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1o % No. \5 of /ﬁ 1es Senes_&

=8 Several isotopes of the new element S5 have been produce their i
3 radintions characterized. The chemical properties of %his trlpositiw ] \

degree and rate of formetion of certain compsunds of the complex ion
type, which makes possible the separation of element 95 from the len-

-

k3
%// element are similar to thase of the tvpical tripositive lanthanide
/ rare-gorth elements. — Element 96 is different from the latiter in the
-4 :

2 . thanide rare-earths.

The name americium (after the Ameri’cas) and the symbol Am are aug~

geshed for the element on the basia of its position as the sixth mem-
ber of an actinide rare-ear’ch geries, analorrous to europium, Eu, of the

lanthanide serles.

The isotopes found and sbudied in this work ave: (1) AnZt , which

decays by the emission of alvha-parsicles (enerrry-S 45 Yev) with a

10 = 20 vear halfelife and is produced by tbeu‘ggga-decay of Pu241, which,

in turn, is produced by the (¢,n) reaction on s (2) Am?%2, vhich

decays by the emission of beta particles (ca, 0.8 Mev maximum energy)
with a 17+hour half-life or, in anobher dsomeric form, by branching

decay with the emission of alpha=-particles (energy unknovm) and N
beta-particles (ea. 0.5 Hev maximum enerey) in the ratio ga. 0.002
alpha-parhiclea per 'tdx—partiole; both isomers are produced by neutron
capture in Am2%Y; ' (3) AmP®9, which undervoes branching decay, decaying 3
{a) by orbital electron caphure with a 12 hour half-life and enit'bing

0.285 dsv gamme rays and conversion aleotror.s in.addition .to the ’
characteristic x-rays and (b) by alphd particle emission (energy une

¥nown) in the ratio o8« 0,001 alphaoparticrss per electgon cdpture. -

This isotope is produced by the (d,2n) reactibn on Pu?%® and by theé

(c.,2n) reaction on Np237; (4) Am238 which deeéays by orbital eléotron

capture with & 50-<hour half-life emitting l.3-1.4 Mev garma rays aags
conversion electrons in addition to the gbaracteristic X»rayso -
is vprodusced by the (4,3n) reaction on Pu*“Y and by the (o,3n) reaotion

on Np
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ip Introduction’

Isotopes of the element with atomic number 85 have been produced

1

and identified in experiments.carried out with material activated in
The tarret

g sixty-inch cyclotron of the University of California.

materials which have been successfully used in the "production- of these

238 237 ana Pu?%®  The energetic helium ion bombardment

isobopes are G, Np

of IJ:"",’8 lands to the formatisn of plutonium isotopes of mags numbers

: ) ‘ 12.308-p3~bU
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236 Puzss 239

236 to 241, of which Pu and Pu“"” are known to be beta-gtable.

-

- m241 is ‘shown in this work to be unstable' to the emiss:on of.' betn-

partioles, leading to the production of 9’~241° The hel‘lum ion bombardment

. ‘ ‘ 37

_of Hp and the-deuteron bombardment of Puz39 are capable of forming

izobones of element 95 directly, the expocted mass numbers being 235 to
240, of ttese, 95t ﬁnd 952*’9 should be -formed in the higheat yields.

At the beginning, in theAsearch for activibies‘due %o iao*-opes of
. alement 95, it was assumed that the chemloal properties wauld be aimilar
to those of tha 1an+hanide elements in the (III) oxidation state. ‘It has-
" been pointed out by Seaborg(l) that the chemiocanl properbies of the elementx -
followine motinium(element 89) in the pe;ri'odio 8§stem may be expigined A

- on the assumption that they conabi-b‘ute:a rare-sarth=like series (actinide

s

series) in which the 5f xsheli of electrbns is in the process of completion.

On this basis it was pred:.ci:ed that the ﬂmrcas%n« stability of the (111)

‘o

- atete oi‘ the aotinide elerents should culminate in very stable (III)

-

s',a‘;es in elements 95 and 96°

Tha first positive evidence for the existence of &lemernt 95 was

found in the 1a e fall of 1944, in the tom of nuclear end chemical

dnta pertaining to .the isotope 95 lo I is sug;'-.ested that tne new

elément be_ nemed americiuni (in honor of the Amerioas) and have tho symbol
" Am. This name is based on the strone enalofy between element 95 and
suropium (aftexj Europe), ‘Ed, of =he »lanbha‘nid,e rars~earsh series.

B T

and Rslated Isotooés", L

‘Ao Heljum-3on 'Bombaramerit‘of 0238° AR - AT

Uranium iz which the isotopid content ‘of 0235 was reduced by the
(2)

olectrompnetfo process was bombarded, in the s1xtv~in.h ovclobron at . -
L Berkelay, wzth helium ions- of” or. 38 Mev. energ- v. Such ‘bowbardments are - -

discussed in’ more detail in another paper('s) o —The‘ activated uranium . . -

. N - - 7
. - . . . sﬁeltwf S————
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was milled from the target plates in layers of ca. 100 mg.om-.’z. Eaoh
of the layers was procasaed sepe.rately to yield rad*ochemically pure - )

plutonium fractions. Standard alvha and betaeparticle measurements with

the purified plutoﬁi\;m samplos revealed the _f)re’sonoc of no mdiations

which oould not be ‘accounted for on she basis of the r;adiatio\ns from - ’ -

praviously. known plutonium isotones. Investisation of the very low

-

energy beta spsotrum, however, indicated the uresence of heta=-particles

“with ea. 20 kev maximum energy. The measurements were made in an

apparatus desicned by Ra\ynor(é)l in which window and g}m absorption of
the narticles ko be ‘counted is reduced to ca. 300 mierograms per omo.

