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The Isotopes of Neptunium

L. B. Magnusson e L
Radiation Laboratory, University of Callfo"ﬁTa
Berkeley, California

Abstract
Evidence is presented for three new, light neptunium isotopes

formed by deuteron bombardment of U253, U255, and U2“8 NpBBl has a
half-1life of gé. 50 minutes emitting alpha particles of 6.28 Mev
energy. An upper limit of 100 may be placed on the electron capture/
alpha emission decay ratio; Npg55 decays predominantly by electron
capture with a 35 minute half-life. Np255 has an alpha decay half-
life of three years with alpha par-ticles of 5.55 Mev energy. A 13-
minute x~-ray period indicating electron capture is attributed to
Np252; Alpha-particles from Np232 have not been positively observed.

Approximate cross sections for formation of various neptunium
isotopes by (d,xn) reaotions at 15-100 Mev are calculated. At least
as many as nine neutrons may be ejected. The cross sections are low,
of the order of 10~° barn by reason of fission competition. The (d&,n)
reaction remains prominent at all bombarding energles suggesting that
stripping of the proton from the deuteron with low excitation is the
principal reaction mechanism. The total cross section for formation
of neptunium isotopes does not seem to chanje much with “arger bombard-
ing energy, althouzh othaer spallation reactiocns become prominents. From
a qualitative kinetic picture 1t is concluded that the large spallatim
vields involvingAemiésknl of charged particles are formed mainly at
the expense of fission whereas the total neptunium yield 1s not greatly
dependent on deuteron energy over the range 15-100 Mev; szgl could
not be formed in yield comparable to that for the heavier isotopes

indicating that fission competition is markedly greater at low mass

numbers.,
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T. Introduction

A new fielcd, that of the transuranium, synthetic elements, was
opened with the discovery of an isotope of neptunium, element 93, by

1,2 Through its property of decay by 8™~

McMillan and Abelson in 1939,
particle emission, this isotopes mass number 239, retains unique im-
portance in the transmutation of macro amounts of U258 to elements of

higher atomic number. Following the discovery of szsg

and concur-
rently with investigations of other ftransuranium isotones;, a rabid
advance in knowledge of the radio-properties of neptunium isotopes
was made during the next several yearse. By 1945 six nepbtunium isotope
were known and well characterized. More recently, evidence has been
obtained for three new, very light neptunium isotopes.

A necessary preliminary achievement was the determination of
some of the chemical properties of neptunium so that it could be
separated from other elsments, vparticularly its neighbors,vuranium
and plutonium. On the basis of chemical properties Seaborg, McMillan,
Wahl, and Kennedys’4 thus were able to identify a two day beta emitter
as a new neptunigm isotope formed in deuteron bombardments of uranium.
The mass assignment of 238 was proved by yield cons:‘Ldera’c:”Lons.5’6

A very long—iived, aloha-particle émitting neptunium isotope was
found a year ILa.ter,)7 Np<37, formed by the 8 decay of USS7, Np<°7 has
been produced in macro amounts and hence is the most important

8,9
isotope for chemical studies of the element. ° The possibilities for

producing lighter neptunium isotopes from uranium were virtually
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exhausted at this point since the 16 Mev deuterons of the 60-inch
Berkeley cyclotron were not energetlc enough to knock out more tlan
three neutrons in a (d,=xn) type reaction on U258° Dsuteron bombard-
ment of U255 was expected to produce light neptunium isotopes but the
small abundance of Uzss(less than 1%) in natural uranium precluded any
identification of the products over the background activity of the
heavier neptunium isotopes produced fram U258.

Milligram cguantities of U233 and U255 became available in 1944
and lighter neptunium isotopes were sooﬁ produced in cyclotron bombard-
ments. James, Florin, Hopkins, and Ghiorsolo identified Npe36, Np<oo,
235 1,234

and Np<34 as products of deuteron bombardments of U P was

also made by deuteron bombardment of U235 and 1its mass assignment
confirmed by neutron fission measurements of the uranium daughter.ll
Since the initial discoveries, a variety of means of productioﬁ have
been observed.

At the beginning (June, 1948) of the research reported in this
paper, qualitative t rends in stabllity with mass number and the
radiation characteristics of the neptunium isotopes were clearly ap-
‘parent. Neptunium exhibits the zeneral instability of heavy elements
of odd Z, only one configuration of nucleons, that in Np257, being
stable toward both electron capture and 8~ decay. Neptunium isotopes
with mass numbers above 237 are 8~ unstable, and those with mass
numbers below 236 are unstable to electron capture. Np256 decays by
B~ emission.

We can obtaln little information from these data, however, about
the effect of mass number on the energies and half-lives for decay by

234

alpha-particle emission. The neutron deficient isotopes Np and
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Ep255 deéay nrecominantly by electron capture. No alpha particles
from Np254 have been observecd. James reports that Np255 has an alpha
branching decay of about O.lﬁ.lg The corresponding half-life for
decay by alvha-particle emission of about lO5 years, compared to the
2 x 106 year half-life for NpeS7 indicates that the alpha half-lives
may shorten rapidly with decreasing mass number. It is of interest to
determine whether the alpha decay.process becomes sufficiently rapid
with decreasing mass number to compete with the rates of decay by
clectron capture., The energy measurement of an alpha decay process,
moreover, can be made unambiguously in contrast to electron decay
processes. Work in this laboratory has revealed new systematic trends
in alpha decay energiles with mass number and it Seemed likely that
studies of light neptunium isotones would yield additional informa-
tionol5 |

The isotopes Np252 and Np255 had undoubtedly been produced in
the 22 Mev deuteron bombardment of U?SS but had not been idontified.ll
The half-lives were thought to be too short for detection or possibly

236
)

so close to that of Np Npe38, or Np239 as to escape resolution.

This dissertation will report results obtained from deuteron

233
, Uyeso

bombardments at‘energies ranging from 15-100 Mev of U and

b

232
253, Np

251. Relative yields for all the neptunium isotopes have been

and Np
determined for a number of the bombardménts. New information on the
radiations of Np?37 and Pa?33 will be presentec. The chemical and

radiometric methods employed are discussed in sections V and VI.
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II. The Isotone Np251

A. Productione
Appreciable yields éf protacfinium isotones from the (d,xn)
type reaction, in vhich as many as seven neutrons were ejected, on
The 52 with very high energy deuterons in the 184-~inch oyclotron1
sugzested that similar bombardment of uranium might give significant
yields of 1light neptuniums;

A process for extracting radloactively pure neptunium within an
hour or two after the end of bombardment "as devised and applied to a
series of 100 Mev deuteron bombardments of natural uranium(metal).
The neptunium fractions from these bombardments contained short-lived
alpha activity. Examination of the neptunium with the alpha pulse
analyzer within a few minutes after puri“ication revealed a new alpha
activity with an alpha energy of about 6.3 Meve Pulse analyses at
intervals, furthermore, revealed the growth of an alpha decay chain or
series which was recognized as the series of short-lived alpha emilte

14 227. The following seriés was

ters following the alpha decay of Pa
indicateds

Np251 ‘Q ) Pa227 9 5 A0223 Q i Fr219 a; At215 aQ E

Bizll a ) T1207 3:. Pb207
The parent-daughter relationship of Np251 and. Pa®?7 was confirmed by

repeated chemical separations of protactinium from the neptunium and
measurement of the 38-minute decay of Pa227 in the protactinium frac~
tion. The half-life of the Np251 parent was estimated to be of the
order of one houre.

