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PARAMAGNETIC SUSCEPTIBILITIES AND ELECTRONIC STRUCTURES

OF AQUEOUS CATIONS OF ELEMENTS 92 70795 .. . -
o) e ‘

Tra et

Jerome J. Howland and Melvin>Cal§iﬁ‘>

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, Celifornia

ABSTRACT

Marnetic susceptibilities per gram atomic weight of elements 92 to
95 in most of their oxidation states were measured at 20°C. on 0.1 ml of
solution which was 0.005 to 0.09 M in heavy element. The values obtained
(all raramac~netic) in e.m.u. x 108 ware: U(1Iv), 3690; Np(VI), 2060; Np(V),
4120; Np(IV), 4000; Pu(IV), 1610; Pu(III), 370; Am(III), 720.

The results could be interpreted only on the basis of electronic con-
figurations 5fn, even though susceptibilities were generally lower than
the theoretical values and lower than experimental values for corresponding
lanthanide 4fn cations. The lower values should be expected as a result
of the Stark effect produced by electric fields of anions and of water
dipoles. Failure of the Russell-Saunders approximation to the coupling
between electrons may account for some of the error in the theoretical
calculations. Wider multiplet splitting in the actinides accounts for
the fact that the susceptibilities of Pu(III) and Am(III) are many-fold

lower than those of Sm(III) and Eu(III) respectively.
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Jerome J. Howland and Melvin Calvin

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

Chemical and physical proverties and theoretical calculations have
indicated that elements of about Z = 90 and higher constitute a series in
which the 5f orbitals are filled as Z incresses. These heavy elements
have been called actinides in analogy to the name lanthanides for the
rare earth elements(Z). It was of interest to determine whether corres-
ponding aqueous cations of actinide and lanthanide elements have the same
outer electronic configurations even though the actinide concept might not
require that they be identical.

If an atom has its electrons in question (i.e., those in addition to
the inert gas structure) in imner orbitals, the electrons mav be electro-
statically shielded from neirhborine atoms to the extent that the magnetic
susceptibility of a solution of such atoms can be deduced from quantum
numbers of the rround state of the electronic configuration. Sometimes
the converse, deduction of eround state guantum numbers from the suscep-
tibility, will yield & unique answer. The method was successful for the
lanthanide tripositive ions which have as outer confisurations 4f1-l45825p6.

Susceptibilities of U(IV) and U(III) solutions were reported by

(3)

Lawrence . Solid uranium compounds have been studied by numerous inves-
tipators(4). At room temperature the susceptibility of U(IV) solutions
and salts approximates the theoretical value derived from the spin magnetic

moment of atoms with two unpaired electrons. Since this tyvpe of camlculation

was successful in accounting for the susceptibility of the first row transi-
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tion element ions which have partially filled 3d electron orbitals, the
observed susceptibility of U(IV) was usually interpreted as evidence for
a Sdz electron configuration. This deduction was inconsistent with the
fact that the observed susceptibilities of cations of heavier transition
elements (those with partially filled 4d or 5d orbitals) are generally
many-fold smaller than the "spin only" calculations, and later studies of
general properties of U, Np and Pu made 6d configurations improbable.

(5)

Hytchison and Elliott have interpreted their recent measurements on
uranium(IV) susceptibilities on the basis of a 5f2 structure.

Shortly after plutonium became available, the susceptibilities of dilute
(6)

Pu(VvI), Pu(V), Pu(IV), and Pu(III) solutions were measured with the ex-

pectation that they might closely parallel those of Pr(III) through Sm(III)
if the actinide element ions also had f" electronic configurations. The
measurement of Pu(V) was very crude because of the instability of that
state(7). For the other three plutonium oxidation states there was no
close arreement with expectations of particular electronic structures.
lore actinide elements which exist in one or more oxidation states could be
used in the present study. Since the alpha activity of the available iso-
tope of curium would rapidlv decompose the water of its aqueous solution,
experiments with this material were not attempted.
Experimental

Magnetic susceptibility measurements were made on O.1 ml samples which
were of the order of 0.0l M in heavy element by use of a bifilar suspension
method developed from one described by Theorell(s). A divided glass capil-
lary was suspended as shown in Fig. 1. A solution was in the left compart-
ment; distilled water was in the right. The capillary moved a distance of

the order of O.1 cm when the current through the magnet coils was 40 amps.



UCRL~206
(Revised)
Page 6
(Field strength directly between the pole faces was about 17,000 Gauss. )
The horizontal force, F, on the capillary very nearly equals wD/L
where w is the weight of the capillary, L is the fiber length, and D is
the horizontal displacement which was observed in a microscope equipped
with a traveling cross hair. One scale division on the knob corresponds
to a distance of 8 x 10_5 cm or to a force of 6 x 10_7 granm if the load
is a 0.5 gram capillary.
Bach solution was measured several times at magnet coil currents of

20, 30 and 40 amps. in order to establish that susceptibilities were always

independent of field streneth.

The molar susceptibility,fx,, of a substance equals Im/H where Im is
the magnetic moment of a gram atomic weicht of the bulk material and H is
the magnetic field stren~th. The total force actine on a long cylinder of
solution with cross section A and whose axis passes through an inhomogeneous
field is

2 2
wD/L = F = XMA (K, - H")/2000 (1)

where M is the molar concentration and H, and H2 are the field strengths on

1
the ends of the solution.
Equation (1) would hold only for a homogeneous cylindrical sample; it

was used for roush estimetion of the field strength H, from the displacements

2
of nickel chloride solutions. Susceptibilities of other substances were
calculated on the assumption that the displacement was proportional to
)(g{if w, &, H1 and H2 were held constant. The displacement was measured
for each actinide element solution in the same compartment and at the same
magnet coil current (0.2 amps.) as was done for a standard nickel chloride

solution. Correction for diamegnetism of the solvent and of the anions

and for non-uniformity of the capillary was made bv subtraction of an
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experimentally determined displacement. If the molar susceptibility of

(9)

-6
nickel chloride at ZOOC is taken as 4436 x 10 CeZeSe -BeMels , then

for any cation

A= 4436 x 1076

D! MNiClz/(M D'Nic12) (2)
where D' is the displacement af'ter application of the correction.

