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this basis the first excited state would be a 2+ state,
and the conversion coefficient for the gamma transition
would be about 500. Other excited states similar to
those of Cm?? would be in too low intensity for observa-
tion with the preparations now available.
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New developments in the analysis of data near resonance levels are described. These allow more accurate
values of the level constants to be determined from the measured areas above transmission curves and are
more general in their applications. The effect of Doppler broadening is also taken into consideration. Trans-
mission data on Re, Ta, Ru, Cr, and Ga are presented. The thermal region of Re is well matched by the
relation ¢=5.0+15.8 E-4. Resonances are found in Re at 2.18, 4.40, 5.92, 7.18, 11.3, 13.1, 17.7, and 21.1 ev.
The strong level at 2.18 ev has been studied by the technique of using two samples of different thickness,
giving o9=>5700 barns and I'=0.090 ev. The method of curve fitting was also applied to the transmission dip
of the thick sample at 2.18 ev and confirms the values of oo and I' from the area method. Curve fitting was
also used on the 4.40-ev level. New data for Ta in the region above 5 ev are presented. Some transmission
dips thought previously to be due to one level have now been resolved into two levels. There are levels at .
6.11, 10.2, 13.7, 20.0, 24.0, 35.1, and 38.2 ev. The thermal region of Ru is well matched by the relation
o=0.4-+0.39E7}% Resonance levels are observed at 9.8, 15.2, 24.1, and 40.9 ev. The thermal region of Cr is
well matched by the relation 0=3.8+40.7E"%. A resonance level is observed at 3800 ev. The nuclear cross
section of Ga is given by ¢=7.340.35E7% below 5 ev. In addition interference effects occur in the
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thermal region. Levels were found at 102 ev and 310 ev, with indications of levels at higher energies.

INTRODUCTION

HE results of previous investigations using the
Columbia University slow neutron Veloc1ty spec-
trometer have been presented in a series of earlier
papers.’~® The present paper is the fifth of a series?
which presents the results of survey studies of nuclear
resonance levels. The improvements and re-evaluation
described in the fourth paper? apply here. In addition,
some new developments in the analysis of data near
resonance levels are presented and applied to the data
of this report.

Analysis of Resonance Level Parameters

Techniques for obtaining information about the
parameters oo and I' of a neutron resonance from the
experimental transmission curve have been described
in previous reports.!—3 It has been repeatedly pointed
out that in the vicinity of a resonance, it is not usually

1L. J. Rainwater and W. W. Havens, Jr., Phys. Rev. 70, 136
(1946) ; W. W. Havens, Jr., and L. J. Rainwater, Phys. Rev. 70,
154 (1946).

2 (I) Rainwater, Havens, Wu, and Dunning, Phys. Rev. 71, 65
(1947); (II) Havens, Wu, Rainwater, and Meaker, Phys. Rev
71, 165 (1947); (III) Wu, Ramwa,ter and Havens, Phys. Rev.
71 174 (1947); (IV) W. W. Havens, ]'r, and L. J. Rainwater,
Phys Rev. 83, 1123 (1951).

3Ra1nwater Havens, Dunning, and Wu, Phys. Rev. 73, 733
(1948) ; Havens, Rainwater, Wu, and Dunning, Phys. Rev. 73,
963 (1948).

possible to obtain the cross section ¢ from the experi-
mental transmission 7" by using the formula T'=¢="
where # is the number of atoms per cm? in the sample.
The authors find, however, that there seems to be a
strong tendency to give direct significance to the curve
of ¢ vs E obtained in this manner,* in spite of the warn-
ing to the contrary given in the introduction to this
compilation. It should be stressed that such a curve of
o vs E has little meaning in the region of a resonance
level unless the instrumental resolution width is small
compared to the level width. In most cases the maxi-
mum o obtained in this manner is small compared to
the true oo and decreases with increasing thickness of
sample. In certain favorable cases, where 7o, is not
large and the level width is not small compared to the
resolution width, trial values of level parameters may
be chosen and the calculated expected transmission
curve (including the effect of the instrumental resolu-
tion width) compared with the experimental trans-
mission curve. In especially suitable cases, this may be
done in the final stage of the analysis.

