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PASSAGE OF FAST NEUTRONS THROUGH LEAD

*AND TRON

D. L. Broder, A. A. Kutuzov, V. V. Levin,

V. V. Orlov, and A, V. Turusova

Translated from Atomnaya Energiya, Vol. 7, No. 4,

October, 1959
Original article submitted January 21, 1959

pp. 313-320

The present article describes the results obtained in measuring the spatial distribution of fast neutrons, which are

emitted from sources of monoenergetic neutrons, with Ey = 4 Mev and Ej = 14.9 Mev, as well as

atomic reactors,in lead and iron.

neutrons from

In order to calculate the space-energy distribution of fast neutronsat large distances from the source, we
have developed a method of solving the kinetic equation for media where the neutrons are moderated due to
inelastic scattering on nuclei, * The anisotropy of elastic scattering is taken into account. The energy losses

of neutrons in elastic scattering are neglected.

Introduction

One of the main problems in designing nuclear
reactors is the calculation of biological shielding.
Materials which contain a mixture of light and heavy
nuclei have the best protective properties, Substan-
ces with medium and large atomic numbers, for

instance, iron, serve as structural materials for screens, :

reactor vessels, and first shielding layers. Therefore,
the study of the spatial and energetic distribution of
neutrons in these substances is of considerable interest.
Iron is a good moderator for neutrons with E > 1 Mev
because of the inelastic scattering on nuclei. In this,
the elastic scattering of neutrons with such energies
does not play an important role in moderation, how-
ever, it materially affectstheir spatial distribution,
Until the present time, little information has been
published on neutron distribution in iron and lead,

We have performed experiments in measuring the
attenuation of fast neutron fluxes in these substances.

Experimental Devices

Neutron Sources and Media Under Investigation.
As neutron sources, we used the reactor of the First
Atomic Power Station [2], the VVR experimental
nuclear reactor with ordinary water and enriched
uranium [3], and a neutron generator yielding neutrons
with an average energy (Ey) of 4 Mev [reaction
D(d, n)He®) and of 14,9 Mev [reaction T(d, n)He*], Inves-
tigations of the shielding properties of lead were
conducted on the top shield of the reactor in the
First Atomic Power Station, A converter made of
uranium 90% enriched with U®®, which was 65 mm
_in diameter and 20 mm thick, was installed at the
upper part of a vertical channel reaching the reactor
core. The channel was filled with cylindrical graphite

. 1720 X 1720 mm,

rods up to a height of 60 cm from the core level in
order to reduce the shooting of fast neutrons from the
reactor through the channel. A block composed of

lead plates with dimensions of 710 X 710 X 700 mm was

' placed above the converter. The detectors were

placed in horizontal channels which were provided

in the block. The spatial distribution of neutrons in iron
was measured in the VVR reactor.? Specimens of the
materials under investigation were placed on a special
truck in an experimental recess with dimensions

The measurements were performed

for semiinfinite geometry (the source was placed

outside the medium under investigation at a certain
distance from its boundary, and the detector was

placed inside the medium),

The minimum distance from the core center to
the measurement point was 645 mm, The specimens
consisted of Steel-3 slabs with dimensions of
1500 X 1500 mm, Vertical channels 50 mm in dia-
meter, where detectors were placed, were provided
in the slabs. The unoccupied channels were stopped
with Steel-3 plugs. ' '

The spatial distribution of neutrons in iron and
lead was measured also by means of a neutron gene-
rator. Targets of heavy ice (Ey = 4 Mev) and tritium,
which was adsorbed by zirconium (Ey = 14. 9 Mev),
were in the shape of disks 10 mm in diameter. Iron
and lead specimens were in the shape of prisms with

* 8, A, Kurkin collaborated in developing the cal-
culation method {1].

+ M. B. Egiazarov, V. S. Dikarev, V. G. Madeev, °
E. N, Korolev, and N, S, II* inskii collaborated in

these measurements.
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Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000100040003-7




Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000100040003-7

dimensions of 710 X 710 X 830 mm. The neutron
source was placed inside the prisms at a distance of
150 mm from their front faces. The detectors were
placed in vertical channels in the prisms, and the
unoccupied channels were stopped with steel or lead
plugs. In all experiments, the density of lead was
11.3 g/ cm?, and the density of steel was 7.83 g/ cm?®,

Neutron Detectors. A Th™ fission chamber and
the threshold indicators A1¥' (n, p) Mg?", P*!(n, p) St*,
and S”(n. p) P*2 were used as detectors of fast neu-
trons. The distribution of thermal and epithérmal
neutrons was measured by means of a fission chamber -
with U2

The fission chambers consisted of pulse-counting
ion chambers; inthesé chambers, two nickel strips
served as electrodes, on both sides of which the
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Fig. 1. Spatial distribution of fast neutrons in iron? a)
Eg = 4 Mev; b) Ey = 14.9 Mev. Infinite geometry; O) -
measurement by means of a fission chamber with Thzsz;

e)measurement by means of the P (n, p) si®! indicator;
A) measurement by means of the §% (n, p) p32 indicator;
1), 2), 3) and 4) theoretical curves for Th, P, S, and Al,
respectively.
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fissionable s'ubstanc;e was deposited. The strips were
wound into helices 25 mm in diameter and 37 mm
long. The layer thickness of the fissionable substance
was 2,5 mg/ cm?, and the over-all amount of the
fissionable substance in the chamber was ~ 1g, The
fission reaction threshold for thorium was 1.1 Mev,

A check showed that the correction for the influence
of y rays and slow neutrons did not exceed 10% of
the magnitude of the effectin all measurements in the
thorium chamber. ' '

Two types of the threshold indicators P! (n, p) §i*
(reaction threshold: 1.5 Mev), A% (n, p) Mg”
(reaction threshold: 2.1 Mev), and s% (n, p) p%
(reaction threshold: 1.5 Mev) were used: disk-shaped
indicators with a diameter of 15 mm and a thickness
of 3 mm (for small distances from the source) and
indicators in the shape of hollow cylinders with an
outside diameter of 35 mm, a length of 46 mm, and
a wall thickness of 3 mm (for large distances from
the source). :

During measurements, all indicators were
enclosed in cadmium cases, which had a thickness
of 0.6 mm.

The activity of the indicators was determined
by means of devices with 8 counters. In order to
reduce the background, the B counter for cylindrical
indicators was connected to an anticoincidence cir-
cuit with y counters, which were surrounding the -

8 counter.  The effect was separated by analyzing
the decay curves for the activity of the indicators.

‘ Exgerifnental

Figures 1 and 2 show the results of measurements
for iron, which were obtained with neutron sources
with average energies of 4 and 14.9 Mev and with
the VVR reactor, The magnitudes of neutron fluxes,

\
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Fig. 2. Spatial distribution of neutrons from the VVR_
reactor in iron, measured by means of fission-chambers
with Th®? and U, Semiinfinite geometry: @) thermal
neutrons; Q) fast néutrons,
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Fig. 4. Spatial distribution of neutrons of the
fission spectrum in lead, measured by means
of the §*2 (n, p) P*? indicator. Infinite geo-
metry, '

multiplied by the squate of the distance from the .-
detector to the source in the case where the fluxes
were measured by means of threshold detectors and

by the square of the distance from the detector to
the core center in the case where the measurements
were performed in the reactor, are plotted on the axis
of ordinates. "

The measurement results for lead are shown in
Figs. 3 and 4. The curves in these diagrams were
plotted with respect to the results obtained in calcu-
lations for an isotropic point source, The calculation
method is explained below, '

The experimerital data obtained in measuremerits
with a converter in the reactor of the First. Atomic
Power Station were converted for an isotropic point source

Theory ,

Consider an infinite homogenous medium contain-
ing an infinite flat isotropic source of monoenergetic .
neutrons with an energy E,, '

If we neglect the slowing down of neutrons. in
elastic scattering and if we consider the inelastic
scattering as isotrofnic, we can write the kinetic
equation ' §(z, E) for the density of neutron collisions
in the following form:

WG+ ¥ =2 § a0V (5, B w0 (B, m) +

Eo
+ § By (2, E') %2 Fy (B, B)dE’ +
8 (2) 8 (E—E,)

q.'- 4n ’ (1)
where [ is the cosine of the angle between the direc-
tionof the neutron velocity s_fandrthe_z_axis, ﬁio = 3(_23.
og is the elastic scattering cross section, oy, is the
inelastic scattering cross section, ~ ¢ (E) = og(E) +
+ ojp(E) + oc(E)Lo_c»is the absorption cross section),

A =1/pao, P(E, @ Q') is the angular distribution of
elastically scattered neutrons, 'Fip (E*, E) is the energy
distribution of neutrons in inelastic scattering, g:is the
source strength, and p is the number of nuclei per
cm® of substance;

W, (z, E)= S ¥ (2, p, E)dQ.

We shall further consider that q is always equal to 1,
We shall apply the Fourier transformation to (1):

isc - 3
Wiz B)=g \ O, p E)e-tdi; l
L - —1i00 ’ (2)‘
\ Y@ Byevda.

—{c0. .

@ (k, p, E) =

799
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For & (k, {, E), we then obtain the equation

[1—kM(E)p]D(k, p, £)=

S(E _’/ ] ’ 4
=‘§,(E; S dQQ(E, u) D (k, w', )+
O Gin (E)an (E E) AT ’

g YEE) (3

In order to solve (3) we shall use the method of
spherical harmonics. Let us apply the Legendre
polynomial expansion to @ (k, ¢, E) and ¢ (g, E):

, o 2041
Ok, p, B)= 3 2L @, (k, B)P, (n);

4

g

2141
Lo (B) P, (wy),

P (g, £)= .

o —— s o —

where

@ (k, B)= \ ©k, p, B) P, (1) dS;
o (E) =\ o (), E) P, (1) dS,.

By substituting (4) in (3), we obtain a system of equa-
tions for @, (k, E)

0. (F)
[1‘ a (L)

— kb (B) 3 ®py (, B) —

— k) (E) m ®,_, (k, E)=

¥ (£) | @, (k, E) -

L'

mn Is ' ’ ’ i » 7
\ ‘7(/( Y, (k, B')Fun(E', E)dE -+
8 (= 1) ] b, )

If we denate @, (k, E)/®,(k, E) by Ry (k, E), we obtain
a system of equations for Ry (k, E):

(-8, 0] A0 -

— BN (E) ety ”*’ R, (k, E)—

— kA (E)m R, (k, E)=0; - ()
R,(k, E)=1; n> 0.

By solving this systemn of equations, we find

EM(E)R, (k, )= - By (kﬁl&c -
n )——y (B)— Lok E)
? Y (E)—...
P (k, ) _
Y-t (E)—%n (k, E)’ N

800

where

B, F)-W(E),, i
. K3 E
Rm(k, E)
Xm (K, E)—- kh(E)m-

By using the properties of infinite fractions (see [4]), for

the function

1 B
Rk, E) =4 =5, Byoi () (®)

we obtain the function

. V’n-«—l (ky E)"‘Xn (kr E) V‘n (kr E)
Rk B)=5 e By n (b, BYUn (5 )’ 9)

where V; and U}, are polynomials in k2, which satisfy
the recurrent relation

mfl(k’ E) = Ym(E) m(E)_'

—Bun (i, E) 0y (K, E) a0

with the initial values Ug(k, E) = 1, Uy (k, E) =y, (E),
Vo (k. E)} = 0; and Vy(k, E)= 1. If, in expanding the
scattering indicatrix into Legendre polynomials, we
can neglect the nth and the successive terms, i.e.,

if we assume that yy =y p4, =... =1, then

(Hv (L)>

Xn(lc E)“ 1 ~ (Zn
o ()

=k (E),

where Qy, is the nth Legendre funcnon of the second
kind. Forn >> 1, xp(k, B) = $[1 = Y1— KA%(E).

By substituting the solution of (8) in (5) forn =0
and @ (k, E) =Ry (k, E) &, (k, E), we obtain the
integral equation for

D, (£, B):

E .
Dy (k, E) _ C Gin (£7) N I , -
R{(k, E) § o (E) ‘D(’»:E)Fm(E,E)% ,

+ 98 (E— E,). ' (A

In the process of inelastic scattering, the neutrons lose
energy by discrete amoints corresponding to the system
of nuclear excitation-levels, Under these assumptions, '
(11) assumes the form
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®, (k, ) . v
R{e T“’Z‘D (&, b"“AF) X

I b s
"mﬂ(EJrALt)Jra(E E

0)‘7 (12)
where AE, is the excitation energy of the ith level,
and F; (E) is the probability that the ith level of a
nucleus will become excited in inelastic scattering

of neutrons with the energy E. The solution of (12)
breaks down into a number of monoenergetic lines:

®, (k, E)=R (k, E,) 8(E — E,);
O, (k, By) = T2V (B R (, By X
X R(k, E))8(E — E,+ AE)) etc,

The asymptotic solution for each neutron group can
be obtained by taking the residues at the poles of each
of these expressions:

—h z

Py (2, Ey)= S FO) —;

‘ak R(k, Ey)
z:ko
(2, By) = 2L F ()8 (E— E, +
chED _
+ AEI)[ e R(k(E,), E))+
0k R (k, E) Ih:h (Ev)

e Rt
+13 i R (k,, El)] )
Ok 1T (k, Ly) |h=hy .

L,=E,— AL, etc,

Discussion of Results

v _By means of the described method, we calcula-
ted the neutron fluxes ¥ ¢(2z, E) in an infinite medium

for an isotropic flat source. The flux of neutrons with

the energy E in a medium with a point source of unit

strength can be expressed in terms of ¥ by the equation

a 7.
@, (r, E)= — A (E)) [fﬂM

0z =r

Then, the total flux of fast neutrons will be
= 2 (DT'("r Ei),
E, :

and the flux of neutrons counted by the fission chamber
with Th®2 or by a threshold indicator and normalized
to unity for r = 0 will be '

] \ a E;
GT'(]')= 2} ga glﬂo)) CDT (r’ Ei)r

i

where o, (Ej) and o4 (Ey) 4re the activation cross
sections of indicator nuclei or the cross sections of T
fission by fast neutrons with energies E; and Eg.

- The quantities ¢, which characterize the angular
distribution of neutrons in elastic scattering on iron and
lead nuclei, were determined on the basis of experi-
mental data from [5-10].

Figure 5 shows the magnitudes of ¢, in the 1-15

h232

‘Mev interval for iron and lead, which were obtained

by interpolation of expenmental data,

Iron. It was assumed that, in inelastic scattering .
the neutrons of the Ey = 4 Mev source.are distributed
among the following energy groups: 4; 3,15; 2.3;

1.9; 1.45; 1.34 Mev in correspondence with the system
of lower levels of iron nuclei. Lower-energy neutrons
are not detected by the thorium chamber and by
threshold detectors, and we did not take them into
consideration. The differential cros§ sections of
inelastic neutron §cattering for these levels were taken
from a survey by V. S, Stavinskii and L, N, Usachev
and from [11 and 12]. ° ’

!

()
il —
06— T
g L~ 7 n=J3
04 /// "‘”EZ —
(] n‘
92 / | //"‘/6/
] , T -7
e
! 13 ) 7 g Hi 13 15
a £,Mev ,
1 - J—
08 R ——
Y i
gREE=
05 g2l
/"i
04— // . n=i////‘}
03— D, e //'Z
' //L/ / = L7
[~ / Q
o114 ¥4 Y !

0 2 4 6 § 0 2 1%
" b £, Mev

Fig. 5.Energy dependence of coefficients in the Legendre

polynomial expansion of the indicatrix of neutronelastic
scattering in iron a) and in-lead b).
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Figure 6 shows the spatial distribution of the total

" flux and of fluxes of neutrons with the indicated .
energies in iron for a neutron source with E, = 4 Mev,

In calculating the distribution of neutrons from
the source with E; = 14,9 Mev, it was assumed »_that__
discrete energy groups of moderated neutrons were also
present, where the probability of source neutrons
falling into each group by a single inelastic scattering
was found from the Maxwellian distribution. The
energy corresponding to the iron nucleus temperature
was assumed to be equal to 0,76 Mev., The assump-
tion of the Maxwellian distribution of neutrons inelas-
tically scattered on iron nuclei was confirmed by

data from [13 and 14]. It was shown that the over-

all number of neutrons for all calculated iron thick-

nesses is determined by neutrons which are slowed
down to E<4 Mev. The number of neutrons with

E > 4 Mev was small in comparison with the number
of neutrons with E < 4 Mev.,

' As can be seen from Fig. 1, the calculation
results are in good agreement with experimental data,
Figure T shows the calculated spatial distributions of
neutrons of all groups for the source with Ey = 14,9 Mev,

A study of the calculated flux magnitudes for
moderated neutrons of all groups for the source with
Ey = 4 Mev (see Fig. 9) indicates that neutrons with
energies from 1,2 to 1.5 Mev constitute the main
contribution to the total flux of fast neutrons for large
thicknesses. The same conclusion pertains to the
neutron source with Ey = 14, 9 Mev,

w‘: 6
~ S
&1 ! \\\
¢ 4_-.\
2
-1
10— N

\
TN

= "
Z _

o \
0 10 20 30 40 50 .
r,cm

Fig, 6. Theoretical spatial distribu-
tion of moderated neutrons of different
energies in iron. The energy of source
neutrons is E = 4 Mev, The neutron
energies (Mev): 1) 4; 2) 3,155; 3) 2. 31;
4) 1.9; 5) 1. 34; 6) total neutron flux.
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The approximately equal attentuation of the flux
of neutrons from the VVR reactor and from a neutron
source with Ey = 4 Mev, which was measured by means
of a fission chamber with Th®?, is determined by a
predominant contribution of groups which have been
slowed down to a great extent,

Lead. On the basis of the well-known level
diagram for lead nuclei, it was assumed that, for a
source with Ey) = 4 Mev, the neutrons are distributed
in the following energy groups in inelastic scattering:
4; 3.43; 3.16; 2.32; 1.8; 1.48; 1.22; 0.96 Mev,

In order to simplify calculations, the groups of
moderated neutrons which were close to each other
with respect to energies were combined, However, the
accuracy of calculations was not reduced to a great

& 3 o
- T—
. 0—
TN
g—ﬁ-k\
107 \
I \\\ 56
\ N3
0° ' \\\§;
y] . \’
0 0 10 20 30 40 r,cm

Fig. 7. Theoretical spatial distribution of moderated
neutrons of different energies in iron. The energy of
source neutrons is Eg = 14.9 Mev. The neutron ener-
gies (Mev): 0) 14,9; 1) 4; 2) 3.15; 3) 2.31; 4) 1, 9;
5)1.34; 6) 1,45,

- —
3 &
o 7

)
;

’0‘.2 : S L — [3
-~ ,\Z
10¢ ' :
0 0 20 30 40
- r, cm

Fig. 8. Theoretical spatial distribution of modera~
ted neutrons of different energies in lead. The
energy of source neutrons is Ey = 4 Mev, Neutron
energies (Mev): 1) 4; 2) 3.43; 3) 3.16; 4) 2, 32;

5) 1,8; 6) 1.48; 7) 1.22; 8) 0,96.
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extent due to a weak dependence of the interaction of
neutrons with lead nuclei on neutron energy.