The U(IV) solution was prepared by dissolution of weighed, distilled
UCl4 in oxygen-free hydrochloric acid solution. The last% step in the pre-
paration of the neptunium, plutonium, and americium solutions was dissolu-
tion of a hydroxide which had been precipitated with ammonium hydroxide.
The plutonium concentrations were based on a weighing. The neptunium
and emericium solutions were assayed by measurement of the rate of alpha
particle emission of a small aliquot. The specific activities in
counts/min./ug. were taken as 790 for Np(lo) and 3.36 x 1O6 for
Am(ll) if a thin sample is mounted on platinum and a counter reometry of
"50%" is used(lz). These values are said to be probably better than :5%.
If better specific activities are reported at a later date, the magnetic
susceptibilities should be corrected proportionately. The quantity of
neptunium or plutonium which was not in the desired oxidation state was
shown to be less than 1% by measurement of the characteristic optical

(13)

absorption maxima on a Beckman spectrophotometer.

The 0.0SSZO'M nickel chloride solution which served as magnetic standard
was prepared by dissolution of 0.2301 g. of nickel rod (Johnson Matthey and
Co., 99.97/% Ni) in 5 ml of refluxin~ 10 M HCl. After the solution had been
diluted to 100.0 ml, the excess HCl concentration was found to be O.SSO'g.

Althourh the measured displacements were reproducible to about one scale
divisioén, the uncertainty in the molar susceptibilities is about 25 or

-6 . . :
30 x 10 ~ units, whichever is larger, because of the inaccuracy in deter-

mination of actinide element concentration and because of the presence in
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the solutions of an unknown amount of diamagnetic arronium ion. The
large nepative displacements listed for some examples of solvent only in
the rear compartment are due to non-uniformity of the glass capillary.
These large nepative subtractions do not increase the percent error if the
gross displacement of the actinide solution is positive.

Results and Interpretation

Some tvpical date are given in Table I. In Fiz. 2 experimental Xof
the actinide element cations are compared with simple theoretical ;KJ
for +the assumed ground quantum states of the electronic configurations 5
and an_16d. The experimental "X follow the )% for configurations £
to a significant degree, though not as closely as had been found for most of
the lanthanide cations(l4). The susceptibility of Am(III) is much higher
than the theoretical value of zero, but that is also true of the corres-
ponding lanthanide ion, Eu(III). It will be discussed in a later section
of this paper. The susceptibilities of the cations are, of course, dependent
upon the anion to a secondary degree(s).

The pground states of the cations Np(VI), Np(V), Np(IV), Pu(IV), Pu(III),
and Am(III) were concluded to be those on which the theoretical curve B
was based, i.e., ZFS/Q’ 3H4, 419/2, 514, 6H57?, and 7Fo respectively as n
is 1 throurh 6.

While the atomic quantum numbers of a state may be those which are ex-
pected for & definite configuration, fn, the state can belong partly to
another configuration of the same parity(ls). Susceptibility measurements
can show only that the sround state has certain L, S, and J quantum numbers;
identification of the state with a configuration is a useful approximate
concept. To the extent that quantum stetes of complicated atoms can be

attributed to a single electronic configuration, the known aqueous cations

of uranium and higher elements must have as the outer part of their ground
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confirurations, 5fn6s26p6 (n 5f clectrons which are more or less inside
the confipuration for the inert gas element 86).
Approximate Nature of Theoretical Calculations
The factors which account for the limited accuracy of our theoretical
calculations should be mentiéned. Quantum statistically the susceptibility
is given by the relation(ls)
<. ;E _ fé, zggwi/SH exp (4Wi/kT) 3)

TS exp (W /)

where No is Avogadro's number and the summations are over.-all quantum

states of energies Wﬁ. If the energy levels are simply those resulting
from the Zeeman splitting of an isolated (on the energy scale) state of a
free atom, their energies might be mssumed to be

0
vo-W" = (4)
¥ ; He M

1
where B = eh/@ﬂmc and M = J, J-1, --« -J. Since 2HgBJ<<kT(4)

equation (3)
yields

N = Ngzsz(J + 1)/Bkr(17) (5)

If the angular momenta of the several electrons are coupled according to
the Russell-Saunders scheme (LS coupling)
g = 89(J+ 1)+ 8(S+1) - L(L+1))/20(0+ 1) (6)

Equations (5) and (6) were used to calculate the theoretical points of
FPip. 2. The ground state of a configuration was assumed by spplication of
Hund's rules. The limited agreement of theoretical and experimental sus-
ceptibilities indicates that each varamegnetic atom interacts with other
surrounding atoms as well as with the external magnetic field. Since most
of the surrounding atoms are diamagnetic, the interaction is probably elec-
trostatic in nature.

Penny and Schlapp attempted to caleculate the effect of crystal eleoctric
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fields on the magnetic susceptibility of iron group compounds and rare

(18,19)

earth salts Qualitatively it is a Stark snlitting which is of

the order of kT whereas the Zeeman splitting is small compared to kT.

(20)

Llthough the calculations are not perfected , it is clear that the

summation (3) can be much smaller than its evaluation by equation (5).
Similarly in solutions the electric fields of neighbor anions and water
dipoles will lower the magnetic susceptibility of an actinide element cation
compared to its corresponding lanthanide ion since the 5f electrons of
the former should be ocutside the valence shell more often than are the 4fF
electrons in the latter. Since Np(VI) is essentially a one-electron case,
the complications to be mentioned later cannot be important, and the 257%
lowering of the susceptibility from the theoretical ﬁKJ must be due to the
Stark splitting. It may be assumed that the Stark effect is the most impor-
tant single complication tending to lower the susceptibility of all the acti-
nide element cations.

Ground quantum states of the 4fn confipurations were deduced by Hund(l4)
from rules which are correct for atoms of small Z in which case it is a
good approximation to derive atomic states from the states of individual
electrons by means of the LS or Kussell-Saunders coupling model (vanishingly
weak spin-orbit interaction). In the spectra of gaseous uranium(ZI’zz)the
multiplet splitting is wider than the separation of the centers of gravity
of LS states. By definition this is strong spin-orbit interaction. The
experimental g's of low lving states of the 5f‘56d7s2 configuration of
uranium are fairly close to €rg’ however.