As has been pointed out previously, the determina-
tion of the level parameters is frequently possible only
by an analysis of the area, defined below, of the trans-

4 Neutron Cross Sections, Atomic Energy Commission Report
AECU-2040 (U. S. Government Printing Office, Washington
(1952)).
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mission dip in the vicinity of the resonance. This method
is particularly valuable when the resolution function
is not well-known.

In using the Breit-Wigner one-level formula, we
adopt the usual simplifying conditions: (1) the inter-
ference term between potential and resonance scattering
is neglected, and (2) T'/EK1, so that (E,/E)¥~1 over
the level.

Then

0=0constt0r,
or=0o{1+[2(E—Eo)/T I},
T= (Tconst) (Tr) = (e_'""'oonst) (e“’“"f).
If oeonst i evaluated in some way,? the experimental
transmission curve may be divided by T const to give T,
(experimental). For a strong resonance and a thin

sample, Tconst=~1 and the correction may be neglected.
The “areas” Ar and A, are defined as

AE=f (1—T,)dE,

—o0

if an energy abscissa is used, and

vA¢=f A—T)d,
if a time-of-flight abscissa is used. If I'/Ex<1, then
A.=Ag(t/2E,) is a good approximation and will be
used in the following analysis. Subsequent develop-
ments will befin] terms of 4z since simpler expressions
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Fic. 1.
F(na-u)=47m—1-n[ [ :{1—exp[—n.m/(1+xz)]}dx]”.

For 790<0.14, F(noo) = 1rnoo(1—34no) to 0.2 percent.
For nao>10, F(noo)=1—1/2n0, to 0.2 percent.

are obtained. However, 4 is generally measured when
time-of-flight techniques are used, and the above for-
mula must be used to obtain Ag. It should be noted
that any analysis which makes use of the area above a
resonance dip depends upon the fact that this area is
independent of the resolution function of the measuring
equipment, provided of course, that this function is
reasonably well-confined.

For an extremely thick sample (7zoe>>1) or an ex-
tremely thin sample (#00<<1), the integral for 4z can
be evaluated analytically, giving, respectively,

A=mnol? for no>1,
AE= %7!'%0‘011 for 1’LO’0<<1.

For intermediate values of 7y, the integral for 4 z has
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F1G. 2. A3/A; as a function of #s/n; where 4 =area above transmission dip, #=sample thickness, and the
subscripts 1 and 2 refer to thin and thick samples, respectively. With the aid of this graph, oo (and then T)
for a level may be obtained when measurements on two samples have been made.
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been evaluated numerically, and the functions,

4EPA2 AR
F(nog) =———=

ano 2  mno?

4EA; 24z

and

G(n(fo) =

b
mTnol'ty wnol

are plotted for the range 0.1<70,<10 in Fig. 3 of
Paper IV.2 These functions may also be evaluated by
the use of Bessel functions.® The function F (%) is of
particular significance in the present analysis and is
shown in Fig. 1.

If now the expression for F(na,) be solved for T, we
have

P=AE/[1r1’lo'oF(nU'o) :}%,

which is an explicit relationship between I' and oo pro-
vided “4z” and “n’”’ are known. If measurements are
available on a second sample of sufficiently different
thickness, a second relationship between I' and oy is
obtained. If these relationships are plotted, the inter-
section of the two curves gives the value of oo and T
directly. :

10
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The simultaneous solution of the two relationships
between I' and oo may be obtained in a somewhat dif-
ferent fashion by eliminating I' from the two relation-
ships, giving

AZ/A 1= [kF(kﬂ]O‘o)/F(nlo'o)]%,

where k=n,/n,, and the subscripts 1 and 2 refer to the
two samples. Figure 2 shows A4s/A; plotted against
for several values of #i00. The value of 7100 can thus
be read off the graph directly when 4;/4; and % are
known. I" may then be evaluated in terms of oo. The
only approximation used in this method of analysis is
the assumption of the one level Breit-Wigner formula
with the ‘“1/9” term and the interference term neg-
lected. These methods are similar to the one suggested
in IV? but eliminate the successive approximation
feature inherent therein.

