire cross section for the (@,p2n) reaction -- measured radio-
chemically -- is due to the (o,t) reaction.31 Furthermore, in a series
of bombardments of elements throughout the periodic table, they have
foﬁna that for elements of low Z the emitted tritons have low energies -
and~afe probably pfoduced by a compeund—nucleus mechanism, whereas for
elements of high Z the emitted tritons have h%gh energies and are prob-
ably produced by direct interaction. ™

That the (a,pn) and (o,p2n) cross sections do not appear to-
suffer from fission competition islfurthef evidence that a direct inter-
action leaving the nucleus with a low excitation isltaking place., A .
Compariéonvbf the (o,pn) excitation functions of U233,.U238, and Pu238
shows . that they are all of the'éame magﬁitude, although the target
nuclides vary greafly in fissionability — the cross section for the
(a,kn) reaction in U £33 is about 1 mb, in 1238 apout 60.%° Amiel,
Harvey, and Wade have recently measured the (a,pn) cross section of
: platinum, a nonfissionable nuclide,'and found values close to those -
reported here for'U233 —a fufther indication that fission.is not com-
peting agalnst the (a,pn) reaction. 7 Similarly, the (a,p2n) excitation
'functlons for U233, U238 238 and Pu 239 are alike in both shape and
_magnltude 19,20
By comparing the (a,pn) and ( ,p2n) with the (a,2n) and (o,3n)
o excitatlon,functlons, we can further eliminate the possibility that the

former reactions occur appreciably by any other meéchanism than the direct
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emission of deuterons and tritons. We note that ‘bath the‘( ,pn) and
(a ,pZn) cross sectlons at full energy are about twenty times as great
as the (a,Zn)_and (t,3n) cross sections, If the (a,pn) reaction took
place by the emission of a separatecproton and neutron, either by
formation of a.compound nucleus .or by direct interection,'a similar
mechanism should also cause the emission of two neutrons with.st least
) equal.frequency, with the result that the (a;Zn) Would be at least as
:large as the ( ,pn) CToss, section Similarly, except for the possibility
of a direct 1nteraction to emit a deuteron followed by the evaporation of
a neutron » the only meachnism for the (a ,pzn) reaction that could not
. work equally well for the (a,3n) is the,direct emission of a triton, If
the reaction were'actually'(a dn), we would expect to see the curvebof-
(o,d) excitation function turn downward at high energles because of the
‘competition from the (a,dn) reaction, | v ' o

The actual mechanism for tle (a d) and (a t) reéétiohs prooably'
1nvolves the stripping of a proton and a neutron in the former case and
a proton in the latter, from a helium ion passing in such a way as to
“Just touch the surface of the.nucleus. A classical model for this mech-
anism is.described in.Appendix_Cr ‘
‘ (a;p3n). It is.difficult to find s plaﬁsible mechanism for the
i(d,p3n) reaction,  The most probable is the direct emission of a triton
followed:by'the_evaporétion,ofua neutron, - (The.existence ofba'tound H
‘seems doubtful, and hence the emission of such a particle is unlikely.)
If this were the case, howeVer; we would expect to see a decrease in the
(o,t) crossbsection at the energies at which the (d,tn) product begins
to appear; no .such decrease is,observed.' The .data given in Table II and
Figure 2 for the (a;p3n) cross sections have not been.corrected for decay,
during bombardment and prior to separation, of the barent, Pu233, which
is produced by the (a,4n) reaction, If we assume'that tﬁe cross section

33 by spallation is negligible, and

'.for the direct production of Np
‘calculate from the measured cross sections for this isotope the cross

sections for the production of Pu233, we find agreement within experi-
mental error of the measured cross sections. -(See.Figure 12.) We con-

clude then that the direct production: of Np23_3 is small, a conclusion
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that is in keeping with the {:heo'rj}‘ of the emission of c'bmp"le’x particles
by direct interaction' It is llkely that at hlgher bombardlng energies
the r631dual nucleus from the (a t) reactlon w1ll be left with sufficient
excitation to evaporate another neutron, with the ‘result that the (a,tn)

reactlon will become promlnent

v Sumﬁarz

1, F1551on and the greater part of the (a xn) reactions in U°33
involve the formatlon of a compound nucleus. ’