No alpha activity attributable to Np232 and sz55 was obaerved in

these bombardments. The electron and electromagnetic radiation seemed
L3
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to be entirely from the necptunium isotopes of mass number greater
than 233. There was so much Geiger activity from the heavier nep-

tunium, in fact, that ioﬁization caused by electrons and electro-
magnetic radiaetion interfered with the alpha pulse analyses of Npggl.
The relatively small numbers of alpha counts from Np251 also suggested
that the (d4,7n), (d,8n), and (d,9n) reaction yields from U238 were

very low. Increasing the cnergy of the deuteron did not scem to

improve the yields of the light neptuniums relative to the heavy ones.

B. Alpha energy of Np251

Deuteron bombardments at 45-100 Mev of U235 gave improved

yields of Np251 by the (d,6n) recaction. Figurc 1 shows alpha pulse
analysis data for the neptunium fraction at 9, 21, and 55 minutes after
separation from protactinium. A collimator was placed over the sample
for the 21 and 55 minute readings'to zive sharper definition of the

peeks. The growth of Pagg'7 and 1ts daughters to equilibrium with the

p231 227 c225,

is clearly apparent. Separate peaks for Pa s A and

N

21l
i

B are not observed since the energles are about equal and the in-

strument was set at a low resolving power to bring the entire series

within the rcgister range. Fig. 2 shows one of the best resolutions

of Np251, Paggv, Ac®23, and Bizl}o The Fr2l9 and At°1® are beyond the

range covered by the instrument in this run. The energies of the

223

alpha particles from Pafe7 and Ac arc 6.46 and 6.64 Mev, respec-

tively.14 I'rom these data the energy of the alpha particle from

231
Np is 6.28 Mev.
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C. Half-life of Np<°L,

The presence of its daughters by alpha decay obviously compli-

cates measurement of the half-life of Np25l. The geometry and resolu-

tion of the alpha pulse analyzer, moreover, proved usually to be too

uncertain and variable to psrmit following thedecay of szSl peak

directly in the presence of rear equilibrium amounts of the daughters.

231
. The best half-life values wcre obtained by pulse anal yzing for Np

in aliquots freshly purified from protactinium. The aliquot size

was determined by pulse analyzing the samples for the Np257 tracer

used in all runs. In some cases,; smell amounts of U254 ana U255 con-

tamination from the original target were present. Since U254 and
Np257 haﬁe nearly the same alpha energles; the Np257 tracer content
of these sampdles could not be determined accurately from pulse analy-
sis. An internal tracer stancard was therefore used, as an addition-

5
236 always produced in the U25 borbardments.,

al check, namely the Np
Accurate ratios of the neptunium contents of counting plates from the
same.bombardment could be obtained from individual pulse analyses for
Pu256 on each of the plates-after complete decay of the Np256.

Figure 3 (lines A and B) is a comparative semilog plot of the NpgSl/

231 samples from two different

tracer ratio decays obtained for Np
sombardmentse. Line C 1s data on the decay of Np251 measured in the
presencé of dagghters by'a series of pulse analyses which had unusual-
1y good resolution (as in Pige. 2). The slope of the lines is a meas-
ure of the Np251 half-life, the absolute values of the ratios having
no signifioance; Included in the fizure is an observed decrease in

3
recoil Pa227 activity from an Np2 1 sample{(line C). The half-life of

Np251 is cas 50 minutes.

O
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Fig. 3 Decay of the algga activity of Np231. Curves A and B from pulse

analysis of N 2 separated from Pa. Curve C from Pa?27 recoil
5

atoms from Np 1, curve D from pulse snalysis of NpR3l in
presence of daughters.
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Npe9l is undoubtedly unstable to electron capture. The x-radia-

tion characteristic of this process has not been directly observed.

231

The daughter of Np electron capture decay is U251, which also de~-

cays by electron capture with a 4 day half-life. The determination

251 electron capture decay by measurement of the

of the percent of Np
number of UQSl daughter atoms is accordingly very insensitive due %o
the low counting efficiency of x-rays, the factor of lO2 for the
relative half-lives, and, as will be seen later, the low ylelds of

231 233

Np231. A neptunium fraction was milked for U with U tracer

after complete decay of the szsl° The CGelger activity in the
uranium fraction was only a little above counter background and was
not positively identified as U251° The poor sensitivity of the
method allows us only to place an upper lirit of 6 x 10° on the
electron capture/alpha emission decay ratio from these data. From
yield considerations an upper l1limit of ég. lO2 is placed on the

electron capture/alpha emission disintegration ratio.

IIT. The Isotope Npeo9,

A. Production, half-life, and radiationse.
Mo alpha particles from neptunium isotopes other than those from

231 Lere detected in U233 and UR3% bombardments with 45-100 Mev

Np
deuterons. Geiger activity of 35 minutes half-life was observed,
however. The 35 minute activity was proved to follow Np257 quanti-
tatively throuzh the Lan,ether extraction, and TTA separations des-
cribed in section V, and had the radiations expected for an isotope
decaying by electron capture. Figure 4 shows decay cﬁrves for a

33 '
sample of the 35-minute activity obtained from a U2 bombardment.

The relatively large abundance of electromagnetic radiation is
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evident from the counting rates through the beryllium absorbers.
Absorption data with lead absorbers indicated roughly that the ener-
gies of the electromagnetic radiations ranged from 10-120 kev as
expected for the uranium K and L x radiations resulting from an
electron capture process in a neptunium isotope.

Many absorpbtion and decay measurements of the neptunium Gelger
activities of half-lives greater than 50 minutes showed that all
racdiations observed could be accounted for on the basis of the known
isotopes with mass numbers greater than 233, The Ue%% and U255
used in the bombardments contained of the order of 5% U258 so the
heavier neptuniums were always formed.

