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Transmission measurements of the fission fragments arising in u*® thermal-neutron-
induced fission were performed in Mg, Al, Fe, and Ag by using a back-to-back fission cham-
ber. From the transmission curves, it is possible to derive the relative atomic stopping
powers of the different targets and the ranges of the fission fragments in the elements investi-
gated. The experimental results are compared with the theoretical calculations of Lindhard,
Scharff, and Schigtt concerning the loss of energy of heavy ions in matter.

INTRODUCTION

Much experimental information is available con-
cerning the energy loss of charged particles in
matter. The parameters which are varied from
experiment to experiment are the mass numbers,
the atomic numbers, the electrical charges and
the energies of the incident particles, and the
mass numbers and the atomic numbers of the stop-
ping materials.

Lindhard, Scharff, and Schigtt (LSS)! have de-
veloped a general theory for the energy loss of
heavy ions in matter, using a Thomas-Fermi sta-
tistical model for interacting atoms to predict both
electronic and nuclear stopping powers. Their
theory, which does not contain adjustable param-
eters, resulted in agreement with a wide class of
different experiments! previously performed.
Most of the subsequent experimental results?~3!
were compared with the LSS theory, which gener-
ally appears to be able to explain the fundamental
mechanism of the loss of energy of charged parti-
cles.

However, there are several cases in which the
theory shows some discrepancies from the experi-
mental values. For instance, an oscillatory de-
pendence of the electronic stopping cross section
on the atomic number Z, of the projectile was ob-
served® for Al and C. Also, an oscillatory de-
pendence on the atomic number Z, of the stopping
element was observed? by using «@ particles as
projectiles. This behavior is not foreseen by the
unmodified LSS theory, which gives a monotonic

dependence of the stopping cross section on both
Z, and Z,.

The present experiment consists of transmission
measurements on the fission fragments arising in
U®® thermal-neutron-induced fission. The stop-
ping elements Mg, Al, Fe, and Ag were used.
From the transmission curves it is possible to
derive the relative atomic stopping powers of the
different target elements and the corresponding
ranges. The aim of the experiment was to add
new data to those existing in the field of energy
loss of U%* fission fragments and to test the LSS
theory for the dependence of the stopping power
for fission fragments on the atomic number Z, of
the stopping element.

EXPERIMENTAL METHOD

The method utilized is practically the same as
that of Segré and Wiegand. 3 The measurements
were carried out by irradiating a back-to-back
fission chamber (Fig. 1) in the thermal column of
the RB-2 reactor of Montecuccolino (Bologna).
The double fission chamber® is a gas flow counter
utilizing argon containing 2% nitrogen. The elec-
trode spacing was 10 mm and the gas pressure
was adjusted slightly above ambient pressure.
The operating voltage was 500 V positive applied
to each anode. The fission-fragment source was
a thin deposit of natural uranium, with a thickness
of 0.2 mg/cm? and a diameter of 12 mm, obtained
by vacuum evaporation on a Pt disc of 0.1-mm
thickness and 20-mm diameter. The amount of
fissionable material was determined with an ac-
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curacy of 0.8% by combining chemical analysis
and x-ray intercalibration, 3

The natural uranium deposit was positioned in
one of the two ionization chambers, constituting
the back-to-back counter, which was irradiated
in a thermal neutron flux of ~ 10° n/cm?®sec.
During the irradiation, one detected the fission
fragments transmitted through a thin sheet of the
element under investigation which was positioned
directly on the uranium deposit. The thickness
of the sheet was varied from measurement to
measurement.

A second uranium deposit positioned on the other
ionization chamber acted as a monitor for the neu-
tron flux in the different irradiations. In particu-
lar, it was utilized in order to eliminate from the
fission counting rate of the first deposit the back-
ground pulses having a height above the discrimina-
tor setting. These spurious pulses are produced
by interaction of neutrons with fissile impurities
existing in the counter walls, and their number is
proportional to the neutron flux.3 The experi-
mental correction was effected by performing an
irradiation with the second uranium deposit used
to normalize the neutron flux and with a Pt disc
without uranium deposit in the first chamber. The
experimental arrangement is shown schematically
in Fig. 1.

