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We report the results of a measurement on the energy loss in argon of **Cf fission fragments having selected
masses and initial energies. The experiment was performed with an apparatus combining solid-state and gas-
ionization-chamber techniques, which allowed us to study energy-loss characteristics in the range where
electronic stopping is dominant. The results for twenty different selected mass intervals are presented and

discussed.

I. INTRODUCTION

Since the early work by Rutherford and Bragg,*
the penetration of energetic charged particles
through matter has been continuously studied by
nuclear physicists; however, for a long time, a
major part of the experimental and theoretical
work was concerned primarily with light particles,
like protons and a particles, at high energies.

More recently, much interest has been raised on
the slowing down of heavy ions in matter, in con-
nection with the development of accelerators which
make these particles available with energies up to
several MeVamu™. The demand for more accu-
rate and systematic information concerns, prin-
cipally, the range and the stopping power for po-
tentially all ions and a great variety of stopping
materials.

Energy-loss mechanisms are not essentially dif-
ferent for light and heavier ions; however, the
importance of certain phenomena can be very dif-
ferent, in relation with the atomic number Z and
the velocity v of the ion in the material medium.

In particular, the variation in the ion charge by
capture and loss of orbital electrons controls the
loss of energy of heavy ions at moderate velocities,
while effects of the same kind are not relevant for
the slowing down of very light ions like hydrogen
or helium.

In current theories, the treatment of the energy-
loss mechanism for ions of different atomic num-
bers is unified, referring to a reduced ion velocity,
that is the ratio of the ion velocity, v, to the ve-
locity of electrons in the ion, #. According to
Bohr? e.g., the probability itself of capture of an
electron by an ion moving in a given material me-
dium is determined by the reduced ion velocity.

In the high-velocity regime,® £, =v/u,> 1, where
u, is the orbital velocity of & electrons for an ion
of atomic number Z, the ion is stripped of all

electrons as it penetrates through the absorber
material. The transfer of energy of this particle
to electrons of the absorber atoms (ionization and
excitation) is appropriately described by the
Bethe-Bloch theory* with suitable corrections,®
which gives approximately a linear dependence of
such electronic stopping power on z2/v2.

As the ion velocity decreases to values £,~1,
electrons become attached to the ion and the stop-
ping-power curve falls off the Bethe- Bloch curve.
At these velocities, the charge state of the trav-
eling ion can be better described in terms of an
effective charge, which depends on the ion veloc-
ity, and is no longer an easily observable param-
eter.®

For lower ion velocities (£,<1), several theo-
retical attempts were achieved to describe the
slowing-down process,”® although now none of
these seem to be entirely satisfactory.® In view
of this situation, and with the aim of providing a
semiempirical frame to the experimental data, it
is currently accepted' that the slowing-down pro-
cess of these ions can be described in the range of
moderate velocities by means of range-energy re-
lations with empirically adjustable parameters.

A typical approach along this line is to exploit
the simple relations provided by the theory of
Lindhard et al.® for the electronic stopping power
(LSS theory), such as

x=-h{[E,- AE@)]V* - (E,)'/?}, Y]

where E, is the initial particle energy, A E(x) is
the energy lost in a path x of a given material, and
h is given by

VoM, A,0y(Z3/ 3+ 23/ 3)3/2

h=
ZY8mne®a 2,2, ’

)

where W is of the order of +,% @, and v, are the
radius and velocity of the first Bohr orbit of hy-
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drogen, e is the electron charge, M, and Z, are
the rest mass and the nuclear charge of the moving
ion, and Z, and A, are the atomic number and
atomic weight in grams of the stopping material.

Even if the LSS equation (1) is not correct® in its
original formulation, it has been advanced'®!! that
it can be quite adequate to represent the results of
experiments in the limit of heavy-ion masses if
one parameter (either W or h) is considered as
adjustable. A procedure of this type will be used
to analyze the data of the present work.

Finally one has to remember that, besides via
energy transfer to electrons, the incident particle
loses energy by collisions with screened nuclei in
the absorber, which mainly take place when the
ion is approaching the end of its range. In partic-
ular, the nuclear stopping becomes the dominant
energy-loss mechanism at the lowest velocities,
when the ion becomes rapidly neutralized.

From the experimental point of view, in order
to improve the present knowledge of the slowing
down of heavy ions in matter, some significant
contributions can be obtained by determining the
range relation for fission fragments. In particu-
lar, since a large variety of different masses is
supplied by a given fissioning nucleus (see Fig. 1),
there is an opportunity to perform a systematical
study of the dependence of the range-energy rela-
tion on the mass of the moving ions. (As it is
known, the masses of fragments released in binary
fission events can be determined by standard pro-
cedures from the recoil energies of both frag-
ments. 2:13)

Up to this date, the slowing down of fission frag-
ments was studied by several groups, both in sol-
id'* and in gaseous materials.'®> The apparatus
used by these authors, however, did not supply a
systematical observation of the fragment masses;
in particular, the results obtained with gaseous
absorbers could only be referred to the median-
light (ML) and median-heavy (MH) products from
a given source (see Fig. 1), which are emitted
with the highest probabilities.

We have performed some systematic measure-
ments on the energy loss of **2Cf fission fragments
using gaseous argon as the absorber.

The experiment was carried out by an apparatus
providing the following information for each de-
tected fragment: (a) the fragment initial energy
(E,), and (b) the energy loss A E(x) as a function
of the range x.

The kinetic energies of the recoiled fragments
were measured in coincidence, so that the frag-
ment masses could be calculated off line starting
from the kinetic-energy values. The main goals
of the experiment were the following: (i) to single
out the dependence of the energy-loss character-

istics on the mass of the moving fragments for a
wide range of masses, (ii) to compare the ob-
served energy-loss curves for fragments having
selected energies, and (iii) to explore the possi-
bility of describing the present range-energy data
in a semiempirical way, by using Eq. (1) with
suitable parametrizations. (Note that the fission
fragments from ?*2Cf are emitted with velocities
of about 10° cm sec™, i.e., in the range £,<1; e.g.,
£,<0.7 for the lightest ones.)