2. The (o ,pxn) reactions and, at high energies, the (o,xn)
reactioné'invdlve direct interactions without the formation of & compound
nucleus, _ _ Av B
. 3. Fission competes so successfully With the other compound-
nucleus reactlons that the pr1n01pal surviving reactions are ‘those due
to direct interactions,

L, Fission competes more successfully in U 233 than in Pu239.
A partial explanatlon of this phenomenon can be given in terms of the

233

higher neutron-bindlng.energles for the products of the U reactions
than for the products of the correspondingvreactiohs of Pu239. ‘The ex-
planation is not complete, however, since theoretlcal calculations indi-
cate that flssion is also competlng more at every step of the evaporation

39

process in the reactions of U 233 than in those of Pu
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V., THE NEW ISOTOFE, PLUTONIUM-23376

A previously unohserved alpha activity, whioh is thought to be
due to the decay of Pu 33,Awas detected in the pulse analyses of the
plutonium fraction from five bombardments with helium ions of energies
from 42.7 to 46.2 Mev, ‘The channels at which the activity appeared
correspoﬁd to an alpha-pafticle energy of 6.3 Mev, with an average of
| 6.30 % 0,02 Mev. A pulse analysis from one bombardment is shown in
.Figure 13, The 6. 30-Mev alpha peak d1sappeared in successive pulse
analyses with a half life of about 20 minutes. Individual values ranged
from 17.5 minutes to Zh,l minutes, with an average for the over-all half
~life of 20 %= 2 minutes, A typical decay curve is shown in Figure.lh.
The points have been corrected for background, for longelived aetivity
23

. (9 hour) due to the high-energy'edge of the adjacent Pu peak, and

for contributions to the act1v1ty'from the decay. of Th226, which grows

51 234

"in at 6.33 Mev as a member of the Pu decay chain.

' It was first thought that the observed alpha peak mlght be due

- to contamlnatlon by‘Th 6, which has an alpha-particle energy of 6.33 Mev.
and a half llfe of 31 mlnutes;sl moreover, the appearance of Th228 (the
daughter of U-232) as a contamlnant in the plutonium fractlon seemed to .
confirm this poss1b111ty However, a calculation made on the growth- -and.-
decay analog computer (GADAC)79 showed that the observed act1v1ty was
greater,ﬁhan_the amount of Th226 act1v1ty.that.could_have 'grown in"
dufing_the bombardment and separation time.. In addition, it was shown
in_ohe:bombardment that fhesamount:of thorium following the plutonium
chemistry was not more than 1% and was probably less than 0,1% of the

_ total amount originaliy present in the target. Furthermore, in no bom-

bardment were the decay products of Th226 observed, - Finally, the fact

that no 6. 30—Mev alpha activity was observed below the threshold78 for

the (a, hn) reaction, ;where . the cross sectlon for the productlon of

234

(and, therefore, Th2 ) is relatively high, is further evidence
that -the observed alpha partlcles cannot be due to Th206

The mass assignment is based prlmarIIb'on three types of evidence:
a rough excitation function, the appearance in the pulse analysis of alpha.

particles attributable to*the_U229 daughter of Pu233, and the compatibility
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Of the alpha energy and half 1ife with the alpha systematics.
citation function.studies,.which showed that the 6,30eMev.alpha activity

- The ex-'

was not observed when the bombarding energy-was below .or near the thresh-
old for the (@,4n) reaction but well above the threshold for the (@, 3n)

reaction, indicate that the observed acthlty is probably not due ‘to an
isomer of the (@,3n) product, Pu 34. Furthermore, a small amount of

6.30-Mev alpha activity was produced in a bombardment below the thresh-
0ld for the (@,5n) reaction, showing that this activity cannot be due

to Pu23 . This latter experiment, however, was somewhat 1nconclus1ve.
The pulse analyses following one bombardment showed the growth of an

229) 51

that corresponded

233

alpha activity of 6.42 Mev (the energy of U

approximately with the growth of U229 expected from the Pu

alpha
activity observed, . :