The bias setting was at an energy of ~ 13 MeV
in order to discriminate for background due to «
particles, y rays, or electronic noise. The de-
posits of Mg, Al, Fe, and Ag were obtained by
lamination or by vacuum evaporation on glasses
and subsequent removal from the substrate. The
purity of Mg samples was better than 99.8%, of Al
samples better than 99.5%, of Fe samples better than
99.5%, and of Ag samples better than 99. 8%.

A rough check of the thickness homogeneity of
the targets was performed by cutting the stopping
element foils into pieces having the same surface
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of 25 mm? and comparing the weights. Relative
deviations lower than 5% were found for Mg, Al,
and Ag, and lower than 10% for Fe. The reported
errors in the experimental data take into account
mainly the uncertainties associated with the lack
of perfect purity of the stopping elements, the
thickness inhomogeneities, the counting statistics,
and the corrections for background.

RESULTS

The experimental curves obtained for Mg, Al,
Fe, and Ag are shown in Fig. 2. The uncertainties
in the case of Fe are higher due to the difficulties
in the preparation of thin samples. It appears that
all the transmission curves have similar behavior
apart from the quantitative difference in the stopping
powers. This fact can be seen more clearly in
Fig. 3 where the experimental points corresponding
to each element were found to follow closely the
experimental curve of Al when each abscissa was
multiplied by a convenient factor. This factor rep-
resents the mass stopping power of the element
considered relative to Al.

This close superposition shows that the behaviors
of the transmission curves are independent of Z,,
despite the complicated distribution of atomic num-
bers and energies of the fission fragments. This
fact was already observed by Segre and Wiegand,
who measured transmission curves of U?*® fission
fragments in Al, Cu, Ag, Au, and collodion.

The mass stopping powers obtained for the dif-
ferent elements relative to Al are shown in Table I.
Actually, due to the fact that the fission fragments
are detected with a bias energy E,, the transmission
curves obtained cannot be used directly to derive
absolute data concerning the energy loss. In fact,

a fission fragment, having energy E and atomic
number Z;, which is stopped by the element with
atomic number Z, and which has a range

High tension and signal

Gas input

Uranium deposit as source

Uranium deposit as monitor

%
Z

Al

% 3 P
2 > Aluminium
3

Gas output

Stopping element

FIG. 1. Scheme of the experimental

arrangement.
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is actually seen by the fission chamber as if it had
the experimental range

By 1
R, (z,, Zy, E, E )=f —— dE
! *" ), dE/dX

where E, is the bias energy of the counter.
However, Segré and Wiegand found that by chang-

ing E, the transmission curves of the various sub-

stances change, as expected, but the ratio between
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the effective stopping powers of the different ele-
ments stays practically constant. That is, by
changing E, all the transmission curves for differ-
ent Z, remain the same if the abscissa scale of
each curve is multiplied by a common factor. A
discussion of this fact will be presented in Appen-
dix B.

On this basis it is assumed that the relative
stopping powers deduced from the transmission
curves are the same that would be obtained with
E,=0. Table I also contains the relative atomic
stopping powers, which are obtained by dividing
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the mass stopping powers by the number N of stop-
ping atoms per cm?®.

In addition, Table I contains the ranges of U3
fission fragments in the different elements as ob-
tained by combining the stopping powers relative to Al
with the value of the absolute range in Al measured
by Segre and Wiegand®? by an activation technique.

The stopping powers of the different elements
relative to Al are given in Fig. 4 together with the
results of the Segre and Wiegand experiment.