As a final comment to procedure (iii), one may
note that, in the limits within which W is constant,
one could alternatively exploit Eq. (2) to obtain a
determination of the most probable nuclear charge
of fission fragments, by observing their masses
and energy-loss characteristics.

Some partial results of the present work have
already been published.!! Here we report the re-
sults of more extended observations, giving a de-
tailed account of the measurements (Sec. II) and
of the analysis of the data (Sec. III).

II. EXPERIMENT

A. Apparatus

The experiment was performed using an appa-
ratus which was fully described elsewhere’; here
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FIG. 1. Percent yield of fission fragments from 2%Cf
as a function of the mass number (postneutron emission
values).
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we shall only restate the principle of its opera-
tion, together with some of its main characteris-
tics.

A weightless source of ?°Cf was mounted be-
tween two opposite solid-state detectors (S, and
S,, see Fig. 2) within a stainless-steel vessel (V)
containing gaseous argon at subatmospheric pres-
sure. The source was prepared by the self-trans-
fer technique,'” and supplied about 250 fission
events per sec over the whole solid angle. The
fragments owing to a binary fission event, recoil-
ing in opposite directions along the distances d,
and d,, and loosing part of their energy in the gas,
were finally stopped within S, and S,, which mea-
sured in coincidence their residual energies E(S,)
and E(S,) (S, and S, were 1 cm? sensitive area,
290-Q cm #n-type silicon detectors).

Two sections of the ionization chamber (A, and
A,), in detecting the ionization produced in the
gaseous absorber'® measured the energies E(4))
and E(A,) lost by the fragments along d, and d,,
respectively. In such a way, the original kinetic
energies E, , and E, , of the fragments [E, ,
=E(A;)+E(S,)] could also be reconstructed.

The electrostatic design of the ionization cham-

| DATA RECORDING sysrsuj

FIG. 2. Simplified scheme of the apparatus and block-
diagram of the electronics. V, gas vessel; A4, 4,, ion-
ization chamber anodes; S, S,, solid-state detectors;
S, weightless source of *2Cf; P. A., preamplifiers;

M. A., main amplifiers; I. A., integrating amplifiers;
D, discriminators; TC, trigger coincidence; ADC, ana-
log-to-digital converters.

ber was such that the anodes A, and A, could col-
lect only the electrons released by the ionizing
fragments along d, and d,, respectively. To avoid
distortions of the electric field in the neighborhood
of the source, its (10 ugcm™) Vyns backing was
covered with an additional (10 ugcm™) layer of
evaporated gold, and held at earth potential. In
these conditions, the MH and ML fragments from
252Cf were losing less than 1% of their initial ki-
netic energies while crossing the source’s back-
ing.®

Figure 2 shows a block diagram of the electron-
ics. The pulses from A,, A,, S;, and S, were
amplified by low-noise charge-sensitive electron-
ics,?® and finally sent to 1000 channels analog-to-
digital converters (ADC). The signals from S, and
S, were separately sent to a coincidence circuit,
which supplied a gating signal for the integrating
amplifiers (I.A.), in order to select those pulses
owing to one binary fission event. The digitalized
outputs from the ADC’s were sent to scalers, and
finally recorded on magnetic tape for the off-line
analysis. For such a purpose each detected fis-
sion event was defined by the four digitalized val-
ues of the signals from A, A4,, S,, and S,.

B. Measurements

The data were taken performing a high- statistics
run for each selected value of the gaseous range.
On the whole, about 2 X 10° fission fragments were
observed.

The gaseous path which the recoiling fragments
crossed before reaching S, or S, was varied by
changing the pressure of the gas, and keeping d,
and d, at fixed values. The pressure was varied
from a minimum value of 20 Torr up to maximum
values of about 200 Torr; the minimum distance
at which the solid-state detectors were set from
the source of ?°2Cf was 5 cm. Keeping into ac-
count the accuracy with which the pressure was
measured (0.5 Torr), and the geometry of the
source and detectors, the measured ranges were
affected by a maximum error of about 3%, which
was reduced to 1% for the highest-pressure values.

Part of the measurements were carried out by
setting S, and S, in symmetrical positions with
respect to the source (d,=5 cm=d,), and increas-
ing the pressure in steps Ap=10 Torr. In these
conditions, however, since the heavy fragments
have shorter total ranges than their light partners,
the chosen coincidence technique would compel one
to stop observing the light fragments when they are
still far from the end of their range in argon. To
overcome this limitation, some measurements
were carried out by setting S, and S, in asymme-
trical positions (d,=7.5 ecm, d,=5 cm, Ap=6.7
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Torr); in this way, the whole mass spectrum of
fragments belonging to the light group could still
be observed in S,, while the mass distribution of
the heavy fragments detected by S, was progres-
sively reduced at increasing pressure (see Fig. 3).

The runs were carried out in steps of 5000 bi-
nary fission events at a time. These measure-
ments were alternated with auxiliary runs, which
were performed keeping the chamber evacuated
and working with S, and S, only (vacuum runs).
The vacuum runs were carried out before each
filling operation at a given pressure, also record-
ing 5000 fission events per run. As explained
later on, these measurements were necessary to
match the energy scale of the ionization chambers
to the one of the solid-state detectors.