Experiments were also performed to 1solate the Np £33 daughter
(whlch decay by'electron capture with a 35~minute half life 7) that was
produced by the electron ~-capture decay of Pu 33, in order to determine.
the ratio of alpha disintegrations to,electron—capture3dlslntegratlons
of the new isotope, and,'consequently, to deﬁermine~the'partial elpha
half lifevof.Pu233_ An extraction with thenoyltrifluoroacetone was made
on an aliquot of the plutonium fraction, and the intensity of the radi-
ations from‘ﬁhe neptunium isolatedowas measured with fhe Nucleometer.
In Figure 15 the decay of Np233 from one "milking" is shown, The
electron capture disintegration rate of Pu233 was. calculated from that

"

of the Np 233 activity which had "grown in," which was in turn calculated

from the Np 233 activity measured w1th the -proportional counter, an asf
sumed counting efficiency of 80% for the measurement of the Np 33
decay rate, and the extraction” yleld of the neptunium determined by the
yield .of Np237 tracer added to-the plutonium before the,milking. The
 ratio of the alpha disintegration rate to the total disintegration raﬁe,
or alpha branching ratio, thus obtained is (1,2 + 0,5) x 10—3, from which
1s calculated a partial alpha half life of 11 * 4 days. |

The alpha-particle energy and the alpha half life of Pu 233 are81n
51,80

agreement.w1th the values expected from the alpha-decay systematics

for an .0dd-mass plutonium isotope, The hindrance factor5l for the alpha
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" decay of Pu?33 calculated from the partial alpha half life of 11 days is
about 3.1, which is the -samé order of magnitude as the hindrance factors
for the most favored decay of other odd-mass plutonium isotopes,sl An

51

inspection of thé'alpha—particle energies”  .of the mostvprOminent alpha

groups of odd-mass plutonium isqtépes shows that they fall low on a plot.
of alpha energy versus mass number relative to the line joining their
‘even-mass néighbors; (See Figure 16)  The net result is a seriés'of
doublets in which the alpha energy of a particular odd-mass plutonium
isotope 1is 6nly slightly higher than that of the next heavier even-mass
NEE 23% exnibit this characteristic behavior,

isotope. and Pu

It is also interesting to correlate the electron-cépﬁure-degay

233

' . .8 :
properties of Pu with half-life systematics, + Using the measured

alpha disintegration energyof.Pu233 (6.41 Mev); the measured alpha-
. . 0 » L 217 221 2
oL or vP%0, mP% | RaZP) T, at®tT) oot neP%0, pat??

decay energies Em B ’
213 47

233,

and Np ; and the negaﬁron-decay energy of Bi -oné can calculate
(by the method of closedvenergy cycleé)78 an electron-capture decay energy
~of 2.1 Mev for Pu233, ?pen, with ﬁhe;assumption that most of the electron-
cépture'events proceed.tb the ground state of Np233,4the'2.l—Mev energy
and 20—minute.half life specify a ldg £t value of 5.6. This value is in

- the region of those corresponding to allowed transitions, although a value-
" of 5.6 is not incompatiblé with the transitions being.first forbidden, '
However, the conclusion that the transition is alléwed:correlates well

with data on similar transiﬁions in other heavy elements .



64.

150

100

COUNTS PER MINUTE

PuBt, o

- m - §u233€ E

7] = B I _ g =
C 1 P 228
L ) B Tiaed NN 1
] PUZ“[\[\ | _

/ o - >1 1 ; L 7 L ";"I :
o. /o 20 - 30 : 40 48

© Fig.

' GHANNEL NUMBER

MU= 12427

13, Alpha bpglse analysis showing peak due to
decay of Pu 33, _ o : _ ‘

the .



COUNTS PER MINUTE

100

10

-65-

T 1{ T T
i
I Tjp= 18 MIN
i
o
] 1 I 1 | ] -

o 10 30 50 70
. ‘ MINUTES ' MU- 12848

Fig. 14. The decay of Pu’>>.



-66 -

T T N — T — T 1 T

/oo ) T.,2'= 39 MIN.

L1t

FTTTTT

I
|

-~ Np233

DAUGHTER

T TTrTTg
. - . .

T

COUNTS PER MINUTE

/ i ) n | 1 | (o l - | :
0 y 60 . - 120 v _ 180
- MINU'TES‘ ' '

" Mu-12849

Fig. 15. The decay of Np~>>.