In this case provision {n{s mede for a’bsorpti on measurements using &

limited nurber of absorbers made from thin calibrated films of celluloss
nitrate. The beta-particle range wag eatimated visually on s semilogarithmic )
1';'101: of th‘e co;mting: deta to be 600-800 miﬂcrrograms per cmz, whioch cor-
responds to 20 kev maximum energy as obtained -from the range-energy

data of ‘Schonland 6) _for ].ow- Vener::y elé;:’tronso .Absorpt‘:lon curves for

the 20 kev beta-particle component of the 'élutonium activities from

the first and third layers of\the g;:tivated uranium targ;et ary given

in Fipure 1, in which bete-particle 1_ntens\1ties are normlized Fip. a2
to the Puzz‘{9 alpha~particle ao%ivitiea in ench sample. Thus, the

lower intenait:es shown for the ﬁrst layer indionte that the yield of

the isotone responeible for the beta-partiole aot:ivity increases relative

to the yleld of PuZ%® ga the depth of penetration of. the helium ion
inoreéaes. From the data compiled by Livinrston and Bethe,(sa' on the ) =
relative stoppirg power of warious el‘ements for helium ions, the maximum

enoerpy of the ions in the first and third uraniuvm layera was calculated -

to be -38 udev and 28 Mav, respsctively. At the Imr energy, tha ratio-

of. ylelda, (o, ) € (c,3n) should be greater than at a higher énergy. -

—
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On this basis, th.e decrease in 20 kev betasparticle act.’wi’cyﬁ reolative
to Puzsg sl,pha-par_{:icle activity is an indication thet it is due to &n

;
i1gotope resulting from the (g,n) or (4,2n) reaction:

.0258 (a,0)Pu 241
u238 ( a.m)mz«;o

Of these, Puzél,,wﬂ:h an odd number of neutrons, is the most probabile

1

source of be-ha-partacle ‘activity. .y
An satimte of the half~life Dr Fu pu2dl beta-par*siele emission mey

be made with: the -following obsemtions: (1) the beta activity of ourve I,
Pirux'e 1, extrapolated to zero a‘bsorption as shown, is 1650 counts per.
minute, (2) in the same: sanple and ‘at the same counting geometry there
ars 54 counta per. minu'be of alpha-par’cicles due’ to Puzsg (3) the half-

_ 1life for alpha particle emission of Pu2%8 1s 24300 years,-and (4) the
yield from the (a.n) reaction relative to thab from the (u..Sn) reaction
is usually om.- 0.0 in .tha 38 lev ’helium ion bombardment of heavy- isotopes.
From thésé considerations the half-1ife of Pu?! for beta perticle

emission is ca. 10 years.

~
1

The rare earth fraction from &’ aimilarli activa{:éd uranium sample
contained an alpha«particle activisy (energy - 5. 45 ¥ev) of long
hali‘—l:u‘eo Numaroua tracer chenionl experiments which were carried :
out with ‘such activity are reported in another 'papero( 7 The evidence
obtained ahows oonclusively’ that the achiviby is due to a previously
unknown element. The occurrence of reletively energetie alpha—partiole

'omiaﬁion in & ;are-ear h fraction (1anthanum fluoride earriabls) mey

” -

bs comidéred sui’fioien'b evidenoe. of itself, —for the presence of an
iaotope of & rare-sarthe1like heavy element, since alpha-parvicle
emission 4s an extremely: mre property in isot:opoe of atomio numbcr lese

_ than 81, .The direct formation of‘amarioium isotopes by the helium ion

17212 ¢ See————
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borberdment of U2CC i not possible; +therefors, the prese‘ima of the

1

alpha-partiocle activity must be considered avidense for the formation

of AnP%! a8 tlie. produst of bsta-particle emission by PuZlr,

Ssveral sarples Imown %o contain sppreciable amounts of P24t
wore onrefully purified to remove all traces of rare-sarth, and rare-

earth-1ike, sotivitiea, then were allowed to stand for-long veriods of

time. When "rare-earth” fraotions were sgain removed from the samples, -

the alrha aotivity previously obaerved was apain found, having grown
into the sar;plea from the plutonivm source. Standard samples pi: the
proviously lnown plutonium 1lé§opbs were treated in a similar nan,ner.,‘
but failed to yield'a comparablie alpla actiﬁty. Samples of the alpha
aotivity were removed again and apein from the pi’utonimn sat;:ples,
rosuli':ing in tho observationss (1) the rate of formation of the Am. ‘
partiole activity was c:anstan;: over s period of gseversl ysars, due to
the lonp half-1life of the parex{t isotope, (2) the yield from a given
sample was s linsar function of the time allowed for growth, and (3) the
amotnt of ’growth in-sinmilar periods of time was direoti:v dependent

upon the intensity of 20 kev beta-particles, i.e., She amount of Puzu,
in the plutonium sarples. .1'111’3 evidence proves that the alpha-activity

1 arising from the beta~particle emission of e

Sevoral samples of Amz“u

& lone period of %)... The principal product o't::seived, was ‘an isotope of

ware irradimted with thermal neutrons éver

ouriun (element 96), Czn242 (8) a8 dotermined by the half=-life '(g_a_o § months)

and the alpha-pdrtiole enerey (B.i Mev). Separstion of the o;xrim and

americiun sotivities was later achieved by the use of a Naleite (Dowex 80)

(o)

resin columi with selective slution in amonium citrate solution.

2

The c;nu was formed by the reaction:

2 o002

et [\ )43

Aia

12-300-pT=bt
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foll&vrad by mpid nepative beta~partiole dooav-of Am242. In & later.

irradution, carrieo'i ou'b in t"xe Argonne heavy water pﬂe, llannin? and.

242

Auprev(m) de'booted the beta-parcioles from Am and found the halfelife

to be ca. ‘17' ho‘urve‘.‘ They alao dmnst_rated the gr&rth of 0;1?42 alpha-
aotivity with the same 17-hour half-1ife. “A further, discussion of AuPi?

is riven in the next aection.