It is interesting to see what happens to the energy levels as the
spin-orbit interaction increases and the interelectronic interaction
approaches the limiting case of jj coupling. Column 2 of Table III lists

some states which should lie very low in the confierurations 5fl-6. The
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' 2 3
state listed first lies deepest according to Hund's rules. For 5f°, 5f,

and 5f4 the state listed second was selected because it belongs both to the
next group according to LS coupling and to the lowest group of jj coupling
states. The ground state of 5f5 or of 5f6 becomes more isolated as jj
coupling is approached. In the case of 5f6 the two lowest multiplets of
7F were selected because the spacing between J = 0 and J = 1 would be only
1/21 of the total multiplet splittineg according to the Lande” interval rule.
The relative importance of the probably second lowest states is not known

7
at the present time except that F, must be significantly populated in

1
Am(III) at 20°C.
Theoretical,IfJ's for each ground state of the 507 configurations
were calculated for both coupling approximations, and the two results di-
verge as n increases from 2 to 5. Since the two ?XJ'S differ directly
as gLSZ and gjjz differ, the experimental X of Pu(III), the example of
5f5 6H5/2, shows unambiguously that g is much nearer to gLS than to gjj'
This is consistent with previously mentioned results for the gaseous
uranium atom.
Equation (5) depends on the validity of equation (4) for the Zeeman
splitting. For each low energy state of Sm(III) and Bu(III) it was nocessar§23)
to use a more complete equation for ?(J which had been derived by Van

(15)

Vieck from considerations equivalent to taking the Zeeman splitting
to the second order terms in H. He obtained equation (5) with the following
added on the right:

ng? [ rJ) I+ 1) ) (50)

52T + 1) };h-y(J -TJ) BATA L 9§
where £(J) = [(S+ 1+ 1% - 2] [B%- (5 - s

For sufficiently large hy~'s this addition is neslirible except that when

. extremely
S and L are large and J is small the f/h 1 terms are/large. f% the examples
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Pu(III) and Am(III) the susceptibilities are greater than theoretical

X ;'s for 6H5/2 and 7FO as obtained with equation (5). The £/hv terms
must be sipnificant for low lying states of both cations. While the
7F1 state must be well populated in Am(III), it is much less so than in
Bu(III) where the multiplet splitting is narrower. Thus the same discre-
pancies with simplest theory that were important in Sm(III) and in Bu(III)
can be detected in Pu(III) and Am(III). The analogy is shown clearly in
Fig. 3 where experimental susceptibilities of lanthanide and actinide
element cations are compared directly.
Acknowledgement
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Teble I
Typical Data; Displacements of Capillary

for 40 Ampere Magnet Coil Current

Material in Displacement Suscept. 6
Rear Compart. D D! e.m.u. x 10
0.36 M HC1 -030 a

0.0392 M NiCl2 in 0.36 M HC1 +991 1021 4436

"0.50 M HC1 - -030

0.0600 .I\_d. Pu(III) in 0.5 MCl +099 129 370

0.50 M HZSO _ -089

0.0507 M*PutIV) in 0.5 M HSO, +389 478 1610

BMagnetic standard, ref. 9.
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Table II
Molar Susceptibilities of Actinide Element Cstions

at 20°C in Aqueous Solution

Cation Anion Cation Suscept.
in Solution in Solution e.m.u. x 10
U(Iv) 0.5 M C1” 3690”

Np (V1) 0.5 M HSO," 2060

Np(V) 0.2 1f €1 4120"
Np(1IV) 0.2 M Hso4' 4000°
Pu(IV) 0.5 1 Hso4' 1610
Pu(11I) 0.5 M C1™ 370
Am(I11) 0.5 M NOS- 720

®For Pu(VI) (same number of electrons as U(IV) and
Np(V)) susceptibility is 3540 x 106, ref. 6.

Phor U(I11) (same number of electrons as Np(IV)),
susceptibility is 4340 x 106, ref. 3.



Table III

UCRL~-206
(Revised)
Page 15

Theoretical Susceptibilities of Possible Low Energy

States of Actinide Ions

Assumed Possible Theor. X _'s Theor. X.'s
Elect. Low Znergy LS Coupl. Jj Coupl.
Config. States 20°¢C 20° ¢
1 2
bf FS/? 2730 2730
2 3 3
5f H4; FZ 5420; 1130 6210; 1870
55 4 % 55405 1210 76805 2730
9/2° 75/2 ’ ’
5f4 514; 5G2 3040; 280 6210; 1870
5 6
534 HQ/Z 200 2730
5f6 7FO; 7Fl 0; 1500 0; 1900
5f64d 3H4; 3G3 5420; 2860
2 4 4
5f 64 Kll/z, 19/? 8950; 5540
3 5 5
5f 64 LS’ Ks 9070; 5670
4 6 6
5f 64 Lll/?’ Ké/% 5730; 3130
5f56d 7K H 7I 1350; 320
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Fig. l.--Apparatus for measurement of magnetic susceptibility: 4,
plass fibers, 0,005 x 140 cm; B, glass capillary, 0.2 x 16 cm; C, magnet

pole faces, 2.5 em diam.; D, mirror and microscope; E, magnet pole pieces,

15 cm diam.