Y67

60

551

ALPHA DISINTEGRATION ENERGY

S50+

1 |

1

i 1 1 1 i
234 236 - 238 240 242

MASS NUMBER

i
232

MU- 12846

Fig. 16. Alpha-disintegration energy of plutonium
isotopes as a function of energy.



268-
ACKNOWLEDGMENTS

I am pleased to acknowledge.theyguidance and continued interest
in this program of Profegsor Glenn T, Seaborg and'Dr' Richard A, Glasa,

Bruce M. Foreman, Jr., Walter M. Glbson, Richard. M. Lessler, |
E. Vlctor Luoma, Robert Vandenbosch Susanne R. Vandenbosch (nee Ritsema),
Paul F. Donovan,-and"Jose Gonzalez-Vidal have prov1ded technical assist-
ance anddstimulating discussions.thatvhave been very valuable to me.

I am indebted to:Bernard G. Harvey and: William H., Wade for their
advice, and in particular for helpful suggestions about thevdiéouséion
section. ' | '

T wish to thank George Barton for doing the mass analysis of the

235 237

U233 and Maynard C. Michel for dolng the mass analyses of the Np - Np

mixtures. , :

T am grateful to Herman P ‘Robinson and Donald Paxson for runnlng
the GADAC calculations. v - .

W. Bart Jones, Peter McWalters, John Wood, the late .G, Bernard
| Rossi, and other members of the crew of the Crocker Laboratory 60-inch
.cyclotron have been very helpful and co-operatlve

The assistance .of the Health Chemistry Group under the direction
of Nelson Garden is apprec1ated espec1ally that of. Sue Hargisj Roberta

dDelk and Marshall Lombardo

Thanks are due to Therese. Plontekl, who has had the tedlous task
.of d01ng the Geiger countlng of many of my samples.

I am grateful to Patricia Howard for typing +the Multilith orlglnals
for this thesis. ' '

I w1sh to thank the . Natlonal Sc1ence Foundation for prov1d1ng me
with three National Sc1ence Foundatlon Predoctoral FellOWShlps during the
course of this work, L ' :

ThlS work was performed under the ausplces of the U, S. Atomlc

Energy. Comm1551on



L -69-

| "APPENﬁIX A
COUNTING EFFICTENCIES

Introductlon

That the efflclency'with whlch the Nucleometer detects electron-
capture events varles from nucllde to nucllde ‘has been a source of dif-
flculty to all who have tried to determlne absolute dlslntegratlon ratesv
with this instrument. Several experlmenters u51ng several different tech-
niques have measured the counting efficiency of thls instrument for the
electron capture decay of a number of different nuclldes 2t 25 8k

In order to discuss Nucleometer counting eff1c1enc1es, it is
necessary to define several express1ons "The counting eff1c1ency of
(or for) Pu 35“ is to be understood to mean the ratio of the number of
events detected by the Nucleometer to the total number of electron-

' capture dlslntegratlons of Pu 35. The fluorescence yleldlls the number

of x-rays emitted by an atom for every electron vacancy Hence, the K-

_ fluorescence yield is the number of K x-rays emitted for every vacancy

in the K.electron shell of the atom. An Auger electron is an electron
‘emitted when anvacancy'is filled\by an electron from a higher shell with-
out:thevemission”of anxxeray, The .energy with vhich the Auger electron
zis:emitted is equal to the energy‘difference between the-two levels minus

the binding energy of the emitted electron., The Auger coefficient is the

number of electrons emltted per electron vacancy, and is equal to unity
minus the fluorescence y1eld .

‘ In the electron- capture process; an electron may be captured from
any one of the electron shells (provlded that the decay energy is greater
.than.the electron binding‘energy). The daughter atom is left in an ex-

cited state, and de-excites either by emission of x—raysvor byrthe Auger-

‘process, It is possible to detect electron—capture events either with a
detector sensitive to x-rays or with one sensitive to electrons ‘The
Nucleometer is of the latter type. _

In. the very'heavy elements, K fluorescence yields are of the
order of 97% and L fluorescence yields L40%, 8 Hence, for 100 K-

vacancies, 97 are filled with the emission of K x-rays and 3 with the

<
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has been used by’GibsonZS-to measure the counting efficiency of Np -
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emission of Auger electrons. The result is 103 vacancies in the L and

“higher shells, About 60 electrons zre emitted as these vacanCies are

filled, but these are electrons of energies of the order of ZS.kev, By
this process,'a cascade of low-energy electrons is emitted for each K-
or L-shell vacancy. vBecause the electrons have low energies, the count-
ing efficiency of the detector is very sensitive.to sample thickness,
The problem is further complicated if .the electron capture occurs>to an

ex01ted state of the- daughter nucleus with subsequent emission of con~

. version electrons

Methods of Measuring’dounting Efficiencies .