Other reference measurements were periodically
performed to check the working conditions of S,
S,, A, and A,, as well as the integrity of the
source, by recording the spectra of the 6.13-MeV
a particles from 2°2Cf separately in each section
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FIG. 3. Mass distribution of the fission fragments
detected by S; for increasing gaseous ranges. Ordinates
are normalized to twice the area of the peak of the light
group. Data were taken setting d;=7.5 cm, dy=5 cm,
the pressure was set equal to (a) 120 Torr; (b) 13.3
Torr, (c) 14.7 Torr, (d) 160 Torr.

of the apparatus. The energy resolution of S, and
S, for these particles was better than 1% (full
width at half maximum); the amplitude distribu-
tion of the sum of the signals released by A, and
S, (A, and S,) for the same particles showed a
resolution better than 1.5%.

C. Data processing

As already specified, each of the fission events
recorded under pressure was defined by four re-
corded amplitudes (4,,S,,4,,S,) which had to be
treated to obtain the energy values E(A,), E(4,),
E(S,), and E(S,). (Remember here that the ob-
served energies were postneutron emission val-
ues; neutron emission, in fact, occurs in a time
of the order of 10°!7 sec after scission.)

For this purpose, it is necessary to know the
mass dependence of the pulse height versus energy
relation for the chosen detectors. Since the ener-
gy response of the semiconductor ion detectors
was accurately established by Schmitt et al. ?* it
was decided to match the energy scale of the ion-
ization chamber sections to the one of S, and S,.
This was done run by run, for each section
(é=1,2) of the apparatus, starting from the ob-
served amplitude distribution of the sum of the
signals released from the ionization chamber and
from the solid-state detector [(A4;+S;) distribu-
tion]; and looking for a correction function C,
such that the distribution of the corrected ampli-
tudes T,=(C;xA;)+S, overlapped with the ampli-
tude spectrum (S, ;) precedingly recorded during
the vacuum run.'® Pushing the overlapping pro-
cedure until the ML and MH peaks of the T, dis-
tribution coincided with those of the S, ; spectrum
within 1%, it turned out that: (a) the C,’s were
determined with an average accuracy better than
2%, and (b) for each section of the apparatus, C;
was practically independent of the gaseous pres-
sure (within the range explored) and of the frag-
ment mass.

Once the C,; factors were determined, each
event was defined by four amplitudes, i.e.,

C, XA, S,, C,XA,, and S,. To express these
amplitudes in terms of energy T, and T, were con-
sidered as two signals entirely released from S,
and S,, and the post-neutron emission values for
the total energies E, , and E, , and masses M,

and M, were calculated starting from 7T, and T, by
a usual iteration procedure,'® which includes the
mass-dependent energy calibration by Schmitt e
al.,?* as well as the corrections owing to the neu-
tron emission based on the results by Bowman et
al.*® and by Terrell.?® The computation process
was repeated until the difference in the mass val-
ues resulting from two consecutive iterations was
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less than 0.1%. In the average, not more than
four iterations were required for convergence.

In conclusion, four items of information were
associated with each detected fragment: the total
initial energy E,, the amplitudes C XA and S [from
which the energy E(A) lost in the gas and the re-
sidual energy E(S) could now be obtained], and the
fragment mass M.

As to the accuracy of this procedure, one has to
say that two different sources of uncertainty are
present: first, the instrumental effects and in-
trinsic detector resolution; and, second, the en-
ergy dispersion which is due to the varying energy
and number of emitted neutrons. The usual way
of removing the overall dispersion is the folding
procedure proposed by Terrell;?® however, it was
shown'*2* that the iterative method used in the
present work has the same resolving effect of the
folding procedure. Therefore, the usual disper-
sion correction was assumed to be unnecessary.
Since the overall instrumental error in the mea-
sured kinetic energies of the fission fragments
was estimated to be less than 2%, the recon-
structed values of the fragment masses are con-
sidered accurate to within +1 amu. As a result
of the whole treatment, it was verified that the en-
ergy distribution, the mass spectrum, and the en-
ergies of the fragments having a given mass were
practically the same as those obtained from the
events recorded during the vacuum runs.

IIIl. RESULTS AND DISCUSSION

The data obtained as described above were
treated by the following criteria: (i) having in
mind the uncertainty of +1 amu in the determina-
tion of the fragment masses, the observed frag-
ments were first grouped into three-mass inter-
vals for the subsequent analysis, as is shown in
Table I. (ii) The distribution of the initial ener-
gies E, for fragments belonging to the different
mass intervals was reconstructed from the col-
lected events (see Fig. 4). It appears from this
figure that the fragments of the heavy group have
initial energies which are more mass dependent
than those of the light group. The average values
of the initial energies (E,) for each mass interval
are listed in Table I. (iii) The average energy
loss AE(X) in a gaseous path x for fragments be-
longing to a given mass interval, and for chosen
initial energies, was determined by the centroid
of the histogram of the corresponding energy
losses. According to the statistics collected, the
average A E(X) values were always determined
with an accuracy better than 0.5 MeV. (iv) Final-
ly, these results were compared with Eq. (1).

As said previously the heavy ions also lose en-

TABLE I. Average values (E,) of the observed initial

energies for 252Cf fission fragments belonging to differ-
ent mass intervals.

Mass interval (Ey)

Curve No. ? (amu) (MeV)
1 93-95 105.6
2 96-98 105.4
3 99-101 105.4
4 102-104 105.2
5 105-107° 104.1
6 108-110 102.6
7 111-113 101.1
8 114-116 100.1
9 117-119 98.2
10 120-122 93.6
11 126-128 92.1
12 129-131 91.3
13 132—-134 88.1
14 135-137 85.3
15 138—-140 81.9
16 141-143 € 79.3
17 144-146 75.7
18 147-149 72.2
19 150-152 68.5
20 153—-155 64.7

2 Quoted for reference to Fig. 4.
b Interval centered on the ML fragment mass.
¢ Interval centered on the MH fragment mass.

ergy by nuclear collisions, so that a complete
treatment of their moderation in matter should
take into account both the electronic and the nu-
clear stopping power. However, it has been
shown by Lindhard ef al.? that the nuclear colli-
sions contribute effectively to the stopping when

Val.

