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order of a few eV no measurable scattering would be
observed for separations greater than a few tens of eV.

Analysis of the scattered ganUna intensity as a func-
tion of scatterer temperature4 yieMs information on
both the natural width F of the resonance line and on
~6

~

the energy separation. However, in some cases, two
sets of values of I' and 6 satisfy the experimental results.
This ambiguity could be resolved by a direct measure-
ment of 8, and at the same time its sign could be deter-
mined. By varying the separation energy by a known
amount e, it should be possible to obtain an exact
resonance condition, thus permitting measurement of
the original separation b. Two methods suggest them-
selves for varying the separation energy. The 6rst is to
rotate the scattering target. This causes a Doppler shift
in the gamma energy seen by the scattering nucleus.
equal to Es/c, where E is the gamma energy, v the com-
ponent of the scatterer velocity in the beam direction,
and c the velocity of light. The sign of this shift can be
changed by reversing the direction of rotation. If the
practical rotor velocity is limited to 600 m/sec, the
maximum energy shift lies in the range 15—20 eV for
capture garruna rays between 6 and 9 MeV. A second
method of varying the energy is to use capture gamma
rays produced by epithermal neutrons. In this case
there is no 6xed upper limit to the magnitude of the
energy shift, which depends only on the energy of the
epithermal neutrons. However, from intensity con-
siderations' we decided to use the former method.

To check the feasibility of the rotor technique,
experiments were conducted with the 7.285-MeV
resonance in lead. This resonance has been measured
by the self absorption and temperature variation
techniques, which gave the values I'= 0.8&0.03 eV and
6=8.0&1 eV.~ Preliminary results obtained with the
rotor technique have already been reported. '

EXPERIMENTAL

The experimental arrangement is shown in Fig. 2.
Source and target positions were similar to those in the
original experiment, '4 but to permit accurate location

Down poslton

{Energy bss)

FIG. 2. Experimental arrangement.

' G. Ben-David (Davis), B.Arad (Huebschrnann), and I. Pelah,
Nucl. Instr. Methods 26, 209 (1964).' In Ref. 4 the result was erroneously given as 5=8.5+0.5 eV.

8 G. Ben-David, B.Arad, and I.Pelah, International Conference
on Nuclear Physics with Reactor Neutrons, Argonne, October
15—17, 1963, ANL-6797 (unpublished).
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FIG. 3. Section of the
scattering rotor.

of the beam with respect to the scattering rotor a
different lead collimator was used, giving a gamma beam
of rectangular cross section 50 mm wide and 10 mm

high. The 7.285-MeV gamma rays responsible for the
lead resonance were obtained from an iron capture
gazzuna-ray source, in a thermal neutron Qux of 10"
e/cms sec.

The target consisted of a lead shell, of diameter 20 cm
and thickness 5 mm, supported in a high tensile strength
steel casing to withstand the high rotation speeds (see
I'ig. 3). The target was constructed by casting molten
lead centrifugally into the outer casing to ensure a
perfect airtight 6t. The inner surface of the lead was
then machined and the inner casing inserted by a shrink

fit, after which the whole unit was dynamically
balanced. An identical rotor containing a bismuth shell

was used to measure the nonresonant background. The
target assembly was rotated in a vertical plane by an ac
motor drive (designed for a high-speed grinding wheel)
which gave a maximum rotor peripheral velocity of
150 m/sec. The velocity was varied by discrete
amounts, using different pulley combinations, or
reversed by placing the rotor in either the "up" or
"down" position. The angular velocity was monitored

by an optical tachometer. Since the velocity was con-
stant to within 2—3% it was not necessary to stabilize
the rotation frequency.

The detector used was a 5-in. thick 5-in. diam

NaI(T1) crystal mounted on a 6363 photomultiplier,
placed as close as possible to the rotor without inter-

cepting the incident beam.
Measurements were taken at a reactor'power level of

2 MW, the rotor velocity being changed manually
every two hours. As the experiment continued over
several days the neutron Qux in the thermal column was
monitored using lithium-coated solid-state detectors.

'B. Huebschmann and S. Alterowitz, Research Reac. J. 3,
No. 2, 11 (1963).
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The direct spectrum of Fe(ts,y) is shown in Fig. 4(a),
and typical scattered spectra for different rotor
velocities in Figs. 4(b) and 4(c).

It was of special importance in this experiment to
ensure that the neutron background at the rotor be
kept low, since neutrons absorbed in the iron constituent
of the rotor would produce capture gamma rays and
obscure the scattered radiation of similar energy.
Addition of boron and paraffin shielding around the
rotor showed no reduction in counting rate that could
be attributed to external neutron contribution to the
gamma Qux. In addition, there was no sign in the
scattered spectrum of the 7.64-MeV peak which is
prominent in the direct spectrum.