Three methods have been found particularly useful in determining

- Nucleometer counting -efficiencies: "milking" of alpha<particle-emitting

daughters, K x-ray counting, and mass spectrometry;

If a nucleus decaying by electron cepture decays to a daughter
which is-alpha unstable and .which has a sufficientlyAShortvalpha‘half v
life that the alpha activity'is intense enough to be . detécted, it is
posgible to determine the electron-capture disintegratiOn'rate of the
parent from the alpha-disintegration rate of the daughter., This method
: ' 23k

If it is'known that the only K-electron vacancies are due to
K-electron capture, or if itlls‘possible-to correct for the number of
K-electron Vacancieeiresultiné from the emission of conversion electrons,

the K'x-ray counting rate may be used to determine the disintegration

_rate ~ The number of X X-rays emltted per minute divided by the K-

fluorescence yield (O 97 for uranlum) 5 gives the number of K vacancies

per minute, To calculate disintegrations per minute, it is necessary

to make a correction for the number of disintegrationsvoccurring through

capture of electrons from the L or higher shells; hence, the ratios of

K capture, to M capture, and so forth must be known. In this work, the
values that were used for the ratio of K- to'L—electron capture either
had been measured or were estimated on the basis of the theoretical

8
work of Brysk and Rose, g The contrlbutlon of capture from the M and

 higher shells was neglected
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When the nuclide whose counting eff1c1ency'1s to be’ determined has
a long half life, it is possible to use a third method, mass spectrometry
An example is the procedure ‘used for Np235. A sample containlng about

235

10 -9 g of Np 235 was prepared by the (&,2n) reaction on U and purified
by the methods described in Chapter II. To this samplé was added a similar
‘amount of Np 37, and a portion of the sample was subgected to mass analys1s'
to determine the ratio of the number of atoms of Np 235 to the'number of
atoms of Np237° vThe alpha activity from a .second portion of the same
sample was analyzed in an alpha-pulse analyzer to determine what fraction
of the total alpha activity was due to Np 37,V‘The absolute alpha- d1s1nte—'
gration rate of the same. sample was measured in'an ionization chamber of
52% geometry, From the ‘absolute alpha disintegration rate, the percentage

of the alpha activity due to Np 37, the half lives of Np 231 35 N
237 235

~and Np

and the atom ratio of Np and Np , it was possible to calculate the_

.absolute disintegration rate of’Np235 in the sample. .When the intensity
"of the same sample had been measured in the Nucleometer, the counting ef-
ficiency was calculated by dividing the measured intensity by the absolute

disintegration rate,

.Results'
The counting efficiency of Np 235 was determined both by K-x-ray-
counting, using the ratio of L- to K-electron capture of 30 measured by

87

Hoff, Olsen, and Mann, and by the mass-spectrometric method just de-
scribed, The value determined by ‘the formervmethod'Was'greater than 100%,
by the latter, 41%, Using a factor estimated from the work of Brysk and
Rose 2 to correct the first number for contributions from capture from the
"M and higher shells brings the value down to about 90%, leaving a dis-
crepancy of & factor of two tofbe'eiplained. It is possible that, because
of ‘the very low decay energy of Np235, (180 kev)88 capture from the M and
"~ higher shells makes a higher contribution to the total number of disinte-
_grations than would be expected on theoretical grounds.. It is also pos-
~sible that the'sample subjected to mass analysis contained U235 impurity,
with the result that .the counting efficiency'would appear to be lower than
it actually is, However,,mass analyses run at different filament.tem—

235

peratures indicated that the amount of U that may have been present was

not sUfficient to account for the observed discrepancy,
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The various counting efficiencies used in this work are summarized
in Table VI, .
| Table VI