DISCUSSION

The unified expression obtained by LSS for the

4THICKNESS(mglem?) s

electronic atomic stopping power is

—Ib—z—f{=§98n e? ay (7?3%2—2?'3)?5 TUO* ’ (3)
where a, and v, are the radius and velocity of the
first Bohr orbit of hydrogen, v is the velocity of
the projectile, N is the atomic density of the stop-
ping material, e is the electronic charge, and § is
a constant “of the order of Z1/8, !

Northcliffe®® has emphasized that since Eq. (3)
is based on a Thomas-Fermi description of both
projectile and stopping material, its applicability
is limited to Z, >10 and Z,>10. Therefore, this
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100 TABLE I. Stopping powers relative to Al for U?%
90 fission fragments and absolute range.
'i T
‘ o \ [ Absolute Absolute
g i !XPEIIHENIJL CURVE ) Relat_ive mass Relati.ve atomic range range
z 2 _ "‘—‘———_—‘ Element stopping power stopping power (mg/cm”) (
a I A My Mg 1.045 + 0. 030 0.941+0.030 3.54 20, 1
% s W Fe | Al? 1 1 3.70 1.7
S ® Ay Fe 0.750 ¢ 0. 045 1.552+0.,090 1.93 6.3
= 0 Ag 0.5350.010 2,222+0,040 6.67 6.3
2Reference element.
40
o \
L4 it will be assumed that the stopping power for fis-
20 | . . .
sion fragments is completely electronic. An ex-
10 perimental verification of this assumption can also
! be found in the work of Mulas and Axtmann, ** who
| '[ . . N
i T CRNESS (maRm? ) = found thfz same qu.antltatwe results for st(.)ppm.g
powers in H, and in D,, at least for energies higher
FIG. 3. Normalization of the experimental points than 30 MeV.

A detailed comparison of the present experimental
data with the LSS theory would be quite complicated
due to the energy and atomic-number distributions
of the fission fragments. However, a quite direct
comparison is possible, which gives information
on the validity of Eq. (3) in describing the Z, de-
pendence of fission-fragment atomic stopping pow-
er.

Two kinds of fission fragments will be consid-
ered: a median light fission fragment (A=94.7;
Z,=31.4; E=98.7 MeV) and a median heavy fis-
sion fragment (A=138.8; Z,=54.6; E=67.5
MeV). %37 Three theoretical curves and experi-
mental values are shown in Fig. 4. The first two
represent the atomic stopping power (—1/N)dE/dX
relative to Al as a function of Z, for the light and

to the transmission curve in Al.

formula is applicable to the results of the present
experiment.

In fact, the fission fragments, as well as other
ionizing particles, experience both electronic and
nuclear stopping effects.

However, the nuclear stopping effect becomes
significant only at low energy. For instance, as
pointed out by Cumming and Crespo,? a fragment
with A, =140 and Z, =54, when its energy is reduced
to 17 MeV, feels a nuclear stopping which is only
10% of the total. Therefore, considering also that
the final energy of the transmitted fission fragments
must exceed the bias energy of the fission chamber,

ers relative to Al as functions of
| the atomic number Z, of the stop-
ping element.
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the heavy fission fragments, respectively.
The curves obtained from Eq. (3) are of the form

Z M
=(78738 72I\372 (7273 7373\372 >
Sai(Zy) Z7% 2T / GAN AN (4)

with Z, assuming the value of the light fragment

i

A

z}/6[z,zy(z§/3+z§“)3/2][L‘t’ (vo/v)dE]"+Z},’G[Z,,ZJ(Z,Z,”+Z§/3)3’2][f: (vo/v)dE]!
h

(Z,=1317.4) and the value of the heavy fragment
(Z,=54. 6), respectively.

The third theoretical curve shown in Fig. 4
represents the average of the light fragment and
the heavy fragment. It is obtained by using the
equation derived in Appendix C:

In Eq. (5) the two sets of data reported above were
used.