Fig. 2.~-Comparison at 20°C of megnetic susceptibilities of actinide
element cations with theoretical susceptibilities: A, experimental; B,
theoretical for ground states of an; C, theoretical for ground states of

55 Leq.

Fip, 3.-~Comparison of experimental mapnctic susceptibilities of lan-
thanide and actinide element cations at 20°C. The values for the lanthanides
were calculated from some of the "cffective magnetic moments" compiled by

Yost, Russell and Garner (The Rare Earth Elements and Their Compounds,

Wiley, New York, 1947, p. 14.). The point for 61(III) is from the theoreti-

cal calculation by Van Vleck and Frank (See ref. 23).
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B
SGLE EXCITATION FUNCTIONS OF BISMUTH
Bo L. Kolly end Es Segrs

Radiation Laboratory, Depertment of Physics
University of Californis, Berkeley, California

November 10, 1948

Bismuth has long been a favorite element for excitation function work. This
is due in part %o the fact that bismuth has & single steble isotope, is abundent, end is
easily eveporated to form thin uniform films. Also many of the products of bismuth bom-
barded with deuterons or alphas are alpha-active which is convenient for determination
of absolute counting rates, ‘Early investigatorscl)(z)(z) in this field had availeble
deuterons up to 9 Mev emergy. In later work deutsrons up to 14 Mev(4) and alphas up to
28 Mev energy(s) were usede In spite of the excellence of the work that already had been
done in bismuth the availability of the 19 Mev deuteron beem and the 38 lisv alpha beam
of the 60" Crocker Radiation Laboratory cyclotron made further work seem worth while. The
method used in the present work 1s the well known stacked foil technique with some improve-
ment in the definition of the energy and the meésurement of the besam currents A stack
of eluminun foils, each heving a thin film of eveporated bismuth on one side, was exposed
to the collimated beam of the Crocker 60" cyclotron. The stack was not thick enough %o
stop the beem which was caught in a Faraday cﬁpgramplifiedg and fed into & recording
milliameter. The mean range of the oyclotronwpeam was found by determining the eamount
of aluminum ebsorber required to reduce the begm“intensity to one halfs The activity
induced in the bismuth films was counted by means of a parallel plate ionization chember .
Figo 1 gives a schemetic diagram of the apparatus used for the bombardments. Tables I
end II end Figso 4 and 5 give the final results, i.e., the cross sections for the wvarious

processos &s a function of the energy of the bomberding deuteron or alphas particle.
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Experimenteal Details

The aluminum foll used &s backing for the evaporated hismuth and for the energy
determination absorbers, wes punched on a die whose ares was accurately msasured. The
dimensions of several foils were elso measured with s traveling wmicrvsccpes. The areas
of the verious foils agresd to better than 3 narts in & thousand. Each backing foil.
which was 0,001 inches thick, was thoroughly cleansed in CCl4 end sbsolute slcohol, and
weighed on &n assay balance to the closest 0.0l mg., Mext, the foils were placed in =
high vacuum chember and bismuth evaporated onto them to the desired thickness. (lost
runs were made with 1 to 1.5 mg/cm'z of bismuth). The foils wers then rewcighed and the
thickness of bismuth determined with an estimated asccuracy of 1 part in 200 or betler.

The raw beam of the 60" Crocker cyclotron hed enough inhomogenity in energy so
thet « better definition of +the energy was required. - This weas obtained with & collimetion
system which consisted of the Jeflector chennel of the cyclotron and the 1/8 inch slit
shown in Figs. lo Due to the magnetic field of the cyclotron this collimation system served
as & velocity sslector producing & beem of very homogensous energy. Tests of energy versus
deflector voltage shoved a dependence of 0.04 lev per kilovolt onn the deflector. 1In
practice the deflector voltage was held constant to 2 kilovolts for the entire run. Since
this collimation reduced the primary beam intensity by & fector of aornroximately one
€ 7

- -5 - ~ \=3 < .
hundred (from 107 - 107° to 10 - 1077 amp) a sensitive beam current intesrator was

“? hd a8 2 3
necessarye. The current to the Farsday cup of Fige 1 (107 to 107° amp) was amplified to
1 wmilliempere by a melified version of ths current emplifisr described by Uanoé(e)g and
rocorded on en Esterline Angus recording milliesmeter. The integratsed bheam current was

found by planimetering ths erec under the trace. The trace of sach run was planimetered

by two people and the eoreement wes 1 pert in 200 or betture Aliowonce wes made for the
seouliar form of the Lsterlins Ansus trace.

The renge oi the collimated boam was determined in a menner similar to that

o a el S 7 \ . . : . S ) \ .
gsaribed by Uilson< ). The 7oil whesl shown in Fig. 1 contsined aluminum absorvers

jor)

iiffering in thickness by cepproximatsly 1 mg em™2. Beach of thesc absorbers in turn was

<

Q
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placed in the path of the beem while the amount of beam current stopped and the emount
transmitted were determined simulteneously by current amplifiers(6)o This gave the

fraction of the total beam current transmitted for various thicknessss of aluminum absorb-

er. From this data the mean beam range was at once determined, The position of the foil

~wheel could be changed by remote control and since the stacked bismuth foils were contein-

ed in the wheel it was possible to determine the beam range, bombard the stacked bismuth
foils, and redetermine the heam range without turning off the cyclotron. The range data
for a typical run are pletted in Fig. 2. It will be noted that there was little change
in the besm range during the run. The straggling of l.l percent comparss faverably with
the theoretical minimum of 0.9 percent given by Livingston esnd Bethe(8>o The range in
aluminum was converted to energy using the table of Smith(g)o

The activity induced in the bismuth films wes féllowed by counting esach sample
ir a paralisl plete ionization chamber having a depth of 1.5 cm. and filled with argon
at a pressure of 1.7 atmospheres. The pulses from electron collection in the eﬁamber were
fed intc a pre-amplifier end then into an emplifier whose time of rise was 0.2 microseconds.
The emplified pulses were discriminated and counted on & 256 scaling cirsult and mechenical
register., The counter was checked ageinst a standard alphe-particle source { a thin urani-
um semple electro deposited on platinum) at the beginning and end of eéch counting period;
end was found to remain constant to one percent over the entire period of 2 years during
which these studies were made. The background wes 1 to 2 counts per minute. The counting
rate of the uranium alpha standard as & function of discriminetor bies is shown in Fig. 3.
The counting efficiency at the operating biaes of 14 has been teken te bs 0.50. This
round number tekes into account the absorption in the semple itself snd the back scatter-
ing from support,