- . Aor the experiments with thie 5.45 Lev almu-activity are consia-

S tent with its assiomnt i:o Anz

41

" The :laotoge results fr_om the beta- -

decay of m s ‘thermal neutron irradiation of -tizo<mterial results

in the‘ fprrra‘hion. of a beta-active 180{:0?0 \whiéh decays to cmm, whinh: L

.ﬁ_x turt; deoaya %o Pnz » a well known isotope o.{‘ plutanium(s) ‘
Samplos of plutoniuwm an/ulorous to ‘bhase in which Ama‘u zrowt’n was

obsarved , were praoesaed ‘to. yield radioohemﬂcany pure uranium i‘ractiona .

" by an oxidatiouureduction method employing- nitric acid oxidetion of
uranium 1n sulﬁxric aoid salut;ion, pxecipitation of PuF and carr"er
Lan, then ti‘banous chlorido reduction and IeF precipitation to remove

B} uranium frorp‘ the ’3olut?:qn. The uranium fractions were found to coqtain .
a bei:a-lc;hivi"y ;af 6:8~day hé.lf-lil‘e,-coruspondin;r’to Dzs?, which. oould.
“be fomed as a rosult of dlpha-decay of Pu241 ’ The yield ;r the activity
(whmh waa preaent in the plubonium at ii‘.s equilibrium value) was- com= .
pe.red with t‘xe yield of Am 241 f’rom ‘hhe .seme plusonium sample to give a
value for "he 'branching rat:lo of Pu241 (alpha disinteerationa per buba
disineeg:ration) of oBe 2x 16'8 ]

B. Chemioal Proper*iea of Americimn. - L - s

A large number of tra-sar chemical experiments were, carried ou‘b with
the 5.45 Yov alpha:activity and are d,es,oribed”iq detail in gnqther‘pqper_..:(?)
: 1% i3 of considorable interest, however; that the unlqué chemical nature

of americium xfnsi be shown by a co'nsidqmtion ofA a relaeivgly few
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(1) The sotivity coprecipitates with rare-earth fluorides from
strongly oxidising solutions, suok as 0.1 K ECrp0, in 1 M HNO, solution,
and Ag'" with (MWH )as 0, in 2 M HNO, solution. Thoss elements, without
repard to the plausibility of their formation in the nuolear processes
desoribed, whioh are not eliminated fron consideration on the besis
of _'Ifhin are: soandium, yttrium, indium, lonthanum, t;he rere-earth
elements, aotinium, fhhoi'ium ‘and possibly‘prdhgetinium and bhaniun‘:. _
' (2) iAmonﬂ: the mors logical possible alnia ﬁarﬁic{le emiéters to be
conaidered, we may eliminate hhélliuﬁx, lead, ismith and polonium by ’
consideration of the fact that the activity does nov eopmciipitéte with -
biemuth sulfide from 0,25 X HCl solution. ‘ ’

(8) Thorium peroxide does not carry the activity, under oonditiona
in which thorium precii:itabesw,quantiua tively, %hus eliminat tag thorium.

(4)' Aoei_nium tracer aotivity and the activity in qixestnn my be
f:;aotiona’ced by ocopreoinitation with ziroonium or cerie iodate rom

0.035 Y potassium 1odn;cg -l E HHOslsolution, the actinium tracer

carrying to a pronter extent. ] o -

(5) The sctivity may be separsted from trucer or macro amounts ot‘

I
the rqre-earth elements by the preoipi’cation of & Ianthanum eompound
of undetermined composition from )1 M armonium flunsilioe.jl;e -5Y4 HNO,
solution. The alphe activity remsins largely in solution while the

rare~earth elemerts arg almost completely precipitatsd under these conditicis.

(s) 'I.‘ha sctivity may be separated from curium activity by aoleotive

'olution with ammonium citrate solution from columns ot‘ resin, such as

Arberlite IR-1, or MNalelse (Dowex-so)o Curium is removed more easily.

.This cherical-eviderce, with the mzoljear‘evidence' previously g.{ven.

‘establishes beyond any reasonnble doubt that the activity is due to an

actinium-1ike transplutonium elerﬁcn{%, americium. " » -

- . . 12-300-p9-bu
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C. BNuolear Radiationa of Am

| The diain*begrution of Am 241 is acoompaniod by the emission of alpha-
particles and :‘bme ‘associated oleotromagnotio radia':ion. The energy of
the alpha-particloa has been neasured by {:wo methodss (1) aiaaorpt'ién
in thin mica sheets of known thickness and (2). dif!‘eren-bial amly:in, -

. by elsatronic means, of the pulses produced by the alphg-.-partiolu 1n an
jonization cht;mbez;(ll)(l"ic_ru're 2)e In both methods the emrg& was Pige 2
obtained from direct comparison with standard gamoios ol othef alpre
activities of known enerples. The vgiu;:' from the two methods cheok -
»closely at 5.45 & 0.05 Mev. In the.mica s.iosoi'ptioiz method the observed

’

value is in terms of the range in air vhich is oonverted to energy in

- ¥ev by use of “he ranpe-energy relation given by Holloway and Living:ton(m) .

_ Absorption mensuraments on the eieot‘romgnetio rudiations are )
shown gm{ahically 1n Firures 3, 4, and 5. The intensitles shom < Fig. 3, 4,
are for a ssmple containing 10° disintegrations per minute of alphae Rrd B
part.i'ol'a activity. ,The apparntus used to detect the radiationt was a bell

, ~ Jar type Goiger countin'g tube, 161/‘8'inc'nes in diame‘!:er and 2-5/8 .
inches lonr.: The window was of mica. o, 3 mg.om,"~ &:hick and the body .
of the tube was copper. The, ‘tube was fined with & 90% argan—107 ethanol
mixture to 10 om Heg prr;ssure. The ca':hode was & 5 mil tun~sten wire
terminating in a small p'lasa bead: 8/16 .’mch fram Ehe mica window. Samples

_were oounted in & position to have a 107 paometry faotore '

' " The electromsnetic radistions observed are seen to be of two
classes- (1) a’62 kev componenb, the coun‘binm/ei‘ficiency for whioch 1:
a‘bout 0.5 peroent under the above. oonditions, and (2) a complex mixbure
of radistisns apparently covermg\the range 10 to 20 kev which have the
ubsorption oharacteristios of naptunium L x-radiatian. The sounting

efficiency for the latter is not roadily calculated, but is probably

ot. 1.6 pex'onnt under the a‘bove condi’cions. The aluminum absorption

- ‘
. . . . har 1938 1 VeS————
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curve expected for the mixture of neptunium L x-raws was constructed
from an extrapolation of known L x-ray enerpies tabulated by Compton.