A preliminary assigmment of the 35-minute activity was made on
the basis of four assumptions. The first was that the activity was
a new isotope and not an isomer of a known one; The second was that
the activity was either Np252 or Np253, later confirmed.by bombard-
ments at lower energy. The third and fourth assumptions required
that one L x-ray with a counting efficiency of 2¢ be emitted per
disintegrations The uwranium daughter was carefully milked from a
large sample of the 35-minute activity after complete decay. If the
parent werse Np252, ég; 3 alpha counts/minute of U252 should have
been found; whereas, if the parent were Np255, no counts would
be detectable because of the long half-life of UZSS. A 1limit of less
than one count minute_l of US%% was establishea by this determina-
tion, so the 35-minute activity 1is assi;ned to NpZSS.

The 3&5-minute activity was formed in larger yield by bomb ard -

ment of U229 with 15 Mev deuterons in the 60-inch cyclotron. At
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were not observed, so the
10

this energy the alpha particles of Np251

(d,4n) reaction does not occur, in accord with the behavior™~ of
U238, 1o provide additional chemical proof that the 35 minute
activity is a neptunium isotope, a different isolation procedure was
used, consisting of the zlrconium phosphate, ether extraction, and
resin column separations(cf. section V)« To characterize better the
30-minute radiations,many decay and absorption measurements were
taken. Figure 5 indicates the large amount of electromagnetic radia-
tion in the x-ray energy fegion; The upper curve shows the decay in
counting rate of the radiations penetrating 1;5 gram/cm% of beryl-
lium, while the lower curve shows the counting rate of the same
sample through 1.5 gram/cm® of beryllium plus 155 mg/cm? of lead.
AThe beryllium absorber alone stops all electrons, about half the L
x-rays (10-20 kev) of uranium and very little of the more energetic
electromagnetic radiation. The beryllium plus lead combination
stops all the L x-rays and about half the X x-rays so the difference
between the beryllium and beryllium plus lead counting rates is a
measure of the amount of x-ray activity. The gap in data after 1-1/2
hours was caused by two successive Gelger counter fallures so the
long -lived tails were measured with a different counter but with
identical geometrical arrangement. The possible difference in count-
ing efficiency introduces an uncertainty in half-life resolution but
the curves indicate at least one short period of éé. 55 minutes;

The decay in counting rate of the same sample through 1.5 gm/cm2
of beryllium plus 1 gm/cm® of lead is given in figure 6. The

activity measured in this case, principally electromagnetic radiation
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' gn/cm? beryllium absorber. Curve B with 1.483 gn/cn? beryllium
plus 155 mg/cm? lead. Zerc time is 60 min. after end of 30 min,,
15 Mev deuteron bombardment of U<33, '
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of energy greater than 200 kev, decays in large part with a half-
life much shorter than 35 minutcs. This gamma decay sug;ested the
presence of Np°oF with a shorter half-life than that of Np233.

The data are not precise enough for resolution of two short periods.
The decay in gfoss activity, measured with no absorber other
than the counter window, is plotted in figure 7. The sample counting

rates have been normalized to the same neptunium content as the
sample used for figures 5 and 6; The precislon again is not high
enough fof resolution.

Absorption data for short-lived activity was obtained with both
argon - and xenon-filled Geiger tubes. During the dqcay two complete
sets of beryllium absorption points were measured with the xenon
counter over the range 0 - 1;5 gm/cﬁz; The short-lived activity
measured through each absorber was determined in the usual manner by
determining the decay slope of the lony-lived activity and making the
appropriate subtractions. In attempts to correct all absorption
points for decay to an arbitrarily chosen mid-point, it was found that
the assumption of a single short-lived éctivity did not fit the data.
Figure 8 shows the two sets of befyllium absorntion points after
subtraction of long-lived activity. The decay measured with no
absorber, 12;6, and 42;6 mg/cm2 is more rapid than that with hesvier
absorbers. The data may be fitted by the assumption of two electron-
capturing, short-lived activities with somewhat different particulate
radiations. The shorter-lived evidently has a larger number of de-
tecctable oonﬁersion electrons., Resolution of correct absorption

points from these data is therefore entirely dependent on accurate
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knowledge of the half-lives and relative abundance of the two activi-
tiese From two decay points for a mixture of two activities of known
half-lives, one may of course calculate the separate counting rates
for each activity, but the precision of the data and the accuracies
of the half~-lives do not justify the calculationse. On the assumption
that tﬁe short-lived activity was essentially dead, the absorption
points read from the lines in fig. 8 at one hour on thc time scale

233 and are plot-

were taken to te close approximations to those for Np
ted in fig. 9.

Beryllium absorption measured with an argon Geiger tube was less
adequate because of the lower counting rates. Figure 10 shows these
points after subtfaction of long-lived activity. Only four of the
absorber points were repeated. The slopes of thc others have simply
been drawn in from comparisons with the xonoh data and the other
argon slopess. The counting rates at one hour on the time scale were
again taken as approximations to those for szssand are plotted in
figure 9+ The argon and xcnon data, taken on difforént aliquots,
were normalized to the same neptunium content.

} A number of aluminum and lcad absorption points were taken with

1.5 gm/bmz of beryllium néxt to the window of the xenon tube but only
two of the aluminumypoints were rcpeated. Theso two aluminum points

and the lead absorptions of figures 7 and 8 were used as approximate

guides for correction to a referenne time correspdnding to 30 minutes
on the time scales Since the shorter-lived activity contributes

most of the harder clectromagnetic radiation and sufficient data was

not obtained to show the extent of contribution at cach absorber, the
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lead and aluminum points in figure 11 are upper limits for the Np253
radiationes All the aluminum points and the lead points out to 200
mg/bmz, however, should be close approximations; Fig; 12 gives the
aluminum and lead absorption corrected to the same timg with an argon
counter. The counting efficiency of the L x-rays is larger by a fac-
tor of ca. 5;0 and that of the K x-rays plus gamma rays is larger by
a factor of ca. 2.5 in the xenon tube,

The gqualitative absorption charactcristics of the radiations are
little affected by the uncertainties in half-lives and abundance.
From the well~-established fact that such electromagnetic radiations
cause ionization much more abundantly in xcnon than in argon and hence
are counted more efficiently, it is evident that the absorption data
reveal the xe-radiation characteristic of isotopes decaying by electrm
capture. Comparison of the argon and xenon beryllium curvces (fig;9)
shows soft electrons (maximum cnergy 300 kev) which are absorbed by
100 mg/om2 of beryllium. The apparent component of 2 gm/cme beryl-
lium half-thickness is a composite of the K and L x-rays plus more
energetic electromaznetic radiation. The composite clectromagnetic
radiation counted more efficiently in the xenon tube by a factor of
five. The deviations of the points are attributable mainly to vary-
ing degrees of purity of the beryllium (cf. section VI). The alumi=
num and lead pointsg prove the electromagnetic nature of the radia-
tions and indicate roughly the range and relative abundance of

energies (10 - 20 kev for L x-rays and 100 - 120 kev for K x-rays
from uranium). From all evidence, including that discussed in the

33
section on Np262, the best choice for the half-life of Np2 is 35

minutess
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Bs Alpha particles from Np255.