Counts/MeV ( ARBITRARY UNITS)

" I 1 n
60 80 100 80 100 120

E(MeV) E(MeV)

FIG. 4. Initial energy distributions for 2°*Cf fission
fragments belonging to different mass intervals. Curves
1-20 refer to the mass intervals indicated in Table I.
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the ion is approaching the end of its range, where- 05 10 15 20 25 , 25 05 10 15 20 25
as they occur at negligible rate for small values of
the range. In particular, using the formulas by
Lindhard ef al.,® one may easily see that the nu-
clear stopping power for the MH fragments of
252Cf is about 10% of the electronic one at a range
of 1.9 mg/cm? in argon.

With this in mind, the comparison of the present
experimental results to the LSS equation (1) was
limited to that part of the range in which the nu-
clear stopping power is predicted to be less than
5% of the electronic one (e.g., to x=1.3 mg/cm?
for the MH fragments and to x=2.1 mg/cm? for the

AE (MeV)

ML fragments). » s o5 1o s 20 25 o5 10 15 20 25
The present data were fitted to Eq. (1) in two in- X (mg/cm?) X (mg/cm?)

dependent ways: (a) considering first the quantity

% as a free parameter, and (b) leaving W as a free FIG. 5. Average energy loss AE of fission fragments

parameter. In the latter case, the correspondence along their range in argon. Full circles, experimental

points. Curves refer to mass intervals and initial ener-
gies as listed in Table I (the energies were selected
within the range (E;)+1 MeV).

between Z and M was assumed from the experi-
mental results by Reisdorf ef al.?® The results ob-
tained will now be discussed in detail.

initial energy (E,)+1 MeV were considered at

A. Energy loss for fragments having their most probable initial first. The average energy losses A E(x) obtained

energy for these fragments as a function of the gaseous
For each of the mass intervals listed in Table I, range x are shown in Fig. 5 and listed in Tables II
only the fragments carrying their most probable and ITII. It is seen from Fig. 5 that all fragments

TABLE II. Observed energy loss in argon [AE(x)] of 2520f fission fragments having selected masses (light fragments)
and initial energies.?

Mass interval (amu)
93-95 96-98 99-101 102-104 105-107 108-110 111-113 114-116 117-119 120-122

x (mg/cm?) AE(x) (MeV)
0.23 6.8 6.9 7.3 7.5 7.7 7.9 8.1 8.3 8.5 8.6
0.35 11.5 12.0 12.3 12.6 12.9 13.3 13.6 13.7 14.2 13.9
0.47 16.3 17.0 17.3 18.0 18.5 18.8 19.3 19.8 19.9 20.5
0.59 21.0 21.7 22.3 22.9 23.5 24.0 24.6 25.1 25.6 25.9
0.70 25.2 26.4 26.9 27.8 28.3 28.8 29.6 30.0 30.7 31.0
0.82 30.1 30.9 31.8 32.7 33.4 34.1 34.7 35.3 36.2 36.3
0.94 34.2 35.4 36.4 37.5 38.2 39.0 39.7 40.4 41.0 41.5
1.05 38.0 40.4 41.6 42.7 43.4 44,3 44.9 45.6 46.4 46.7
1.17 43.6 44.5 46.0 47.1 47.8 48.6 49.0 49.6 50.3 50.9
1.29 47.7 48.5 50.0 51.2 51.9 52.9 53.5 54.4 55.1 55.2
1.41 51.0 52.4 53.9 54.9 55.8 56.6 57.5 58.3 59.2 59.3
1.52 54.6 56.1 57.4 58.4 59.4 60.3 61.1 61.9 62.8 63.3
1.64 58.9 60.1 61.7 62.7 63.5 64.4 65.0 66.0 66.3 65.4
1.76 61.9 63.2 64.5 65.7 €6.4 67.3 68.1 68.8 69.3 68.3
1.87 65.2 66.7 67.9 69.0 69.7 70.4 70.9 71.5 72.0 70.5
1.99 68.2 69.5 70.8 71.8 72.5 73.1 73.6 74.3 74.2 72.3
2.11 70.7 72.1 73.2 74.4 74.7 75.8 75.9 76.4 76.2 73.3
2.23 73.1 74.8 75.8 76.8 77.4 78.0 78.2 78.2 77.7 75.1
2.34 75.6 76.8 77.9 78.7 79.2 79.5 79.7 79.9 79.4
2.46 78.1 79.4 80.4 81.3 81.6 81.7 81.8
2.58 80.2 81.3 82.6 83.1 83.4 83.6 83.4
2.69 81.6 82.9 83.7 84.3 84.5 84.2
2.81 83.3 84.4 85.5 86.0