(13)

and Alliaon and the relative intensities given for uranium by

Allison. (14) , oo - ) ' . T T
ﬁoing the counting erfigienoies assumed in the above discussion
the neptunium L x-ravs are emitted in o8- 100 percent of the alpha
disintepratione and the 62 kev garma i;ays, in oa. 60 percent.
Interual conversion .of a gamma-rey whose enerzy 4s insufficient
to excite the K eleotrons (binding .energy, ca. 120 kev) may Aj:ake place
in the L shell where the binding enerpy is much less (ca. 24 kev), if
oxlzough enerry is available. The subsequent occupation of the vacant L
elootron state by another electron is accompanied by the ohamcter;stip
L x~radiation of the produot _element; The energy of the ;lectr5ns in
the éa’sa of the conversion of 62 kev gammar rays is about 25 kev. Such
eleotrons are not enerpetic enourh to pass through the 3 me.om. =2 mica
window of the Ceiger tube desoribed above and would not have been
detested. '
The halfelife o&‘ americium has been determined by Gunnim'}.mm(ls) ,
to be 510 < 20 yesrs. The value is based on spacific activity measure-
ments carried out on the 7u11:raomlicro:chémical scale.

III. Fuclear Properties of Am>-o

The production of Amz“;'2 by the thermal neutron irradiation o!_"Am241

has been mentioned in Section II. The existence of the isolpe was

first indicated by the formatisn of an isotope of curium (at. no. 96), °

sz

’

2, under conditions expsoted to result in the formation of An2%Z,1.e.,

2410 -The enission of

the radiative oapture of thermal neutrons in Am
nepative beta particles, in Am242, with a halfelife short comzared +o

the total time of irradiation, results in the observation piven above.

el
[ .
f ’

12-300-pll-bu
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 The 'i'irst detection and halfelife me‘as_urem_én‘c of the actual process of
beta pareiole decay of Am 42 Las achieved by Manning end Aaprey in
samples investigated soon efter termimtion of irradimbion in the Argonnn -

'pilc.(‘m) A decay curve ob*bained in recent experiments at this labora‘bory

‘242

is piven in Fisure 6 for the Am™"" beta par-ti_cles. A long-lived <Fig. &

backezround é.ctivi*i:y is present due- o the eleotr'hgnétio radiatidna '

241 242

£rom Am and the radiations arising in a long'-—lived 1sorer of An

%o be dosori‘bed latero The predominant aotivi“y due to 17-hour Axn 242 consists

of the bota. parbiolos whose almninum abeorption charaoteristica are

t

shom praphically in Fipure 7. , . . QP 7

A ample of theml-neutron-ac!;iyated was carefully purified

and allowed to. starid for several months. At the %irme of purification

242

the 17<hour Am “should have been completely gone from the sample. A

dombined plutonium and neptuniun- rfaétioﬁms then Temoved from the :

sample and purif‘ied ‘by oxidation-reduction cyclss. Samples of bhe neptunimno

-~

plutoniun fx-action ware obaerved to contain beta-partiole aotivity widch

- decayed wi‘l:h a 2,0 day half-life. The aluminum abaorp sion charac‘beristica

of the beta particles were ex{tii;élx: consistent with those of szsa (18) ‘

whose hnlf'-life 13 2.0 days (Figure 8)e ~  +  C Fig. 8
sz is a "shielded” 1aotiope. 1n the aense that it s not produced
by either mgative beta narticle emisaion or by orbital electron capture,

238

the hypothetical parants of Np 'by these prooesaes 'being Pu and 0238

respectively. Bach of these is sta‘ble with referanoe to hhe procasa by \'
which it would produoc Hp o V»Si.nco .the Hp 3 was observed to grmv» in -

242

the irradiated americium sample, a long-lived Am » dooaying ‘by the

emission of alpha partieles mst be responsiblez

242 a_ 238
. Am_ -~ long %p . R
After anowing' tire for restoration of the Am p238‘ equilibrium -

12-300-p12-bu
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isotopes and may be found 1£f the half-live‘a of the competing processes
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& seocond separstion was mde in which the results were the same as in

the £irst. The 2.0-day half-1ife of Np®°® is evidently short compared

: %o thut of the long~1ived 2P and-the equilibrium value of “the szss :

gotivity is a measurs of the alpha activity in AP, 12 1618 assumed,

enhimly for the sake of discussion with no thoucht that this noed be trus,
that the crosseseotion for the formtion oi‘ the 10ng~11ved Amzq’z is the
samn as that for the 17-hour isomer, the half‘-li'e for alnha-particle

emission i3 oalculated to be gs, 3 'x 10° ye'ai"s; on the basis of the

observed !ipz38

ao'sivityo

An aluminum absorption curve of the radiations froﬁ the activni;eé‘
americium sample reveals ti:e presence of beta ;iurticlos of Eé.n 0.5 Mav
maximim energy (Pigurel 9). The other radiations in the sample < Figs 9
ére ensentinlly those dud to Amzq’lo In view of tho beta instability
of the 17-hour isomer of Amaz, beta particle emission in the long-nvod
isomer is not surprising. - Again arbitrarily assumirg equal Oros8ge=-"
meotions for the formation of both isomers the half-lii‘e of the long-
lived Am for the emission of beta particles is ca. 600 years. . This

halfelife and shat calculated for the emission of alpha particles are )

“directly projportiongl to' the msgumed cross-section and a 'reduoﬁion of the

latter would dacrease ﬂiq caloulated half=lives.