Nucleometer Counting Efficiencies

Nuclide Counting_efficiency _'v - Source
Np233 0.80 £ 0.20 a
wp?3 | 0.63 + 0.02 b
Np23? L 0.41 % 0.0k ¢
Np236 0.92 *+ 0.20 | o a

P | 0.70 + 0.14 .

a; Estimated,
b. Reference 25, by milking y@3k,
c. This work, mass spectrometry.
d. ‘Reference 21, milking of Pu236.. Electron capture to
beta minus ratio measured by T. O, Passell, Internal Cohversion_of Gamma,
Radiation dn the L Subshells, Ph,D;.thesis, University of C lifornia,
195L4; also University of California Radiation Laboratory:Unclassified
Report UCRL-2528 (March, 195k4). _ |

' e, This work, K x-ray counting using an.estimated,L/K

ratio of 0,23;

An incidental result of the work on cournting efficiencies has
been the determination_of‘the partial alpha half lives of Np235 and Pu

(the latter done in collaboration with Vandenbosch);a The value .deter-

235

mined forva235 is (9.1 % 0.7) x 10" years, in disagreement with the
value determined by Hoff and co=workers of (3.2 + 0.3) X_]_»OLF years.87_vThat
for Pu235'is 1.7 £ 0,4 years. - Because of the discrepancies in the values’

235

of the,counting-efficiency and partial alpha half life of Np , it .would

 be‘desirable to remeasure these quantities.
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" APPENDIX B
ATDS FOR RESOLVING DECAY CURVES
If the half lives are known for the various isotoﬁes:whOSe decay ©

is contributing to a decay'cufve;_certein'devicesamayysomeﬁimes-be used
>.astaids'in resolving.the:cufves.' ' SR ' : -

. The simplest .of these is the "synthetic plot" mentioned by;Shudde?Q
A curve,calculated oﬁ'the‘basis of the half lives of the .nuclides thoughtv
to be present is plotted on semilog graph paper.of the same scale as that
.on whlch the experlmental data are plotted The sheet on which the ex-
perlmental curve is drawn is placed over that on whlch the synthetlc
curve is drawn, and, with correspondlng co-ordlnate axes kept parsllel,
‘_the two sheets are moved around until the two curves coincide, The com-
ponents of the synthetlc curve when traced onto the sheet hav1ng the v
.'experlmentalecurve, beccme the components,of therexperlmental curve, This
tecqnique is dseful when there are two exPerimental;components in the
-decéymcurve or when it is necessary to correct for the growth of a long-
lived daughter, ' o '

' The so-salled Biller plot
componentsvdecaying independently, The total activity, A, at time t is

49

may also be used where there are two

given by the formula

o t o At
A= Al e + A2:e 2 |
~ Where A and A are the initial activities of components 1 and 2 “and the

1 2
t
N's are the respective decay constants. D1V1d1ng the equatlon by e AZ

gives oy _ o
aetet _ 40 e TB ) o
. 1 : 2 .
: . Aot -t(n -x») : ' . . :
Then, if we plot Ae 2 versus e M1 e get a straight line, whose

7‘slbpe iS‘Al and whOSe«lntercept is Ap " This relationship is partlcularly

useful when the half lives of the two caomponents are close in value

‘A plot s;mllar to the Biller plot relatlng parent and daughter

I’

decay has been devised; The total activity of the sample is given by

A= (W L+ (O '( ME e_Kzt)..

1M 1)e 1M 2)



§

“Th-

A is the total activity at time t, Nlhl is the disintegration‘rate of the

parent at Zero time, C and C care the countlng efflclenc1es of parent

and daughter respectlvely, and xl and hz are the decay constants of parent

and daughter respectlvely; ‘Since we have

o )

Ay =80 G

we obtain S c A ‘
At - ot
A=l ety ad 2 x-?x (e - e™2%) |
1 2™
K t -\ .
: D1v1d1ng the equation by‘(e : 27) gives
A '__Ao Mt n onfg -

(e—>\‘,lt - e 1 (e_?\'lt - e_kzt) 7 16 'KZ "M

Plotting A/(e A e-kzt) versus e-klt/ ME —Ket) gives a straight

line whose slope is A and whose intercept is A 2/C ) (n /

Thls type of plot is partlcularly useful when h is only sllghtly
greater than xl, with the result that equlllbrlum is not established,