The absence of Np251 alpha particles in the pure neptunium frac-
tion from the low encrgy dceutcron bombardment pcrmitted a scensitive
detection of other short-lived neptunium alpha activity. Figure 13
is a series of thrce of thec alrha pulso analyses. A small short-lived
pcak at 5;55 Mev was present with a possible s8till smaller peak
from an activity of shorter half-life at ca. 5.8 Meve The decay of
the 5.55 Mev peak was followed by summing the counting rates recorded
ovcer the channel range 15-20; The decay of counts/minute recorded
on these channels is given in figure 14. Subtraction of background
yielded a half-lifec of ég. 35 minutes. No other short—lived alpha
activity of this energy is known, so, together with the correspon-
dence in half-lifc with the Geiger radiations, the alpha particles
are assigned to Np233. The ratio of alpha disintcgrations/minute
to Geiger counts/minute (argon tube, 1.5 gm/cm2 Be absorber as in

253 was 1.8 (10-2). By making assumptions discussed

fig. 5) for Np
in the section on yields as to counting efficlency and decay scheme
the half-life of Np235 for alpha particlec emission is calculated to
be ég. S yoars.

IIT. The Isotope Np°°%,

A+ Production, half-life, and radiations.

The datd discussed in the prcvious section indicated strongly

that the radiations of Np252 had bcen detecteds A better ratio of

Npe32 to sz53 was sought by omitting some of the chemical purifi-
cation in another short bombardment of U255 in the 60-inch cyclotron

at slightly higher energy (17 Mev). The first count of the neptunium
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fraction was taken 45'minutcs aftér cyclotron shutdowns. The x-ray
activity was accentuated by following decay with a xenon Gelger tube
through 1.5 gm/cm2 of beryllium and 1.5 gm/cm2 beryllium plus

155 mg/bm2 of Iéad(figurcs 15 and 16). The x—fay decay can be resole
ved only on the basis of two short-lived activities and the half-

life values 35 minutes and 13 minutes seom to give the best fit to

4

the data.

The decay of hard elecctromagnetic radiation was followed with =
xenon tube using alternate abserbers, 1 gm/cm2 and 11 gm/cm® of
lead, in the top shelf. Most of this gamma radiation (fig; 17) scems
to be associatcd with the 13 minute activity although an unequivocal
resolution of the data was not'possible; The difference in counting
rate between the two absorbers places the average gamma energy at
éé. 0;6 Mev.

The neptunium fraction isolated from this bombardment was not
entirely pure; The gross decay with no absorber was followed with an
argon counter tévmeasure the amount of electron activity. After the
decay of the short-lived neptunium isotopes, about five hours after
the end of the bombardment, beryllium absorption counts showed the
presence of hard beta activity, not attributable to neptunium. This
contemination could not be identified but the gross decay indicated
a half-life of the order of five - six hourse. Superimposition of the
decay of this unknown contaminétion on the already complicated decay

of the mixture of Np2oo, NpooF, Np238,

and Np259 yields an unresolv~
able curve, although it appcared that the electron to x-ray ratio
for the 14 minutc activity was greater than that for Np255, perhaps

by a factor of two.
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Fig. 15 X-ray decay with xenon Geiger tube. l.494.gm/cm2 beryllium
absorber zerc time is 15 min. after end of 15 min., 17 Mev
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Fig. 16 X~ and 7 -ray decay with xenon Geiger tube 1.494 gm/cm? —
beryllium sbsorber plus 155 mg/cm? lead. For same sample
size as in Fig. 15, multiply Fig. 16 counting rates by —
l.5. Time scale same as Fig. 15.
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B. Alpha particles from Np252.

The alpha particles from Np252 were not detected in thism bombard-
ment. Pulse analysis showed that the neptﬁnium fraction was contami-
nated with Th228 and daughters to an extent which would obscure any

o232

alpha activity. The very small peak secen in the preceding bome-
bardment is the only evidence for Np232 alvha particles;

With new bombardment apparatus now in design, it should be
possible to produce enough Np252 to measure the alpha particles ac-

-curately and to identify the daushter by eclcctron capture, U<92,

V. Chemical Mecthods

A. General

The chemical propertics of ncptunium are not discussed heree.
All the information available at the time of this rescarch may be
found in the Plutonium Project Record.and in the refercnces given
in the Introduction; The essential necd 1in this rcscarch was for a
neptunium isolation process much moro rapld than any devisedlﬁtﬁerto,
since the objective was the discovery of isotopes believed to be
short-lived. Thils necd was fulfilled by modification of the mechanics
of previously known processes rathcer than by discovery of any
fundaméntally new process. The most rapicd isolations from the targeth
reguired only forty-:ive minutes, but scrious sacrifices in purity
rcsulted. The methods to be described required on the average fram
an hour to an hour and a half. For short-lived studies of neptunium .
the need stlll remains for wvery rapid, efficient processes and as

fundamental physical and chemical studies of thc eolement progress
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these processes will undoubtedly be developed. Only the general
outlines of tho mcthods will be given since the details varicd with

the bombardment. Conditions, such as concentrations, wcre in general

not critical.

B. Targets.

The targcts in cevery case were uranium; Onc of thc most time
consuming steps was the dissolution of the target material; Np251
was first found in bombardments of natural uranium motal; The mectal
strip, 10-20 mil thick and 045-1 gram in wecight usually, was clamped
edgewise to the deuteron bcam for maximum beam cxposurce. Dissolution
of the metal in the desired time, not morc than ton minutes;, was dif-
ficult. Hot, strong nitric acid required 20-30C minutes to dissolve
a gram of 20 mil metal, Much thinner metal, not available, would
probably dissolve rapidly enough; A new method, used to some extent,
was to drop the metal strip into a molten bath at about 600° C. of
sodium and potassium nitrates in a Pyrex tube. The metal and melt
react completely in a few seconds. After two or three minutes cool-
ing the solidified mass can be dissolved in dilute acid; Precipi-
tation of LaF5 from these solutions,; however, oftep produced we-

clpitates of material corroded from the Pyrex tube.

"The best solvent for uranium metal targets was hot 10 M hydro-

chloric acid containing a trace of Fe(III). The resulting U(IV)

solution was oxidized to U(VI) with an excess of liquid bromine.
The targets for the bombardments of U39 in the 184-inch cyclo~-
tron were UO., sealed in thin-walled Pyrex tubes. After bombardment

2
the tube was dropped into a centrifluge tube containing solvent and
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crushed with a glass rod. Hot 8 M nitric acid with a trace of
Fe(III) was a rapid solvant for the uranium oxide. A known amount

of Np237 tracer was alwvays added to the target solvent for later

measurement of the chemical yield. The 45 Mev bombardments of Ue38

and U293 were also on material held in Pyrex tubes. The U258 was

bombarded as U0, and the U35 as the dried precioitate from a uranyl

2
nitrate solution made mlikaline with NHz.