IV. Dther Isotopes of Americium

Americium isotopes of mass number equal to or less than 239 sre
oexpected to decay by tha capture of orbital. eleotron:, since. hheir nuoloi

are defiolent in neutrons. Am24°

». by virtve of its position olose to the N
region of maximum stability might decay eitlier Ly the emiesion oi’ negative

bata-particlea or by orbital eleotron capsure, or by both processes.

,Brandhing decay with alphd=particle emission is péasible 'in -any of the

are appropriate. - ) T
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A.; Deu'beron Bombardment of Pu>S9, . - N

Several tarp'ees of Pu were bonmbarded with 19 .Yov deuberons
in the sixty-inch ovolotron in order to produce americium iso'copea of
mass numbers 23‘? to 240° Tha targets wers prepared by the evaporation
of slurries of plutonium(IV) fluoride on reotangular platinum platea of
one an.a area (i.n{:eroap*bor, hrgets). After irnition in air, tho samples
were placéd vin the target chgmber of the ;:yclotron in such = way as to
~ intercept the mar-k intense pbixjf.‘ipn 6£ the ion beam. As soon as possible
after the ;nd of bo:t}bardment, *l;he samples were ;'lissolve.d and processed
ohsmically 5 ‘yield rﬁre-earth f'ructioizs by the succeaeive pre;:ipibation
of‘ lanthanum(III) fluoride carrier from strongly oxidizing aolutionc.
The actinide- alementa were separated from lanthanide ele'nents bv the o
preoipiha\tion of lanthgnnn;(III)\ from 3‘}5 HNO, - 1 M stiFe solution. (7')>
‘Suoh precipitates are known to oarfy,so percent of rare-earth‘nctivitiqa
and only 10 to 30 percent é‘f‘actiuide >aotivi€ies. Resovery of the
. actinides (in this cass emerioium) was effected by the addition of
' sufficient ooncentrated HF to préoip;tate the remainine lanthanum which
under these oo/ndét;ona oérrriéa the transplutonium 'acfcivitigs. Cycles
" such as this were repouted until the actﬁivity hacf a c§nstant composition
with i'e;pecﬁ to all types of ?aldiéticn and until the chemical yield ver

oyole was ‘that expested of americium isotopes. .

Deoav measurements were . made under four sets oi’ ooun’cing conditiona,
.using a thin window (ca. 3 mg.em.” 2 mica) Beiger tube detector:

s

(1) 7 mg.om./‘z'alupiti:nh £ilter, to prevent the detection of alpha
rarcicles, o ’ e -
(2) 1600 mg;.cme‘? berylli\.um fil"cé:, to allow passage of most
‘ electrompnetio /?adiati‘on. but stop éll‘ except thgims{: energetioc

y ‘beta particles, - ; . ) - A
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(8) 1500 mg.om.2 beryllium + 150 mz.om.™> lead combined filter,
to detsct dlaotromené‘bi; rediation of grecter than about 200
kev energzy, but not that of less than about 200 kev ensrgy,
and, ‘

(4) s g.cm.'z lead i‘llfer, to present detsction of all but
energatio sa~ma radiation. o S N

The difference in intensity observed under condition (2) and- (8), the

"differsntial count”, was a measure of the low energy eleot'?omgnatio

radiation (proba.‘bl& x;rays). ,
In rare-sarth activities obtained ﬁz the thermal neutron irradiation

of uranium or plutonium the activity measured by a "differential count" .

is only m fow tenths percent of 1_:he a_c{;ivity measured 'hhroug)i 7 mg.om.'z

aluninum. The activity observed in the rars-earth yil’rﬁctionb of deuteron
bombarded 2% opten pave a "differential count” as high as one percent

of the total. In peneral, this ﬁoreased t 6 ~ 10 percent i'z‘ the

americium fraoctiona resuliting from the flu'osil»iqabe cycles. '

Two half-life periods, 12 hour and §0 hour, were observed in the

decay of the b;)tal Qchivity and the activity -measured by the "dtifferentiaI

dount” (Figures 10 and 11). " Onlv %he 50 hour period was found in < Fizs. 10

the decay measured with a & q;.cm.'z lead filter(Firure 12). At < Fi?.ldlél‘

leverél times during the decay'pf the observed activisies, ;bsorptiqn ‘
data were taken in order to identify and characterize the radiations

due to eech aotivity. ¥easurements of the olectmm@gnetio' radiations

were made with a 1500 mgocm.'z" beryllium filter, to to elininaté the beta

. or eleotron motivity. Examplos of the data, for the 50-hour sotivity '

are shomn in Fipures 13 to 15 (hken after complete dooay of the 12 L Figs. 13,
hour aotivity), and for the 12 hour activity, in Fircures 16 to 18 <Fi::: ig.

. . - 17, 18
(after subtraction of the radlations due to. the §0=hour activity).

12-300-pl5~bo
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ﬁw surves were quita complex and the “resolutions can only bo npproximte,
sxpeoially in the cnse of the laf-hour lotiv‘i'ay.‘ Buwevar, the aleqtromagnetio
_ radiations of esch of the agtiﬂtiqp corrsspond .rather cloasly to the
‘ expestad L and K ~x~-xmi1trl::l::xz of plutonium, v}:th some ldgitioﬁal gamma
radistion. The electron sotivities in each of the isotopes crehesjl: :
#xplained as due to internal éonversion of the gamma rays, and t»hoffos-
pecti;:o enerpies ars c’onsi‘s,‘.:'en_i: ﬁiﬁh this interpretation. Relative.
intensities are»limﬂb‘ad in -thei.r accuracy ‘to that of theﬂ values of the
eouneiné efficienoy f"oi- each of the coﬁpcnenta. These values are not A
too well known for low e'nergy electromm-e\tic radiation. The ;;esulté SRR
obtained from several bombardments are piven in Table 1. - ‘ -QTdble'}.
Measurements of t:he eleotron oomponenbs wore made using- a strone,
variable maznetic fflold o onable de‘bomination of values of H,.-. '?ho ~
device used was doaﬁgngld. tgr high reometry and sonsequently the reaoiution
was poor. - However, the cii/;tributian observed for the low enerpy elaotrons
“of the 12 hour isotope was th;\t oha:‘aotex‘imtio‘ of monoenergetic electrons
oi' R4 7200 kev averag energys 'In all of the samples meaaured, the -
1.241.8 Mev eleotron were just de'beot'able over the counter baokgrmmd,‘_
.henoo could not be studied with any degrée of— acouracy with the magnetic
’devi\oéa | \ ) 7