The diagram of energy groups for the neutron
source with Ey = 14,9 Mev is similar. .

1t should be noted that  in inelastic scattering
of neutrons with E = 14, 9 Mev on lead nuclei, the
inelastic scattering spectrum of neutrons with E> 4 Mev
differs from the Maxwellian spectrum to a great
extent, In this case, the probability of the source
neutrons passing into each group was found on the
basis of the measured spectra, obtained as a result
of inelastic scattering of neutrons with Ey = 14 Mev
on lead nuclei [14],

The spatial distributions of neutrons of all groups,
obtained as a result of calculations for neutrons with
average energies of 4 and 14.9 Mev, are given in
Figs. 8 and 9.

As can be seen from Figs, 4 and 5, the experi-
mental and the theoretical values for a neutton source
with Eg = 4 Mev are ingood agreement, and for a
neutron source with Eq = 14,9 Mev the maximum
deviation is 30%, This discrepancy can be explained
by the inaccuracy of data on inelastic neutron scattering
spectra in the 14 > E > 8 Mev region of differential
inelastic scattering ¢ross sections and by a certain
anisotropy of inelastic scattering at high neutron-energies,

SUMMARY

The proposed calculation method makes it possible
to find with sufficient accuracy the spatial energy
distribution of neutrons in thick layers of substances
with comparatively large atomic numbers (for instance,
‘larger than 56) if sufficient data are available on

] ) 0 30 W0

Fig. 9. Theoretical spatial distribution of modera-’

ted neutrons of different energies in lead. The

energy of source neutrons is Ey = 14.9 Mev. Neutron
- energies (Mev): 0) 14, 9; 1%)8; 2') 6; 1) 4; 2) 3.43; -
. 8)3.16; 4) 2.32; 5) 1.8; 6) 1.48; 7) 1,22.

differential cross sections of inelastic and elastic neutron
scattering, Calculations show that, at large distances
from the source, the neutron spectrum is enriched with
neutrons which are decelerated to a great extent., If
the energy distribution is known, multigroup calcula-
tions for the shielding can be performed.

In conclusion, the authors express their gratitude
to Prof, A, K. Krasin, Cand. Tech. Sci. A. N.
Serbinov, and scientific collaborator V. A. Romanov
for their continued interest in the work and help in
organizing the experiments. The authors extend their
thanks also to V. G. Liforov, Z, S. Blistanova, and
V. S, Tarasenko for their help in conducting the
experiments,
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This article is concerned with the probabilities of M1-transitions from states created by the capture of thermal

neutrons for even-odd and odd-odd emitting nuclei with A from 20 to 60. In the single-particle model, such

transitions are forbidden with respect to I . A comparison with the probabilities of E1-transistions shows that

in even-odd nuclei, the probabilities of forbidden M1-transitions which we observed, did not differ much from

the probabilities of I -allowed M1-transitions for lighter nuclei. In the case of odd-odd nuclei, certain leﬁ{l;ﬁtran-
M1

sitions are characterized by a large number of quanta per single neutron capture and a large value of TMTE max
: AF e

transition types, the matrix element in the single-
particle model is exactly equal to zero,

In a number of papers [1-4], attempts have recent-
ly been made to use the single-particle model in
analyzing processes of thermal neutrons captu.re by
nuclei and of the subsequent transition of nuclei into
lower states. Such a model explains certain irregula-

_ rities in y -ray spectra from the (n, ¥) reaction. In
particular, within the framework of this model, it is
easy to explain the correlation of intensities of E1-
transitions from the initial state created by the capture’
of thermal neutrons with the reduced neutron widths of
levels to which these transitions are directed, which is
observed in nuclei with A from 20 to 60 [4]. There~
fore, it is also of interest to use the sing1e4particle
model in considering the probabilities of M1-transitions
from the initial state in nuclei from the same atomic
weight region. '

The Degree of Forbiddenness of M1-Transitions

In order to determine the degree of forbiddenness
of the M1-transitions in question, it is necessary to
compare their probabilities with the probabilities of
allowed transitions, which are defined by equations of
the single-particle model, i.e., to find the quantity

2 Texp
|M| I'g D/D,’ ' (1)

where D is the density of neutron s-resonances with a
given angular moment, and Dy is the density of 'single-
particle levels (with a given angular moment and
parity) for small excitations.

In our case, the quantity Texp can be found from
the total radiation width I'y and the number Iy of ¥
quanta per single neutron capture for the given tran-
sition according to the equation Teyp = Ty Iy . In this,
it is assurnred that the total radiation width is the same
for the neutron resonance, for which the value of Iy
was found and for the state created by the capture of a
thermal neutron. The quantity I'y which enters (1)

Prohibition of the Considered M1-Transitions in the
Single-Particle Model,

We shall first restrict our analysis to M1-transitions
of even-odd nuclei formed in the (n, ¥ ) reaction. In
nuclei with A from 20 to 60, the M1-transitions were

separated in the following even-odd nuclei: Mgz"’, Sim.
33 41 :
S

Since in the given case the thermal neutrons are
captured by even-even nuclei, the M1-transitions

from the initial state are directed to levels with"/;

o1 3/2+ characteristics. For the majority of such

levels, the value Iy = O or ln = 2 was found from the

angular distribution of protons in the (d, p) reaction.

The possibility of detecting M1-transitions in nuclei

with A from 20 to 40 is connected with the fact that

in these nuclei the 2s;, - and 1ds P states of neutrons
2

are not highly excited. From tfie  point of view of
captured neutron transitions, the M1-transitions in
question must pertain to the (ﬂsllz - 25y, )or (nsll nd
-> ldslz) types, where n > 2, For both 2 neutron ?

804

will determine the neutron transition probability found
from equations for the single-particle model [5). Tak-
ing into account the motion of the nucleus carcass, we
shall accept the following values for neutron transitions:

Tp(E1)=0,021 A**Efev, . (2)

T's(MI1)=0,015E3 ev (3)
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TABLE 1. Radiation Widths and Densities of Neutron
s-Resonances of Nuclei with A From 20 to 40."
Nucleus Na2i Al2s Si29 £83 cise
Eres » keV 2,9 . - 190 ° 111 '—'0, 14
T, ev 0,416]| 0,247| 9{6] | 25{6] [0,48[7]
D, kev 400{6}} 50 [8]|500[6]|2001(6] 40 {9)

where Ey -is expressed in megaelectron volts. It should
be emphasized that the quantity Dy has a high degree of
indeterminancy.

Data on T'y and D for nuclei with A from 20 to

40 are given in Table 1, These data are very inaccurate,

and, in certain cases, it may possxbly be. wrong. By
using data on Ty and D for $i® and ¥ and by assum-
ing that Dy = 1 Mev, we obtain a very rough estimate
for | M| 2 The value for | M| 2 is on the average
equal to ~ 1,3 for El-transitions, and it is equal to .

~ 0.2 for M1-transitions. The | M|Z% values for actual
M1-transitions are given in Table 2.

The degree of forbiddenness of M1-transitions can
be determined also indirectly, namely, by comparing
their probabilities with the probabilities of E1-transi-
tions in a given nucleus.

Table 2 provides data on M1-transitions from the
initial state in even-odd nuclei. This table* provides
the characteristics of states between which the transi-
tion takes place, and also the quantity |M|2Ml/(lM|%1)
where the subscript max in |M|%; signifies that
this quantity is taken for the El-transition, which
has the highest probability of all E1-transitions from the

initial state in a given nucleus,
All M1-transitions are divided into two large

groups, which differ by the magnitude of change in
the orbital neutron moment in transition. The M1-
transition in Si® to the level with an isotropic distri-
bution of protons in the (d, p) reaction was additionally
separated. The next to last column of Table 2 gives
the magnitude of | M|%,;, which was found, as was
indicated above, from I‘), and D for Dy = 1 Mev,

1t follows from the last column in Table 2 that if
we assume that the probability of the most intensive
E1-transition in a given nucleus is equal to the proba-
bility of a transition according to the single-particle
model, the value of | M| le for M1-transitions will

be on the average equal to ~ 0.1, For the three
transition types separated in the table, this magnitude
will be approximately the same if we exclude transi-
tions into states with I ;=0 in Ca%l, since these states
are definitely not pure single-particle 2s, , states.

Wilkinson [11] considered the probability ratio
of M1- andE1- transitions for light nuclei with A < 20.
In this region. of atomic weights, M1-transitions
mainly take place between p-levels, and consequently

these transitions can be considered as I -allowed. -
Unfortunately, it is not possible to compare the pro-
babilities of E1- and M1-decays of the same state in
light nuclei, as we did in the case of disintegration
of a state created by the capture of thermal neutrons.
The reason for this is either the insufficient investiga-
tion of ¥ -ray spectra or the equal parity of low levels -
in light nuclei. Therefore, a comparison of probabili-
ties of E1- and M1- transitions can be done oiily for
different states of light nuclei. ¥

According to [11], by taking into account the.
movement of the nucleus carcass and for D = Dy, we
obtain for the average values:

|M|§«:1=0 15 u | M |}:=0,45, -
and | M Bz | M1 2 1. _
' If we further assume that the matrix elements of

El-transitions in nuclei with A < 20 and with A from
20 to 40 do not differ much among themselves and
if we consider that we are cornpanng the | M}? M1 values
with the maximum value of | M|%;;; we can arrive
at a qualitative conclusion that the probablhtles ‘of )
forbidden M1-transitions and of the I -allowed M1-tran-
sitions in light nuclei, which we have observed, do
not differ to a great extent.

Ve

Causes of Prohibition Removai

In heavy nuclei with odd atomic weights, a laige
number of forbidden M1-transitions with A7:= 2 between
lower levels is observed. Experimental data on'i:he'se B
transitions are considered in more detail in the Appendlx.

Possible causes of prohibition removal for such” < *
M1-transitions were studied in [12-18],  In partlcular,'
the following factors were considered: 1) interaction
through the exchange of charges and spins between two'
nucleons; 2) a spin-orbital connection; 3) connection
between nucleons and nucleus surface oscillations; 4) an
admixture of other nucleon conflguratlons in a glven
smgle partlcle state.

L + + - .
* We consider that the 1/2 =Y 2 transitions are pure

M1-transitions, since an admixture of ,E2—tfansitions can
be expected only in the case where M1-transitions are
strictly forbidden or if the probabilities of E2-transitions
are greatly augmented due to collective effects. From
the analysis that we performed, it follows that the ~.
forbiddenness of M1-transitions is small, and that the
observed iprobabilities of E2-transitions correspond to
single-particle evaluations [10]

T Wilkinson [11] did not consider separately nuclei
with different parities of Z and N numbers, since he
did not observe sharp differences in | M|? for different
categories of nuclei, El- as well as M1-transitions,.
which have been éystematized by Wilkinson, ‘can ob-~
viously contain various prohibitions (for more details,
see [11]), however, we shall abstract them for the mo-
ment and consider only the I -prohibition.
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TABLE 2. Ml-Transitioné of Even~0dd Nuglei from the Initial State

! i of Final state charac-
’ teristics ’ 2
it the Ey, oo | e M3,
Transition type |Nucleus | ;& ¢ ) - Mev 1 % 1M, =
: state E,Mev J™ iy Iz 1) max
. Mg?s 1/2* 0,58 1/2* 0 6,74 2,6 -— 0,1
Al,=0 Mg?s 1/2+ 2,56 172+ 0 | 4.77 1,3 — 012
Si2® 1/2* B.S. * 1/2* 0 | 8,47 2 0,04 0,025
, S33 1/2* 0,84 1/2* 0 7,80 2,6 0,47 0,15
(51 ~817,) Ca® 1/2* 2,68 1/2+ 0 | 5,70 1,4 - 1
) Catt 1/2* ,40 1/2+* 0 4,04 3 — - 1,5
Alp=2- Mg?2s 1/2* 0,98 3/2* 2 6,36 4,3 — 0.2
Mg2s 1/2* 2,81 3/2* 2 4,52%% | <2** — - <0,25
(s1/,—43,) S|2" 1/2+ 1,28 |. 3/2¢ 2 | 7,22 7.5 0,24 0,1
588 12+ | O.c | 3/2* | 2 | 8,64 1,8 | 0.24 0,08
1/2+ — 3/2* Si?® 1/2* 2,43 3/2+ |lsotr. | 6,04 1,2 0,07 0,04
" ®B.S. — basic state of nucleus,
+ » The existence of this y line has not been est’abliShed; only :an estimate of its intensity is given. -

A study of causes indicated under 1)to 3) shows that
they cannot augment the probability of M1-transitions
from the (n, 7) reaction to a considerable extent, We
shall not present an analysis of these causes, since it
would be similar to the analysis performed, for instance,
in [13], The most natural explanation of the observed
probabilities of M1-transitions is apparently the mixing
of nucleon configurations in the initial and, possibly,
in the final states, In this, it should be kept in mind
‘that only the admixture which, in the corresponding
transition, changes the state of only a single particle
or changes the bond of a single moment with respect
to another is of importance. At the same time, it
should be noted that the adjacent states with the same
parity will admix. Thus, the sl/ , d3/ , and d5/2 states

will be admixed to the s1/ and ds/ states with the

greatest probability. For instance, in si®, M1-transi-
tions can correspond to the following changes in neutron
configurations: ‘

Forthe ¥,* — 3/ 2’ transitions, in the case of ad-
mixtures in the initial state,

[(dsjs depgda=2 dayglayy” —> [(d/3)r=0dapyla/y”

and in the case of admixtures in the final state -

[(d‘g’/z)-’=0 ‘31/2]1/2* - [(dg/z da/z)J:Z Sll/g]a/z*;
for ¥ : Y z+ transitions

[(dg/z d"/s)J=i 6‘1/3]1/2" = [(dg/a)-f'-”—o S‘/z]‘/;'
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In the last case, the transition direction depends on the
presence of admixtures in the initial or in the final state.’

The appearance of mixed configurations of nucleons
in the initial state is possible if a compound nucleus is
formed. In this, the nucleon configuration energy can
be concentrated in a whole number of possible nucleon
configurations.

However, the assumption of the formation of -
compound nuclei inthe initial state is contradicted by
data on El-transitions, in particular, by the correla-
tion between the matrix elemeits of E1-transitions and
the reduced widths of levels toward which these '
transitions are oriented [4].

Data on probabilities of E1- and M1-transitions
from the state created by the capture of thermal neutrons
can be coordinated without resorting to the conception
of a compound nucleus. For this, it is sufficient to
assume that in the capture of a neutron by the nucleus
a small number of nucleon configurations are excited
in the initial state, for instance, the configurations
indicated above for Si®. The probability of a direct
transition of the captured neutron; must be several
times greater than the probability of the excitation
of such configurations, .

This assertion does not contradict the data on
| M| le values, since they are definitely smaller

than (| M| zEl) for Mg®, si®, and 5 nuclei.

max

M1- Transitions in Odd-0Odd Nuclei

Data on M1-transitions in Na®, A1%%, P%, and C1%
nuclei are given in Table 3. As in Table 2, the tran-
sitions are divided into groups in correspondence with
changes in Aly. The transition to the energy level
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of 0,47 Mev in Na% is given separately. This transi- =
tion apparently corresponds to the s1/ - d5/ change in

the state of the last neutron, whereby the small transi-
tion probability can be explained. The presence of
j-j-multiplets in odd-odd nuclei, which are caused by
different mutual orientations of angular moments of

odd neutrons and protons, leads to a considerably greater
number of M1- transitions and, correspondingly, of
levels with |, = 0 and I = 2 in odd~odd nuclei with
respect to even-odd nuclei [3].