The possibility of error in the beam current measurements due to gas ionization
or secondary electron emmission was investigated, The space around the Faraday cup and

the foil wheel was connected to the cyclotron tenk during normal operation as shown in
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Fige. 1o Since the pumping speed of the opening of the defining slits was small, a leak
in this region could cause a substential increase in pressure with a resulting increase
in gas ionizetion elong the path of the beam between the slits and the Faradey cup. Any
selective collection of these gas ions would of course introduce an error. To test this
effect, the pressure in the region of the Faraday cup wes gradually increased until the
cyclotron tank pressure showsd a 50 percont increaseo. At this juncture the pressure in
the region of the Faradey cup was approximetely 10 microns of mercury but no evidence
of gas ionization was observed on the beem current meters. Since in normal operation
no observeble change in cyclotron tank pressure wes produced by our apparatus this source
of error must be ruled out. The effect of possible.secondary emission of electrons is
also ruled out, The fringing magnetic field of the cyclotron is 2500 gauss in the region
where the Faraday cup was located. The resulting curvature in the path of any secondary
electron formed by the beam striking the bottom of the Faraday cup would be more then

sufficient to prevent the escape of the electrone

Bi (a,2n) and Bi (a,3n) Excitation Functions

At bombarding alpha energies below 29 Mev the only alpha-particle activity
shserved in the bombarded bismuth was that of At21l, which hes & half-life of 7.5 hro
At higher bombarding alpha energies another alphe-sctivity was observed after the 7.5 hr
activity had died out. This was found to be due to Po?10, No other alphe~activity was
detected, This made the separstion of activities extremely simple. An alpha count 5 or
6 days after bombardment geve only the Po210 gctivity; correcting this for decey end
subtracting from a count mede soon after bombardment we obtained ﬁha scbivity dge to
At2ll) which could then easily be extrapolated back to the time of the end of bombardment.
This method of separabing the sctivities wes quick snd accurate®*. The guestion immediately
arose, however, as to the origin of the P021O° Careful investigation, which will be
~ discussed in detail later, showed that the P021O ceme from the Bi(ag,3n) reaction producing

#This method neglects the 8.3 hr helf-life for formation of the Po2iC mentioned below,
but the resulting error introduced was found to be negligible in all cesé€se
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At whish in turn decays to Po210 by orbital electron capture, with a half life of

803 hreo Thus the At210 which had no elphe-sctivity decayed to en alpha emitter which wes
readily counted on an sbsolute scale. The results of three runs were enalyzed in this
way and reduced to absolute cross section versus energy of the bombarding alphas. One
run wes mede with bismuth films of 0.3 mg cm™2, one with lo5 mg em=2, and one with 2,0
mg em*%. When the results of these runs were first compared to a dispsersion of a few
percent was found, which was felt to be outside the experimental error. After thorough
checking, this dispersion was tentatively laid %o the inaccuracy in the stopping power
ratio of bismuth to aluminum, which hed been extrapolated from the value for gold given
by Bethe(8>o A subsequent experimental determination of this stopping power ratio re-

moved the spparent dispersion. The results of the three runs are shown in Fig. 4 end

Teble Io

Bi (d,p), Bi (d,n), and Bi (d,3n) Excitation Functions

The activities resulting from deuterons on bismuth are more difficult to separate
than those from alphas on bismuth, Early work has established the produ@ﬁion of ReE and
Pe?1® from the Bi (d,p) and Bi (d,n) reactions. Recent work(lo) shows rather conclusively
that the Bi ({d,2n) reaction is not observed and that the only aloha-activity at these
ensrgies, other than that due to the Bi (d,n) and Bi (d,p) reactions, is due to the Bi
(d4,3n) reaction which results in Po?08 with a half-life of about 3 yearse This is in
sgreement with the results of twe deuteron on bismuth runs made by the authors,

208

For the separation of the Po10 with a 140 day half-life, the Po*"° with a 3

year half-life, and the ReBE, which goes by S=-day-P-decey to Poglo

> the following procedure
was adopted*o Each semple was alpha-counted as soon as possible after bombardment and
daily for a week; each sample was counted again after 2 months when all of the 5 day

RaE hed decaysd into Po?l0, and thereafter once every 3 months for a year. In ordsr to

detormine the Po<08 helf-life, ten semples were analyzed by trial and error into 140 day

¥I% is not practical to use the difference in energy between the alphas of PcR08 ang po?l0
to aistinguish between the two because the difference is too small (50298«5014 Mev)o
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Po°i0 and Po?08, such thet when the Polll activity wes subtracted, the resulting activity
fell on a straight line on semilog paper. The slope of thisg line gave the Poc08 paif-1ife.
The result was 300 & U2 ysars where the error given is based on internal consistency

ornlye. Bach bombardsd seunls was then esnalyzed by the sems msthod oxcept that the result-
ing zetivity after Fofl0 guitruotion wes reoulred to fit o straisbit line with a slope

J&

serresponding to a halt-life of 5.0 vears. This yielded the Fo~¥“ uctivity, which was

che tims o1 tho end of bombardment, and the total PoflO sebivity

)

Jitol was else extrapolited touk to the time of the end of bombardment. Subtracting the

catrapolated Po208 from the setivity meesured immedistely after bombardment gave the PoZl0
due to the Bi (d,n) rsaction. From the extrapolated total PollU sotivity and the Polil
activity dus to the Bi (d,n) reasction, the amount of ReE was found. The emount of ReE

was also found by the growth of the total alpha~activity in the first week after bomberd-
meinte  IThess two deborulnutions of Rel sgreod within ons vercent. The results of two

runs of deuterons on biswuth reduced to absolute cross section versus ensrgy of the bom-

barding dsuborons ars shown in Fige 5 and Table ITl.

fstetine2 1l

csmuth bomberded with slpha pearticles of 37 lev enerpy yields the 7.5 hr alpha=
sctivity ol ﬁtgllg and tho 140 duay elghe-octivity of Pole9 &5 wis montioned above; in
sddition, tnure is en swsily alstinpuisheable gamme-ray cotiviiy. The Po2il alpha-activity
was found to deereess with decrsasing energy of the bomberding elphes, disappearing with

alphe anorciss below 29 liev (svs Five 4)e The ramma~ectivity likewise disaopsared with