A /Alp}_fa p'e;r'&iélo deocay measurenen ts slowed the presence of an alpha

. activity of ],Zg-hoﬁzz half-life.r\ . The branching rati;) {(alpha disin‘i:egmtiqps
per orbitall’/elécti;m» oapture) wa3 fdund to be. '6&. 0.1 pergent, corresponding
‘bo a partial alpha half-1ife oi‘ ot 500 days.‘ The alpha'./atl:tivity was
alwaya present ia low intensity in the observed smnplea and no -energy

doterminations were mde.
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Co_n_:ggnent

L i-mdigtfon
K x-radiation

285 kov pamm
radiation

1.81.4 Yov

gamm radiae -

tion

200-240 kev
electrona

1.2-1.8 Mov
eleoctrons ..

1N

15« .

Ohaerved Radiations in Amsricium Fractions

12-hour &otivity

Observed.

Assumed

 eounting Relative

relative efficiency = No. of

aotivity (porcent)  aevents
207 1 05 - 0-9
1.0 0.5 1.0
[+ Y- 2 0.6 0.4
8.3 100 0.2

AECD - 2185

50-hour activity

Observed

relative
activity

2,8

1.0

2.8

11.5

Assumed Relative
counting No. of

*{iisdensy _events

1.5 0.9
005 . 1.0
1.2 '0.95
100 0.06
/
%
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B. Belinm ion Bombardment.of Np

Samples of Np mre prepared and bombardments were carried out in
a mamner aulogouu to the methods of Section IV-A for deuteron bombardments
of Puz89 The nctivaﬁed samples . wero chem:loal_ly pmcefsed in the same way
and fractions similar to thoze iﬁ the previous part were obtained.
Avalysis of the rndiations from amerioimn samples roaultad in decay and abe
sorption data which provided ample ovidonce for the prescnce of 12-hour and
§0-hour sotivities wi.th the same nuolear propartiet 1 V) 'bai'ora. Tho posaibla

237

products of the helium lon bombnrapent of Hp ara just thoso expactod in

{
the deutaron bambardment of Pnzsg. since the same cqmponnd nwolens is form-

ed in each omse. ' )
In comparable bombardments, the relative yield of the 12-hour isotope
oom/pared %o the 50-~hour iso:bdpe wa:; somewhat higher for the oase gf helium
ions on szs?. The kinetic energy of the helium ions was raduosd from 38
Mev +o 32 Mev in one case with a consequent ohnnga in reltﬂ;i.vu yield.

33, deuteron experi~

These rasulis ana the oorresponding results from the Pu
ments are discuascd in Section IV-D.

¢. Helium 3on Bombardment of Pu

In the helium‘ion' bombardment of 2% ) 4o particle and slectro~
mgnatio mdin‘bions of the 50-hour activity could bo observed in the com-
bined merio@-cwim fraotion and in the americium fraotion after separa-~
-ﬁon of the americium and curium by means of their selec*bivo elution from
s resin (Dowex 50) adsorption colum with ammonium cltrate eolution. The
12-hour activity may well have been present initially but the time involved
in this ;aeparation"wts so long that none remained after the separation.

The formation of the.50-hour activity may ‘have been due to any or all of

the !'gll.oning meschanisms:

12-300~p18-bu , ‘
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(1) Deuteron contamination of the ion beam, Tl (d,8n) 2?8
@) P2® (a,pan)an??8
(3) M (a,5m) "8 _x | an*B

short ?
D. Iass Assignmenta.

The isotopes of americium discussed in the previaﬁs parts °j," this
section should, on the basis of thelr method of formmtion, have mass num- -, ’
bers in the range from 237 to 240. There ies no genotic relationship
batween the two as might have ‘been poasible aince the l2<hour aotivﬁy
ocould decay by isomerio transition. If the 50-hot§r activity wera produced
by deocay of the 12-hour 150#0130. the "logarithmio decay of the gammma
activity, shown in Fipure 12, would not be observed, but rathor the curve
would be convex due to the auperpositioh of a 12~hour growth component for
the 50~hour activity upon the decay of the 1nﬁ:ial independently formed
60=nour aotivity.
Neptunium and plutonium fractions were removed from portions of the
americlum fractions from the deuteron hombardment of Pu?SQ, after allowing - | .
time for the gro;:th of daughtar gcﬁvitics. The methods were sensitive
enough to have detected W 236

~

- daughter of the 12«hour alphs activity if the latter were due to Amz‘m.

(17 hour; -beta particle emission) as the

but it has not boen observed. The only other daughter isotope capable of
being formsd with sufficient yield to be detectsd as a result of growth
from the americium activities, is P> (on. 90 year; alpha particle
emiasion) if formed from Am238 by elesiron captur_o., ‘ﬁze aﬁmts of ti:ia
isotope expected from the n;ost radioactive samples of americium obtained
wers just on the 1limlt of dotection and positive evidence of its formation
is lacking. ‘

.A~quantiﬁt1va evaluation of relative yields.of differez;t‘ isotopes

as a function of bombardnient energy mey often give an idea of their mmse

12-300-pl9~bu ...
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assipnments espacially 1i‘ the maso number o,i‘ one of the isotopes is known.