It follows from data given in Tables 2 and 3 that
the magnitude of I|M|21\/l1/dM|zE1)max for odd-odd
nuclei is considerably greater than that for the corres-
ponding even-odd nuclei. However, we cannot accu-
rately establish whether the increase in this ratio is
connected with an increase in the probability of M1-tran-
sitions or with a decrease in the probability of El-tran-
sitions, :

On the one hand, there is no reason for assuming
that the values of (} M| 2 remain unchanged in

Table

E1 max
the transmon from odd-odd to even-odd nuclei.

1 provides: approximate evaluations for (| M| 1) m
obtained for Iy and D values which are given in
Table 1 ahd for Dy = 1 Mev,

It follows from Table 4 that (| M| 251) decreases

max
on the average approximately 30-fold in the transition -
from even-odd to odd-odd nuclei, while | M| le (see

Tables 2 and 3) decreases only approximately three-fold.
However, this comparison is not reliable, since the
values of T'y and D which we used are very inaccurate,

On the other hand, an increase in the probability
of M1-transitions can be expected. This can be
enchanced by the bond between an odd neutron and.
an odd proton. For instance, in certain transitions with
AL, =0, as was indicated in [19], a reorientation of
the neutron angular moment with respect to the odd
proton angular moment can take place, which would
augment the probability of M1-transitions. Such tran-
sitions would be somewhat similar to the 1s(, —>3s1 tran-
sition in a deuteron or to transitions between members
of a j-j-multiplet, which is determined by different
mutual orientations of angular moments of odd neutrons
and protons. As is known, the matrix elements of such
transitions are large [ 20-23].

Considering Table 3, it can be easily noticed
that some of the transitions with Aty = 0, in pamcular.
transitions wrth energies of 6,40 Mev in Na%, 7,72
Mev in AI® , 6.76 Mev in Psz' and 7.41 Mev in C1% .
are actually distinguished by a great number of quanta
per single neutron capture (0.1-0,7) as well as by.-the
magnitude of | M| 'le/(I M| 2El)max (it is equal to
~ 1.5 on the average).

APPENDIX
On M1-Transitions Between Slightly Excited States of

~ Heavy Nuclei

A considerable amount of information on probabi -
lities of M1-transitions between lower states of heavy

nuclei with odd atomic weights is available in liteta~
- ture,

-In[12, 13, 24, and 25] the following regularity
has been recently established for the -forbidden M1~
transitions with Al = 2: the matrix elements have a
small scatter in nuclel with an odd.number. of protons
as well as in nuclei with an odd number of neutrons,
In the first case, they are 300 times smaller, and in
the second case, they are 60 times smaller than the
respective values for M1-transitions which are allowed
with respect to the single-particle model,

The indicated regularity is illustrated in Fig. 1.
The lifetimes7_ E® for M1-transitions with Al =2
are given here.” They are given separately for nuclei

“with an odd number of neutrons (left-hand side) and

with an odd number of protons (right-hand side). The
value for 7, was found from the following equation:

, , E2 N :
TT.= '1,44 (1+at0t )<1+ m)Tl/g. ‘

The term E2/ M1 takes into account the presence of
an E2 admixture in a given transition. The results given
in Fig. 1 have been, for the most part, published gar-
Her in [12, 13, and 24]. The difference consists only
in the fact that we found that our point.-for T1%3 (Ey =
= 0. 279 Mev) lies considerably higher in correspondence
with the new value for Ty, and that, in the left—hand
side, the values for Cd** (Ey = 0.432Mev) and Cdm
(E = 0. 300 Mev) are added, which can be rehably
calculated on the basis of data on Coulomb excitation,
The small scatter of matnx element values can
be related to the fact that w1th1n llmrts of each group
of odd nuclei, all the transmons under consrderanon
belong to the same type. In the case of an 0dd number
of neutrons, we deal with 2d3/ 331/ transitions, and

in the case of an odd number of protons, we are
concerned with 1g;, -2d;, transitions, with the excep-

2 2 .
tion of Aum TI%8 , and le"s, where the transitions
belong to the 2dy /s -3s1/ type. Inall probabrhty, the

attenuation of the forbrddenness in M1-transitions with
Al =2 and 4j = 1'is connected with configuration

mixing {18]. Naturally, it will manifest itself in.

different ways in different transition types. This

“explains the different degrees of forbiddenness in

M1l-transitions in odd-neutron and odd-proton nuclei,
The spin-orbital interaction must play a certain
role in the attenuation of forbiddenness, in M1-transi-
tions in odd-proton nuclei. In order to determine the
influence of configuration mixing on the probability
of M1-transitions in nuclei of this category, the con-
tribution of the spin-orbital interaction should be
evaluated more accurately than it was done in [13].
Beside I ~forbidden M1-transitions, we considered
also other relatively reliably established M1-transitions
in heavy odd nuclei (A > 90) with measured fi'), values.
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TABLE 3. M1-Transitions of Odd-0Odd Nuclei from Initial States

. {Final state characteristics 2
JT of n E, Mev| 1. 9 2 Mings
Transition type | Nucleus the 1 1 % [Mlygg 5
initial | E, Mev 7 In ('MlEz)max
state
Na2s 1+,2+ | 0,56 | 2 0 6,40 22 0,059 1,2
Na24 1+, 2¢ 1,34 1+ 0 5,61 4,5 0,023 0,6
Na24 1+, 2" 1,84 1+, 2+ 0 5,12 0,8 0,004 0,1
. Alzs 2+, 0 B.S. 3+ 0 7,72 24 0,17 1,5
Alp==0 Al 2%, 3 0,03 2% 0 (7,70) <5 - <0.3
Al2s 2+, 3 0,97 2% 0 | 6,76 1,7 0,017 0,2
- Alezs 2+, 3 2,14 2+, 3 0 5,60 1,2 0,022 0,2
($17,~51),) Alzs 2+, 3¢ 2,49 2+,3* | 0 4,73 <8 — —
R Alze 24,3+ | 3,29 2+,3* | 0 4,42 1 0,037 0,4
‘ A28 2%, 3* 3,35 2+, 3+ 0 (4,38) | <0,3 — <0,12
Alz8 2+, 3 3,67 2+, 3* 0 | 4,06 2 0,094 1
Alze 2%, 3 3,70 2+, 3* () (4,03) <0,5 - <0,25
Al 2%, 3 4,24 2+, 3 0 2,98 <8 — —
Pz 0+, 1° 0,51 0+, 1+ 0. 7,42 4 — 0,6
]r32 0+, 1+ 1,15 0+, 1+ 0 6,76 10 — 2
(ME 1+, 2% 1,16 1+, 2% 0 - 7,41 10 0,19 i
136 1+,2+ | 1,60 14,2+ | 0 6,96 1,9 0,05 2
Alpy=2 Al28 2%, 3% 1,63 - 2 6,13 3 — 0,5
psz o+, 1+ 0. c. 1* 2 7,94 0,3 - 0,03
’ ps2 0+, 1* 0,08 2* 2 7,85 0,9 — 0,1
(817, dsy,) Clss 1+,2* | O.ec. 2+ 2 8,56 2,8 0,035 1,5
: 3 Cl36 1+,2+ 1 0,79 — 2 7,78 7.8 — 5
Al=2 Na2¢ i+, 20 0,47 1* 2 (6,49) | <0,1 — <0,03
(81,,—45,,) ‘ I ‘ '
. ) . '
Remarks: 1) B.S. — basic state of nucleus. 2) The figures in brackets denote the energies of undetected
y lines; their intensity is estimated. 3) For excited levels of odd-odd nuclei, as a rule, only I ,is
known, but, regardless of the indeterminancy of J values, we can state that the transitions to levels
- with 7 , = 0 are M1-transitions; the transition corresponding to (| Ml 2E1)max is the most probable
__trapnsition of all the transitions oriented to levels with 7 5 = 1

TABLE 4. Evaluation of ( | M[%)_ Values

Characteristics of states
::;ltlz :f)sz Nucieus kv, Mev L% 5T of the final (‘M‘l;‘ﬁ])max
) init. state g I,

Even-odd Sz 2,10 16 1/2* 1/2- t 1,66

nuclei Sss 2,97 13 1/2* 1/2- . 1 2,93
Odd-odd Na2¢ 2,41 10,5 1+, 2+ — 1 0,04

nuclei Al2s 2,28 5,1 2%, 3* — 1 0,11t

Cj3s 4,98 6 i1+, 2+ ° — 1 ‘ 0,025 .
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The reduced lifetimes for these transitions are given
in Fig. 2. The left-hand side of the figure shows the
results which we borrowed from the exhaustive article
on Coulomb excitation by McGowan and Stelson, which
has appeared recently. In this work, reduced probabi-
lities of M1-transitions were mainly obtamed ‘onily for
odd-proton nuclei. The values for Ty Ey which have
been calculated from these data, are given in the
left-hand side of Fig. 2, The right-hand side displays
the T, E3 values of M1-transitions for odd-neutron
nuclei, which were calculated on the basis of data from
[28]. a

Before we consider Fig. 2, it is necessary to say
something about the separation of M1-transitions which
entered Figs. 1 and 2. If reliably established transi-
tions with Al = 2 are representedin Fig. 1, Fig, 2
shows all the remaining'transitions , the ones that are
forbidden due to various causes as well as the allowed
transitions, In pa.rticular,' a small part of transitions
with Al = 2 can happen to be in Fig. 2. It should
be noted that only transitions of the ndg /s nd5/ s ng1/

~11gg )y’ ietc., types are allowed transitions in the smgle—

particle model.

Passing to the left-hand side of Fig. 2, we shall
note that the majority of transitions in odd-proton
nuclei have a considerably greater probability than
the transitions represented in the right-hand side of
Fig, 1. It is also important that M1-transitions in

T12%% (0,400 Mev) and in T12® (0.410 Mev), which
are allowed with respect to the single-particle model,
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Fig, 1. Reduced lifetimes with respect to I -forbidden

M1l-transitions.

have atrix elements which are close to single-particle
evaluations, while M1-transitions with Al- = 2 in T1*%
(0.279 Mev) and in T1*% (0. 205 Mev) are much more
severely forbidden than in other odd-proton nuc1e1
(see right-hand side of Fig. 1). -

A much smaller amount of data is avallable on
M1-transitions for odd-neutron nuclei (right-hand
side of Fig. 2), In this, for almost all of them, no
information is available on the M1 + E2-transition
mixtures, It should be emphasized that. if the E2 .
admixture were taken into account, the-points on the
diagram would be shifted upwards. In the case under
consideration, the majority of M1-transitions has
very small matrix elements, - The absence of matrix
elements of M1-transitions which would be close to-
single-particle evaluations remains unexplained in the
case of odd-neutron nuclei.” This could be,perhaps;
explained by the fact that thistype of nuclei has not
been sufficiently studied or by some other cause.:
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GROWTH OF URANIUM RODS IN_ AN AGGRESSIVE -

GASEOUS MEDIUM

I. V. Batenin, A. N. Rudenko and B. V. Sharov

Translated from Atomnaya Energlya Vol, 1T, No. 4, pp. 329-332

October, 1959,
Original article submitted February 13, 1959

This article describes the growth (increase in length) of uranium specimens which takes place when heated speci-

mens are exposed to air, nitrogen, and carbon dioxide.

The dependence of this growth on temperature, pressure

of the medium, the rod diameter, and on the degree of initial uranium surface oxidation was determined. Also
the growth of copper wire specimens was detected, A possible mechanism of the growth of uranium rods is sugges-

ted.

We investigated rods of technically pure uranium
(diameter: 2-4 mm; length: up to 100 mm), where the
deformation texture was removed by hardening, which
was checked by d11atometr1c and roentgenographic
methods.

The elongation of rods was measured with respect
to the distance between the end faces, which were
prevmusly polished to a metallic sheen, or with
respect to the change in distance between two notches
that 'were made beforehand on the cylindrical surface.
In certain cases the elongation was measured directly
during experiments by means of an indicator system,
Bent specimens were straightened out before measure-
ments. o

The rod specimens were placed in 'a quartz test
tube 35 mm in diameter, which was connected to an
auxiliary ~ 50-liter vessel. The gas pressure in this
system could be varied from 10" mm Hg to atmos-
pheric pressure. The test tube with the specimen
was heated in an electric furnace. The specimen
temperature was controlled by means of a thermocouple,

Growth of uranium rods on heating in air,, When
specimens 4 mm in diameter were heated at atmosphe-
ric pressure, their length changed (Table 1).

Figures 1, 2, 'and 3 show thé growth of rods in

. relation to pressure in the system at temperatures of the

a0 %
!
//M'_—\ \\\ B
8/ \\\.\
015 s . T~
/o
/7
o
0 100 200 300 400 ° 500 - 600 700 760
P, mm Hg

Fig. 1. Growth of uranium rods (d = 2 mm; 7 =
= 100 mm) in relation to air pressure at 600°C for
an exposure time of 6 hr.

i

a-, B-, 7 -phases, respectively. Figure 4 shows the
dependence of the growth rate of rods on their diameters.
All other conditions being equal, specimens with a
thin film of oxide on their surface grow faster than
specimens with a clean surface. This fact was detected
in the following manner. Rods in the y -phase were
first oxidized in air under a pressure of 100 mm Hg.
Then, the formed oxide film was taken off some rods.
by pickling, and it was left on the otherrods. The
end faces of all specimens were cleansed. .. The rods
were heated in a vacuum of 1072 mm.Hg to a temper-
ature of 820°C and then, in order to prevent thé forma-
tion of a thick film of oxides on pickled specimens,
air (under a pressure of 100 mm Hg) was supplied for a
short time (~ 1 min), after which the system was again
evacuated. At the end of the experiment, the dimen-
sions of pickled specimens did not change, while |
specimens with an oxide film were elongated by 0, 4%,
Additional experiments on specimens with an
axial deformation texture [010] showed that their growth
rate at 500°C somewhat exceeds the growth rate of
hardened rods (experiments were conducted over a

- period of 25 hr),

Growth of uranium rods on heatmg in nitrogen, The
previously evacuated system was filled with nitrogen,
from which oxygen was eliminated by passing it through

AN, %
!
ll5 o/,"-*,\\\\\\
Ve “ -~\\\\°
/ . v )
g 00 200 300 400 @ S00 .Eﬂﬂ' . 70'0 7}:‘0
: A, mm Hg

Fig. 2. Growth of uranium rods(d = 4 mm; ! =
=.100 mm) in relation to air pressure at 700°C for
an exposure time of 15 min,
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- TABLE 1.
Specimen , . Specimen
Temperatute, Exposure time, )
length before ex- °c min length after ex-
periment, mm periment, mm
106. 00 800 10 110.50
98.176 700 15 98.90
98.65 600 15 98.60
TABLE 2.
Specimen le'ngth Temperature, Specimen l.ength
before experiment, e after experiment,
mm mm
61.5 700 61.17
89.17 800 91.8

molten uranium, At normal pressure and temperatures
corresponding to the B - and ¥ -phases, ‘the rods became
elongated. The growth of specimens 4 mm in diameter
for an'exposure time of 30 min is shown in Table 2.
Growth of uranium rods on heating in carbon dioxide.

In experiments at atmospheric pressure, a growth of
rods at temperatures corresponding to the y -, 8-, and
o-phases was detected. Thus, at 800°C a rod 4 mm
in diameter and 100 mm long was elongated by 6% in
10 min, at 700°C the rod was elongated by 3% and in

_ the o-phase the growth begins with temperatures of
~ 500°C at a rate equal to one hundredth of a percent
per hr.

- Investigation of grown uranium specimens, The
density of metal after growing remained practically
constant with respect to the initial density. For instance,
a specimen 4 mm in diameter and 83. 63 mm long had
a density of 18,60 g/ cm®, After exposure for 1,5 hr
at 820°C in air under a pressure of 100 mm Hg, it was
elongated by 15% and ite density (after removing the

81, %
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Fig. 3, Growth of uranium rods (d = 4 mm;. I =
= 100 mm) in relation to pressure at 800°C for
an exposure time of 10 min.

812

surface film by pickling) was 18. 57 g/ cm®, The
growth of rods at the temperatures of B-and «-phases
does not cause any changes in the density of specimens.

The end faces of uranium rods which lengthened,
to a great extent assumed the shape shown in Fig. 5
(fine longitudinal cracks were observed on the cylindri-
cal surface; as a rule, the rods were bent), The sur-
face of the uranium rods which grew, after the film was
removed by pickling was heavily pitted. The depth
of the narrowest cavities attained ~ 0,3 mm.

An x-ray analysis revealed cubic face-centered
lattices with a parameter of 5. 31 A on the surface of
a uraninm rod grown by heating in air. Such lattices
correspond to a UO,* structure. '

If we assume that the film is continuous and
uniform after the growth of uranium rods on heating in
air, the film thickness depends on the medium pressure
and temperature at which the growth occurred, and
it hardly depends on the exposure time. For instance,

" at 800°C and under normal air pressure, the film thick-

ness is equal to 0, 13-0.14 mm. The thickness of a
film formed at 700°C and under a pressure of 1 atmos
is equal to 0, 026 mm. However, if the air pressure
is reduced the film thickness considerably increases
for the same temperature. and the time required for
its formation is, of course, longer.

‘The density of the film which was formed on the
uranium surface in air during its growth varies between

» 1. J. Katz and E, Rabinowitch, Chemistry of
Uranium [Russian translation] (IL, Moscow, 1954).
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11.6 and 13,2 g/ cm® depending on the temperature

and pressure under which the growth took place. This
dependence has a rather complicated character. The
density tends to increase with a decrease in pressure,
The film density was determined by weighing oxidized
specimens and specimens that were pickled in cold
concentrated nitric acid (for the purpose of removing the
oxide film) in air and alcohol.