The usefulness of the above method of analysis is
usually limited by the accuracy of the area determina-
tion. The least accurate part of this determination, in
many cases, is the determination of the contribution
to the area of the “wings” of the curve. The uncer-
tainties arise in part from the presence of other un-
known contributions to the cross section, e.g., uncer-
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as a function of #eo and a=2A4z"/re, where E=e¢ are the cut-off points. (When measurements are made on a
time-of-flight basis, 4z’=2(Eo/t)) A, and a= (24, /x7), where o=+ are the cut-off points.)

5G. V. Dardel and R. Persson, Nature 170, 1117 (1952).
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tainty in evaluating 7Teonet and overlapping of nearby
levels from other isotopes and spin states. These diffi-
culties can be minimized by using the following pro-
cedure for the treatment of the wing area. First, only
the portion of the wings which seems reliable is in-
cluded in the area to give a partial area Az’ or 4/.
This is used to obtain the first approximate values of
oo and I'. Using these values, the area under the portion
of the wings not previously included is calculated and
added to the original value to give the next approxima-
tion A" or A" and new values of ¢ and T'. This process
may be repeated until succeeding values do not change.
- The successive approximation feature of the method
- just described can be eliminated in the following man-
ner. Let the wings of the experimental transmission
curve be cut off symmetrically about the resonance
energy (or time-of-flight) at a point such that T, is
0.9 or greater. Under these conditions, if the instru-
mental resolution function does not itself have wings
that partially smear the resonance over a wide region,
the experimental curves and the actual 7', curves will
nearly coincide in the wings. Then the Breit-Wigner
relation may be used for 7', beyond the cut-off points.
Using only the first term in the expansion of (1—7)
in the wing area, the calculated wing area which was
omitted is #o,['?/2¢, where EyZe are the energies at
which the curve was cut off. Then,

(Ag)= (Ag")+nol'?/2e.

Using the previous expression for 4z, a solution for T’
may be obtained in the following form:

. A7 2
" [rnooF (no) b 1+[1—a/F(noo)

where a=2A4z"/re.
The above expression gives I' in terms of the meas-
ured (partial) area Ag" (i.e., excluding the wings) and
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the value of a,. Then, if two sample thicknesses are
used, curves of I' vs o9 may be plotted for both samples
with the best selection determined from the intersection.
To simplify these calculations, a plot of I'/Az" vs no,
for various values of « is given in Fig. 3. The case a=0
reduces to the earlier problem where the wings have
not been cut off.

In many cases, only one sample thickness has been
used for the measurement of 45" with significant pre-
cision. If the sample has #go>>1 (or #0¢<K1), then goI'
(or ooI') is determined. For elements having mainly
capture at resonance, I' is usually found to be ~0.1 ev
and oo may be estimated assuming I'=0.1 ev. If the
resulting #gy is not >>1 (or K1), a relation of the form
oo)l'P=M gives a more accurate statement of the ex-
perimental result than either ¢oI?= M’ or ooI'=M". The
proper choice of P, where 1< P<2, is determined from
the slope of a plot of logI' vs logsy near I'=0.1 ev.
Values of P and M are given in this report for many of
the levels investigated. For noo> 3, it is a fair approxi-
mation to use

F(no'o)= 1—0.5/%0'0.

With this expression for F(nso), p and M may be
evaluated explicitly, giving

- —a)il T2 1
P=2[1 _[1+(1 )1 T ] ’
8 (1—a)f Ag"

1
M=~{(@AY/m) 1+ (1- T +12[2(1—) 1)
n
Xexp[(2—p) In(1/T)].
The quantities are to be evaluated at a value of T,
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Fic. 5. Effect of Doppler broadening upon area above trans-
mission dip. (D as a function of #a, for various values of 8.)
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generally 0.1 ev, in the neighborhood of which these
relationships are to hold.

Evaluation of the Doppler Effect

In the previous analysis, the thermal motion of the
nucleus has been neglected. If the width of the level,
T, is large compared to the Doppler width, the previous
analysis can be applied directly. However, if this is not
the case, then the cross section near resonance is no
longer given by the one-level Breit-Wigner formula.
Instead, this formula must be averaged over the ther-
mal motion of the nucleus.® The area above the trans-
mission dip will now be larger than that obtained when
the Doppler width is neglected.