2 For each mass interval, only the fragments having initial energy (E;)*1 MeV were selected, the correspondence
between ( E,) and fragment masses being given in Table I
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TABLE III. Observed energy loss in argon [AE(x)] of 252Cf fission fragments having selected masses (heavy frag-
ments) and initial energies.?
Mass interval (amu)
126—128 129-131 132-134 135-137 138—140 141-143 144-146 147-149 150-152 153-155
% (mg/cm?) AE(x) (MeV)
0.23 9.1 9.2 9.4 9.5 9.5 9.4 9.2 9.0 8.9 8.6
0.35 14.9 15.5 15.6 15.6 15.6 15.5 15.2 14.9 14.5 14.0
0.47 21.0 21.7 21.8 21.9 21.7 21.6 21.2 20.7 20.1 19.5
0.59 26.6 27.4 27.5 27.4 27.3 27.1 26.6 26.0 25.0 24,2
0.70 32.2 32.7 32.8 32.9 32.4 32.0 31.4 30.5 29.5 28.4
0.82 37.7 38.1 38.1 38.0 37.4 36.9 35.9 34.9 33.7 32.3
0.94 42.7 42.9 42.8 42.5 41.8 41.2 40.1 38.8 37.5 35.8
1.05 47.6 48.1 47.8 47.3 46.3 45.4 44.1 42.6 41.0 39.1
1.17 51.5 51.9 51.5 50.8 49.6 48.6 46.9 45.2 43.9 41.7
1.29 55.9 56.2 55.4 54.6 53.3 52.2 50.5 48.6 46.8 44.5
1.41 59.7 60.1 59.1 58.0 56.5 55.1 53.3 51.3 49.2 46.8
1.52 63.7 63.1 62.1 60.9 59.5 58.0 56.1 53.6 51.8 49.1
1.64 66.2 66.2 64.9 63.6 61.8 60.4 58.3 56.0 53.5 50.9
1.76 68.6 68.4 67.0 65.6 63.6 62.0 59.6 57.2 54.6 51.7
1.87 70.4 70.5 68.7 67.1 65.0 63.3 60.8 58.4 55.6 52.5
1.99 72.1 72.1 70.4 68.3 66.1 64.0 61.0 58.6 55.7
2.11 73.1 73.2 70.9 69.0 66.6 64.5
2.23 74.4 74.2 71.8 69.7 67.4 65.0

2 For each mass interval, only the fragments having initial energy (E;)*1 MeV were selected, the correspondence

between ( Ey) and fragment masses being given in Table I.

belonging to the heavy group show a trend to reach
flat tops at the largest x values, and that also the
heaviest fragments (curves 9 and 10) of the light
group present a similar behavior. This fact indi-
cates that these fragments are approaching the end
of that part of the range where the electronic stop-
ping is effective.

Fitting the first part of each of these curves to
Eq. (1), the two parameters k& and W considered
separately were extracted out. The results of
these fitting procedures are reported in Table IV
and represented in Fig. 6 as a function of the frag-
ment mass. It appears that 2 and W depend almost
linearly on the fragment mass up to about M =135
amu, reaching thereafter a sort of plateau. Such
a behavior first confirms that the LSS theory is
inadequate to reproduce the observed energy-range
curves for a wide range of fragment masses. On
the other hand, even if very heavy fragments 2 and
W seem to be constant (although different from the
values foreseen by the LSS theory, e.g., W=3),
one has to remember that the results shown in Fig.
6 refer to different initial energies as well as to
different mass intervals.

Therefore, the data were further analyzed by
two different approaches, in order to give sepa-
rate evidence for the dependence of the energy-
loss characteristics on the fragment mass and
initial energy.

TABLE IV. Values of the parameters ~2 and W obtained
by fitting the range-energies curves of Fig. 5 to Eq. (1).
The errors presented on # and W are those supplied by
the fitting procedure. These results are plotted in Fig.

6 as a function of the fragment masses.

Mass
interval h

(amu) (mgem™2 MeV ~1/2) w X2/Npg

93-95 0.364+0.003 0.268+0.002 1.31

96-98 0.355+0.002 0.274+0.002 1.32

99-101 0.345+0.002 0.280+0.002 1.39
102-104 0.335+0.002 0.286+ 0.002 1.17
105-107 0.328+0.002 0.291+ 0.002 1.25
108-110 0.316+0.002 0.299+0.002 0.95
111-113 0.308+0.002 0.304+0.002 0.87
114-116 0.301+0.002 0.306+0.002 1.22
117-119 0.293+ 0.002 0.315=+ 0.002 1.42
120-122 0.278+ 0.002 0.328+0.002 1.16
126-128 0.273+0.002 0.331+0.002 1.59
129-131 0.270+ 0.002 0.333+0.002 1.00
132-134 0.266+ 0.002 0.338+0.002 1.01
135-137 0.263+0.003 0.342+0.003 0.93
138-140 0.264+0.003 0.339+0.003 1.32
141-143 0.262+0.003 0.341+0.003 1.19
144-146 0.261+0.004 0.341+ 0.004 1.36
147-149 0.264+0.004 0.337+0.004 1.60
150-152 0.261+0.005 0.339+ 0.005 0.53
153-155 0.266+0.005 0.333+0.005 0.77
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FIG. 6. Values of the parameters #-and W obtained by
fitting the range-energy curves in Fig. 5 to Eq. (1) as a
function of the fragment mass.

B. Energy loss of fragments having the same initial energy

The broad initial energy distributions observed
for the 25%Cf fission fragments (see Fig. 4) allow
one to consider several fragments having different
masses but the same initial energy. As a second
step of the analysis, therefore, the energy loss of
fragments having different masses was determined
as a function of range, selecting fragments with
the same initial energy E,=104.1+1 MeV (for the
light group) and E,=79.3+1 MeV (for the heavy
group).

The value of the initial kinetic energies being
fixed, this type of analysis provides a direct ob-
servation of the dependence of the energy-range
curves on the fragment mass. The results ob-
tained are presented in Fig. T and listed in Tables
V and VI, and seem to indicate that light fragments
and heavy fragments lose energy through some-
what different mechanisms. The energy loss of
the fragments of the light group [see Fig. 7(a)] is
in fact mass dependent, i.e., for a given gaseous
path A E(x) increases with mass. On the other
hand, the range-energy curves of the fragments
belonging to the heavy group are almost coincident
[Fig. 7(b)]. The fact that even in this case small
differences are actually present in the last part of
the observed range can qualitatively be explained
in terms of nuclear scattering, which begins to be
significant in this region.