Growth of copper wires, A 0.5-1 mm ®copper
wire which is heated at 900°C in afr for 30 min becomes
elongated by several percent. Al other conditions being
equal, the growth rate of this wire is inversely propor-
tional to its diameter, as in the case of the growth of -
uranium rods (see Fig. 4). For the same heating in a
vacuum of 1074 mm Hg the copper wire length did
not change.

The state of the wire surface also affects its
growth. For instance, copper wire specimens were
oxidized at 900°C. Then the oxide film of some spe-
cimens was removed by pickling, and other specimens
remained oxidized. All specimens were heated in
vacuum to 900°C. As in the case of uranium rods, air
was admitted in the vacuum system for a short time,
after which the system was again evacuated, At the
end of the experiments the oxidized specimens became
elongated, and the dimensions of specimens with a clean
surface did not change.

A possible mechanism of the growth of uranium
rods. The available experimental data suggest the
following possible mechanism in the growth of rods
heated in an aggressive medium (oxygen and other gases).
Oxygen diffuses the heated uranium rod,then a film of
lower oxides (UO+UO,) is formed on the rod, The
oxidation is not uniform (it depends on the crystallogra-
phic directions). Thus, a color mosaic was observed
on the electropolished surface of uranium which had been
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Fig. 4. Growth of uranium rods in relation to
their diameter. The specimens were heated for
30 min at 710°C in air under a pressure of 300
mm Hg, :

exposed to air. By the x-ray method, we were able to
establish that the (020) planes in a-utarnium are most
intensively oxidized, and the (002) planes are oxidized
least.

In the course of time, .the oxidation of lower
oxides takes place simultaneously with the diffusion
processes,

It was shown by experiments that the growth of
rods is caused by oxygen which diffuses in the film and
oxidizes the lower oxides. The film penetrates to a
depth of 0,3 mm. Since the density of higher oxides
is smaller than the density of lower oxides, large
tensile stresses appear in the rod; however, the density
of the rod core does not change. During the oxidation
process, the layer which contains both the metal and

its oxides gradually crumbles and is transformed into

higher oxides, which secures a constant thickness of the
stretching layer. It was experimentally established
that the rod growth is inverscly proportional to its
diameter. This agrees with the proposed mechanism,
since the amount of the diffused gas, all other condi-
tions being equal, is proportional to the rod surface
(i.e., to its diameter), and the tensile resistance of the
rod is propor tional to the rod cross section (i.e., to
the square of the diameter), Since no balancing forces
are present at the junction between the end face and the
cylindrical surface, the edge is pushed away from the
rod (Fig. 5). L

As was shown by experiments, oxygen participates
most actively in the growth process of uranium rods if
suitable conditions for the formation of lower oxides
are maintained. An optimum pressure region exists for
the maximum growth of uranium for a given tempera-
ture (for the temperature regions of o~ and 8 -phases).
Excess oxygen, which causes vigorous oxidation and the
formation of higher uranjium oxides, can reduce the
growth in certain cases . since the lower oxide film
does not reach a thickness necessary for the growth of
rods, For instance, if a uranium rod 4 mm in diameter
is heated in open air at 600°C, it does not grow and its

Fig. 5. Axial cross section of a
uranium rod elongated by 5%,
heated in air at 800°C over a
period of 10 min.
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length decreases because of oxidation. However, the
formation of lower oxides on the uranium surface in the
7 -phase is so vigorous that even the oxidation of this
film in air cannot materially reduce its thickness,’ and
the rods become elongated. s e
For the sake of simplicity, we have considered the
growth mechanism of uranium rods which was brought
about by the interaction between the rods and oxygen.
However, in growth in a nitrogen atmosphere or at a
sufficiently high temperature in an air atmosphere,
uranium mononitride which can develop into higher
nitrides, can play the role of monoxides. In growth in
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an atmosphere of carbon dioxide, the latter, as is known,
is decomposed in the presence of uranium, and oxides

and carbides are formed on its surface. The growth of
copper wires can ‘also be explamed by the transition of
the Cu,O oxide on their surface into the hlgher CuO oxide.

“The grow th effect should be taken into account in
producing thin uranium rods by heat treatment in air
(and in-other aggressive media) and also in experiments
where thin uranium rods are used.

" In conclusion, the authors extend their gratitude
to P. A. Petrov for his guidance in the work.
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EXPERIMENTAL INVESTIGATION OF THE CONDITIONS
OF THE REDUCTION AND PRECIPITATION OF URANIUM
BY MINERALS ‘

R. P. Rafal'skii and K.F. Kudunova

Translated from Atomnaya Energiya, Vol. 7, No. 4, pp. 333-337
October, 1959, o '
Original article submitted February 18, 1959

The article gives the results of an experimental investigation of the processes of reduction and precipitation of
uranium by certain minerals widely distributed in hydrothermal uranium deposits, It is assumed that iron, sul-
phur, and arsenic, which are included in the composition of these minerals, reduced U(VI) present in hydrother-
mal solutions, as a result of which primary uranium minerals were deposited. The experimental investigation
of these processes, which has been almost uninvestigated hitherto, is of great practical importance because it
extends present representations of the physicochemical conditions favorable to the localization of uranium mine-
ralization.

The experimental data obtained indicatesthat as a result of the reduction of U ¢VI) to U(IV) in acid solu-

tions at temperature of 100-350° C, crystalline uraninite, collomorphic uranium ” pitch”, and sooty uranium
blacks are formed. The character of the accessory minerals depends on the composition of the mineral-preci-
pitant, the reaction temperature and,in some cases,the initial uranium concentration in the solution. )

The results of the experiments confirm thie working possibility of the formation of primary uranium mi-
nerals under natural conditions as a result of the reaction of solutions containing U (VI) with ore and vein mine-

rals.

Introduction

According to present representations, oxidation
reduction processes play an important role in processes
of uranium transfer and the formation of primary uran-
ium minerals during the formation of hydrothermal de-
posits. It is assumed that the reduction and precipita-
tion of uranium was able to take place as a result of
the reaction of uranium-bearing solutions with minerals
and rocks containing reducing agents [1, 2]. The pre-
sent work is devoted to the results of an experimental
investigation of these processes,

A plate of mineral-precipitant of thickness 0, 2-0. 4
mm was placed in a quartz ampoule and several milli-
liters of a solution of UO,S0,; were introduced, After
the ampoule had been evacuated and sealed, it was
heated at the predetermined temperature, which up to
200°C was maintained with an accuracy of & 5°C,
while at higher temperatures the accuracy was £ 10° C,
At the end of the experiment the ampoule was cold-
water cooled. The accessory minerals were investigated
usipg a microscope and x-ray analysis, which was
carried out by the polycrystalline method using un-
filtered Fe-radiation. The photographs were taken with
a URS-55 camera in RKZ cells ( ¢ = 57.3 mm). The

conditions for taking the photographs were: 35 kv, 12
ma, Whei the constants were calculated (aceuracy
0.005 A) the variation in the thickness of the sample
was taken into account because in certain cases the
amount of material was lifnited and the thickness of
the sample reached 0.1 mm. For this reason, the
exposure was increased from 3 to 5 hours,

The uranium precipitants were native minerals,
with the exception of pyrrhotine which was synthesized
in the laboratory. Chalcopyrite contained individual
inclusions of quartz, while native arsenic contained a
very fine emulsion dissemination of arsenides (?).
Chemical analysis of the siderite® gave the following
results (%): FeO 45.76; MgO 8.59; CaO 0, 24; MnO
1.42; Fey03 0. 75; COy 39, 00; insoluble residue 3, 94;
total 99, 70,

Results of the Experiment

At elevated temperaturesuranium was reduced ana
precipitated from acid uranyl sulfate solutions by pyrite,
pyrrhotine, galena, chalcopyrite, siderite, smaltine,
and native arsenic, the composition of which included

* The analysis was carried out by B, M. Eloev,
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TABLE 1. Relation Between the Lattice Constant of UO, and the Conditions of
Formation.
Uranium content »
Mineral— | in the initial Temperature Heating time, Lattice |
.. solution, g/ | B " |- hours constant, A
precipitant ) C
liter :
Pyrite 2 150 120 (U3Og)
" 2 200 113 5.46
. 2 © 250 113 5.46
" 2 350 116 5,47
Siderite 2 100 72 5.39*
T 2 150 120 5.38*
" 2 200 113 5.35% (5.46)
" 2 250 113 5.40 (5.46)
" 2 350 116 5.42
" 10 100 72 5.40
" 10 200 118 5.45
" 10 300 100 5.46
Galena 2 150 120 5.44
" 2 200 113 5.45
" 2 250 113 5. 46
‘[ : " 2 350 116: 5.46
- * The constant was determined approximatély because of the high degree of
diffusion of the lines.

Fe, S, or Asin their lower valence states. As a result
of oxidation-reduction actions, a coating of UO, was
formed on the mineral-precipitant, hematite was
precipitated on the walls of the ampoule or in a mixture
with UO,, and an emulsion of elemental sulfur was
formed on the surface of the solution. The character
of the UO, formed depends mainly on the composition .
of the mineral-precipitant and the heating temperature.

The influence of the composition of the mineral-pre-
cipant was expressed very markedly in certain cases.
If the uranium concentration in the initial solution of
UO,504 was 2 g/ liter, crystalline uraninite which
completely covered the plate, was formed on pyrite.
galena, chalcopyrite, and smaltinetat a temperature
of 250° C in 70-80 hours (Fig. 1), The diameter of the
individual cystals of uraninite did not usually exceed
0.005 mm, and was sometimes 0. 001 mm or less. The
most widely distributed forms of the crystals were
octahedrons and cuboctahedrons. Concretions were often
observed. -Large crystals with .a diameter of up to 0. 05
mm formed accumulations covering ~ 50-60% of the
area of the plate in some cases.

That these accessory minerals are associated with
uraninite is confirmed by the data of x-ray analyéis
and also by the fact that their character is independent
of the composition of the above-listed mineral-preci-
pitants.
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Fig. 1.

galena: concentration of uranium

in the initial solution 2 g/ liter; -

T = 250° C; heating time 27 hours;
* magnification 600.

Uraninite associated with

T The nature of the precipitate with pyrrhotine was

not determined because the initial preparation was only ?
of fragmental size. . '

Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000100040003-7




Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000100040003-7

The character of UO, precipitated by siderite is
quite different. Under these condmons siderite was:
covered with a velvet-black powdery coating (very
similar to uranium black), the relationship of which
with UO, can be accurately established only by x-ray
analysis.

The very fine coliomorphic depb’sits' of uranium
pitch, similar in reflecting power to uraninite, occupies
an intermediate position-betweén crystalline uraninite
and the powdery uranium blacks. A compact coating
of collomorphic uranium pitch was formed during the
reduction of uranium by native arsenic.

X-ray analysis showed that synthetic uraninite
has a“very high lattice constant (5.46 A), which remains
unchanged when it is precipitated under similar con- .
ditions on pyrite, pyrrhotine, chalcopyrite, galena,
and smaltine. The lattice constant of collomorphic
uranium pitgﬁ was somewhat higher (5.47 A). On the -
other hand, a low constant, not exceeding 5.40 A is
characteristic for UQ, precipitated on siderite, In
this case, splitting up of the diffraction lines — indicat-
ing the formation of a secondary amount of the
second phase with a higher constant (~ 5,46 A)— was
observed on the powder diagrams. In contrast to the
fairly clear lines of uraninite, the lines of uranium
pitch and uraniom black on the powder diagrams are
very diffuse.’

The influence of temperature. A very fine-grained
aggregate, in which the presence of UsOg was estab-
lished by x-ray analysis, was formed at 150° C in 120
hours on pyrite. Under similar conditions a precipitate
having a crystal lattice of UO, was formed on galena.

At 200-350° C- crystalline uraninite was obtamed on
pyrite and galena. '

The influence of temperature was most clearly
shown during the precipitation of uranium by siderite.

If the uranium concentration in the initial solution was

2 g/ liter, at 100-200° C siderite was covered with a
powdery velvet-black sooty coating. The indistinct.
outlines of the deposits-were distinguished with

difficulty under the microscope. With-an increase in .
temperature, ‘the deposits became more: compact and
changed color. - The deposits obtained at 350°.C were-
fairly compact and had a dark-gray-color. The surface -
of the plate-became shagreen-like as a result of the
formation on it of nodular deposits of UQj; these depo-

* sits were distinguished under a binocular magnifier at

low magnification. The rounded or irregular outlines.
of the individual-deposits were visible under the mic-
roscope with a very-low reflecting power, :

If the uranium concentration in the-initial solution
was 10 g/ liter, at 100° C the siderite was covered with’
a coating of UQ,, the surface. of which also had a
nodular structure but of a finer character than in the
previous case. An investigation of the deposit with an -

Fig. 2.

Uranium pitch on siderite:
concentration of uranium in-the
initial solution 5 g/ liter; T =200°C
heating time 41 hours; rnagruflcanon
1800.

TABLE 2. Relation Between the Lattice Constant and the Initial Concentration of the Solution.

M L Uranium content Character of the UO; - e
meral- - Temperature, Heatmg Lattice
precipitant in the initial °C time, precipitate constant, A
solutlon, g/ liter® o ’
hours
Siderite v 2 200 41 . |Sooty coating of uraniurn 5.37
: . blacks oo i
" . v 5 - . 200 41 "|Fine-grained aggregate . - 5.41
with areas of collomor- -
phic structure
- , 10 200 41 Crystalline uraninite 544
Pyrite : 0.5 | .. 250 27 " " ' '5.46
" 2 : 250 27 - " o.m ’ 5.45
. 10 v . 250 21, " | 5u6
*The pH of the U0,80, solutron at uranium concentrations of 2, 5 and 10 g/ lrter is 3.6, 2.9, and 2.7,
respectwely o '
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immersion lens showed that the 1nd1v1dual nodules
consisted of very fine crystals with a diameter of less -
than 0. 001 mm, among which crystals with the faces of.
an octahedron could be distinguished. Thus, as a

result of the reduction. of siderite by ferrous iron, crys-
talline UOQ, is already formed at a temperature of 100° C.

If the reduction and precipitation of uranium takes
place at a temperature of 100° C or more, relatively
large cubic and octahedral crystals of uraninite are
formed.

With an increase in temperature the lattice constant
of UO, increases appreciably (Table 1). This relation
is shown very markedly for UO, precipitated from siderite,
which fully agrees with the data of microscopic observa-
tions. The fact that a second phase with a constant
of 5.46 A is formed on siderite at temperatures of
200-250° C, in addition to the phase with a constant
close to 5,40 A, is also of interest. Its formation is
detected by the appearance of additional lines, usmg
high angles on the powder dlagrams

The influence of the UO0,SO,4 concentration in the
initial solution is noted during the precipitation of
uranium by siderite. With a uranium concentration of
2 g/ liter, powdery uranium blacks are formed on side-
rite; the individual deposits of these blacks being
indistinguishable under the microscope. If the concen-
ration is increased to 5 g/ liter, a fine-grained aggre-
gate is formed at 200° C; at high magnification, areas
with a typical collomorphic structure can be readily
distinguishable in this aggregate (Fig. 2). In addition,
individual very fine octahedral crystals of uraninite,
which evidently grow on the surface of the collomorphic
deposits, are found, With a uranium concentration of
10 g/ liter in the initial solution, uraninite crystals with
a diameter of up to 0, 01 mm are formed on siderite.

An increase in the crystallinity of the deposit with an
increase in concentration is accompanied by an increase
in the lattice constant of UO,,

The influence of the initial concentration was not
observed during the precipitation of uranium on siderite
(Table 2).

In conclusion it should be noted that a change in the
duration of the experiments from 6 to 113 hours (T =

= 250° C) did not cause any qualitative changes in the
character of UO, when it was precipitated on pyrite
and galena, Uranium dioxide precipitated at 200-250°
C on siderite gives additional lines of the second phase
with a higher constant on the powder diagrams only
with prolonged heating (76-113 hours).

SUMMARY

1. At elevated temperatures and pressures, U (VI)
is reduced in acid solutions by iron, sulfur, and arsenic
present in their lower valence states in the composition
of natural minerals, As a result of reduction, uranium
is precipitated as crystalline uraninite, collomorphic
uranium pitch, or sooty coatings of uranium blacks.
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2 The character of the UOZ depends on the
composition of the mmeral -precipitant, due to the
rate of reaction of the solution with the mineral, with
siderite, which — like all carbonates — is read11y -
soluble in an acid medium, the reaction takes place
rapidly and finely dispersed precipitates of uranium blacks
are deposited. from the solution. With sulfides, which
are slowly dissolving minerals, the solution evidently
reacts very slowly. During this process.crystalline h
uraninite is formed. - .