When the Doppler effect is included, the area above

MELKONIAN, HAVENS, AND RAINWATER

the transmission curve is given by the formula

[A5]o=3T f [1—exp{—nowh (8, 2)) Jds,
where -
w=2(E—Ey)/T, B=2A/T, A=(4mERT/M)?,

and ( )
x—7y)?
v(B, x)=;—%ﬁ B exp[ - > }dy,

where y=2(E’'—E,)/T and E’ is the energy of the neu-
tron relative to the nucleus. These integrations prob-
ably cannot be carried out analytically and one must
resort to the use of series expansions and numerical
methods. ¢(B, ) may -always be calculated from the

1 p~ 1

0.l

(Ag)p—Ag
Ae

0.01

Frc. 6. Effect of Doppler
broadening upon area above
transmission dip. (D as a
function of B for several
values of #ay.)

0.001

i

S H. A. Bethe, Revs. Modern Phys. 9, 67 (1937).

10 100
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convergent series:

1 /2x\?2
Ve, x)=exp<—x2/ﬁ2>[zo+—(—) L
21\ p?

1 /2x\* 1 22\
+—(—~) Iz+"'+-——(—) IH‘"'],
41\ 32 2n) 1\ p?

where
L= (/) exp(1/8)[1—(1/8)],
Ii=1—1I,,
1-3:5---2n—1)
Ijyy=—————0"—], for n>1,

2'»
2 AU
o1/ = f exp(—B)dL.

However, this series converges too slowly unless 2x/32
is small. For large values of ¥ and/or small values of
B1 the semiconvergent series,

11 B 3a2—1 1,354 Sat—10224-1
a2l 2 (14422 4 (142
| 156° Ta"— 352"+ 2108—1

8 (14228
1056° 9" — 8405+ 126x1—36x+1
16 (14-a2)8

¥(8, %)=

is convenient, but must be used with caution. The
series for [4Ax b,

[AE]D=%P{7TWO—%(WO)2 [ w6,

+5 (no0)® f V(8 x)dw—- - -

1 ]
=0t [ 4, -,
a —00
is convergent, but the integrals

. f_:xlx"(ﬂ, x)dx

usually have to be evaluated numerically.
¥ (B, ) for several values of 8 is shown in Fig. 4.
The quantity
D= ([Arlp—Ar)/Ax

gives the relative increase in area arising from the
Doppler effect. This quantity is shown in Figs. (5)
and (6) plotted in two different ways. For the limiting
case of f—,

D—{(wnoo/245)—1}.
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Fic. 7. Slow neutron transmission of 0.518 g/cm? of rhenium in
the region below 1 ev showing the ““1/v” absorption slope.

One can readily understand the qualitative behavior
of the Doppler correction, D= (4 |p—AE)/Ar, for
the limiting cases of a very thin and a very thick sample
for given 8. If the sample is very thin (n5p<K1), the
exponential can be expanded, and in the first approxi-
mation, we obtain :

00

[4Ee]lp chin—_—%rf noo (8, x)dx,
which equals Z770,I" and is exactly the same expression
we would obtain if the Doppler effect were not present.
Thus, D becomes zero for a very thin sample. If the
sample is extremely thick (#g>>1), the transmission of
the sample will be effectively zero several level widths
away from the center of the level, where the Doppler
effect makes the greatest difference in cross section.
Further out, when the transmission rises above zero, the
Breit-Wigner formula is only slightly affected by the
Doppler broadening, so that the area above the trans-
mission curve is only slightly increased. For a given 8,
these effects become less and less as 704 becomes greater,
and the Doppler correction D approaches zero, in the
limit,

Part -of this numerical integration has been pre-
sented by Dandel and Pressen in a different manner.5
In our notation, they have presented the region from
B=0 to B=1.2 for nsy from 0.2 to 10. However, for
high values of B~1 or greater, the semiconvergent
series they used to evaluate their [Az]p may not be
a good approximation. Some useful expansions, and
some values of ¥(8, x) over a small range of values of
B and x are given in Born’s “Optik” (1943) 483 ff.