The bombardments of U235 in the 60-inch cyclotron were on U0,
prepared by drying uranyl nitrate solution in platinum interceptor
boats.

Ce Neptunium separations.

Neptunium was isclated fram all other radioactive species by
well-known co-precipitation and solvent extraction tecﬁniques; The
procedures may be classified and outlined as followss

1. Lanthanum flouride.

a. Precipitation of a few mg. of MnO, from the uranyl nitrate
solution, diluted to 1M HNO5;, by adding KMnO, solution
followed by enough NaNO, solution to reduce all premanganate.
The KMnO, ensured that all uranium was U(VI) and the MnO,
was an effective decontaminant, particularly for protactin-
ium, always formed in large yield.

b. Precipitation of LaF, with HF, carrying neptunium;” Nitrite
reduces Np(VI) to Np(V). On addition of HF, Np is carried
by LaFs. Whether the Np(V) is carried or whether Np(V)
first reduces to Np(IV) which then is coprecipitated with

the LaF; 1s not known. The uranium remains in the superna-

tant solution.
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ce Metathesis of the LaF, to La(0H)z; with strong NaOH or KOH
by heating and stirring.

d. Bromate oxidation cycle. The La(CH), is dissolved in HNO,4
and diluted with H,S0, to give a solution about 1 M H,30,,
1l M HNOze NaBrOgz solution is added to about 0.1 ! and
and LaF; precipitated from O.1 M HF. The solution is di-
luted by a factor of five with the addition of excess 350,
solution to reduce all bromate to bromide. More La(III)
is added and precipitated as LaF,; carrying the neptunium
from 1-3 ﬁ HF.

2+ FIther extraction

a+ The LaF; is dissolved by complexing fluoride with hot,
saturated Al(NOs)s, the solution is-diluted to 1l HNO,
and 0.l ﬁ NaBrO,; and heated 2-3 minutes to oxidize the
neptuniume.

b. Solid NH,NOz; is added to 10 molar and the neptunium extrac-
ted from the solution with twice 1ts volume of ether.(Thep
ether used for this extraction must be free from reducing
impurities, e.gsalcohols and aldehydes. ZEffective purifica-
tion is attained by treatment.with KyCr,0,-1M H,;S30, solu~-
tion); |

ce The ether extract of neptunium is washed once with 10 ﬁ
NE,NOz solution, and may then be poured or pipetted onto
platinum counting platese

This procedure, which could be carried out within an hour, yielded
a neptunium fraction pure with respect to alpha activity and usually

sufficiently pure for Geiger measurements. As confirmation of the
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purity it was customary to put the neptunium through a thenoyl tri-

fluoroacetone (TTA) extraction.

3. Thenoyl triflucroacetone(TTA)

Qe

The neptunium is extracted from its ether solution into
water containing a little NaNO, and La(III) which is pre=-
cipitated as La(0H), carrying the neptunium to separate
from nitrate.

The La(0OH); is dissolved in 5 m HC1l, 0.1 M KT,and 0.05 M
NpH, *2HC1 solution; followed by heating 1-2 minutes at 90°
Coe

The solution is diluted to 0.5 ﬁ HCl and heated for a
minute again to reduce free iodine. This reductlon treat-
ment produces Np(IV) which may be chelated and extracted by
a benzene solution of thenyl trifluoroacetone.

The 0.5 r_i HC1l solution of Np(Iv) is agitated 20-30 minutes
with a 0.3 ﬁ solution of TTA in benzene. The benzene

solution is placed on platinum coﬁnting plates and dried.

The neptunium chelate is volatile and a large percentage is lost if

the benzene solution is simply dried and heated strongly. It was

found that a small émount of trichloroacetic acid placed on the

plate before addiﬁg the benzene solution effectively prevented vola-

tilization of the neptunium during drying and ignition. Inclusion

of the TTA extraction requires an additional forty-five minutes.

4.

Zirconium phosphate
Zirconium phos»hate may be used as a carrier for Np(IV)

in a procedure analogous in principle to the lanthanum fluo-



UCRL-316
Paze 23

15,16

ride method. The target solvent used for the U23505

was 6 M HNOg, 1075 M Ce(IV), 0.02 M Zr(IV) with added Np®27
tracer. '

a.  The target solution is macde 0.02 M in WaBrCy and leated one
minute to oxidize neptunium. HzPO4 is added to 0.3 ¥ and
the solution 1a heated s minute to cosgulate the 2r=(FPO4)4
precipitate, which does not carry the Np{VI).

»b. - The-supernatant solution containing Né(VI) 1s reduced with
‘excess Nolly"HpSO4 to destroy bromate and then made 0.01 ¥
In Hplly *HpS04 8nd 0.005 M in Fe(II) to reduce neptunium to
NP(IV). This reduction is Iinstantaneous.

C. Zr(1v) 1s added to 0.0l ¥ with neating and stirring. Z2rp

| (POg )y precipitates cérrying Np(IV). The precipitate is
wéshed with 3 M HNOz-0.5 M HsPO4 solution, ranium and
_ assorted activitles remaln in tﬁe supernatant solution.
a. Convefsion_to LaFz. - About 0.1 mg La(III) 1in solution is
slurried with the Zrz(PO,), and the zirconium dissolved by
compleziﬁg iﬁ_a 1 M HF, i ﬂ‘HNOS solution’ A praolpitaté
of LaFg remains, bearing thé neptunium; The LaFgz is
washed with O.1 M HF and may then be plated or used for
further purification, as in the ether extraction (procedufé
2 ahove). | ’
lﬁjlvResin cclumn,
Ahnowex 50 resin column separation of trace amounts of neptun-

17

y N .
lum from uvranium and plutonium has been used. Np{V) is adsorhed.
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on a small amount of resin from low acid solution and placed at the
top of a resin column containing 13 ﬂ HCl., The neptunium is eluted
rapidly by passing 13 M BC1l through the column. This method was
used once to show that 35 minute 1\Tp235 followed Np237 tracer quan-
titatively. OStudy of the data showed that only uranium and neptunium
were present-in the activity adsorbed on the resin. A sharp separa-
tion from U(VI) was made in the column with the uranium eluting
first. The elutriant was sampled dropwise directly on platinum
counting plates,
VI. Radiometry.