From the comparison with the experimental
data, it appears that all three curves are in satis-
factory agreement with the results of the present
experiment. In particular, one must emphasize
the agreement of the present data for Ag with the
data of Segrée and Wiegand and of both with the
theoretical value. We believe this fact would re-
move the reservations made by Segré and Wiegand
concerning the reliability of the measurements on
this element, due mainly to the discrepancy be-
tween the Ag data and the theoretical dependence
they assumed for the stopping power on Z,,

S=azj'? (6)

a being a suitable constant.

On the other hand, the value for the stopping
power for Au, obtained by Segré and Wiegand,
which was in good agreement with Eq. (6),
appears to be somewhat lower than predicted by
Eqgs. (4) and (5). It would be interesting to add
new data to those already existing in order to ob-
tain evidence for an eventual oscillatory behavior
of the dependence of the average stopping power
on Z,.

Concerning the range values reported in Table
I, it must be stressed that they are based on the
value of 3.7 mg/cm? obtained by Segré and Wiegand
for the absolute range of U fission fragments
in Al.

The ranges for the other elements are obtained
by combining this value with the mass stopping
power relative to the Al. This procedure is
justified if it is assumed, as discussed in the pre-
ceding section, that the measured relative stop-
ping powers are independent of the counter bias
energy E,. Obviously, the accuracy in the given
ranges depends on the accuracy in the absolute
value for Al.

In conclusion it can be stated that the experi-
mental data reported here on the relative atomic
stopping powers for U2 fission fragments are
in good agreement with the LSS theory.

) 2} 2,20/ 2V Z3 PN o/ 0) dET 4 21 (202 w/ (270 23507 ) g (wo/0) dE T '

(5)
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APPENDIX A: TRANSMISSION OF FISSION FRAGMENTS
THROUGH FOIL OF STOPPING ELEMENT

An expression for the transmission of fissionfrag-
ments through the foil of stopping element will be
derived based on a similar derivation in Ref. 36.
It is assumed that the fission fragments are pro-
duced in the layer of uranium of zero thickness
(Fig. 5) with an isotropic angular distribution.

Let us consider first the transmission through
the thickness x of the stopping element Z, of a
fission fragment of atomic number Z; and energy
E having a range R(Z;, Z,, E). The transmitted
percentage as compared to thickness 0 is given by

T(x)=(1/21r)f09("’ 21 sinfdo (A1)
where
cosb(x)=x/R(Z,,Z,,E) . (A2)
By integrating, one obtains
T(x)=1-x/R(Z;,Z,,E) . (A3)
l )
X
Y

L S ——

FIG. 5. Geometry of fission-fragment escape.
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If n(Z,;, E) is the atomic number and energy dis-

tribution of fission fragments, the theoretical

transmitted fraction which would be measured in

the present experiment if E, were zero is given by

[n(Z;,E)[1 -x/R(Z;, Z,, E)]dE
S: n(Z,;, EdE

T, (x) = & . (A4)

Actually, as seen above, the measurements
refer to an experimental range of the fission
fragments R,(Z,, Z,, E, E,) depending on the counter
bias energy E,. The actually measured trans-
mission curves are then given by

fn(Zi’ E)[l -x/R(Zi’ ZZ’ Er Eb)]dE
%i[n(Z;,E)dE

Te(x) - 7‘{

(A5)

APPENDIX B: LACK OF DEPENDENCE OF RELATIVE
STOPPING POWER ON BIAS ENERGY £,

From Egs. (2) and (3) the following expres-
sion is obtained for R,(Z;, Z,, E, E,):

Z,Z !
R(Z;,Z,,E,Ey) = [Nﬁeaﬂezao gﬂﬁé@;ﬂf]
1

debﬂdE
E v

If this expression is inserted into Eq. (A5), it is
seen that by changing the value of E, from E,, to
E,, the curve T,(x) which would correspond to
fragments of atomic number Z; and energy E would
not change for every value of Z, if the thickness x
of material is multiplied by the factor