D

-y

\: "o . ~ oy P ; - L L
bombarding «lpha ensryies below 29 llbve The gemma-activity wes found to follow ths i bl

vity uuagtitaetivelr through & chenicsl sepsrebion and threupgh s vecuum distil-

)

e BT

- - o 5 i iy . . T .
Coo e o to & oold olatinum pift@‘ll}o In the separatsd resteving fraction Po2i0 alpho-

siter the relutively short lived atell whlpbieeaobivity had dee

T
-
s
[
=
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a3bivity could be

. P ¥ Ty oy oy o P - o e A N L are I ; - : . [P R
govod oute These rasults gug posted thet Fo L0 wes rormed ns s guoey nrod

s e ear
& NOW

isotore of sstatine, probably by cepture of en orbital electron of At210 which had been

farmed bv an {(0,3n) re.clion »n bisnubthe
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In order to study ihs tion of the Po?l0 more carclully & G=M counter was

constructed heving ean optimum X-ray counting efficlency in the rugion of the K X-rays of

poloniume This countor wes &« Chicege tvpe, having o cylindricsl aluminum wall 0.25 mm
thick lined with tin foil U.U0& wn thicke The counter was filled with argon plus 10 percent
of alecohol to o pressurs of 10 om of mercury.

Tve sanples of astetine ware studied with this G-l counter and with the alphe-
sounteér. Sample A wes propsred Ly bombarding thin bismuth with slphas of 25 Mev energy

z2i1d then extracting the estibine by a vacuum distillebion over tu a cold platinum plate;

sagmple B wes prepered in the sans way oxcept thet the bom'ardins elphas had an energy of

-

27 Mov rether than 25 ove Lhss b anneeray of 1.0 Mev

rption in lead indicated
B but was not present in Sample A, w3 is shown in FPig..6.

decay with a half-1life of 843 hours. Absorption in sluminum

i B ~ - v 5
ware in all orobhehali-

showed thit some Uol isv elecirons sccompenied the gemma-rays; ti
v conversion electrons of the 1.0 lev pemma-rays. Absorption in platinum and tungsten
rovealed thet both saaplss emitted X-ravs showineg the absorption propoerties %o be expectod

1

for the h liuse of woloniume. The ratio of the K X-ray counting -cte to the alpha counting

D

reto was 10 to 14 tiscs ss 1 rre in seanple B as in sample Ao

wus 7e5 hours; im ssaple B the half-life of the W X-wsys wes slightly

Lourse FotiY g found in suaple § bub not in semple A, Clearly sampls B

ting, most if not =21l of which decayed into Polll with the

containsd & new lsoborne of

-

4 SEIIR G S % o e - . g Z1C o
ite Jdecay by oruitel olectron capture to Po< LU being

) . . . ) ) bt . . ,
chivg establishsd, the guuatlon arisss as to whether sll tae Pocd) found 1n our alpha

pnbirduonty was orodooad Uirenot the Jhety of AGRLD or whothsr omo Poraed directly
by 7y {gfut) rowistiie This oucsiion could be seittlsd in soew ‘ayse  1n? method we
¢ osu consintad, In colncinie, fn aividinge a thin bowmbarded bi £ inte two egual
L ting Ll o4 dae from oone port immadistuly @ Ulor cowmbordaent. A

- e e T e g e ducd i e 3 S R N N T A I b 3 ferr o T . .
[EF5 1 S IR R aotivity o waen Ioith end ware roil voaasborninosd by oal oha count-
- W o & b 2
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ing each sample. If all the Po?10 formed is a daughter of At210 the unextracted sample
and the extracted astatine sample must esach have the same ectivity. On the other haend
if some of the Pofl0 is formed directly at bombardment then the unextracted semple must
have a greater activity than the extracted estatine sample.

In prectice this procedure requires enough time so that an extrapolation must
be made back to the time of the middle of the bombardment. In order tc make this extra-
polation the procedurs was repeated allowing verious time intervals between the bombard-
ment end the astatine extraction. To eliminate the effect of unegual division of the
bombarded bismuth foil and variation of the extraction yield, the emount of At2ll alphe-
activity in each sample was used for normalization. The ratio of the Po?10 resulting
from the decay of the extrected astatino to the totel Po?10 rormed plotted as a function
of extraction time is shown in Figo 7o The decay is seen to agres quite well with the
8.3 hour half-life found for the gamme-rays. The zero time intercept (the time of the
middle of the bombardment) shows thet within the experimental error all the Po210 yas
formed by the decay of the 2210,

Clearly the results shown in Fig. 7 are valid only if the astatine extractions
are free from polonium contemination. For this reason the extraction progess(ll) employed
here will be described briefly. When an slphes bombarded sample of bismuth on aluminum
is heated in the prusence of silver in an evecuated glass vessel the astatine vapor is
selectively edsorbed by the silver., Careful tests have shown that after 10 minutes at
310°C, more than 85 porcent of the astatine alpha activity was collected on the silver
foil. Under the same conditions, using a bombarded bismuth sample from which all the
astatine had decayved out, only 0,07 perceﬁt of the polonium elpha~activity present in
the bismuth appeared on the silver foil. For this estatine separation method neither
the temperature nor the heating time was very critical; however the bismuth hed to be
molted (273°C, or morc), and the pelonium conteminetion increased slowly with increesing
temperaturs.

If' there were any apprecieble alpha-branching in the dscay of AtZi0 g5 there
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is in At%ll one should see evidence of this alphe~activity and evidence of the decay
product, which would be Bi?00 with a 6.4 day half-life. Exsmination of extracted astatine
in the 48 c¢hennel pulse analyser(lz) showed no alphe~activity other than that of At2ll
end Po?i0, If the branching ratio hed been 1 part in 100 or more the resulting alphe-
activity could have been observed. Exemination of the astatine extracted from a thick
bismuth terget bombarded with 200 microampere hours of alpha particles having an energy

of 37 Mev showed no evidence of 6.4 day ectivity. If 1 pert in 109 of the At210 had de-

cayed by elphe-emission the 6.4 day Bi20€ would have been observable.