3. The character of the UO, also depends on
temperature, an increase of which increases the lattice
constant of UO,. On the basis of the data of the work
[4], it may be assumed that 2 more complete reduction
of U(VI) occurs with an increase in temperature,

It is of interest that crystalline uraninite can be
formed easily at 100° C whereas uranium pitch and
even uranium blacks are precipitated at 250° C. | '

4. Ataconsiderable velocity of the reaction of- ‘
the solution with the mineral (precipitation on siderite),
the character of the UO, depends on the uranium con-
centration in the initial solution. The formation of
more coarsely dispersed precipitates with an increase
in the concentration may be due to the slowing down of
the reaction after the deposition of the first portions of
the precipitate on the surface of the mineral-precipi-
tant. It is also possible that the influence of the con-
centration is due to corresponding changes in the pH of
the solution, With a reduction in the pH coarser crys-
tals of UO, are formed [5]. '

The results of the experiments,on the whole,confirm
the possibility of the deposition of primary uranium
minerals under hydrothermal conditions by the reduction
of U(VI) by the components of native minerals, It
must be emphasized, however, that this by no means
excludes the possibility of the transfer of uranium in
hydrothermal solutions in tetravalent form, In this latter
case the correlation of uranium pitch and uraninite with
specific minerals and rocks might be explained,not by
their reducing action,but by other causes, for example
by the higher value of the pH of the solutions at the
boundary with these minerals.
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TECHNIQUES FOR THE PREPARATION AND IDENTI-
FICATION OF TRANSPLUTONIUM ELEMENTS*

A. Ghiorso

(University of California, ‘Lawrence Radiation Laboratory, Berkeley,

California)

* Translated from Atomnaya l:Znergiya, Vol. 7, No. 4, pp. 338-350

October, 1959
Original article submitted May 21, 1959

A short review of the discovery of transuranium elements is given and methods of preparing and identifying them
The results of a thorough experimental check of the work of a group of scientists from the USA,
Britain, and Sweden on the preparation of element 102 are given.- :

. -Aradical new method used for preparing isotopes of element 102 is described in detail.
The haif-life of an isotope of element 102 with a mass

are described.

properties of two isotopes of this element are given.

number of 254 is 3 sec and the a-particle energy is 8, 3 Mev,
According to preliminary data, the isotope of element 102 with a mass number

undergoes sp:ontaneous fission.
of 253 has an a-particle energy of 8.8 Mev.

The“agreement of the results of this work with the data obtamed by G. N. Flerov et al is noted. Iri

Data on the .

In 30% of the cases of decomposition, this isotope

conclusion, possible ways of preparing and identifying elements with an atomic number Z above 102 are exa- .

mined briefly.

Over the last 15 years we have witnessed the dis-
covery of ten transuranium elements. The techniques
employed in this field of investigation have changed
greatly and reflect, in general, the developments in
a number of other scientific directions. In the present
article, most attention is paid to techniques for pre-
paring and identifying elements 101 (mendelevium) and
102 and the possibility of applying the methods deve-
loped to elements with higher atomic numbers. Ob-
viously, a short review of the discovery of all the
transplutonium elements is of interest as it illustrates .
the gradual change in the experimental methads,
starting from the time when chemical methods were
particularly important to the present,when one can
hardly limit oneself to purely chemical investigations.
The synthesis of each new heavy element usually de-
pended on the preparation of appreciable amounts of
elements with lower atomic numbers and thus the dis-
covery of new elements occurred more or less in jumps:
It was necessary to acquire new knowledge and improve
the old method before attempting to prepare the next
transuranium elements. The knowledge obtained with
the new method that differed radically from the old
one was the key to the discovery of mendelevium and
element 102. It is possible that the preparation and
identification of elements beyond element 102 will
require methods which differ even more in principle.

After the discovery of plutonium-in 1940 by
Seaborg et al. [1], no attempts were made for several

years to prepare any heavier elements. During this

time the technology of plutonium separatiorﬁ was
developed and the required investigation of the chemistry
of the actinides carried out; at the same time the pro-
cedures for work with lethal amounts of plutomum were
being put into practice. It is possible that in the flrst
years appropriate safety measures for work w1th this
element were not always applied.

The first of the transplutonium elemerits disco-
vered was element 96 (curium). In 1944, only after
many unsuccessful attempts, Seaborg et al. [2)-finally
obtained the 160-day isotope Ccm??, -by irradiating
Pu® with o particles on the 60-inch cyclotron of-the
‘Crocker Laboratory. A very thorough chemical ana-
lysis was required to identify the new element, This
discovery was very useful; numerous chemical experi-
ments were carried out with tracer amounts of the-
new element. Soon after this, in 1945, Seaborg et al.
{3] discovered element 95 (americium). The isotope
Am™! with a half-life of 500 years was isolated from
plutonium irradiated in a reactor. It'was established
that americium is formed from the B -active isotope
Pu!, The chemical properties of americiumn and-
curium were found to be so similar that a method for
completely separating these elements was only deve-

* Report read at the Eighth Mendeleev Congress in Moscow
(March, 1959).
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loped several years after their synthesis. The separa-
tion of these two elements was based on Seaborg's
hypothesis that they belonged to a series of elements
with chemical properties similar to those of the rare-
earth elements. He named this series the actinides,

The equipment used for the discovery of Cm™?
and Am*! was very simple. At that time the tech-
niques of pulse analysis with an ionization chamber
were not well developed and inaccurate counting
methods had to be used to detect @ activity. In
order to determine the radiation energy, absorption
curves of the radiation in mica were plotted and thus
a relatively high activity was required for reliable
measurements.

In the following years a new technique was
developed successfully. At the same time several
milligrams of Am?! were isolated and then irradiated
with a particles in the cyclotron at Berkeley.

In 1949 element 97 (berkelium) was prepared by
Thompson et al. [4] by the reaction Am%Y(a, 2n) Bk,
The isotope ) (K-capture, half-life 4.3 hours)
was prepared in amounts sufficient to identify
the new élement. However, at that time there were
no scintillation counters and it was therefore very
difficult to investigate the characteristic x radiation of
this element. Only the o decay could be measured
and this was 0. 001 of the total activity of Bk*?.

By this time, ionization chambers were so improved
that they could be used to detect small amounts-of
o particles of a given energy. The ion-exchange
method of cliemical separation, used for rare-earth
‘elements, was applied quite successfully to the chem-
ical isolation and identification of berkelum. This
method made it possible to separate the new element
rapidly from the target material (Am®!), The high

. level of o activity in the target made thorough safety
measures necessary.

Several months later, in 1950, on the basis of
the work that lead to the discovery of berkelium,
Thompson et al, [5] prepared element 98 (californium)
by bombarding several micrograms of cm®? with
‘o particles. The isotope CI?®, with half-life of 45
minutes was identified by its a activity. The number

. of californium atoms prepared was insignificant (approx-
imately 5000 atoms), but as the chemical properties
and electronic configuration of californium and
curium were found to be different, it was possible
to determine absolutely accurately the atomic number

- of the new element. It was established that the
element was eluted from a cation-exchange column
by a predicted solution volume,

It was considered that after the synthesis of cali-
fornium, element 99 or the next one would be prepared
only after several years. Two years were devoted to
preparing other heavy element isotopes and increasing

to synthesize elements with Z > 98 by irradiating pluto-
nium in a reactor with a powerful neutron flux.

The discovery of elements 99 (later named ein-
steinium,E, - in honor of Albert Einstein) and 100 (named
fermium, Fm, in honor of Enrico Fermi) is an outstand-
ing example of the unexpected in science. Both these
elements were discovered in the products formed as a
result of a thermonuclear explosion in Novemnber 1952
(operation "Mike"), The explosion products were
collected on filter paper by special airplanes which
flew through the cloud of radioactive dust and the pro-
ducts were delivered to a number of laboratories in
the USA. Chemical investigations at theArgonne Na-
tional and Los Alamos Scientific Laboratories showed
that the explosion products contained several new,
heavy isotopes of plutonium, From this it was conclu-
ded that new elements may also have been formed
during the explosion as a result of numerous successive
neutron captures by uranium. When these conclusions
became known, we made an attempt to find heavy
isotopes of transuranium elements with Z > 98 in the
explosion products,

The new elements could be isolated"by the ion-
exchange method. Hundreds of kilograms of coral were
collected from the atoll close to the test site: after
the corals had been processed, einsteinium and fermium,
that is, their isotopes E®? and szss’ were identified
successfully. We carried out the preparation ot these
elements in 1953, but the work was only published in
1955 [6].

It is interesting to note that the amount of fermium
first obtained was approximately 200 atoms, Essen-
tially new techniques were not used then in experiments.
The discovery was made possible by painstaking work.
based on long experiments,

At the beginning of 1954, plutonium that had been
irradiated with a powerful neutron flux in a.reactor for
several years yielded isotopes of berkelium, califor-
nium, einsteinium, and fermium, which had previously
been found in the rock taken from the region of the
thermonuclear tests in 1952, As the amount of heavy
elements obtained in the reactor was considerably
greater than the amount of elements isolated from the
e)z(glosion products, it was possible to irradiate 20-day
E™ with helium ions in a cyclotron to obtain element
101. At that time, on the cyclotron in Berkeley we
obtained heavy ion beams of relatively low currents
with a continuous energy spectrum in the final radius.

It was found that the yield of reactions in which only
neutrons were emitted was very low and,therefore, it

was useless to irradiate plutonium with nitrogen ions
to obtain element 101,

Having obtained a sufficient amount of g®8 by
1955, we attempted to synthesize the new element,
We had 10° atoms of the isotope E®® and estimated

the knowledge of their nuclear properties. It was planned that by using a helium ion beam (with a strength of
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about 200 ua/ cm?),we would obtain approximately
one atom of element 101 in the experiment, if the.
cross section of the predicted isotope of element 101
with a mass of 255 was ~ 1 mbarn.. These:calculations
“were based on the hypothesis that the half-life. of the
isotope of element 101 was several minutes, -

We had to work extremely rapidly to isolate the
minute amounts of the expected element 101 from. the
target material. We could not use the usual methods.
Even if we were able to camry out the chemical isola-
tion sufficiently rapidly, a new target had to be made
for edch repeated irradiation. As $everal irradiations
were needed to detect an isotope with a half-life of
the order of several minutes, the minute amounts for
the targets would be used up rapidly during washing.
Luckily, just before we started the experiments, a
new method based on the use of recoil nuclei formed
during the reactions was proposed and tested. It was
thought that if a very pure target was made sufficiently
thin, then the atoms of the new elements would be
ejected from it and they could then be collected ina
vacuum on a separate collecting foil. During a test
irradiation of Cm** to prepare Cf®, it was found that
high californitim yields could actually be obtained if
the target was carefully prepared electrolytically. As
the track of' a Tecoil atom is very short (approximately
50 pg/ecm %), the yield could vary greatly from one
target to another.

Small amounits of Cm** were introduced into the
target in order to have an internal indicator of the
yield. The focus of the internal beam of the Berkeley
cyclotron was intensified so as to obtain a very high
helium ion current dénsity at the target. Then a probe
was'developed with a design such that rapid removal
of the recoil nuclei collector was possible. After
numerous tests in which the apparatus was adjusted,
the exper iments began.

The first experiments were limited to an examina-
tion of short-lived a activities. Many experiments
gave no results and we were planning to terminate them,
However, during one experiment a strong pulse from

- spontaneous fission was recorded. When this result was
repeated in another experiment, we were convinced

- that the apparatus was sufficiently reliable. It could be
assumed that a new isotope was obtained which

_underwent spontaneous fission with corsiderably greater
probability than m the case of isotopes found previously.
It seemed that Fm®® could be an isotope with such a
high rate of spontaneous fission. It could form either
directly by an (&, p) reaction or as a result of K-cap-
ture by an isotope of element 101 with a mass of 256.
As the expected half-life of this isotope must be greater
than that of the isotope of element 101 with a mass of
255, we assumed that by increasing the irradiation time
we would be able to increase the yield of the element
and this would make chemical operations possible. A

" chemical separation was necessary as the ion beam

produced a high o activity in the gold foil collector

and this hindered registration of radiations in an ioni-
zation chamber. The collector foil was rapidly dissolved
and all the actinide elements were separated on an ion-
exchange column. This usually required 5-10 minutes,

Then new experiments with a longer irradiation time
were begun, Almost immediately we were rewarded
by obtaining an average of one spontaneous fission per -
experiment. .

Chemical separation showed that the spontaneous
fission was caused by the actinides. In order to diffe-
rentiate element 101 from fermium, we carried out
additional chemical operations to separate different
elements of the actinide group. Cation-exchange
columns were used for this. The results of the first
experiments were confirmed by the fact that cases of
fission were observed in the transfermium and fermium
fractions. In some experiments, spontaneous fission was
observed in both fractions, For a more accurate deter-
mination of the position of the element undergoing
spontaneous fission during its chromatographic, elution
from the column, more accurate experiments were set
up. e

Several experiments were carried out to extend

the data obtained. The reaction products after each
3-hour irradiation were rapidly separated on an ion-
exchange column. Isotope E®® was added and this,
together with isotope Cf*®  formed during the irradia-
tion, made it possible to calibrate the column, . Five
spontaneous fission counters were used so that it was
possible to investigate simultaneously the drops of eluent
corresponding to the fractions of elern_ents separated,
As the elution curve shows, spontaneous fission was
observed in both. the fractions. corresponding to element
101 and fermium,

. We synthesized the isotope of element 101 with a
mass of 256, which was converted by K-capture (with
a half-life of ~ 30 min) into the isotope Fm™®, that
fissioned spontaneously with a half-life of ~ 3 hours.

As a result of eight experiments we then isolated only

17 atoms of element 101, but due to the original charac-
ter of the experiment we decided to publish the results.
The report on the discovery of element 101 was pub-
lished in 1955 [7]. We named this element mendele-
vium (symbol Mv) in honor of the great Russin chemist
Dmitri Ivanovich Mendeleev, who was the first to use
the Periodic Law to predict the chemical properties

of as yet undiscovered elements.

The discovery of mendelevium required particu-
larly sensitive apparatus for recording the activity, as at
first this element was identified by counting the number
of atoms and was synthesized by conversion in a target
which itself contained an unweighable amount of
material. In investigating the other members of this
series of previously unknown elements, we worked with
simall amounts of material, but never as little as in
this case. Of course, by then the preparation of new
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elements was quite familiar to us; it was based mainly
on the possibility of detecting o radiation of heavy
elements with high-efficiency and reliability. Investi-
gations of this type depend essentially on the possibility
of identifying isotopes by o-particle energy. It is true
that the alpha background did not fall to zero, but in
this case it was practically absent as we were recording
spontaneous fission.

Spontaneous fission was first discovered by G. N.
Flerov and K. A, Petrzhak in 1940 for U3, They
established that spontaneous fission was a very rare
phenomenon. After new elements with higher atomic
numbers had appeared in the periodic table, it was
shown that the probability of spontaneous fission increases
rapidly with an increase in the atomic number of the
element. For example, with the isotope Ct®2 3% of

all decay cases were spontaneous fission; this means
that its spontaneous fission half-life is 66 years. Until
recently, Cf®* was the isotope with the shortest spon-
taneous fission half-life (60 days). It is known that
Fm®* has a half-life of ~ 6 months. For this reason
the 3 hour half-life found for Fm®® was so unexpected.
This phenomenon made the discovery of mendelevium
possible.

The results of the first work on the synthesis of
mendelevium were later confirmed several times in our
laboratory with the use of thicker targets; this made it
possible to measure the half-life of mendelevium with
great accuracy. It was found [8] that Mv®® has a half-
life of 1.5 hours and that a more accurate value for
the half-life 6f Fm®® is 2.7 hours. Furthermore, an
a-active isotope with a half-life of 45 min was disco-
vered (it probably formed diring the decay of Mvzss).

The use of these methods allowed us to prepare
and identify mendelevium; it was only two years later
that work was published on the subject of new elements.
As einsteinium was the heaviest of all the elements that
the experimentors had in amounts sufficient forirradiation,
the only method by which elements with atomic numbers
above mendelevium could be obtained was by irradia-
tion with ions with more than two protons. Thus, an
attempt could be made to prepare isotopes of element
102 by irradiating curium with carbon ions.

Such experiments were carried out in Stockholm
in 1957 by a group of scientists from the USA, Britain,
and Sweden. In a series of very complicated experi-
ments, curium was irradiated with C® ions, accele-
rated in a cyclotron; a very low a activaty was observed
and this was ascribed to an isotope of element 102.
This a-active product with a half-life of 10-15 minutes
was eluted in chromatographic separation in the fraction
corresponding to element 102,

An experiment consisted of irradiating a Ccm**
target, ~ 1 mg/ cm? thick, which was covered with a
thin aluminum foil (50-100 pg/ em?) and placed in a
vacuum. The recoil nuclei passed through the alumi-
num foil and stopped in a thin plastic collector. Al-
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though they gave poorly reproducible results, nonethe-
less, numerous irradiations-of a large number of targets
showed that the observed activity had the characteris- .
tics mentioned above. The number of other radioac-
tive elements obtained in the experiments was insig-
nificantly small. In the work then published [9] it was
reported that for five cases of decay, hypothetically
assigned to the element 102, there was only about

1/ 10 count/ min of Cf% and a very small amount of
Fm?®®, The number of observed cases of decay assigned
to element 102 was always found to be very small and,
therefore, it was difficult to check this activity reliably.
The C¥ ion beam used in the experiments was 0. 03—
0.1 pa and the ion energy was ~ 90-100 Mev.