ANALYSIS OF THE DATA
2000—

I500

& Scatterer at rest
~ Energy gain of I.65eV
& Energy gain of 2.57eV
o Bismuth non-resonant scatterer

The scattered intensity I„from a target of thickness
x cm in the incident beam direction can be shown' to
be given by the following expression:

" 1—exp i —Lmr „(E)+(1+P)o.,)Xx)
/„=E

o IOOO

500

0

2000—

(b)

8

& Scatterer at rest
~ Energy loss of I.07 eV" Energy loss of I.65 eV
& Bismuth non-resonant scatterer

where the constant E includes the detector solid angle
and the ratio of the differential angular cross section to
the total cross section, n is the fractional isotopic
abundance of the resonance scattering isotope (0.503 in
the case of Pb"'), o„(E) is the nucl. ear cross section,
0-, the total electronic cross section, X the number of
target atoms per cm', and F(E) the spectrum of the
incident gamma line. The parameter P is a geometrical
factor of the scatterer, giving the ratio of the average
path lengths of the scattered and incident beams
reaching the detector. The value of P depends on the
geometry of the beam, scatterer and detector, and was
calculated to be 0.6 for the present experiment.

The nuclear cross section is given by"

I500

2 (E—E,)
o„(E)=o

r ' r (2)

IOOO

500

0 I

MeV

(c)
Fro. 4. (a) Direct spectrum of neutron capture gamma rays

from iron. (b) Scattered spectra of lead for increased energy
separation of incident gamma line. (c) Scattered spectra of lead
for decreased energy separation of incident gamma line.

where o-, ' is the maximum value of the unbroadened
Breit-%signer line, the 4' function is tabulated" and
takes into account the thermal Doppler broadening of
the level, E„ is the resonant energy, F the natural line-
width, and the Doppler width D„=E,(2kT„/3f„c')'"
k being the Boltzmann constant, T„ the effective tern-
perature of the scatterer, M„' the mass of the scatterer
atom, and c the velocity of light.

The spectrum' of the incident photon line is given by
the pure Doppler form, " since the natural linewidth is

F. R. Metzger, Progr. Nucl. Phys. 7, 54. (1959).
"M. E. Rose, W. Miranker, P. Leak, L. Rosenthal, and J. K.

Hendrickson, Westinghouse Atomic Power Division Report,
WAPD-SR-506, Vols. 1 and 2 (unpublished)."B. Arad (Huebschmann), G. Ben-David (Davis), and Y.
Schlesinger, Nucl. Phys. (to be published).
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negligible, and we can write

E—E,—8q'
P(E)=A exp

i
22000—

SeV&.

S5 eV
1r-Experimenlol res@lie

where 6 is the energy separation between the gamma-
line peak and the resonant energy (corrected for recoil)
and 6; is the Doppler width of the source nuclei. The
rotation of the scatterer gives a line shift e equal to
E„V/c where V is the velocity component parallel to
the incident beam. For the moving scatterer, Eq. (3)
can be written:

14000—

12000—

10000—
I

0
eV

Knergy dspiecemenl e

F(E)=A exp

For thin scatterers, it is possible to expand the exponent
in Eq. (1) to terms of the first and second order, which
considerably simplifies the analysis. However, in the
present geometry, a thin rotating scatterer would have
given too low a counting rate and this approximation
could therefore not be made. Equation (1) was thus
solved numerically, substituting Eqs. (2) and (4) for

0(E) and .F(E). Values of I' were taken close to the
previously measured values of 0.80 eV, and the value
of 6 adjusted to give the best fit to the experimental
results. The limits of the integration were extended to
include over 99.9%%uo of the total area.

RESULTS AND DISCUSSION

The integrated counting rate under the 7.285-MeV
photopeak is given in Table I for the various values of e

obtained by scatterer rotation. Figure 5 shows the
intensities, corrected for background, together with the
normalized calculated curves.

Fn. 5. Counting rate of the 7.285-MeV gamma rays scattered
from Pb"', as a function of the energy shift e. The calculations
were made taking F =0.8 eV for the level width and assuming the
energy separation to be 5, 6.5, and 8 eV. X—the experimental
results.

The experimental results were compared with the
theoretical values by a X' analysis, and found to be
consistent with 5=6.5&1 eV, the 7.285-MeV capture
gamma line lying above the resonant level in Pb"'.
Values of 0.7, 0.8, and 0.9 eV for F gave the same value
of 8 as above. The results were also insensitive to slight
changes in the parameter P, showing that no inaccuracy
was introduced by using the average P in the integra-
tion. The value obtained is within the experimental
error of the previous result using the temperature-
variation method, namely 8.0&1 eV. The new method
could be applied to the study of other resonances which
are difficult to investigate by the former technique,
and it is intended to carry out a thorough study of the
resonances already reported4' using an improved
scattering rotor capable of yielding values of e of up
to +8 eV.

Scatte
V) Energy gain

0 1.65 2.57
Energy loss

0 1.07 . 1.65

lead
bismuth
lead-bismuth

25 910 21 350 18 780 27 420 30 350 32 120
7480 8580

18430 13870 11300 18840 21 770 23 540

TABLE I. Integrated intensities of the scattered spectra.
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