~ The method was used effectlvely to resolve the curve representlng the
decay of the Zr95 95 -system, where the half lives are 65 and 35 days,
respectively, )

It is possible to devise other such plots for'speeialiied cir-
cumstances, The.disadvantages,of these methods .are that they require
the assumption that the'decay eurve has no other components than those
given by the formula, and also require that the half lives be known

accurately,



. ~|

..75..
" APPENDIX C
CLASSICAL MODEL FOR STRIPPING REACTIONS '

It is poss1ble to use a s1mple class1cal model to showA e
reasonableness of the idea thet when a_heavy_element is bombarded with
helium ions, tritons can be producediin suchia manner as to leave the
nucleus w1th a low exnltatlon We shall consider a helium ion of enefgy
‘ and 1mpact parameter b, such that the tragectory of the helium ion is
'tangent to the surface of the nucleuo At the p01nt of contact, the
helium ion splits into.a triton.and a proton, the proton being absorbed
by the nucleus and the triton continuing initially along the same path ’
©as the hellum ion and with the same ve1001ty -Figure 17 shows a_schema—_'

tic diagram of the 1nteract10n

Fig. 17. Schematic diagram of stripping model.

If we assume that the nucleus is stationary and that the
-potential-is_a Coulomb potential only;.the poeition of the particle is

given by the formula

R=a/(d cos 6 -1), - | | : o
vhere - 4 ' ' '
ol
a =2b7/R_, N
a® =1+ hbz/Rg,
R = zZea/mv s
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R, is the classical distance of closest approach; of .the projectile, z the
charge of the helium ion or triton, Z the atomic number of the target, m
the mass of the projectile, and vo the initial velocity . of the projectile,

Setting R = 03 we find
6 = arccos (1/4).

When 6. = 0, R will equal R o the sum of the radii of the hellum ion (1,2 f
(f = fermis = 10~ 13 cm)) and of the target (9, 3 £ if we assume r = r_ Al/3
with r = 1,5 f). Hence,

R, = a/(d - 1).

Subétituting the expressions given for a and 4 and solving for b, we find

2
b =R, (Rc - Ro) :

For-a'hQ-Mev helium ion impinging on a U238 target, R =6.62 £, and,
theréfore = 6,40 f, Us1ng this value for b, we may solve for 4 ‘and,
89 :

‘hence, 6. .» vhich is 62, 50
The potential energy of the helium ion at the point of contact
is 2Ze /R y Or 25 2 Mev, and its kinetic energy is 14,8 Mev, At this
-point, a proton is stripped from the helium ion and goes 1nto the nucleus
with the velocity of the helium ion. The potentlal and kinetic energies
of the remaining triton are 12,8 and 11.1, respectively, and the ‘excitation
energy of the nucleus is 12.4 Mev (the loss of potential energy of the
" projectile) plus 3.7 Mev (the kinetic energy of the proton) minus 14,5
Mev (the Q of the reaction), or 1.6 Mev — 5 very low excitation. |
The kinetic energy of the triton at R = oo will be 33.9 Mev, and
from this value it is possible to calculate the trajectory of the triton.
We find that.e; is equal to 68.8° and, hence, the angle between the
direction of the incident helium ion and that .of the outgoing triton is
' about 50
Making the same set .of calculations for the (a He3) reaction, we
find that the eJjected He3 1on_must pass through a region of negative kinetic .
energy, implying that for this reaction %o téke place there must be bar-
rier penetration. The conclusion is in agreement with the observed Cross

238

sections for the (a, He3) reaction on U~ , which are less than 1 mllllbarn,

as compared with the (a,t) cross sections of up to 20 millibarns, 20,23,2%
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Two drawbacks to the modél are that the angle at which the
triton is emitted is too large cbmpafed»wiﬁh-the‘angles/measﬁred“ex—
perimentaiiy,7lL and that for helium ions with initial enérgiés’bélow
34 Mev, the nucleus will be left with a negative ¢X¢itati8n5 although
the cfoss.section.for this reaction'iS'still appreciable'well below .

this energy.zo

o
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