At approximately the same time, experiments
were begun in Berkeley on the heavy ion linear
accelerator HILAC in order to confirm the results of .
the Stockholm group. However, at first the ion beams
from the HILAC accelerator were too weak and the
Stockholm experiments could not be repeated. Making
a test was impossible for a year. It soon became clear .
that we could not confirm their conclusions [10]. In '
1957 we_spent many months carrying out experiments
of a different type and putting considerable effort into .
repeating what was found in Sweden. At first we bom-
barded several targets simultaneously with a recoil
nucleus collector behind each. Since the beam intensity
which we had was greater than that used in Stockholm,
heating of the target by the beam was the whole prob-
lem. It soon became clear that it was impossible to
irradiate the target inavacuum and,therefore,we placed
the target in a helium atmosphere and put the collector
foils right against the targets. In order to be sure that
we. did not lose recoil nuclei in the protective foils,
at first we did not use them at all. Later, in order to
reduce the amount of curium ejected from the target, .
aluminum foils 100 pg/ cm? thick were used.

In the first experiments a chemical method was
used to separate the small amounts of curium ejectéd
from the target by the bombarding beam. Many experi-
ments were carried out with C*?, C*, and 0* ions of
various energies. However, “our attempts to find a
10-minute activity with an a-particle energy of 8.5
Mev, which was ascribed to element 102, were unsuccess-
ful, though we obtained ~100 counts/ min for cf
and approximately the same activity for Cf™ and me.
These amounts were hundreds of times greater than the
amounts of the isotopes obtained in the Stockholm
experiments. Not once did we observe pulses corres-
ponding to an o-particle energy of 8.5 Mev, apart
from those which were caused by the extremely low
background of our apparatus.

In order to be sure that there were no errors,
we continued our investigations. Palladium foils, 0.9
mg/ cm? thick, were first used as collectors. Imme-
diately after the irradiation, which usually lasted for
about 30 minutes, we dissolved the palladium and
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separated the actinide fraction from it. Approx1mate1y
5 min after the end of irradiation, we were able to
record o particles of the actinide fraction on the ana-
lyzer.

It might have been expected that like californium,
which evaporates readily from metallic uranium,
element 102 would be even more volatile and, being
held by a metallic foil, would evaporate when the foil
was heated by the beamn. To test this hypothesis we
tried to collect recoil nuclei on a Mailar (a special
plastic) collector. The collectors were cooled with
helium to prevent them from burning. It was assumed
that a recoil nuclei held in the collector would be
oxidized and this would prevent their evaporation.

The collectors were then burned on a platinum plate.

In this way we were able to examine the reaction

~ products on a pulse analyzer directly, without chemical
operations, 1 min after the end of irradiation.

Again, though we obtained large amounts of Cf*®,
Cf#, and Fm®® we did not observe activities which
could be ascribed to element 102,

We also used a method by means of which, it
seemed to us, it would definitely be possible to record
the 10-minute a-activity with an energy of 8.5 Meyv, .
assigned to the isotope of element 102. This method,
which is based on collection of recoil nuclei with an
electrostatic field, was used for the first time to
identify a short-lived isotope of element 102 (the
method will be described later). After the successful
preparation.and identification of the short-lived isotope
of element 102, we were sure that the method made it
possible to detect the existence of isotopes with con-
siderably longer half-lives.

The recoil nuclei of element

102 were collected on a negatwely charged alumlnum
plate placed near the target.in a helium atmosphere.
The aluminum plate could bé analyzed on a pulse
analyzer immediately after a short irradiation. We
observed large amounts of Cf#; cf*$, and Fm®°
the plates, but did not detect any long-lived isotope
of the element 102. Experiments with a beam whose
intensity reached 0.25 pa were carried out over a
wide range of energies.

A new method was used quite recently in it the
recoil products were collected on a continuous belt
and analyzed almost immediately in a grid ioniza-
tion chamber, placed next to the target system (the
method will be examined at the end of the article).
These experiments could also have demonstrated rea-
dily the existence of the hypothetical long-lived isotope
of element 102. .
.- Out doubts on the reliability of the Stockholm
experiments, from which conclusions were drawn .on the

~ discovery of element 102, may be formulated in the

following way:
- 1. We used curie targets of the same isotopic
composition and irradiated them with monoenergetic
c'?, C13, and O ions over a wide range of energies.
The intensity of our beam was ten times greater than
that of the Stockholm cyclotron with a wide energy..
spectrum. :
2. We used four different methods of collectmg
the recoil nuclei = the products of nuclear reactions,
They all made it possible to detect only large amounts
of actinide elements (reaction products), but a 10-
minute activity with an energy of 8, 5 Mev could not
be obtained.

4

Fig. 1. Scheme of continuous experiment used in the discovery of element 102: 1) conveyor
belt (-400 v); 2) collecting foil (-600 v); 3) target; 4) thyratron relay; 5) discharge gap; 6) shield;
7) foil separating helium space from vacuum system; 8) set of foils to reduce the energy of the
primary beam; 9) foil of collimator; 10) vacuum; 11) helium cooling; 12) helium at atmospheric
pressure; 13) vacuum; 14) teflon shield; 15) foil separating helium space from vacuum system;

16) Faraday cylinder
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3. The conditions of our experiments and the
Stockholm experiments were identical. In most of the
latter experiments it was necessary to use thin aluminum
foils for protection against curium ejected from the
target. It seems to us that we can compare the amounts
of Cf#¢, cf™, and Fm™" obtained in our experiments
with the amounts of the same elements, obtained in the
experiments of the Stockholm group. We consider that
this comparison of the irradiation conditions is more
accurate than a comp arison of the beam intensities,

4, In our experiments the unknown activity per-
taining to element 102 would have been fixed as the
method of collecting recoil nuclei with an energy
field was applied successfully to the identification of
the short-lived isotope of element 102, '

The failure of our attempts to reproduce the
Stockholm results can probably be explained by the
following circumstances. Experiments on the cyclot-
ron were extremely complicated as they were carried
out on the internal beam of the cyclotron. The activity
obtained was extremely low and varied sharply. In
the best case in one experiment several decays were

- observed,but in most experiments nothing was observed.
Of 50 irradiations, only 12 were successful. Itis
extremely probable that under these difficult experi-
mental conditions the unknown activity is explained by
the presence of impurities or other circumstances.

It should be noted that in most experiments on the
cyclotron the energy of the C® jons was 90 Mev; this
corresponds to reactions with the evaporation of six or
more neutrons and therefore the mass of the isotope
253 or less is most probable. It is quite probable that
isotopes of element 102 with a mass of 257 or 259
will have a half-life of 10 min, but these isotopes may
be obtained only by irradiation of heavier curium iso-
topes or by the use of bombarding ions of lower energies.
It may also be expected that an isotope of element
102 with a half-life of 10 min would be more likely to
have an a-particle energy of 8.0 Mev rather than
8.5 Mev.

The only conclusion from the data presented is
that the activity found in the Stockholm experiment
cannot be assigned to element 102.

After four months of unsuccessful searching for a
10-minute isotope of element 102, we attempted to
record shorter-lived isotopes. A radically new method
was needed for this purpose. It had been established
[11] that under suitable conditions recoil nuclei
(reaction products) may be collected almost completely
on an electrically charged plate in a gas atmosphere.
Long-range reaction products (with a range of 1 cm
in helium at atmospheric pressure) may be slowed first
in the gas and then collected on the surface of a con-
ducting foil. If such products form a thin layer on the
foil surface, then with a decay the daughter nuclei
will be ejected from the foil due to recoil. Thus, in
principle, it is possible to perform an experiment in
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which there is continuous separation of the daughter
fermium, formedbydecay of element 102,

Fig. 1 shows the scheme of an expenment for the -
preparation of element 102. .

The target consisted of a mixture of curium istopes
(95% Cm™* and 4. 5% Cm ™), deposited on a very thin
nickel foil 0.5 mg/ cm® thick. It was covered with
aluminum 75 pg/ cm?, for protection against ejection
of curium. The curium was irradiated with a mono-
energetic beam of C* jons with an energy of 60-100
Mev. The atoms formed were stopped in helium, It -
was found that when the energy field had a sufficient
voltage, practically all the positively charged atoms
could be collected on a moving and negatively charged
metal belt, arranged directly underneath the target.

Atoms of element 102 were transferred on the
conveyor belt under a foil, negatively charged relative
to the belt. Approximately half of the daughter atoms,
formed by o decay of atoms of element 102, were
ejected from the belt surface due to recoil and collected
on the foil. After each irradiation the collecting foil
was cut perpendicular to the direction of movement of
the belt into five parts of equal length. Aftér a delay
corresponding to the half-life of the daughter product,
each of the five foils was simultaneously analyzed
for c¢ decay with the aid of five chambers with a
Frisch grid, fitted with amplifiers and analyzers with
recording equipment. With this arrangement we could
readily make all necessary measurements for identifying
atoms collected on the foil and thus measure the hailf—
life of the primary atoms. The method was first used
successfully for identifying the new isotope Frmi?®,
obtained by irradiation of Pu~ with C12 ions. By deter-
mining the amount of 20-minute Cf* transferred to
the collecting foil it was established that the haif-life
of Fm?® equals 0. 6 min.

100 \
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Total number of Fm>° counts
on each section of collector

1 2 3 4 5 &
Number of collector section (time to pass
a collector section — 2,49 sec)

Fig. 2. Over=all result of many experiments showing
the o-decay of the 3-second isotope of element 102
with mass 254 into Fm®°
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After the reliability of the method had been
proved, experiments were begun to detect short-lived
isotopes of element 102. It could be expected that
the most probable isotope would be that with a mass
of 254, We considered that the half-life of this isotope,
which yields 30-minute Fm™® that emits o particles
with an energy of 7.43 Mev, would be a few seconds,

'From the nature of the distribution of the Fm®™ activity
on the moving belt we came to the conclusion that the
half-life of the mother substance equaled 3 sec (Fig. 2).

These nuclei were formed by the reaction
cm#%( C*®, 4n) 1027,
1000
Tu E
8
| 52— ©
Wy of ﬁ
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g 100 f—t—o1 A 1
« ,L_— 25gl—% 1 Q
9 i = £
HHE -
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Fig. 3. Chemical identification of Fm®° obtained
by o decay of the isotope of element 102 with a
mass 254. ' ’

Similarly it was found that the excitation function
for the formation of Fm™® has a sharp maximum at an
energy of 70 £ 5 Mev and corresponds to a (C%, 4n)
reaction, which agrees with recent calculations of
the effective cross sections of this reaction. The collec~
ted atoms-were ejected from the belt as a result of
recoil during o de%)y; this was shown by the fact that
neither Cf*® nor Cf, which were usually collected
in very large amounts on the belt, were found on the
collector. It was found that a change in the rate of
motion of the belt led to a change in the distribution
B0 on the collecting foils, whose nature corres-
ponded to a 3-second half-life. The number of Fm®° .
counts in a single experiment reached 40 and,hence, it
follows that the maximum cross section of the reaction
on Cm*® was approximately a few microbarns,

Conclusive chemical identifications of the atoms
ascribed to Fm”® was carried out by a solution of the
radioactive substance obtained on the collecting foil
and its separation from other actinide elements by
elution from a column of the cationite Dowex-50 with
ammonium o-hydroxyisobutyrate. In the fractions

corresponding:to fermium, in one experiment we detec-
ted two and in another nine atoms of Fm>° '(Fig. 3), '
which gave us confidence in the identification of ..
element 102 in these experiments as a result of;the
extraction of its daughter element (fermium), ;

N Ry

Fig. 4. Belt transporter and ionization
chamber used for measuring the energy .

of @ particles directly at the target: .. - .
1) helium cooling; 2) helium at atmos- . .
pheric pressure; 3) vaccum for F,ar_aday,
cylinder; 4) set of foils to reduce the y
energy of the primary beam; 5) target . . .
(+250 v); 6) foil separating -he_liurn,spa_ge e
from vacuum system; 7) Faraday cylinder; -
8) argon and 7% methane (at atmosphe-

ric pressure); 9) vacuum of linear acce_-.
lerator; 10) thyratron relay; 11) shield-

ing shutter; 12) foil separating helium ,

space from vacuum system; 13) discha‘rge'
gap; 14) collimator and window; 15)

Mailar belt covered with aluminum;

16) Frisch grid (+830 v); 17) collec‘t_-r'

ing electrode (+2500 v); 18) signal to
preamplifier, :

The work was published in July 1.9‘5.8, [12], Some-
what later we learned of the excellent work of G. N.
Flerov and his group [13, 14]. The method which

they used, though it was quite different from ours, ..

made it possible to demonstrate readily the existence

of an isotope of element 102 with a mass less than .
254. These experimenters reported that they did not '
observe any long-lived & activity with an energy of =
8.5 Mev which could be ascribed to element 102,

but they observed a short-lived activity with a half—

life measured in seconds and with an a-particle energy
of 8,8 Mev. These experiments were very difficult

and complicated by the presence of a background caused .
by contamination of the target with a small amount of
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lead. The target consisted of Pu! and the bombarding
particles were O0%ions, accelerated on the cyclotron
of the Atomic Energy Institute of the Academy of
Sciences of the USSR in Moscow. However, although
it is very sensitive, this method did not make it

. possible to determine unequivocally the atomic number
of the new a-activity.

After experiments demonstrating the existence
of the isotope of element 102, we modified our
apparatus so that it was possible to determine the
energy of the o particles of this or other isotopes
which could have been formed. In these experiments -
we used the method described previously, but with
some important changes (Figs. 4-6). Instead of a
continuously moving looped metal belt, we used a
Mailar conducting belt 0.025 mm thick, which
was made conducting on both sides with a thin film
of aluminum. The recoil nuclei were slowed in helium
and attracted to the belt by an electrostatic field. The
belt was then drawn into a grid ionization & chamber,
arranged near the target, and the decay products
analyzed with a 100-channel pulse analyzer.

There were two methods of using this apparatus:

-1) the belt was moved continuously from the target

to the ionization chamber; 2) after a short irradiation,
the belt was rapidly moved into the chamber and
analyzed there while the next section was prepared for
measurement.

The advantage of the second method was that the
grid ionization chamber could be placed further from
the target and thus shielded from the very intense
«- and- B -radiations produced by the beam of heavy
ions. The other advantage of this method was the
possibility of simultaneously measuring the half-lives
of many isotopes by means of an addition counter
connected to an a-particle pulse analyzer and an
apparatus determining the time succession of pulses.

After 8 months of continuous refinements, we
obtained an apparatus which was capable of reglstermg
short-lived a-active isotopes directly at the target

~ with high reliability and excellent resolution. Although
difficulties were encountered in the use of this method,
its application was found to be ex"tremely valuable. One
of the many factors complicating the method was its
sensitivity to the purity of the helium used in the target
chamber. This was connected with the fact that on the
one hand, we had to use a mixture of argon and methane
in the grid a chamber for pulse analysis and, on the
other, the belt had to be moved rapidly from the target
chamber to the grid chamber. The fulfillment of both
conditions tequired complex mechanical equipment.
However, as a result of a series of modifications we
constructed a quite satisfactory apparatus; with its aid
we measured the o-particle energy of Fm*#® (E,=17.8
Mev), whose 30-second half-life was established at the
beginning of 1958 by continuous separation of Cf*4 in
experiments with a conveyor belt,
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Quite recently we attempted to irradiate curium
targets to detect a-active isotopes of element 102.
We imimediately er:zountered great difficulties due to
the fact that very si1all amounts of lead in the target
led to the formatio: of o particles with energies of
8.3 and 8.8 Mev an;i half-lives of 5-22 sec. By
careful purification of the material of a new target

Fig. 6. Block scheme of electronic part of transport
system: 1) target zone; 2) counting zone; 3) mani-
pulator; 4) amplifier for pulses from fission fragments;
5) 100-channel amplitude analyzer of fission frag-
ments; 6) 100-channel amplitude analyzer of o
particles with wide channels; 7) a-particle pulse
amplifier; 8) 100-channel amplitude analyzer of

o particles with narrow channels; 9) synchroniza-
tion regulator; 10) five 10-channel time analyzers;
11) beam current measurer; 12) source of target
potential; 13) preamplifier; 14) grid ionization
chamber; 15) transport belt; 16) target support;

17) beam; 18) heavy ion linear accelerator; 19)
foils reducing energy of ions; 20) helium purifier;
21) helium; 22) gas imput regulator.

and electrolytic deposition of the target on pure

nickel foil, we were able to reduce the background to
an insignificant value. Unfortunately, our apparatus
did not operate long and therefore we were unable to
obtain conclusive results. We observed the formation
of a 3-second isotope of element 102 whose a-particle
energy was 8.3 Mev and also spontaneous fission,
possibly of the same isotope of element 102 with a mass
254. The fraction of decays by spontaneous fission

was unexpectedly high (30%), many orders higher than
predicted. The activity obtained in these experiments
did not exceed 10-20 counts/ br. Due to the difficulty
and the complexity of the conditions of counting

close. to the target, we cannot be sure that this activity
was actually caused by element 102 until new experi-
ments are done. '
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In the experiments described we did not record
appreciable numbers of .« particles with an energy
of 8.8 Mev, which were expected from the decay of
the isotope of element 102 with mass 253. One of the
most probable of the reactions observed in the Moscow
experiments.could have been the reaction
Puw(Om, 411)102253. In our case the same isotope must
have been obtained by the reaction Cm*¥C*?, 5n) 102%2,
To increase the yield of this isotope we attemp-
ted to bombard curium targets with C® ions. In this
case the isotope of element 102 with mass 253 should
be obtained by the reaction cm# (c%, 4n) 10253,
The higher Cm® content of our targets should have
raised the' yield of this reaction by a factor of at least
15. In these very recent experiments we observed
short-lived a-particles with an energy of 8.8 Mev,
which could have been caused by the isotope of element
102 with mass 253. If this effect is also observed in
future experimerits, it can be regarded as independent
confirmation of the Moscow work. Our data are pre-
liminary and some time will be required to obtain
conclusive results,

Lhope that we are able to investigate many
isotopes of element 102, Other target materials which
we will probably use soon are cf® and Cf®%  These
will apparently make it possible to obtain isotopes
of element 102 as their reactions with carbon ions
proceed with a much greater effective cross section.
They will also have the advantage of making it
possible to obtain a number of heavier isotopes of
element 102 and thus to determine many nuclear

characteristics of the new element (Fig. 7). Then it
may be possible to obtain isotopes (such as the isotope
of element 102 with mass 259) which will be quite
long-lived and make a chemical identification
possible. ‘ : v

The way to apply this new method to the prepa-
ration and identification of elements beyond element
102 is clear, but the solution of this problem involves

~ great difficulties, We now know that the cross section

of the formation of very heavy elements is extremely
small, Since only small amounts of target material-
may be used and we have comparatively low intensity
ion beams available, it will probably be some time
before success is achieved in any laboratory. To these
difficulties is added the complication of the short half-
life of decay by spontaneous fission. This is indicated
by our very preliminary data showing the very great
rate of spontaneous fission of the isotope of element 102
with mass 2564. Under these conditions it will be very
difficult to demonstrate -that a new element has been
found. .- :

Spontaneous fission does not have.-sufficient charac-
teristics for distinguishing between one element and
another by this method as is done with a-particle radia-
tion. However, even in this case, apparently it may
be possible to obtain isotopes with an odd number of
neutrons which are quite stable as regards spontaneous
fission so that the o -particle energy of these isotopes
may be determined.