The results of fitting the first part of these en-
ergy-range data with Eq. (1) are reported in Table
VII, and the values obtained independently for %
and W are shown in Fig. 8. It is seen from these
data that, for the present absorbing medium and
for fragments having the given initial energies,
Eq. (1) reproduces the present results for very
heavy ions, provided the experimental value W
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FIG. 7. Average energy loss (AFE) of fission fragments
having the same initial kinetic energy, i.e.; (a) E,
=104.1 +1.0 MeV, and (b) E;=79.3+1.0 MeV. Curves
refer to mass intervals as listed in Table I. As to
curves in (b), only curves 13 and 18 are presented,
since the intermediate ones fall within them.

=0.340 is assumed. The corresponding value for
h is 0.263 mgcecm™2MeV™'/2, In other words W and
h turn out to be independent of the fragment mass,
for the slowing down in gaseous argon of very
heavy fission fragments starting with the same
kinetic energy.

C. Energy loss of the medium-heavy and medium-light fragments
for different initial energies

To complete the present study of the slowing
down mechanism of fission fragments in matter,
the dependence of the energy loss of fragments of
a fixed mass on their initial energy is still to be
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TABLE V. Observed energy loss in argon [AE(x)] of %2Cf fission fragments having selected masses (light fragments)
and the same initial kinetic energy E;=104.1+1.0 MeV.?

Mass interval (amu)
93-95 96-—98 99-101 102-104 105-107 108-110 111-113 114-116 117-119 120-122

x (mg/cm?) AE(x) (MeV)
0.23 6.8 6.9 7.3 7.5 7.7 7.9 8.1 8.3 8.5 8.6
0.35 11.5 11.9 12.2 12.6 12.9 13.4 13.6 13.9 14.4 14.5
0.47 16.2 16.9 17.3 17.9 18.5 18.9 19.3 19.8 20.3 20.8
0.59 20.9 21.6 22.3 22.9 23.5 24.0 24,6 25.2 25.9 26.2
0.70 25.5 26.0 26.9 27.7 28.3 28.9 29.7 30.4 31.1 31.7
0.82 30.0 31.0 31.8 32.7 33.4 34.2 34.9 35.8 36.6 37.5
0.94 34.2 35.5 36.4 37.3 38.2 39.0 39.9 40.8 41.6 42.2
1.05 38.5 40.4 41.4 42.5 43.4 44.3 45.2 46.1 46.9 47.9
1.17 43.5 44.6 45.8 46.9 47.8 48.8 49.8 50.7 51.8 52.5
1.29 47,3 48.4 49.9 51.0 51.9 53.0 54.0 55.1 56.1 56.6
1.41 51,2 52.5 53.8 55.0 55.8 57.0 58.1 59.3 60.3 61.0
1.52 55.0 56.2 57.7 58.8 59.4 60.8 61.9 63.0 64.2 64.9
1.64 58.7 60.1 61.4 62.5 63.5 64.7 65.8 67.1 68.2 69.6
1.76 61.7 63.1 64.3 65.5 66.4 67.7 68.7 69.9 70.8 71.7
1.87 65.0 66.4 67.6 68.7 69.7 70.8 72.0 73.1 74.0 74.7
1.99 67.6 68.9 70.0 71.1 72.5 73.3 74.3 75.4 76.6 77.3
2.11 70.2 71.8 72.7 73.7 74.7 75.6 76.7 7.7 78.5 79.3
2.23 72.8 73.7 74.8 75.9 77.4 78.0 78.8 80.1 80.6 81.0
2.34 74.9 76.1 77.3 78.2 79.2 80.2 81.0 82.0 82.9
2.46 77.2 78.4 79.3 80.3 81.6 82.1 82.9
2.58 79.7 80.7 81.7 82.6 83.4 84.3 85.2
2.69 81.1 82.1 83.0 84.1 84.5 86.0
2.81 82.2 83.4 84.4 85.1

2 The average kinetic energy of the median-light fragment is 104.1 MeV (see Table ).

TABLE VI. Observed energy loss in argon [AE(x)] of 2Cf fission fragments having selected
masses (heavy fragments) and the same initial kinetic energy E;=79.3+1.0 MeV.?

Mass intervalb (amu)
132-134 135-137 138-140 141-143 144-146 147-149

x (mg/cm?) AE(x) (MeV)
0.23 9.2 9.3 9.3 9.4 9.4 9.4
0.35 15.0 15.2 15.3 15.5 15.5 15.6
0.47 21.2 21.3 21.5 21.6 21.7 21.7
0.59 26.5 26.8 26.9 27.1 27.1 27.0
0.70 31.6 31.7 31.9 32.0 32.1 32.0
0.82 36.4 36.7 36.9 36.9 36.9 36.8
0.94 40.9 41.0 41.1 41.2 41.2 41.1
1.05 45,2 45.4 45.4 45.4 45,2 45.1
1.17 48.8 48.4 48.5 48.6 48.5 48.3
1.29 52.3 52.1 52.3 52.2 52.0 51.7
1.41 55.3 55.2 55.1 55.1 54.8 54.6
1.52 58.2 57.9 57.9 58.0 57.6 57.2
1.64 61.0 60.5 60.4 60.4 60.2 59.8
1.76 62.2 61.7 61.8 62.0 61.4 61.0
1.87 63.6 63.6 63.4 63.3 63.0 62.6
1.99 64.4 64.2 64.1 64.0 63.6 63.3
2.11 64.8 64.2 64.0 64.5 63.5 63.7
2.23 65.4 65.3 65.2 65.0 64.7 64.2