Conclusions

The (d,p) end (d,n) reactions have recently been treated in a peper by Peaslee.
In this peaper he interprets our experimental material end we refer to if for details(lg)o
The main qualitetive conclusions ere that the stripping processes of the deuteron as
opposed to the formation of a compound nucleus in which the whole deuteron is ebsorbed
sre mainly responsible for the observed cross sections. In the (d,p) case the stripping
process is the well known Oppenheimer Philips reaction; in the (d,n) case it is an analo-
gous reaction.

The interpretation of the (a,2n) and the (a,3n) reactions can be made in & very
simple semismpirical way as follows,

Consider first the cross section G?Ifor formation of the compound nuclsus.
This cross section has been calculated in some typical examples by V. Fo Weisskopfe In
Fige 8 the solid lines give Weisskopf?s values for Sngzol for two velues of the barrier

¢

height, 25.93 Mev and 22.47 Mev corresponding to r, = 1.3 x 10°% cm and 105 x 10=13 om;
the values are also given for 9OTh252 for a barrier height of 28,00 Mev corresponding
to r, = 1.3 x 10713 e,

If we sum our (a,2n) and (a,3n) cross sections we find passsble agreement with
Weisskopf's curve. See Figo. 8. This we interpret as meaning that all other competing

reactions = (a,p), (a,pn), {(a,d ), (a,a), etce = have smell cross sections compared with

(a,2n) and (a,3n) in the encrgy region considered. Exception to this is the (ayn) reaction
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which in ths energy rorion around 20 llev may have a cross section which, although small
on aﬁ absolute scale, exceeds appreciably the (@,2n) cross section, Hence until experi-
ments on this point are completed it will be impossible properly to fit the theoretical
gurvs for the compound nucleus formation to our experimental data in the region near the
thresholdo An investigation of the (a,n) cross section is in progress.

It is interesting to consider the excitation energy of the compound nucleus
above 1ts ground state. The compound nucleus At213 ip its fundemental state would certain~
ly bs alpha radioactive. By comparison with neighboring lmown nuclel - Atgllg A3019
At212 ) eto, - one would make a fair gusss of a half-life of about & x 103 seco and an
alpha~energy of 7.5 Mlev. Hence the excitation energy of the compound nucieus is epproxi-
mately equal to the energy of the impinging alpha particle minus 7.5 Meve Thus toc release
2 neutrons it takes ab least 21.5 Mev and to remove a 3rd nesutron an additional 8.5 lev
or at least 30 Mev tu remove 3 neutrons.

RLID/hw
11-10-48
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Fipure Captiocns

Fig. 1o Schemetic disgram of the collinating tube, foil holder, and current emplifiers.
This apparatus connects directly to the cyclotron tank and becomes therefore en
integral part of the cyclotron vacuum system, obviating the need for any windows
or separate pumpso.

Fig. 2, The percent of the a-beam transmitted by the Al absorber plotted as a function
of the absorber thickness. The three sets of points represent data taken before
bombardment, at the middle of bombardment, snd after bombardment of the bismuth
foils. The streggling, given by the difference between the extrapolated range
and the mean range divided by the mean range, is l.1%.

Figo 3. Counts per minute of the thinUa-~standard plotted as a function of the pulse
discriminator bias voltage. The operating bias was kept consteant te within 2
unitso.

Figo 4o Absolute cross section for the Bi{a,2n) reection and the Bi{a,3n) reaction plotted
as a function of the energy of the bombarding alphas.

Fig. 5, Absolute cross sections for the Bi(d,p), Bi(d,n) and the Bi(d,3n) reactions
plotted as a function of the energy of the bombarding deuteronso

Fige. 6o The counting rate on a G-M counter of astatine samples pleotisd as a function
of the thickness of lead absorber. Sample A consisted of the At extracted from
a foil of Bi bombarded with alphas of 25 Mev energy: sample B consisted of the
At extracted from a foil of Bi bombarded with alphas of 37 Mev. As a check
of the geometry the mass absorption goefficient of a Co80Y = stendard was
measured and found to be 055 om gm”l in Pbo

Fige 7o  The amount of Po?10 formed by the decay of the extracted Aﬁglﬁgexpressed as
perzent of the total poR Ll formedyplotted as a function of the time from the
middle of bombardment until the At extraction,

Figo 8¢ The cross section of the compound nucleus (At215) as a function of the energy
of the bombarding nucleus., The solid lines represent the computed data of
Weisskopf. The scattered points are experimental vaelues of the sum of @ for
Bi{a.2n) and @ for Bi(a,3n).
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Table I,