(B1)

Ko [£v2 (vy/v)dE

xE - B2
[21 (vy/v) dE 52)

AND RUSTICHELLI 4

It can be observed that the factor (B2) is inde-
pendent of Z, and Z; and depends only on the en-
ergy E of the fission fragment besides on E,; and
E,s. In order to explain the experimental results
obtained by Segré and Wiegand concerning the
variation only of the abscissa scale in the trans-
mission curve by varying E,, it must then be
assumed that all the fission fragments act as if
they all had the same initial average energy E.
This value of energy inserted into Eq. (B2) would
give the multiplication factor of the abscissa
scale. Although this assumption is not a priovi
completely justified, it can, however, be better
accepted if it is considered that, in general, E,
is much lower than E.

APPENDIX C: DERIVATION OF RELATIVE
STOPPING POWER AVERAGED BETWEEN LIGHT
AND HEAVY FRAGMENTS

Equation (A5) can be used to derive an expres-
sion for an average value between the light and
heavy fission-fragment relative stopping power.

By supposing two types of particles, i.e., a
heavy fragment with range R, and a light fragment
with range R;, Eq. (A5) becomes

T(x)=3(1-x/R)+3(1 = x/Ry) (C1)
or

T(x)=1-x/(R) , (c2)
where (R) is defined by

1/(R)=%(1/R, +1/R,) . (C3)

By using Eq. (B1) and by assuming that the
average atomic stopping power could be written
as S(Z,, Z,, Z,)S(E) (i.e., that it can be separated
into Z and E dependences), Eq. (C3) becomes

S| ‘ Yy 11 2 Z,Z 09 -1
[S(Zt’Zh)ZZ)][f 7dEJ :E{[NEQBTTE aoﬂm][ J‘ —vo—dE]
Ey

E (ZV + 23
VA 0 -1
s [ 2e]] o

where use has also been made of Eq. (1).

h

From Eq. (C4), by remembering that £, is proportional to Z }/ € one obtains the final equation for the
average atomic stopping power relative to Al as a function of Z,,

5. (2,)- Z}/S[Z,ZZ/(Zf/3+Z22/3)3/2][f3,(v0/v)dE]'1+Z,1,/6[Z 7 f(22/3+ Zz/a)s/zlu" (v (,U)dE]-l
All&2 Z}7S[Z,,ZM/(Zf”+Z%§)3’2][onx(vo/v)dE]'HZ,‘? (Z2,Z /(22734 23] -1

PR, (0 o/0)E] 9
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From a microscopic analysis of the paramagnetic resonance line,the exchange- and motional-
narrowing phenomena are shown to be basically distinct. Exchange-narrowed lines are essen-
tially made up of the Fourier transform of the cross-correlation functions; motional-narrowed
lines are only formed by the Fourier transform of the self-correlation function.

In this paper, we wish to discuss the well-known
phenomenon of the narrowing of paramagnetic
resonance lines. This effect is caused by the ex-
change interactions between spins in solids or by
the motions of the atoms or molecules which carry
the spin in liquids. Usually, the theory is inves-
tigated from a macroscopic treatment of the cor-
relation function, whose frequency Fourier trans-
form gives the spectral resonance line. The
most complete theory had been given by Kubo and
Tomita.! These authors use a perturbation ex-
pansion, and in one general formalism they can
explain both the exchange and the motional nar-
rowing. The mathematical property which leads

to this result is the fact that the Hamiltonian op-
erators of the exchange or motional interactions,
E and M, respectively, commute with the com-
ponents a=x,y, z of the total spin

S=23,3,, (1)

$; being an individual spin:

[s*,{;]:o. @

Thus, the understanding of these two phenomena is
apparently quite the same. The exchange in solids
causes rapid motion in the spin system, which pro-
duces an averaging out of the effects of the broad-