Summarizing, the application of the Doppler effect
to the analysis is as follows. 45" and « are determined
and, for a selected value of 7ay, T is calculated as usual.
This is a first approximation result omitting the Doppler
effect. The ratio 8=2A/T is calculated and the quantity
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D read from Fig. (6), which is the more useful of the RESULTS
two plots for this purpose. New values for 4z" and a, Rhenium

are calculated by dividing the initial values by (1+D).
For the same 70y, a new T is calculated using the new
values of 47" and a. A new value for 8 is calculated,
giving new values of Az’ and «. This successive ap-
proximation procedure is continued until the values for
T' do not change. As before, T' is calculated for various
values of 7oy, giving the relationship between oy and
T, but now with the Doppler effect taken into account.

This treatment of the Doppler effect is valid only if
the nucleus under consideration is in a gas or is weakly
bound in a solid, so that its behavior is as in a gas of
some temperature (not necessarily ambient tempera-
ture). Under strong binding, the Doppler effect may
also shift the position of the level.”

?W. E. Lamb, Phys. Rev. 55, 190 (1939).

The slow neutron transmission of rhenium has been
investigated using samples of metallic rhenium. A
0.518-g/cm? sample was used throughout the entire
energy interval covered. An additional sample 'of 0.0464
g/cm? was used in the neighborhood of the 2.18-ev
level.

Figure 7 shows the measurements in the thermal
region. The curve which best fits these data is

o=5.0+158E-%,

where ¢ is in barns and E in ev.

The resonance region, studied with better resolution,
is shown in Fig. (8) and the higher energy portion,
studied with still better resolution, is shown in Fig. (9).

The data in the neighborhood of the 2.18-ev level



SLOW NEUTRON VELOCITY SPECTROMETER STUDIES

709

T |
1.0 $ ' ” .l ll . l] M‘Lllll l | I | l
0 v I fibii l% <
a ] | |
Z°'° T ‘]' T # 59ev ’ -S
o -
@ | % b
2,7 17.7ev_| 200H »
= 13lev \y »
Z 1 wn
Z o
o | &
- |
0.6 I3ev } 300H
72ev
§ 3 400
0.5~ ! I
e Qe 100 10 4.4ev
[ | ] P s 1 L I ) ' 3 1 |
500 | 50 | | 5 | I | ls 4 5004
04 | NEUTRON ENERGY IN ELEGCTRON VOLTS |
0 4 8 12 16 20 24 28 32

NEUTRON TIME OF FLIGHT IN MICROSECONDS PER METER

36

F16. 9. The slow neutron transmission of 0.518-g/cm? Re with about 1.3-usec/m resolution.

are suitable for two kinds of analysis: (1) measurement
of area above the transmission curve of each of the two
samples of different thickness, and determination of o
and T’ from these measurements by the method de-
scribed earlier in this report, and (2) curve fitting in
which the resolution function is applied to successive
theoretical curves until a best fit is obtained.

In applying the area method, the transmission was
plotted against energy. The areas were determined to
chosen values of the energy symmetrically placed on
each side of the resonance energy. (For the ‘“thin”
sample, this cut-off energy was 0.40 ev from resonance,
and for the “thick” sample 0.70 ev.) These values
were chosen such that the transmission was greater
than 0.90 so that there was very little resolution smear-
ing beyond cutoff. The two curves of oo vs ' are shown
in Fig. 10 and the intersection of the two curves gives
the following values:

o9=>5700 barns,
from which

ao'=>513 barn ev,

I'=0.090 ev,

gol?=46.2 barn ev2

It is interesting to note that na, for the “thin” sample
is 0.85, so that the thin sample approximation is in
error by 17 percent (Fig. 3 of paper IV).?

The method of curve fitting has also been applied
to this level. This method is particularly useful when
data on only one sample thickness are available. In

the case of the Re 2.18-ev level, application of both
methods gives a check on the consistency of the data
and the methods. Since an area measurement above
the transmission dip gives a relationship between o
and T, only one of these need be varied in seeking the
best fit to the data. Figure 11 gives an enlarged plot of
the thick sample data on the 2.18-ev level. The calcu-
lated transmission curves are based on a value of goI?
=46.2 (which can be obtained by measurement on the
thick sample alone), and three values of T': 0.070,
0.090, and 0.120 ev. The broadening arising from the
Doppler effect was first applied to the calculated cross