In this case both are unknmm. Sinoce the half-nvaa ot‘ the isotopes are
different, the ealoulation must be based upon: an accurate knowledge of
the oyslotron ;beam intensity at each timo in the bombardment, if the
latter is longer than, or comparable to, the half-lives of the isotopes.
The beam in‘!:ensity may.\in gom3 'dases, vury widely» from time to timé, making
summation methods nascesszry. , S

The numbar of atoms of & given isotope forﬁed during & bombardment
interval is given by

- Ne Noﬁ’@ (1~ )'t') o

in whioh N is equal to 'bhe gqumber of atoms formed; Ny, the number of targ-et
atoms per unit araa; (J; the cross seotion for the reaction involvad; A M
the decay constan¥ of.‘ the .prodt'xot nucloué; C{’, the intensity of ineldent
particles; and &, the length of the bomberdment intsrval. If observations .
are made 2t a i:imc, t°, after the end of the bombardment interval the

- ~

squation must be modiffed: '

n- ’_59_.(1 ht)"’)‘tg

Now, the number of disintegrations of the produst nucleus, A, is related
to the number of atoms, N, by the constant of proportiomli‘!:'y, 3
| : A = AN

so thats
A = 5FR0 - &M

If a eiven bombardment be considered as = séries of intervals in esch of
which the intensity ie relatively consizn-b- .
gél'iq’ 1- -At ad\t,
where :t;°n is the time from the c;nd of each bombardment interval to the
end of the total bombardment (or to any other tims of observation desired).

It follows that the ratio of aotivities due to isotopss "a" and ™" is:

B B R . N ' B ~ . ';"F
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. O 300 _oonatn)e-bat'n = fa ¢
By, Ob Ifa(-ePE)TR G

i

Any observable quantity, A,°. whio’h is proportional to the true rate of

disintegrations through a constant, Xk, my be used in comparing the rela-
; h

tive oross sections for the two resctions, the only modification being

the introduction of & constant, K, into the observed ratios

Aa w kA's . fay and 1 Aaclky fa= g 0w
Ap  MpA% b YA'b ke Ob

By using the counting rates obaerved in the differential method
desoribed in Section IV-A, which are closelv related to the x-radiation
{a1

from each isotops, values of 8-—-———]-'3--1-19—“13 have been obtained for 19 Mev, .
uv 80 hour )

16 lov and 13 Mev deuteron bombardmnts of Pu 59, as well as {or 38 lev
and 32 Mev holium fon bombardments of Np237 (Table 2). The correspond~  {Table 2
ing values of Y then cnable the caloulation of K(la b.our) for each \

1

&0 hour
particle and energy to be mads,

From these data certain facts become apparent: (1) the yield of the
12-hour isotope inoremses relative to the 60-hour iso}:opo with decrease in
kinetic energy of the inoiqenj: particle, whether helium ions or dbutaroml
are oonaidered, (2) the variation in relative yvields ia not as g;'eat a8
is normally elxpectod for the remction {a,n) or {a,4n), compared to (x,%n)
or (a, 2n)(or, similarly, for the (d,n) or {d,4n) resctions; compﬁd to
the (4,%n) or (d,2n)), and (3) the ectual yield of 12-hour activity appsars:
to be greater than that of §0-hour activity, since X is probably not very J
far from unity and for 38 Yev helium lons the value of K ﬁ-%—g—’;-:% )
quite large. At 38 Mev the (as2n) and (a,3n) reactions are knowm to be
predominant (similarly, the (d,Zn) and (d,3n) remctions at 19 Mev), and
st 13-Mev the (d,4n) roaction is expected to have & very low yield. lass

assignments which ars entirely consistent with *bhe observad data are:

12-300-p21~bu
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Tebie 2

Realative Yields of Americium Activitiea
4n Charged Particle Bombardmentis

~

T / % A° 12 hour) K‘_}.lz hour
Projectile Kinetic Energy Y ’\A' §0 hoyr ] {750 nour
AY * ~ "
*; .
He S8 Mav 2.94 11.72 4.0 .
32 Yov | 8.74 21.80 5.8
d S~ 19 Mev 1.19 ° 0.95 0.8
16 Mov 2.4 2.67 1.1
13 lbv 2.83 5048 T 162

\ -

2=300-p22-bu
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(a) Amzas,,t‘or the 50-hour isotope mnd (b) An?>9

» for the 12-hour isotope.
Another fact emerging from the data of Table 2 is that the compound
nucleus in the hylium ion bombardment of szs‘z iz differant in some °

respoot from that formed in'the deuteron bombardment of Pu®’. If the

) expeqhad excitation energy is corrected for the diffarence in binding -

energies per particle in the helium nucleus and ths deutsron, the compound
nucleus formed in the 32 Msv helium ion bombardment should correspond
rather oclosely to that in the 19 "Mav deuteron bombardment. The reldtive
yielda in the two oases aie more different then any of fhose observed with
a vide variation in kinetic energy 6f elther par:i:icle: Thiz may be due in
part to large differeno;a in binding energy of the nucleons Sr differences
. in anpuler momentum of szm, relative tao Puzsg, and/or the failure of the
compound nuclo/i to achieve unifonﬁ distribution of the excitation energy. ,
) We wish to thank Professor J. G. lamilton, Mr. T. II. Putnam and
their esaocciates in the céoc]‘:er'Radi\ntion laboratory for th ir cooperation
in providing bombardments with the 60-inch cyclotron. " Mr. Albart Chiorso
~and ¥r. S. G. Thompson participated in many of the experiments. The
cooparation of the groups at the Clinton leboratories end the Hanford

Enrineer Works in making the neutron irradiations is also gratefully
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the Manhattan Faugineering District in Connestion with the !etallurgleal ’
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Fipure 1 . .