Samples for racdiocactive assay were mounted on 2 mil platinum.
A uniform geometrical arrangement was used for all Gelger activity
measurements. Since the principal objective of this work was measure-
ment of electromagnetic rédiations, no lead housing was used around |
the Geiger tube and sample. In place of a lead housing as a shield
against general room raciation, a small leacd shield, just large
enough to fit around the brass, bell~type Geiger tube, was used.
The sample was supported on a flat aluminum holder in the second
shelf of a lucite stand below the mica window of the tube. The
sample to window distance was 2.1 cme. for all measurements. This
arrangement was used to minimize spurious counting rates caused by
the scattering of primary and secondary radlations around absorbers
as will occur from Ehe walls of a housing; Counter backgrounds were
about 30 counts/minute; only a little above backgrounds common for
tubes in lead housings « The Geiger tubes were not light sensitive.

The mica windows of all tubes used were near 3 mg/bmz.
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An apmroximate value of 3.5% for the absolute geometry of the

2s1 cm. distance was obtained by countiry the f particles from pa? 4

238

(UX;) in equilibrium with a known weight of U (as UO,) mounted

‘between cellophane sheets. The Th234(UX1) B particles were absorbed

by a 30 mg/cm2 Al absorber.

Variations and plateaus in the Géiger counters were checked
frequently by a UXy; standard. VWhen appreciable variation in the
counting rate of the standard ‘was observed, the sample counting rdes
were corrected by multiplying by the ratio, observed standard rate/
adopted standard rate. -

Beryllium absorbers were used extensively to determine relative
amounts of electron and electromasnetic radiation. The absorbers
were placed in the top shelf of the lucite stand, giving a distance
of 0.4 cm. between the top surface of the absorber and the windows
Aluminum and lead absorptions of electromagnetic radiations were mea-
sured in general with the aluminum or lead resting on ths sample
plate holder and a large beryllium absorber in the top shelf; The
beryllium available in this laboratory is variable in purity. The
absorbers have been calibrated for the\absorption of 8 kev (Cu x-rays.
The half-thicknesses for ths 8 kev radiation of the absorbers used
in this research are iven in table 1. No attempt has been made to
correct observed counting rates for the beryllium purity since
extrapolated relative abundance was of primary importance.

A number of determinations of the alpha disintegration rates of

Np and Pu in the same samnle were required for yield calcula-

tions. These rates were determined by pulse analyzingl8 the sample
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Beryllium Absorbers

2
Absorber (mg/cm )

126

42;6
99
196
402
602
804
1483
1494

Half~thickness for 8 kev
Cu x-rays

500
700
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~to obtain the ratio of the two activities and by counting the ([ross

alpha activity in a 50% geometry ionization chamber. The ratio is
obtained by‘summing the counts registered for each activity. The
counting rate for each activity was then calculated from the pulse
analyzer ratio and the gross activity. These rates were in general
10-20% higher than the counting rate given by the pulse analyzer.

The pulse analyzer counting rates for Np251 were similarly corrected
by comparison bf the pulse analyzer counting rate of the 1\T,p257
tracer at about the same time with the counting rate detérmined more

accurately later by the ratio method.

VIT. The Isotopes Np<37 and EQZSS

The alpha particles of Npe37 were used as tracer in all isola-
tions as a measure of chemical yield and relative amount of neptunium
on different assay plates. The presence of Np257 and 1ts 27-day
daughter, Pa255, complicated the resolutions of decay curves. The
isolation procedure of course separated palS3 along with protactinium
activity formed by bombardment, so the re-growth of Paf S to equili-

brium with sz'37

was superimposed on the decay of neptunium activity
prdduced by bombardment; Some time was therefore spent in measuring
the radiations of Np237 (other than alpha particles), Pa®53, and tle
rate éf growth of the latter, undér the conditions adopted as stan-
dard (argon counter tﬁbe).

Samples‘of stock Np<°’ were separated from Pa233 by MnO, pre-
cipitation’and ether extraction. The Npgz'7 activity was plated on 2

mil platinum and counted with wvarious absorbers. The initial rate of

re~growth of Pa255 is rapid so growth cdata was obt ained and the Np257
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counting rate determined by extrapolation back to zero time (time of
separation). The growth curve with no absorber was followed out to
near equilibrium for convenientldata for correcting bombardment
samplese. Figure 18 shows experimental counting rates on the basis

of 1.92 x 104 disintegrations)minute of Np257e The curve of counting
rates, R, was calculated from the growth equation

R = (1868-178) -~ 2\t + 743

1868 counts/minute

where equilibrium rate

Npe37 contribution = 178 counts/minute

A = 0,0253 day~t
The Paz53 decay constant, 0.0253'day“1, is from Grosse, Booth, and
D\;tnning.,l9 There seems to be a small deviation outside the experimen=-
tal error in determining the parameters of the growth equation but
the reason for the deviation was not determineda

Beryllium absorption curves, measured orn the same sample
(1.92 x 10% dis/min Np=°'), for Np~o! and Pa®53 in equilibrium with
the Np257 are shown in figure 19; The difference between the two-

233 sontribution. A comparison of beryllium,

237
aluminum, and lead absorpticn for the Np radiations are shown in

257

curves gives the Pa

figure 20, on the sample basis of 1,0 x 10% dis/min Np o The sample
was in the second shelf and all absorbers in the first shelf. Soft
electrons of energy less than 150 kev are evident as well as ele ctro-
magnetic radiation of energy corresponding to K and L x-rays. There
can be no gamma radiation of energy greater than 2C0 kev. If one

assumes a counting efficiency of about 1% for the x-radiation the

alpha/L x-ray/K x-ray ratio is ca. 1/1/0.2s
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VIIT. Cross Sections

In the course of the search for radiationé from light neptunium
isotopes, measurements of the radiations of previously known isotopes .
were obtained. From these measurements and the times and intensities
of bombardment 6ne may calculate atom ylelds and cross sections for
formation. It was believed possible, for a time, that NpeS2 and
Np235 might have half-lives of thé order of a day or two, consequent-
1y the decay of neptunium Geiger radiations, particularly x-ray, was
carefully followed for each bombardment. All radiations from -species
with half-lives longer than an hour could be accounted for as coming
from known isotopes of mass number greater than 233., The x-ray
decay of neptunium from 45-100 Mev deuteron bombardments of U255,
for éxamplé, consisted of 22 hour and 4.4 day periods. The latter

234 256, 4 pre liminary

236(

is Np and the 22 hour x-rays come from Np

study not reported here of the radiations of Np produced from

deuterons on Np257) has yielded an approximate electron/x-ray ratio

which is the same as the electron/x-ray ratio of the 22 hour period
' 6
from U255 bombardment. The expected amount of Pu25 alpha activity

grew into the samples. A very small amount of ca. 2 day activity

258.

also appears which is Np _Neptunium fractions from U253 bombard-

ment, contain no 22~hour x-ray period.