10,000 T
5000 2.8 ev LEVEL
- \ «+—00464 gms/cmz——
c +-0.518 gms/cm?
3
®
2000
4:40 ev LEVEL
0518 gms/cm?—»
02 03 04 05 | 2 3 4
T (ev)

Fic. 10. A plot of oo vs T for the 2.18-ev level of Re using two
sample thicknesses and the 4.40-ev level of Re using one sample
thlckness
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curve, I'=0.09, which is the best value from

the area method; in the — — — curve, I'=0.07; in the — — — — curve, I'=0.012; the — - — ~ curve is for I'=0.09 without the

Doppler correction.

section for each value of T', the same type of correction
being assumed as for Re gas at room temperature.
The transmission was then calculated and the resolu-
tion function applied to each curve. The resolution
function was taken as a triangle of base 3.5 psec/m
which takes into account the arc pulse width (8 usec),
the detection width (8 usec), and a broadening of 1.7
percent of the time of flight arising from- the finite
length (10 cm) of the BF; counter used. The resulting
curves are shown in Fig. 11. The curve with I'=0.090 ev
gives a much better fit to the data, as expected from the
results of the previous method of analysis. The trans-

TRANSMISSION
B

|
33 34 35 36
NEUTRON TIME OF FLIGHT IN MICROSECONDS/METER

Fi1c. 12. The curve fit for the 4.40-ev level in Re. For each
value of I, the value of oy obtained from Fig. 10 is used. The

mission curve for I'=0.090 ev, but without the Doppler
broadening, is also included in Fig. 11, showing a dif-
ference equivalent to about 0.02 ev in T. This curve
seems to fit the lowest transmission point better than
the curve with the Doppler correction. However, for
this level, the resolution width is almost twice the level
width so that the curve fitting method is very sensitive
to the choice of the shape and width of the resolution
function.

Since ¢y and I" are known, I',, can be calculated from
the formula I',=ooI'/4mA%f, provided f is known. Now
f=%a[14(2i41)1], where ¢ is the isotopic abundance
and ¢ the nuclear spin of the responsible isotope. Re has
two stable isotopes, 37.1 percent of the 4 =185 isotope,
and 62.9 percent of the 4 =187 isotope. The spins of
both isotopes are 5/2. Measurements in the separated
Re isotopes show that the 2.18-ev level is in the 4 =185
isotope,® so that f=0.159 or 0.223. Since the responsible

TaBLe 1. Parameters for the first eight levels in Re.

I‘nEu_i N
oo(barns) Isotopic
to E,o for __olEde ool oggion
(usec/m) (ev) P M T'=0.1ev 2.62 X108 4E¢ ment
49.0 2.18 15 X104 3.59 Rel2s
34.5 4.40 3 X104 0.14 © Re®
29.7 5.92 1.00 26 260 1 X104 0.05
27.0 7.18 1.41 43 1100 4104 0.14
21.5 11.3 1.74 48 2600 13 X104 0.17 Rel8?
20.0 13.1 1.60 48 1900 10 X104 0.10
17.2 17.7 1.85 60 4200 27 X104 0.15
15.8 211 1.73 35 1900 13 X104 0.05
.4 (sum)

s f taken as } except when other values are given in the text.

———~ curve is for ¢o=1300 barns, I'=0.07 ev; The —
curve is for ¢o=2000 barns, I'=0.05 ev; The — ——— curve is for
00=4000 barns, I'=0.03 ev.

8 Argonne National Laboratory, Quarterly Report, March-
May 1951, Physics Division (unpublished).
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Fic. 13. The slow neutron transmission of 1.73 g/cm? (O) and 16.54 g/cm? (@) of Ta.

spin state is not known, an average value f=0.19, is
used. This gives I',=0.0022 ev.
Also,

005/006=T'n/T'y=T/ ([ —T') =0.025,
so that this level has 97.5 percent capture and 2.5 per-
cent scattering. The quantity I',E;~*=0.0015.
The method of curve fitting has also been applied
to the 4.40-ev level, for which data were taken on only
one sample. An area measurement leads to the rela-

tionship between oo and I' which is shown in Fig. 10.
Figure 12 shows an enlarged plot of this level with
curves for three pairs of values of ¢ and T' from Fig. 10.
The Doppler effect has been taken into account. The
best values are seen to be ao=2000 barns, I'=0.05 ev.
However, uncertainties in the data and in the choice of
resolution functions make for large possible errors in
the values of o9 and I'. This level is in Re'# 8 so that
I',=0.00054 ev (taking f=0.31).
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Fic. 14. The slow neutron transmission of 12.67 g/cm? of Ru
with broad resolution. Below 1 ev the data are well fitted by
o=6.440.39E% until crystal interference effects begin.