2 The average kinetic energy of the median-heavy fragment is 79.3 MeV (see Table I).

b The mass intervals corresponding to curves 11, 12, 19, and 20 were not considered for
the present analysis since the statistics corresponding to the present energy selection was
too poor (see Fig. 4).
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TABLE VII. Values of the parameters 2 and W ob- T ! T T
tained by fitting the curves in Fig. 7 to Eq. (1). The er- )
rors on 2 and W are those supplied by the fitting proce- 70 (@ -
dure,
Mass
interval h 60 | 4
(amu) (mgem™2MeV~1/2) w X2/Npg
93-95 0.362+0.003 0.270+ 0.002 1.33
96-98 0.353+0.002 0.276+ 0.002 1.70 50 4
99~-101 0.343+0.002 0.281+0.002 1.76
102-104 0.333+0.002 0.288+0.002 1.43 -
105-107 0.328£0.002 = 0.291%0.002  1.25 >
108-110 0.318+0.002 0.298+0.002 1.05 S a0l .
111-113 0.311+0.002 0.302+0.002 1.22 =
114-116 0.3040.002 0.304+0.002  1.48 b
117-119 0.298+0.002 0.311+0.002 1.63
120-122 0.286+0.002 0.320+0.002 0.38 30 B
132-134 0.265+0.003 0.338+0.003 1.22
135-137 0.265+0.003 0.341+0.003 1.45
138-140 0.265+ 0,003 0.338+0.003 1.62
141-143 0.262+0.003 0.341+0.003 1.19 20 - |
144-146 0.260+0.004 0.342+0.003 1.02
147-149 0.263+0.004 0.338+0.003 1.15
10 .
1 1 1 1

discussed. For this purpose, the range-energy
curves for the MH and ML fragments were ex-
tracted from the experimental data selecting five
different initial energies. These curves are shown

in Figs. 9(a) and 9(b), and the corresponding data 90 .
are reported in Tables VIII and IX.
The parameters k and W obtained from the fit- 8
ting procedures with Eq. (1) are presented in Fig. ]
10, and reported in Table X as a function of the
initial energy. Such an analysis shows that, for 70 | -
the MH fragments [see Table X(a)] the energy-
range relation is very well reproduced by an ex- 60
pression of the type ,. ]
>
(3
= 50 4
x o v T w
Lt a) o3 oz b) <
+ _ z 0 40 + -
032 | +4
+ + o34 $> o ++++++ ]
+F 3 033 1
esor ++ : , ; 30 .
H + g " o028 ! '
+7+ 102 o ¢ r o)
028 | ++ + £ ® 027 S 1
£ 3
+ w ++ 4 030 e o2 + +++ - 20 + E
026 | o h o 025F 4
+ E
£ . L
100 10 120 = 130 140 150 10 .
M (amu) Mlamu) L L | N 1
0.5 1.0 15 20 25
FIG. 8. Values of the parameters % and W obtained by X (ma/cm?)
fitting the range-energy curves in Fig. 7 to Eq. (1) as a 9o/
function of the fragment mass. (a) results obtained from FIG. 9. Average energy loss (AE) of median-heavy
the curves referring to the light fragments; (b) and (c) (a) and median-light (b) fission fragments from 20t
results obtained from the curves referring to the heavy having different initial energies (see for reference

fragments. Tables VIII and IX).



966 M. FORTE et al. 14

TABLE VIIL Observed energy loss in argon [AE(x)] N T o3| T T T]
for median-heavy (MH) fragments® having different ob- a) C)
served initial kinetic energies Ejx1 MeV. 2 030F 4 + b z 0BT -

+ + 1 0 | 44+ 4t
E, (MeV) 71.3 75.3 79.3 83.3 87.3 0.28 F + 033 f
symbol ® E, E, E, E, E; . , . . %
% (mg/cm?) AE(x) (MeV) S o3l D) 105 d |
(] 2 o027
0.23 8.9 9.1 9.4 9.6 9.8 = + =
0.35 14.7 151 15.5  15.9  16.3 € a2l 4+t + | e oz t+ 444
0.47 20.4 21.0 21.6 22.0 22.4 g’ g o2t 4
0.59 25.6 26.4 27.1 27.7 28.1 = L = ]
0.70 30.1 31.3 32.0 32.8 33.5 100 10 70 80 90
0.82 34.6 35.8 36.9 37.9 38.6 E(MeV) E(MeV)
0.94 38.6 40.0 41.2 42.2 43.2 ¢
1.05 42.8 44.1 45.4 46.9 47.9 FIG. 10. Values of the parameters # and W obtained
1.17 45.1 46.7 48.6 50.3 51.9 by fitting the range-energy curves in Fig. 9 to Eq. (1),
1.29 48.5 50.3 52.2 53.9 55.5 as a function of the initial energy; (a) and (b): results
1.41 51.0 53.0 55.1 56.9 58.7 referring to the ML fragments from 252¢f; (c) results
1.52 53.4 55.4 58.0 59.7 61.5 referring to the MH fragments from 20t
1.64 55.5 57.9 60.4 62.5 64.5
1.76 56.6 59.1 62.0 64.0 66.2
1.87 57.8  60.5  63.3 657  68.1 x=constX{[E,—~ AE(x)]"/?= (E,)"/?}.
1.99 58.1 61.0 64.0 66.5 69.1
2.11 58.1 61.4 64.5 66.7 69.5 Furthermore, the values of 2 and W obtained in
2.23 58.0 61.6 65.0 68.0 70.8 this way are coincident within the errors with
those obtained from the preceding analysis (see
! Selected mass interval: 141-143 amu. Tables IV and VII).
® Quoted for reference to Fig. 9(a). One can then conclude that, dealing with frag-
ments of the heavy group, % and W are independent
both of the fragment mass and of the fragment ini-