Ceﬂflose nitrate absorption curves for beta partigle activity due %
Pu ip the first (I) snd third (III) 120 mg.cm.”“ layers of a helium
jon bombarded uranium target.
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Firure 2, :
Aloha particle pulse analysis curve for AmZ‘ﬁ-and alpha particle energy
determination with Thzso(Io),_ A2l gng pp alvha particle standards.
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Ghmmu‘ Radiation
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Neptunium L x-radiation

AN

Qo -

Tl = 69-198mg.cm aluminum (composlté)l

=

100 |- —
50} . -
20| | p -

. | l 1 | .\ ] ) l
300 . 600 . 500 1200 1500
ADDED ALUMINUM - mg cm~2 :
Figure 3 -

Aluminum absorption curve for Am\z 4 e-lectrbmgﬁetic radiation. ,'

A - Observed absorption curve

B - Gamma radiation. .
C.- L x-radiation (neptunium).
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" Firure 4 24 ’
Copvoer absorptisn curve for Am 1 electromarnetic radiations.
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A -~ Observed absorphion curve.
B - Gamma radiation; (62 kev).
C - L x~radiation (neptunium).
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Firure 6 ’ =28 =
Decay curve obtaired for the americium fractic:..from neutrgn irrediated Am
A - Decay cf activity measursed throurh a 7 mg.cm.’?;aluminum filter.
B - Long-lived activity. - é42 ]
C - Decay of beta particles of Am“““(17 hour).
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Pigure 7 , . )
' Aluminum absogﬁian curvae fort the americium fractisn from neutron
irmdiated Am - - .

A - Observed absorption curve.
B =~ Componen+s due to lopg-lived aotivi"v
C - Beta particles of Amz 42
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Figure 8 .
Aluminum absorption curve obtained for beta 2ctivity in the neptunipm
fraction removed from neutron irradiated Am%*l after six months. The

3 solid 1ine-is the absorption curve for known Np23
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Figure 9 R

Absorption curves for the lcng—lzveé beta actL71ty of Am242. Counting

geometry -:10 percent.

A < Alum:num abéorptlon curve for beta and eleotromagnetio
radia*ions irn the americium fractlon of neutron irradiated

An?4l (after several months) .’ °
B - Electromagnetic comgzgents, dve larzely o
. C - Beta activity of Am“““(long-lived)..

Am241 .

D - Beryllium absorption curve for beta and electromaznetic

radiations in the americium fraction.
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decay ol beta and electromgsm
from deuteron borharded Pu®c™, measured
filter. . Counting geosmetry - 10 percent.
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A - Qhserved decsy.
B = 50 hour componente
¢ = 12 hour component.
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Fipure 11

Decay of low enerpy eleciromagnecbic raldiatisns in the americium fragtion
fror deuteron borbarded Fu®S?, Data was obtained as the difference
between the amount of activity passine throurh o 1500 mr.cm.™¢ beryllium
‘ filter and thatopassing throurh a combination of 1500fmr.cm.°2 beryllium
and 160 mr.cm.”“ lead filters. Counting peometry ~ 10 percent.

‘A - Observed decay: _ ' -

B « 50 hour component.”

C - 12 hour component. - ) ,
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- Figure 12 -~ - | g .- -
Decay of hard gamma radiation (5 geCma 2 Yead filter)in the americium
fraction from deuteron bombarded Pu239, Counting, gecmetry ~ 10 percent.
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Aluminum absorption curve for electromasnetic radiations due to the 50 hour
activity in the americium fraztion of deuteron bombarded Pu?39 (1500 xi:g.cm."2
beryllium filter to remove electrons). Counting geometry - 10 percent.

A - Observed absorption turve. .

B - Gamma end K x-radiations. ‘ .

L = L x=radiation .(curve drawn for plutoniur:; I x-rays).
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Figure 14 ’ N <
Lead absorption.curve for electrovna*netlc radistions due to 50 -hour activity
- in the ameéricium fraction fronm deuteron “bombsrded Pu?39 (1500 mg.cm.”

- beryllium filter). Counting peometry - 10 percant. i .
"A - Observed absorption curvs. I T
B = Gamma radiation. : Ca. T
' - c « K x-radiation (curve drawn for: plutonium K x-revs)
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Figure 15

Aluminum absorption curve for electron activity a saciated’
activity in the americium fraction »f deuteron heo sorded PuS
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+H the 50 hour

Electro=-

marnetic radiations have been subtracted. Counti » peometry - 10 peroente- -

T12-300-3000

e e et e



Ve - =38 . AECD - 2185
100 T | T T T T -7 T T T
B : 7 ) I
50h — — e o N
oA
- \ s

Ty =71- 231 mg cm 2 Aluminum (composite)
/ 2 . N .
- Plutonium L x -radiation R .4

> >

’ - t- =
Z 10 —_
- - - - ~
3]
< | 1 -
) | ) i
w -
> L AR
E - .
4 SF : - ]
w

e m 7 -
8 ) .

3 B
( + ~
2 ) - . ' 1
\ ) ’ ) . "
I -
' . . i . ; » a—
. B i - ; T
. // . - 5 ‘,
- M| i 1 | ! | 1 L1
o~ 200 o~ ~400 - 600 . 800 1000 ;
T ADDED ALUMINUM - mg, cm -2 &

- Flr re 18 ¢ 1
Aluminum absorntlon curve for P"cci-romarn”.o radiatlans due, +o 12 hour
activity in-the americium fraction from deuteron bombarded Pu (1500 'ng-cm-
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Pipure 17 :

Lead absorption curve for electromagnetic radintions due %o 12 hour_%ctivity

in the americium fraction from deuteron bombar:ed Pu239(1500 me.cme

berylliﬁ

filter)s Counting geometry-10 percent.

" A. - Absorption curve obtained by subtraction of 50 hour components.
Be-’Gamma radiation. -

Ce~ K x~radiation (curve drawn for plu%. 1ium K x-rays). .
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Aluminum absorption curve for electron acfivity associated g%;h 12 hour
activity in the americium fraction of deuteron bombarded Pu Fifty .
hour electron activity and all electromagnetic radiations have been -
_subtracted. Countinr yeometry/- 10 percent. . -
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