It is extrernely-probable that elements 103 and 104
will be prepared after some time. ' The purpose of one

Fig. 6. Counting equipment (various analyzing apparatus can be seen),
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of the main experiments which should be carried out

when element 104 is discovered will be to show that

it differs from element 103 and. other elements of the

actinide series, Element 103 represents the end of

the actinide series,and therefore it will be very impor-

tant to show that element 104 is an analog of hafnium,
I would like to examine a possible method by

which this may be done.even with half-lives of the order

of a few milliseconds. In the method proposed, the
time of motion of an ion in a gas, moving under an
electrical field, is measured. If an ion, after being
slowed to thermal rates in the gas, is attracted by an
electrical field of constant gradient, thenit is possible
that the time of motion of an ion of element 104 will
be less than that of an ion of element 103 with appro-
ximately the same mass number. This follows from the
fact that the jonic radius (which determines the rate

of motion) of element 104 will be, according to expec-
tations, 13% less than that of element 103. The chan-
ges in radius of other elements of the actinide series
are very small. Thus, if it is possible to develop a

method of separating ions with an appropriate resolution

. by using the difference in the time of motion, it may
be possible to show an essential chemical difference
between elements 103 and 104, We have considered
several possible methods of carrying out such an
experiment but have not had the time for testing them.
Another method which, it seems to me, has a real
chance of success would make it possible to identify
the mass number of a few reaction products. In this

method use would be made of the fact that recoil
nuclei, reaction products, may be slowed in a gas

and drawn toward a small opening by an electrostatic
field of suitable form, By means of differential eva-
cuation.it would be possible to transfer an atom through
a small opening from a volume with a relatively high
gas pressure, necessary for slowing the recoil nuclei,
into a volume under high vacuum. " After the single —
charged ion has been introduced into the vacuum, a
strong electric field must accelerate it to a high energy
so that an analysis can be carried out with a magnetic
field by the usual method. The ion may then be direc-
ted immediately into a counter for determination of its
radioactive properties or detected with an electron
multiplier and recorded as an ion of given mass. _

Naturally, considerable difficulties will be encoun-
tered in putting these methods into practice, but I think
that the great possibilities of these methods will
completely justify the efforts made.
Another method may be used in the synthesis of

-elements of very great atomic riumber. It is possible
that it will require the combined efforts of scientists .
of such countries as the USA and USSR. I am thinking
of the irradiation of very large amounis of the heaviest
elements in suitable containers with high neutron fluxes
produced by nuclear explosions, If 10 g of Cf®? were
irradiated in this way one would expect to obtain very
heavy isotopes which would decay to form nuclei lying
in a region of new stability and, as a result, obtain
superheavy elements. These possibilities do not lie
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Fig. 7. Relation between o-particle energy and mass number, including new data
for isotopes of element 102 with masses 253 and 254,
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beyond the bounds of reality,

In any case, it is evident

that the field of transuranium elements will remain a
very interesting and profitable field of investigation for
the next decade or more.

14B, 1525 (1949).
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'

This paper is devoted to the determination of dosimetric characteristics of intermediate-energy neutrons, A cal-
culation of the interaction of neutrons with paraffin for the normal incidence of an extended beam of neutrons
in the energy interval from 100 ev to 1 Mev, which has been performed by means of an electronic computer, is
given here. The computation results are used for calculating the components of the neutron tissue dose resulting
from the moderation process in the tissue, The dose resulting from the neutron capture is calculated on the basis
of the authors’ data on the distribution of slow neutrons in paraffin and on neutron reflection from the surface

of a hydrogenous medium., The depth distributions of neutron dose components for thermal neutrons and neutrons
with energies of 100 ev, 1, 30, 240, 500 kev, and 1 Mev were obtained. The depth distributions of the biological
dose for neutrons of the same energy and the biological dose values pertaining to the unit neutron flux were ob-

tained.

In recent years, neutron protection and the dosi-
metry of neutron fluxes have assumed a great impor-
tance, With the development of the atomic industry
and the appearance of a large number of nuclear acce-
lerators of various types, it became necessary to deve-
lop safety norms for workers in the atomic industry.

. While y radiation dosimetry is a relatively
well-developed dosimetry field with established
irradiation norms - whichrequire only certain revisions
and improvements, in neutron dosimetry, however,
certain important characteristics have not yet been
established or they have been determined only appro-
ximately. 4

Up to the present time, the dosimetric charac-
teristics of intermediate-energy neutrons (10 ev — 500
kev) had been barely investigated. However, protec-
tion from neutrons with energies in this interval is
necessary. Actually, thermal neutrons (for which
irradiation norms are available) can be easily absorbed,
however, the absorption of intermediate-energy
neutrons requires considerable protective devices,
which, in practice, cannot absorb all neutrons, due
to which mainly intermediate-energy neutrons are
accumulated around reactors. In connection with this,
. the problem of the dosimetry of intermediate-energy
neutrons is of great importance today.

A number of papers has been devoted to the
calculation of the neutron tissue dose corresponding
to the unit flux of neutrons with a given energy.

The surface tissue dose of neutrons with energies
from 0.5 to 20 Mev was calculated in 1947 [1]. The
dose was calculated with respect to the initial colli-
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sion, and the radiations arising in the capture of
neutrons in tissue were not taken into account. The
depth distribution of a fast neutron dose was first
calculated for energies between 0,5 and 5 Mev [2].
In [2], the Boltzmann kinetic equation was solved
on the basis of the crude assumption that the path of
neutrons in tissue is independent of the energy. In
this calculation, as in[1], the energy region below
500 kev was not considered, and the effects of neutron
capture in tissue were not taken into account. The
maximum allowable flux of thermal neutrons was
calculated [3] on the basis of the experimentally
obtained absorption curve for thermal neutrons in
paraffin, A calculation of the thermal neutron dose
was presented in {4]; the obtained curve for neutron
absorption in tissue was in good agreement with measure-
ment results obtained in [3]. The latest and most
complete work on the calculation of the tissue dose
was presented in [5]. In this paper, the tissue dose
for neutrons with energies equal to 10, 5, 2.5 Meyv,
500, and 5 kev was calculated by the statistical
Monte Carlo method,

The determination of the tissue dose for thermal
neutrons and for neutrons with energies equal to 100
ev, 1, 30, 240, 500 kev, and 1 Mev on the basis of
the results obtained by means of a computer and
experimental data from [6 and 7] is presented below.
Assume that an extended beam of monoenergetic
neutrons falls perpendicularly on a flat surface in
semiinfinite space filled with biological tissue. The
neutrons incident to the tissue surface are partially
reflected or scattered and absorbed in the tissue,
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TABLE 1, Average Tissue Composition,

>’Wei"ghtl‘\_ Atom/ cm®

Element . % ‘ (X 107‘2)
Hydrogem. o v v v v v v uanns 101 -6
Carbon, .. . ove e vnnnnn 12,1 0.6
Nitrogen. v v v v vvvvaonnss 4.0 . 017
(6)'4"/-(-)  H N 73.6 1 2.7

transmitting their energy to it. Below we shall’ -
accurately define the tissue dose which results from

the processes of interaction of neutrons with the: tissue.,
The fact that instead of a phantom of limited dimen- .
sions, we assume a semiinfinite space filled with tissue
does not affect the results to a great extent, Actually,
the greatest part of neutrons is s attered and absorbed
in the first 10-15 cm of tissue.

' Thetissue composition which we used in our
further calculations, in correspondence with data from
{8], is given in Table 1, .

Other elements which are present in noticeable
quantities in the tissue, for instance, phosphorus
(2.2 X 10% atom/ cm®) or sulfur (2.6 X 10* atom/ cm®),
can be neglected, since their contribution to the
interaction of neutrons is negligible [1].

The following reactions of neutrons with energies
up to 1 Mev with the tissue elements are possible:
1) elastic scattering on hydrogen nuclei, 2) elastic '
scattering on heavy nuclei (carbon, nitrogen, and
oxygen), 3) absorption in hydrogen nuclei with
emission of ¥y quanta with an energy of 2,19 Mev,
4) absorption in nitrogen nuclei according to the
Nu(n.p)CMreaction (the proton energy is 0.62 Mev),
and 5) radiation capture on nitrogen according to
the N* (n, Y N reaction, where an energy of 10.8
Mev is emitted in each capture [9].

1. Energy Transmitted by Neutrons to the Tissue in
Elastic Scattering.

In order to determine the energy lost by neutrons
in unit volume of a tissue-equivalent material in the
scattering process, the kinetic Boltzmann equation
was solved numerically by the electronic computer
of the Academy of Sciences, USSR. The distribution
of the recoil nucleus energy released in paraffin, which
was obtained numerically, defined the magnitude of
the tissue dose created by fast neutrons-in the scatter-
ing process. For the over-all neutron dose, it was
necessary to take into account the neutron dose
resulting from the capture of neutrons.

Calculation of Neutron Distribution. - Assume that

"a flat monoenergetic neutron beam with an energy

E falls perpendicularly on a flat paraffin plate with a
finite ‘or infinite thickness I amd whose other two dimen-
sions are infinite. -

Let us introduce a notation where: .u= In(Eq/E)
(where E is the neutron energy in the medium), v
is the neutron velocity, x, y, and zare the Cartesian
coordinates pertaining to the plate, 8 ,¢(p= cos©)
are the angles defining the direction of the
neutron veloéity vector, and N (u, 4, ¢, X, y, 2) is
the density of neutrons in the phase space (u, K, ¢,
X, ¥, z). In the latter case, N is independent of ¢,
y, and z, and, therefore, we shall use the quantity

N (u, p, x):Zn:lV (uw, p, 9, 7, ¥ z).

Let us consider the interaction of neutrons with
energies of 1 Mev and less. In calculations, it was
assumed that the interaction of neutrons with hydrogen
and carbon nuclei in paraffin can be reduced to elastic
scattering and capture. The thermal motion of atoms
was not taken into-account, which was obviously of
no importance as long as the neutron energy was large
in comparison with the thermal motion energy.

The total cross sections were borrowed from [1].
For the collision density ¢ (u, ¢, ¢) = Nv Ziot! the

following kinetic equation is valid:
i u :
’ d PR
p'd +q) Si § I:;l';ﬁ"wﬂ(u’ w, u l“’)'*—
+ =5 wc(u 2 w', )] @ (u', p')du’ dp’, (1)

1.
. d?=i

1
. dl=_
>3tot s ¢

28

Wy and wg are the probability densities of the transi-

tion from the (u', p') state into the (u, j) state in

scattering in hydrogen and carbon, respectively. .
The boundary conditions will be written in the

following form: 4 '

where d =

2

@ (e 0) = A8 (u—1)8 (1) for > O:

o, p, l)=0 fpr r<O0. 3)
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- The A coefficient is determined by normalizing the .
incident neutron flux. The boundary conditions signify
. that neutrons with an energy less than Ey only can
leave the plate, »
The calculation results are normalized per unit
incident flux, The incoming flux (per cmz) is equal
to

oo

N (u, p, 0 vududu-— ’

AV ]

p>0

L

dpg (u, @, O)dudp Ad,,

0
(o]
»>0 §
where d, is the path length correspondmg to energy Eg.
Hence,
(4
A = —1- . ’ )
do

In the expression for the collision density, let us

separate the part ¢;, which is determined by the

directly transmitted neutrons that did not expenence '
a single collision:

=P, + .

From (2) and (4), it follows that
1 . _x_'
Pr=p 0 —1)6(u)e . (5)

By substituting (5) in (1), (2), and (3) for the
function ¥, which we calculated, we obtain the follow-
ing nonhomogeneous equation;

1 u
. d(u’)
%—Fw—;_& } ['ds“ (lu')

we (u,w, u', ) | (@, p) du’ dp’

wy (u, p, ', p’) +

d(u)

2% ()
0,1
dﬂ 0 )+
- ()
1
- , 1 do
T om0 Jee
and the homogeneous boundary conditions _
7 .
Y@ 0=0 for p>0, P
Y(u, u, 5)=0 for p<O. (8)
If the scattering is isotropic in a center-of-mass
coordinate system, then
' S
wy == sy 2 ); 9)
we = 3,52083 ¢~ (u—u1) P
__u»—u’ . u—u'
X 6(y— 6,5¢ 2 45,5¢ 2 ) (10)

where 1y is the cosine of the scattering angle. In
the energy region under consideration, i.e., for Ey<
=1 Mev, these equations are satisfied,
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- Considering the relatively small contribution

of carbon to the total cross section (6-20%), for the
sake of simplicity, we assume that the scattering on .
carbon is isotropic in a laboratory system. An appro-
ximate solution of (6) with the boundary conditions
found from (7) and (8) was found by the difference
method. The calculation was performed by means of
a fast electronic computer,

The calculation of ¥ 2 (1) (n, m,and i are the
energy, space, and angle indices respectively) was

' performed for each layer with respect to the n index,

i.e. (Ilm (i) was determined after IIJm (i} values for
k < n for all n and i were calculated. However, also
¥ for k = n entered the right-hand part of the
dlfference analog of (6). In connection with this,

- 1 (i) was used instead of (b (i) with subsequent

conversions, where the newly found values of ¥m (i)

were taken into account. After the integrals in the
right-hand part were calculated, (6) could be written
in the form

) . - 1
A5+ 9=5(@)+qu e, OB

where S(x) is the already known grid function, and

/
q(u u)— wH(u p, 0, 1)+

(12)

+ We (uv I, O" 1)

1
C
dg (0 _
In integrating (11), S(x) was approximated in each
calculation interval by a function of the form (Ax +B)

e 9 where A and B are different constants for each
calculation interval.

The lengths of the steps along x were chosen in such
a manner that the maximum allowable error in
Lnterpolatmg S(x) according to the indicated interpo-
lation formulas did not exceed 0,5%, The steps
along u were chosen to be equal to the maximum -
loganthmlc energy loss in collision with carbon. for
the convenience in passing through the discontinuity
in collision density. The sufficient smallness of this
step was checked by means of a model equation;

= {30 T b

a1 (0)
d(
+302083S o w(u)d +
A () . d (0)
TEe T g/ @
3.52083 e ™" for u< £ (£ = 0. 33412

is the maximum logar1thm1c
energy loss).
0 foru = E.

for f(u) =
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The exact solution can be written for (13). For
the step under investigation, the approximate solution
differed from the actual solution by less than 5%.

In solving the infinite problem, S(x) was continued
beyond the extreme right-hand calculation point Xh

in the following approximate form;

X—Xph

S(ry) = e - do

By means of this approximate value, (11) was solved
for the x > xp, region for the ¥ () = 0 condition.
The exact solution of this problem at the point Xrh

isin the following form

) (xrh) )

Topa (14)

P (z Ly )=
The obtained value for ¥ (x;p) was used as the right-
hand boundary condition. The exact solution at the
point xy, could differ to a great extent from the
solution found according to (14), however, this
discrepancy became smaller in passing to the left-

hand boundary (the same applied to e—x—l—lr f ]‘dx )

The calculations were verified by checking the
balance of particles, which was obtained after
integrating both parts of (6) with respect to g and x.
The ratio of the integral of the left-hand side of (6)
to the integral of its right-hand side for each energy
level differed from unity by not more than 0. 04,

The calculations were performed for two series:
the basic and the additional series.

TABLE 2, Thermal Neutron Flux

The additional series, which consisted of three
variants, had a methodical significance. For evaluat-
ing the error in solving (11) in the additional series,
reduced steps with respect to x were used. Moreover,
the error in the approximate right-hand boundary
conditions was evaluated, This evaluation showed that
the solution for a plate with a thickness equal to nine
initial paths hardly differed from the solution for an
infinite plate. By error evaluation and methodical
calculations, it was established that the total error in
¥ with respect to the exact solution did not exceed
10%. ,

The basic series consisted of six variants with
initial energies equal to 1 Mev, 500, 240, 30, 1, and
0.1 kev. The plate thickness in all variants of the
basic series was assumed to be infinite. The layer
thickness, according to which the actual calculations
were performed, was equal to nine initial path lengths
i.e., it was 20. 4cmforEo-1Mev, and 5. O4cm
for Eo = 0.1 kev.