TABLE IX. Observed energy loss in argon [AE(x)] tial energy. This means that, in the limit of the
for median-light (ML) fragments® having different ob- heaviest masses, the general dependence of the

served initial kinetic energies Ey=1 MeV. range-energy relation on the mass and nuclear

charge of the interacting atoms is as predicted by

E; (MeV) 96.1 100.1 104.1 108.1 112.1
symbol ® Eq Ey By By Eq the LSS Ec!s. (1) and (2).
x (mg/cm?) AEG) (MeV) CoTlcerr.ung the ML fragments, the results prove
that in this case the dependence of the energy loss
0.23 7.5 7.7 7.7 7.7 7.8
0.35 12.7 12.8 12.9 13.0 13.2 TABLE X. Values of the parameters # and W obtained
0.47 18.1 18.3 18.5 18.5 18.5 by fitting the curves in Fig. 9 to Eq. (1). The errors on
ggg 23‘3 igg zzg ;22 ;Zg h and W are those supplied by the fitting procedure. (a)
. : : : . : MH fragments; (b) ML fragments from 252Cf,
0.82 33.0 33.2 33.4 33.6 33.8
0.94 37.7 38.0 38.2 39.0 39.1 s )
Initial energy
1.05 42.6 43.0 43.4 43.6 43.8 E, I
1.17 46.4  47.3 47.8 48.2 48.6 —2 -1/2 P
1.29 50.9 514 519  52.3  52.7 (MeV) (mg em™ MeV=5) v X/Nor
1.41 54.6 55.3 55.8 56.6 56.9 (@)
1.52 58.3 59.0 59.4 60.5 60.8
1.64 61.5 62.7 63.5 64.3 64.8 71.3+1.0 0.264+0.004 0.340+0.003 1.55
1.76 64.3 65.4 66.4 67.3 68.1 75.3+£1.0 0.264+0.003 0.340+0.003 1.62
1.87 67.0 68.6 69.7 70.7 71.5 79.3+1.0 0.262+0.003 0.341+0.003 1.19
1.99 69.4 70.7 72.5 73.3 74.2 83.3+1.0 0.262+0.003 0.341+0.003 0.99
2.11 71.5 73.3 74,7 76.0 77.1 87.3+1.0 0.262+0.003 0.342+0.003 0.61
2.23 73.7 75.7 77.4 78.7 80.3 (b)
2.34 75.5 77.4 79.2 80.9 82.2
2.46 77.1 79.3 81.6 83.0 84.8 96.1+1.0 0.320+0.002 0.297+0.002 2.26
2.58 79.1 81.3 83.4 85.4 87.3 100.1+1.0 0.324+0.,002 0.294+0.002 1.95
2.69 80.6 83.0 84.5 87.5 89.4 104.1+1.0 0.328+ 0.002 0.291+0.002 1.25
108.1+1.0 0.332+0.002 0.287+0.002 1.36
? Selected mass interval: 105—-107 amu. 112.1+1.0 0.337+0.002 0.283%0.002 1.09

b Quoted for reference to Fig. 9(b).




on energy is somewhat different from the one fore-
seen by Eq. (1); in particular, the values found

for the parameters  and W [which were previous-
ly shown to be remarkably mass dependent for the
fragments of the light group (see Tables V and VII)]
also turn out to be slightly dependent on the frag-
ment initial kinetic energy.

IV. CONCLUSIONS

The results of a measurement of the energy loss
in argon of fission fragments from ?52Cf have been
presented, concerning that part of the range where
electronic stopping power is dominant. The ex-
periment has been performed by means of an ap-
paratus which combines solid-state and gas-ion-
ization chamber techniques, allowing one to de-
termine the mass, the initial energy, and the en-
ergy lost in a given gaseous path for each detected
fragment.

From the discussion reported in Sec. III, the
following conclusions can now be drawn.

(i) In gaseous argon, the slowing down mecha-
nism for fragments belonging to the heavy and
light groups exhibits some different features, as
is apparent from Figs. 7(a) and 7(b).

(ii) The dependence of the energy-loss charac-
teristics on the mass of the moving fragments (on
one hand) and on their initial kinetic energy (on the
other) was determined separately by fitting the
energy-loss curves (selected by suitable criteria,
see Secs. III A-IIIC) to an expression of type (1).
As a result of this procedure, it was found that in
the case of the heavy fragments (i.e., M > 135 amu)
the range-energy relations are faithfully described
by Eq. (1) in the range where electronic stopping
is certainly overwhelming with respect to nuclear
stopping power. In particular, for such fragments
and all their initial energies it was verified that 2
practically has a constant value. This is not the
case for the fragments of the light group, for
which the dependence of the energy loss on their
mass, charge, and initial energy was found to be
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more complicated.

(iii) It is confirmed that the LSS theory can be
simply modified in order to reproduce the experi-
mental results on the energy loss of heavy fission
fragments. For M > 135 amu, it was found that
accurate predictions are obtained setting W in Eq.
(1) to the value 0.34. For the case of the light
fragments, the LSS theory cannot be applied even
in this modified version, since the parameter W
varies both with the fragment mass and with its
initial energy.

A possible reason of the particular role of the
heavy fragments with regard to the predictions of
the LSS theory lies in the fact that they more safe-
ly fulfill the low-velocity conditions necessary for
the validity of the LSS Eq. (1) than their light part-
ners.

(iv) From a practical point of view, the results
obtained for the parameter ‘(see Tables IV and
VII) allow one to foresee the energy loss in argon
for fragments having a known mass and initial en-
ergy, on the basis of Eq. (1), within the limits in
which the variation of 2 with energy can be disre-
garded (see Table X). Furthermore, assuming
that the explicit expression which the LSS [Eq. (2)]
provides for k, is essentially correct, at least in
the limit of the heaviest masses, the knowledge of
this parameter could also be exploited to extract
out the nuclear charge of the corresponding frag-
ments, provided their masses are also measured.
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