Only in the 60-inch cyclotron bombardments of U235 was the abso-

Y

lute beam intensity knewn to any accuracye. Cross sections were cal-

culated for all the 184-inch cyclotron bombardments by assuming a

deuteron beam of 1 microampere over a target area of 0.6 omz. This

235
U255, U

. 238
area corr-esponded roughly to that of the » and U targets
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in Pyrex tubes bombarded with 45, 70, and 100 Mev deuterons, Com=-
parison of cross sections for formation of the same isotope calcu=
lated from two different bombardments probdoly has no significance
within a factor of five. The relative cross sections for isotopes
from the same bombardment, however, should be calculable as nearly

as accurately as the decay scﬁemes, half-lives; and counting efficien~
ciles are known. The variations in relative cross sections for the
same isotopes with bombardment energy do not depend on any assump~-
tions but depend only on the accuracy of counting and decay resolu=-
tion.

There are two large uncertainties in converting the experimen-
tal counting rates to numbers of atoms. They are a decay scheme
factor (F, below) and counting efficiency(E) . The decay scheme
factor involves the extrapolation of counting rates with absorbers
and the ratio of counted events at 100% geometry to disintegrations.
We will be interested in the counting efficiency of the x-rays froﬁ
electron capturing isotopes. The number of L x-rays assoclated
with each isotope was determined approximately and it was assumed
that one L x~ray was emitted per disintegration.

counts/minute

Let

disintegrations/minute

s

decay constant

geometry factor

decay scheme factor

n

counting efficiency

& Q
= o& Mm@ y B E?
g1

1"

number of atoms produced in bombardment
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N, = EN relative number of atoms produced
B in bombardment
y = &/m
A
N - (c/m)F
- GE
= (c/m)
N, =
r GA

Values for Nr’ corrected for decay and bombardment times, produced

from U233, UR9°, and U238 at several energies arc given in tables

2/, 3’ and 4“

These values are given to permit later recalculation

of yields as decay schemes and counting efficlencies become better

known. All Geiger counts were made under the conditions described

in Section VIe.

The counting conditions and methods for yield de-

termination for each isotope are as follows.

Np258

236

Np255

Decay resolution of sample with no absorber. sz‘r58

contribution subtracted.

Decay resolution of sample with 178 mg/cm2 aluminum
absorber; Counting rate through absorber converted.
to rate with no absorber by factor 9.2 for subtrac-

239

tion to get Np contribution and for calculation of

N.,.

Alpha pulse analysis for daughter, Pu256. Nr values
calculated from Pu256 decay constant, 0257 yr'l.
Long~-lived x-ray counts through 804 mg/cm® beryllium

absorber with xenon Geiger tube. Approximate conver-

sion to argon Geiger counting rate by factor 0.2.
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Table 2

Relative numbers of atoms, Nr, from U235

Deuteron(Mev) 15 17 50
Npeo% 3.2(108) - - 2;6(107)
Np2 93 1.2(108)  1.5(106) 547(108)
Np< @ - - - 5;2(106) - - -
Npe Sl 0 0 9}1(105)
Table 3
Relative numbers of atoms, Nr’ from U35
Deuteron(Mev) 45 .70 100
Np- °° 7.6(109)  2.6(10%0)  2.6(1010) 1.6(109)
Np< 3 3.4(108) 8.5(10%) 5 (108) 3 (107)
Np2 34 3.3(108) 7Q9(108) 9;7(108) - - -
Np< 33 9.9(107) - - - 1.5(107)
Np2Sl  5.3(108)  2.0(107) 2.6(107)  1.9(10)
Table 4 |
Relative rnumbers of atoms, Nr’ from U238
Deuteron(Mev) 45 120
Np? 39 8.7(10%0) - -
Np? o8 2.2(10°0) .o
Np2 36 1.8(10%0) 1.5(10'1)
Np< o9 1.7(108) 1.7(10%)
Np= 34 5.4(108) - - -
Np? 53 | 1.4(107) -

Np2 3l - - ' 2.9(10°)
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Np2 33

wp? 52

Np251

UCRL-316
Page 33

Decay resolution with 804 mg/cm® berylliuﬁ absorber.
P value estimated from unreported absorption data
(this research) .

Decay resolution with various beryllium absorbers.
Nr values in tables 3, 4, and 5 on basis of 804
mg/cm® beryllium absorber .

Same as Np255. F value assumed to be same as for
p253,

Alpha pulse analysise. Upper limits for the cross
section are calculated on assumption that electron

capture/alpha emission ratio is 100.

The calculation of actual atom yields requires, particularly in the

cases of electron capture, assumption of highly uncertain decay

scheme factors and counting efficienciess The assumed or known

parameters are given in table N« Cross sections may now be calculated

from the equation

where

It

e = N/nIT(10-2%)
e~ T cross section in barns(10-24 cm?/deuteron)
N = number of transmuted atoms
n = number of target atoms
= total number of deuterons through 1 cm<

of target area.

Tables 6, 7, and 8 list the cross section values derived from the N,

values, assumed

parameters, target weilghts, and beam flux.

The large uncertainty factor in absolute beam, It, 1is apparent

from the duplicate bombardments of U<%% at 100 Mev. Np255 was not



Isotope
239

Np258

236
235
Np

Np254

Np255

Np252

Np251

>

0.297 day~*

0,347 day +

0.257 yr'l

0.582 yr~t
0.158 yr’l

' -1
0.0210 min

0.0495 min~*

0.0139 min~ T

Table 5

G
0,085
0;085
0;52
0;085
0,085
0;085
0;085
0.52

Conversion Factors

F
074
1.7
l;O
1.4
0.7
l;O
1.0
lOO;

UCRL~-316
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e

TR S

0.02
0.02
0,02

0.02

Ref;
(20)
(21)
(10)
(10)
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Table 6
U235 gross Sections (barns)
Deuteron{Mev) 15 17 50
wpE o 3.4(10-3) - - - 5=6(10"5( )
Np253 1;8(10-3) 1;8(10—5) 1.9(107%)
Np2 32 - - - 3.8(10-3) -
Np23L 0 0 <6.2(107%)
Table 7
U235 cross Sections (barns)

Deutcerons(lMev) 45 70 100 100
wp=o° 1.6(1073) 1.8(107°)  1.5(107%) 4.5(10-4)
Np< 9 4.9(107%) 2.0(10"3) 2.1(10%) 5.9(1074)
yp< o4 2.4(107%) 1.,9(107%)  2.0(107%) - - -
NpOS 1.0(1073) - - - - - - 2,1(1074)
Np23L ¢1.1(107%) <1.4(107%)  <1.5(107%) <5.3(10"5)

Table 8
U238 ¢ross Sections (barns)
Deuterons{Mev) 45 120

Np= 59 1.0(1072) - - - .
Jp= 8 5.9(10"3) .- -

Np< 56 2.8(10-3) 6.0(107%)
Np235 1.9(10-9) 4,8(107°)
Np= 34 1.9(10-3) - - -

Np= o2 < (1074 .- -

Np2 31 e - - <1.2(10™ 5)
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observed in the 45 lMev bombardment of y2 e