Table 2 shows the spatial distributions of thermal
neutron fluxes for different initial energies. These
data were obtained by using the diffusion approxima-
tion for the spatial distribution of moderated neutrons.
It is of interest to compare the obtained data with the
experimental results, -

In Figs. la, b, and ¢ the data in Table 2 for
neutrons with initial energies equal to 240, 30, and
100 ev are compared with the distribution of the
absorption density of slow neutrons, found by measure~
ments for neutrons with initial energies of 220, 25
kev and ~ 5 ev [6], respectively. A good agreement

Initial energy
1 Mev 500 kev 240 kev 30kev tkev 100 ev

depth,cm} flux | depth,cm flux |depth,cm| flux [depth,cm| flux [depth,em| flux [(depth,cm flux
.0 0,382 0 0,351 0 0,317 0 0,231 0 0,284 0. 0,353
0,34 | 0,867 0,24 | 0,661 0,17 | 0,521 0,100 | 0,316 0,08 | 0,374 0,8 0,475
0,68 | 1,32 0,47 | 0,959 0,34 10,721 0,19 0,401 0,17 ] 0,459 0,17 | 0,574
1,0 1,74 0,71 | 1,23 0,51 10,914 0,29 | 0,481 0,25 | 0,545 0,25 10,687
1,4 2,13 0,95 | 1,50 0,69 | 1,09 0,39 0,559 0,34 | 0,628 0,34 | 0,78
2,0 2,80 1,4 1,97 1,0 1,42 0,58 [ 0,709 0,50 | 0,784 0,50 " | 0,97
2,7 3,32 1,9 2,36 1,4 1,71 0,78 10,846 0,67 | 0,930 0,67 | 1,15
4,1 3,90 2,8 2,90 2,1 2,16 1,2 1,09 1,00 1,180 1,0 1,44
5,4 3,92 3,8 3,11 2,8 2,44 1,6 1,28 1,3 1,38 1,3 1,65
6,8 3,57 4,7 3.1 3,4 2,63 1,9 1,41 1,7 1,53 - 1,7 1,81
8,2 3,01 5,7 2,81 4,1 2,53 2,3 1,50 2,0 1,62 2,0 . 11,88
9,5 2,41 6,6 2,46 4,9 2,40 2,7 1,54 2,4 1,60 2,4 1,90
10,9 1,85 7,6 2,07 5,5 2,20 3,1 1,54 2,7 1,66 2,7 1,86
12,3 1,37 8,5 1,69 6,2 1,95 3,5 1,50 3,0 1,62 3,0 1,78
13,6 0,984 9,5 1,33 6,9 1,67 3,9 1,43 3,4 1,55 3,4 1,68
15,0 0,691 | 10,4 1,03 7,6 1,42 4,3 1,33 3,7 1,46 3,7 1,56
16,3 0,474 | 11,4 0,779 8,3 1,17 4,7 1,73 4,0 1,35 4,0 1,42
17,7 0,312 | 12,3 0,576 8,9 0,948 5,0 1,12 4,4 1,22 4,4 1,28
19,0 | 0,201 | 13,2 0,414 9,6 0,746 5,560 | 0,99 4,7 1,09 4,7 1,14
20,4 0,124 | 14,2 0,286 | 10,3 0,570 5,8 0,85 5,0 0,960 5,0 0, 998
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TABLE 3, Absorbed Energy Distribution and the Energy Albedo

Initial energy » .

1 Mev 500 kev 240 kev 30 kev 1 kev 100 ev.
depth, energy,3 depth, | energy, | depth, |energy, |depth,| energy, |depth, energy, depth, energy,
cm [Mev/cm'| cm |Mev/em| c¢m |Mev/em®| cm | Mev/cm| cm | Mev/cm cm | Mev/em®
0 0,053 0 0,0328 0 0,0214 0 0,00330 | O 0,0001117 0 10—%.0,110
0,34 0,112 0,24 10,0714 0,017 0,0443 0,1 |0,00838 | 0,08 0,000299 | 0,08 | 10-%.0,297
0,70] 0,147 0,47 | 0,0954 0,34 | 0,0605 0,19 10,0118 0,17 | 0,000431 | 0,47 | 1072.0,429
1,6 | 0,168 0,71 10,110 0,52 | 0,0749 0,29 | 0,0142 0,25 | 0,0005214 | 0,25 | 10-4.0,518
1,4 | 0,180 0,95 10,119 0,69 | 0,081 0,39 | 0,0157 0,34 | 0,000580 | 0,34 | 1072.0,578
2,0 | 0,185 1,4 10,124 1,0 |0,0848 |0,580,0170 | 0,50 | 0,000635 | 0,50 | 107%.0,632
2,7 | 0,176 1,9 {0,119 1,4 0,0816 0,78 10,0168 0,67 | 0,000633 | 0,67 | 107%.0,631
4,1 | 0,140 2,8 10,0955 2,1 0,0664 1,2 |0,0143 1,0 0,000546 | 1,0 | 10~ 0 544 |
5,4 |.0,101 3,8 10,0696 2,8 0,0489 1,6 {0,0112 1,3 0,000426 | 1,3 10—2- 0 425
6,8 { 0,069 4,7 10,0484 3,4 0,0341 1,9 10,00802 | 1,7 0,000314 | 1,7 - 10‘4-0,314
8,2 1 0,046 5,7 |0,0318 4,1 0,0229 2,3 10,00562 | 2,0 0,000224 | 2,0 10—%.0,223

1 9,5 1 0,029 6,6 |[0,0205 4,8 0,0149 2,7 10,0038 | 2,3 -0,000156 | 2.3 10—4.0,155
10,9 | 0,018 7,6 |0,013 5,5 0,00954 | 3,1 10,00259 | 2,7 0,000107 2,7 .| A072. O 106
12,2 | 0,014 8,5 |[0,00808 | 6,2 0,00600 | 3,5 |0,00172 | 3,0 | 107*.0,722 | 3,0 ‘_10‘5 0,720
13,6 | 0,007 9,5 10,00496 | 6,9 0,00373 | 3,9 |0,00112 | 3,4 [ 1074.0,486 | 3,4 10-5.0,483
15,0 | 0,004 10,4 |0,00302 | 7,6 0,00228 | 4,3 |0,000738{ 3,7 | 107%.0,324 { 3,7 - :10”5~(),322
16,3 | 0,0025 | 11,4 |0,00182 | 8,3 0,00138 | 4,7 |0,000478{ 4,0 | 107%.0,215 | 4,0 10-5.0,213 |
17,8 | 0,0015 | 12,3 |0,00108 | 9,0 0,0008411 5,1 [0,000308| 4,4 | 10~*-0,14¢ | 4,4 10-5.0,141 | -
19,14 | 0,0009 | 13,3 |0,000643| 9,7 0,000504 | 5,5 |0,000197) 4,7 | 10-5.0,937 { 4,7 .| 10<6.0,927
20,4 | 0,0005 | 14,2 |0,000378|10,3 0,000300| 5,8 |0,000126| 5,0 | 10%.0,617 | 5,0 ”10’6-0,60_6

, Initial energy ) .
{ Mev | 500 Mey 240 Mey 30 kev | fkev 100 ev
0,032 0,0285 0,0286 0,0231 0,0217 | " 0,0213
1 Coincidgncs
15
7/ N
" T T 1} ’ \ r
~ \l _L-Goincidenc¢ ,/ Y
1 . .
/-’. / ‘\\ . rc(:olmcidenc:e
3 4 \ g 10 ‘
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Fig. 1. Distribution of the absorption density of slow neutrons with the following energies: a) 220
kev (experiment); — — — —: 240 kev (calculation); b) : 25 kev (experiment); — — — — : 30 kev
(calculation); c) —e — — —: 100 ev; A: 1 kev (calculation), : ~ 5 ev (experiment).
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between experimental and calculation data on the.:
spatial distribution of fluxes of moderated neutrons
was observed,

Table 3 gives the absorbed energy distribution
and the energy albedo for all six initial energy values.
The depth and the initial energy serve as the entrance
data. The density values of the energy absorbed in
unit volume at different depths, which are given in
the table, characterize the part-of the tissue dose
created by fast neutrons in their scattering in a tissue-
equivalent material.

If we assume that the molecular composition of
paraffm is CyHsg and that its density is 0.87 g/ em®,
we obtain nHa[ = 7.75 X 10% hydrogen atoms and
ﬂpar =372 X 10%% carbon atoms per cm® of paraffin,
The average logarithmic energy loss £ per single
collision is equal to 1 for hydrogen, 0.158 for carbon,
0.136 for nitrogen, and 0,12 for oxygen. By using
the values from [10] for the effective scattering cross
sections 0, which are averaged with respect to energy,
the ratio of the moderating power §pn; 0, of hydro-

gen in tissue to the over-all moderating power Z £i0;04
i

of all nuclei entering the tissue composition can be cal-"

culated for different neutron energies:

E, Mev 1 105 . 0,1 |0,001)0,0001

"0y /2 5iRi0i 10,955 10,950 0,980 {0,985 | 0,985
1

Thus, the scattering of neutrons with energies
of 1 Mev and less in tissues occurs mainly on hydrogen.
The spatial distributions of recoil proton energies
in 1 cm® of paraffin and of tissue in units of path -
lengths coincide, and the absolute values are propor-
tional to the density of hydrogern nuclei in these subs-
tances.

Consequently,

AE, (v)=0,T8AE, .. (0,78z),

where AEpar (x) are energy losses (Table 2), and x is
the tissue depth.

2. Tissue Dose Due to Protons from the N% (n, p) Reac-
tion, '

In the capture of a neutron by a nitrogen nucleus
according to the N# (n, p) reaction, a 620-kev proton
is released, the path of which in the tissue is equal to
~10"% ¢m. In connection with the smallness of proton
paths in tissue, it can be assumed that the proton is
absorbed at the same point where the neutron is cap-
tured. Consequently, the depth distribution of the ab-
sorption density of neutrons, which is given in 6],
corresponds to the distribution of the portion of a

neutron dose wh1ch is due-to protons from the NM (n, p).
reaction, -’ Lo :

" The density curves ¢ (x) for neutron absorpuon in-
a tissue-equivalent material are given in [6]. -The -
values-of o (x) for the unit neutron flux are normalized -

oo

in such a manner that Scp (r)drx=1—0 (o is'the

reflection coefficient). 0In the case where the unit
neutron flux phantom falls on the surface, the number.
of neutrons absorbed in 1 cm® at the maximum of the .
absorption curve will be @ (x,,4) (1-&) =K (Xmax is
the depth for which the curve has the maximum. value). .
Correspondingly, [@ (x)/¢ (x)max ] k- denotes the portion -
of the unit flux incident on the surface which is -
absorbed in 1 cm® at the depth x.- The absorption with
respect to the N# (n, p) reaction amounts to .12.7%,.‘ N

and the remainder is almost entirely absorbed by hydro-:

gen in the tissue, since the absorption by ca:bon, oxygen,
phosphorus, and sulfur can be neglected.

Thus, the expressmn for the neutron tissue dose due
to protons from the N¥ (n, ) reaction at the depth X
can be written thus (erg/ cm ) :

0,127 —2&)__ 0 62. 1,6-10-6 -
? (mar) |
=1,26-107 2%
¢ (*rnax)
- The value for k is determined by using the relative
neutron absorption curves [6] and the albedo values [7].
The results are given in Table 4,

TABLE 4, Spatial Distribﬂtion of Neutron Abébrption h

Proton energy ®max a *
Thermal . . . . . 0,32 0,58 0,135
100 ev. . . .. e 0,178 0,56 0,078
1kev . . .. . .. 0,178 0,47 0,094
0 kev-. - - - . . . 0,178 0,38 0,11
240 kev . . . . .. 0,132 1 0,19 0,105
500 kev . .. - — 0,1
ltev . ... L. 0,11 0,42 0,097

As follows from [6], the spatial distribution of the
neutron absorption density in paraffin depends only
slightly on the initial energy of incident neutrons. In
particular, the relative curves for 5 ev and 25 kev are
almost identical, and therefore, we assign the same
shape to curves for 100 ev and 1 kev as to the curves .
for 5 ev or 25 kev. We also consider that the energies
for which the moderation was calculated, i.e., 30, 240
kev and 1 Mev, can be assigned to distributions obtained .
in experiments with neutron energies equal to-25, 220, '
and 830 kev, respectively. No experimental data on
absorption are available for the 500 kev energy, and
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therefore, the average of the values for 220 and 830 kev
was used in determining the form of the absorption
density distribution for 500 kev and for k corresponding
to this energy. Such interpolation leads to an error of
~ 7% for the tissue dose and an error of 2% for the bio-
logical dose of 500 kev neutrons.

3. The Dose Resulting from Capture y Radiation

In calculating the dose resulting from capture
y radiation, the radiation capture of neutrons in carbon
and oxygen can be neglected due to the smallness of
their cross sections, The radiation capture of neutrons
by nitrogen also provides a small contribution in com-
parison with the capture of neutrons by hydrogen, The
energy of capture radiation on nitrogen constitutes
~ 5% of the energy of capture y quanta on hydrogen.
By taking into account the great hardness of capture
radiation on nitrogen and, consequently, the small
electron transformation coefficient, it can be assumed
that the capture y radiation on nitrogen constitutes
less than 5% of the over-all capture radiation dose.

In considering the propagation of y rtays in a semi-
infinite tissue volume, the multiple-scattering effect
should be taken into account by introducing the accu-
mulation factor. In this, it is important to obtain the
dose distribution of capture 'y radiation in the first
20 cm from the tissue surface. It was demonstrated
by experiment {11] that the attenuation of y rays in
water (if the source is located at a depth approximately
equal to a single free y -quantum path or less) follows
the exponential law with an absorption coefficient
equal to the electron transformation coefficient. We
assume that the electron transformation coefficient
of y rays with an energy of 2.2 Mev in tissue is the
same as that in water, i.e., it is equal to 2.5X 1072
em™t[12],

If a y -radiation source in the shape of an infinite
plane (where the source density is p quantum / cms)

_is placed at the depth x in a medium with an absorp-
tion coefficient j, the flux of y quanta at the depth
Xo Will be expressed by the relation

H, (2, 7) = £ [~ Ei(—p ]z —g, )]

where
Ei ('ne"
— L(—a)—-f STdt.

The y -ray dose is calculated for an infinite cylinder
with a radius of 15 cm (a length of 20 cm is sufficient
for practical purposes, since the density of capture

y -radiation sources approaches zero at great depths).
For these conditions, the flux of ¥ quanta at the point
X, on the cylinder axis is expressed in the followmg
form:
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Iy (z; x.J)_. {[—-—Ez(—plx—xm]—
(B -y R

If the expression inside the large brackets in this
equation is denoted by F (] x-x,| ), the capture y -ra-
diation dose at the point xg, normalized per unit neutron
flux, will be equal to '

DY:(:1¢’(,)_-()87'3 E, S ¢ () uﬁ(|x—xo|)dx.

Pmax
By substituting the numerical values
p=25.10"% cu™?

and Ey = 2,2 X 1,6 X 10°° erg (0.8'73 is the portion of
neutrons absorbed by the tissue hydrogen), we obtain
the expression for the y -ray dose at the point x, (erg/ g):

D,=3,84.10~SS ® wF (|T—2,|)dz:
3 Pmax .

The energy dose of each initial neutron was deter-
mined by numerical integration for a number of points
xo. . P ’

The components of the neutron tissue dose, nor-
malized per 1 neutron/ cm? for different neutron
energies and for different tissue depths, were found
according to the methods described in sections 1, 2, and
3. The tissue dose components are represented in Figs,
2-8. It is obvious from these figures that the ratio of
individual tissue dose components is different for
different neutron energies and for different tissue depths
For the maximum values, the tissue dose of recoil
nuclei for energies lower than 30 kev is considerably
smaller than the capture dose. For 30 kev, the tissue
dose created by recoil nuclei will be close to the dose
due to protons from capture on nitrogen, but it will
still remain smaller than the capture 7y -radiation
dose.

With an increase in neutron energy, the tissue
dose at the curve maximum is determined by recoil
nuclei to an ever increasing extent. These ratios
change for different depths. At great depths, the
specific activity of the capture dose increases, since
the dose of recoil nuclei decreases faster than the
capture dose with an increase in depth.

The unequal changes in neutron dose components
with an increase in depth can lead to the fact that
various biological reactions which are caused by
neutron irradiation can take place with different
biological effectiveness. Where possible (for thérmal
neutrons and for neutrons with an initial energy of 500
kev), the results from [5] are given inFigs, 2 and 7
for the sake of comparison. For thermal neutrons, we
obtained values for the tissue dose created by protons
from the capture reaction on nitrogen which were
higher than the values obtained in [5); this could be
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Fig. 2. Distribution of tissue dose compo~-
nents (thermal neutrons). Data obtained in
the present work: O) N% (n, p) reaction; -
A) H' (n, y) capture; data taken from
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capture.
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Fig. 38, Distribution of tissue dose components
(neutron eneigy: 100 ev); o) Recoil nuclei; X)
N* (n, p) reaction; O) H' (n, y) capture.
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