Experimental Values of the Cross-Section for the Bi(a92n)At211 snd the

Bi(aﬁSn)Atle Reactions at Various Energies of the Bombarding Alpha Particles

a-Bnergy 0££211 015210
Mov Run I Run II Run III Run I Run TI Run III

barns barns barns barns barns barns

18,8 0,000

15.9 0,000

20.0 0,000

2042 4 0,001

21.2 0,01

2106 0,01 0,03

22.4 Ue10

23,0 0,11

2301 0.16

2345 (o5

24,2 0.29

2406 3010 0,35

25.4 0,45

25,7 U655

280l 0587

2605 0658

26,7 eBT

274 0ol 0,000

27.6 0,69 0,000

277 0675 0.000

28,6 0.83 0,81 0,004 0,004

2867 0.78 0,003

2968 0,90 0,013

297 0,85 0,007

20,9 0,90 0,015

3065 0.89 0,08

3067 0,89 0.05

31.0 0.91 0610

3104 0.86 0.17

317 0.85 0.16

3242 0,81 0028

32,5 D.75 . 0.35

32 .6 0,75 0,37

3301 0.62 0,53

3303 0.63 0,53

336 0.61 0.681

34,0 0.48 0673

34,5 , 0.48 0675

3406 047 0,82

34,8 G639 0,93

355 0.37 1,01

3566 030 0633 1.03 0,94

3504 Dokt 0,29 1.14 1,16

36,7 0.25 1o11

37 % 0620 0623 1.20 1.21

38,0 0.17 ’ 1l.24

5808 0015 1027
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. Table Il.
Experimental Values of the Cross-Section for the Bi(d,p)ReE, the Bi(dgn)PoglOQ
and the Bi(dSSn)P0208 Reactions at Various Energies of the Bombarding Deuterons.
(o
O re po210 | 02,208 0% er o7 210 05,208
d-Energy| Run I Run II|Run I Run II|Run I Run II | d-Energy|Run I Run IT{Run I Run IIfRun I Run 1I
Mev barns barns |barns barns |barns barns Mev barns barns [barns berns | barns barns
5.3 0,0002 13,7 0,110 =, 0,033 0,02
5.9 0,001 13.8 00102 0,031 0,03
6.5 0,002 0.,0003 14.0 0,109 0,032 0,03
Tol 0,005 0,001 14.1 0,102 0,030 0,04
7.8 0,009 0.002 14,3 0,106 0,030 0,04
8,1 0,016 0,004 14 .5 0,104 0,098 | 0,031 0,030} 0,05 0,05
8,6 0,026 0,007 14.8 0,101 0,095 | 0,031 0,031 | 0,07 0,07
8,7 | 0.030 0,008 15.1 00096 0,093 | 0,032 0,031 | 0,10 0,10
9.0 0,040 0,037 | 0,009 0,010 15,3 0,097 .. - 10,030 0,12
9.4 0,051 0,051 j0.011 0,013 15.4 0,088 0,030 0.14
9.7 0,062 0.014 16,55 | 0,094 0,032 0,15
9.8 0,064 0,017 1567 0,086 0,031 0,17
10.1 |} 0,073 0,016 15,8 0,091 0,030 0,19
1002 0,076 0,020 1660 0,082 0,029 0.23
10.4 0,082 0,019 16.05 | 0,089 0,030 0.24
10.6 0,084 0.023 16,3 0,084 0,081 | 0,030 0,030} 0,27 0,27
10.7 | 0,091 0,023 16,5 0.084 0,031 0.31
11.0 | 0,059 0,088 | 0,026 0,026 16.6 0,078 0.030 0,33
11.3 0,104 0,028 16,75 | 0.084 0,031 0,36
1l.4 0,100 0.028 16,9 0.077 0,030 0,38
11.6 0,108 0,029 17.0 0,082 0,031 0.41
11.8 0,105 0,029 1701 ' 0,073 0.032 0 .43
11.9 0,111 0,030 172 0,079 0,031 0,46
12.2 0,112 0,107 } 0,030 0,031 17 .4 0074 0,071 | 0,031 0,031} 0.51 0,50
' 125 0,114 0,109 | 0,030 0,031 0.01 177 | 0,075 0,070 | 0,030 D,032 | 0,55 0,53
12.8 0,114 0,031 1769 0.074 0,032 0059
12,9 0,108 0,029 0,02 18,0 0,067 0,032 0.59
13.1 0,113 0,030 0,01 18,1 0,072 0,030 0,64
13.2 0.108 0,081 0.02 1803 | 0,073 0,067 ]| 0,032 0,029 | 0,66 0,66
13,3 0,113 0,030 - 1 0,02 18,5 0,070 0,066 | 0,032 0,031 | 0,71 (.69
135 0,112 0,107 ) 0,031 0,031 | 0.02 0.02 18.7 | 0.068 0,030 0,75
|
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a COUNTS MIN.

12,000

11,000

10,000

9000

8000

7000

6000

5000

4000
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40 60 80
DISCRIMINATOR BIAS
¥\ .3

100

120

140

0Z-235¥



HL4T -20

TR

A3JW NI SVYHJ 1V 9NIdYVENOgG 40 >omm_2m_,

0S St ov cs o¢ 63 02 g 9
T I T T S il I To o) ®)
e n
[e) QD S
o o)
m] o QD S
Vg o 4620 m
Vo ° v m
v + . mlU.
V4 v =
- 4060 =
a qom ~ N
e =
% ’ 0
& w T lmmo%
Y o<ﬂ v m \m’.
Sake=! [)®)
oL U .5 | O.V
g o_N,;.\A ¢ 0)id 4001 3
DY
° L
g @)
# By
o o lmN_ ..D
. Ay
o_uﬁﬁcm x)18 W
Q
410Gl M
C
1 1 | I | _ 1 | N
oY



ope L0

IR

AJN NI SNOY3LN3A ONIGHVENOE 40 AOY3INS

O¢ ol 8l YA Ol Gl 14 ¢l al I Ol 6 8 A 9 mo
'®) 0 1 1 1 | 1 1 1 I 1 1 ! o_ - o_ 1
v° go Vo ° Y
% q%q@%iq%cqoqqﬂqéoq@m%fq@@q%oqqm%q%q @q
® orok @ az0dUP)ig v -g00
E QOO o OQ oV
— QQQQOQQUQOO o v o
mlU Vvyg© Qo@o o . o
< ozor M ooy ~o10
> Qo Vo ‘/w D(,D_ﬂ m\w S v 7
B : 30y(d'p)g
2 ogor 1sr0
v

wn o
O, v
no o
otov ol v —402°0
w o
n
henaed v
T
O osor ®
0 R *
a v
Q re
3 090} v
O
prd Qq
w ... o 0d (Ug‘p)i
D 5,0k ° g0z d(ue'p)ig

v \\

080~

19 NO(u* P) 8(d'P) 404 (,wo, ,0l) SNYYE NI NOILO3S SSOHO



IN COUNTS MIN

ACTIVITY

1000

Pb ABSORBER gm cm?

T - ] ] I R e
o u > . I
— ~p—=0.067Cﬂ'\ gm IN Pb —
A o
bt oo ~f —
Q — o
wm PLE B .
° T~
: "~
A
S N
\ SAMPLE A
|1 | | l |
2 4 6 8 10

FIG 6



COUNTS MIN.

1000

100

L L1

l

D —

HOURS

it 7

44



CHT -0

& DA
AJN NI SVHJ 1V ONIdYV8BWNO0E8 40 A9Y3IN3
0}~ G¢ Oo¢ °F4

| T

SNYdVvE NI NOILD3S SSO¥D