231

5 the table value is the
limit of detection. Np was observed for all table entriessy the
limit values arise from the unknown decay by eclectron capture, as
explained prceviously. The formation cfoss section of Np259 has little
significancevsince a large but unknown fraction of the Np259 came |
from decay of ge%9,

The fission reaction is predominant in the bombardment of uranium
with high encrgy particles; The cross sections for formation of
neptunium isotopes by (d,n), (d,2n), (d,3n), and (d,4n) reactions on
uranium with 15 - 20 Mev deutergns were found in the earlier work to
be small, of the ordef of 0.0l varn; compared to larger values for
the same Teactions on non-fissioning nuclei. The problem of producing
lighter neptunium isotopes also railsed the question as to whether the
yields of (d,xn) reactions might be recuced by increased fission and
other competing reactions irduced by the greater excitation required
to knock out more neubrons. At the higher enerzies used here; other
reactions such as fhe (d,axn), (d,2axn), and (d,pxn) have been
observed;

The data show that x may be at least as large as nine in the
(d,%n) reaction on U with sufficient bombarding energy. The
(d,5n) and (d,6n) reactions on U 235 have thresholds between 20 and
45 Mev and the (d,7n) has a threshold greater than 45 Mev.

Despite lack of absolute beam data; a hypothetical discussion
of the.yield variations seems justified; The (d,n) reaction yield
remains pfominent oeven at 100 Meve This rcaction is intercsting in

that a proton mass must be captured. One might guess that a 100 Mev
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deuteron would produce a compound nucleus much toc excited to yield
any (d,n) product, yet the yield is probably not down even by a fac-
tor of ten from that with 15 Mev deuterons. At least two mechanisms
are at hand to account for the sustained yield., A stripping
mechanism for high energy deuteron reactions has been proposed by
Scrber whereby the neutron-proton bond of the deuteron is broken
without compound nucleus formation;zg " From a guantum mechanical model
Serber calculates a wide spread in distribution of energy for the
neutrons cmerging from the collision. By conservation of encrgy the
protons must have a similar distribution and one may postulate proton
capturc with small excitation. Peaslee has concluded that the strip-
ping mechanism accounts for the major portion of the (d,n) cross
section at all cencrgies.

As a second mechanism one may retain the compound nucleus model
and postulate that the highly excited (d,n) product may still dissi-
nate its energy entircly by [amma cmission with a probability com- '
parable to that for lower excitation. The sustained (d,n) yields,
however, seem more probably to be evidence in favor of the stripping
mochanism;

The relative yields of different isotépes for rcactions which
" are snergetically possible are remarkably similar, althouzh a ten-
deney to form the lighter isotones in relatively grcater yield with
increasing cnergy seems clear. A consideration of the cross sections
suggests that the total cross section for formation of neptunium
isotopes does not change greatly over the energy range investigated
(15-100 Mev); i.6., at energies well above the potential barrier to

penetration of the nucleus by the proton. It would follow, therefore,
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that increased excitation does not greatly increase fission and com-
peting reactions at the expense of {(d,xn) reaction yields. This con-
clusion with regard to fission would perhaps be »redicted from theory
since only a small excitation energy is required in general to raise
a heavy element above the fission energy barrier. Increcased exci-
tation above that necessary to cross the barricr need not markedly
increase the fission rate, particularly relative to the rates for dis-
sipation of cnergy by neutron and gamma emission; The latter two
processes are known to be very rapid and increase in rate with energy.
The greatly incrcased (d,axn) as well as other spallation type
reactions, however, might be expected on first consideration to
reduce the neptunium yields by large factors, but expcrimentally it is
observed that they do not.

A sequence of events followlng the capturec of a deutcron may now
be postulated. The sequence is divided into a preliminary period
of rapid cvents followed by a period of slower eventse. In the pre-
liminary poriod following cavpture of a relatively low energy
deuteron (15 Mev) or proton from the deuteron in the stripping mechan-
ism emission of one or more ncutrons up to the maximum encrgetically
possible occurs. For higzher encrgy deuterons(l00 Mev) charged
narticle emission competes favorably with neutron and Zamma emission.
The compound nucleus(Np257Y ; for ecxample, may dissipate encrgy
in the prcliminary period through the followihg schematic reactions,

wherc subscripts indicate decreasing degree of excitation.
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(szgv)* e (Np256)*1 + N

(¥pR38) . — (npR36),) + 4

or (Np256)2 —> (paR3)" 1 q

or (NpgSG)i —~—* (¥p23%)) +n
(Np238), —> (Np235). + 1

or (Np255?j —s (Np?°%)" + n etc;

The ond of the preliminary, fast period is reached when the neutron
and gamma omission rates become comparable to the fission rate; and
the charged particle emission rate becomes negligible; 1.e., the
nuclei arc still above the fission threshold. Fufther neutron emis-
sion may even be impossiblec. Most of the still excited nuclei fission
and only those which successfully negotiate a cascade of gamma rays
to the ground state survive as light neptunium isotopes. From this
simple pilcture one would predict that fission products would be
found from a widc range of fissioning nuclei, Np%
An explanation for the failure of other spallation reactions to
rcduce the neptunium yields by large factors may be derived from
this kinetic picfure. The spallation reactions with charged particle
emission occur only from the highecst levels of e xcitation and hence
essentially at the expense of the filssion recaction. The total
spallation cross section at 100 Mev amounts porhaps to the order of
10% of the total cross section the remaining 90% being mainly the
fission cross section. The total cross sectidn for formation of nep~—
tunium isotopcs is about 1% of the total reaction cross section; The

occurrence of other spallation resctions mcans that, instead of 100



UCRL~-316
- Poge 40

highly excited atoms each with a probability of 0,01 of settling
down through neutron and'gamma emigsion to the ground state of a nep-
tunium nucleus, there are 90 highly excited atoms with about the sane
probability of going to neptunium isotopes; The gross neptunium
~yicld, therefore, is not greatly effected, and the net effect of
incrcased energy on neptunium yields is Just to increase yields of the
isotopes with lower mas=z numbers at the expense of the yields of the
isotopes of hisher mass numbors.

The relative cross scctions further indicate that the very ligt
neptuniums can not be produced with yiélds comparablc to those for
the heavicr isotopes. Goeckerman and Street have observed significant
cffects attributable to the Bohr-Whecler fission paramecter, Zz/A, on
the figsion of bismuth25 and elements of high Z.26 The rapid decrease
in yield of the light neptunium isotopes may thus be attributable to
increascd fission of these isotopes relative to the heavier ones.
The ncar constancy in total neptunium yicld begins to break down
when the excitation energy is sufficicnt to produce a large propor- .

tion of excited light nuclei,
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