For the levels at higher energies, measurements on
only one sample are available. (A second, thinner
sample would probably not be of much use unless the
levels were much better resolved.) To get as much in-
formation as possible, area measurements were made
on those levels which appeared reasonably well resolved
as single levels. In measuring an area, a triangular ap-
proximation for the form of the transmission curve was
assumed, since for resolution width large compared with
T, as is the case here, the transmission curve outlines
the shape of the resolution function rather than. the
shape of the level. Using the method described, which
takes into account the “wing”’ area missed by the tri-
angular approximation, the values of P and M in

00FP=M

were calculated and are listed in Table I. Values of
for T'=0.1 ev are also given. Since the results on the
higher energy levels are exceedingly rough, the Doppler
effect has not been taken into account.

Each of these levels contributes to the thermal E—%

slope the amount
g ()FZ/ 4E()%.

& & 60

0‘6 [ R A e Y < 2 K .0 -
et 7
05 h‘ 1 l 38 "~
10.

409ev r Y 1.0
— 120
] 150
140

1 150
160
170
180
190
200
210
220
23.0

[
>

24.1ev

LT T

TRANSMISSION

[e]

o

o

N

@

<
CROSS SECTION

100,000
10,000
T

1,
S Q.gev
I?O 10
500

I . .

oF

50" 5 5
NEUTRON ENERGY IN ELECTRON VOLTS
0 20 30 40 50 60 70
NEUTRON TIME OF FLIGHT MICROSECONDS PER METER

F1c. 15. The slow neutron transmission of 12.67 g/cm? of Ru with
a resolution of 1.3 usec/m (full width at base of triangle).

MELKONIAN, HAVENS, AND RAINWATER

The sum of these contributions is seen to be 4.4 from
Table I.

The measurement in the thermal region gives a
value of 15.8 for the slope, indicating contributions
from levels other than those considered. These may
come from levels higher in energy and from negative
levels close to zero. If the entire effect is due to a single
negative level at —1 ev, it must have ¢,'?=44 which
is in line with oI for the other levels. Also, a separa-
tion of 3 ev from the 2.18-ev level is reasonable con-
sidering the close spacing of the higher levels.

Tantalum

Tantalum has been reinvestigated in the energy
range from 40-5000 ev with a sample containing 16.54
g/cm? and in the energy range from 5-300 ev with a
sample containing 1.73 g/cm?. A spectrographic analysis
of the sample showed lines of Fe, Ni, Cb, Si, Cu, Mg,
Ca, and Mn. Concentration of all the impurities were
estimated to be 0.01 percent or less. In both cases, the
arc width was 4 usec and the detection width was 2
usec, with the base of resolution triangle being about

TaBLE II. Parameters for some of the levels in Ta.

to Eo aol? TnEo—t ool2/4E }

(usec/m) (ev) (barn ev?) P M (ev®) (barn ev?)
11.7 38.2 280 1.99 280 0.013 0.297
12.2 35.1 200 1.99 200 0.009 0.235
14.8 24.0 39 1.95 44 0.0015 0.083
16.2 20.0 10.3 1.80 16.0 0.0002 0.029
19.5 13.7 11 1.80 17.0 0.0002 0.054
22.6 10.2 48 1.96 54 0.0012 0.372
29.2 6.1 oo 091 54 0.000008 0.009

Sum: 1.08

1.4 usec/m (including the broadening arising from the
length of the counter). Results of these measurements
are shown in Fig. 13. There is considerably more detail
observed in this transmission curve than shown in a
previously published one by Havens ef al.? In particular,
the level at 22 ev has been resolved into two levels at
20 and 24 ev and the level at 37 ev has been resolved
into levels at 35 and 38 ev. There are other pronounced
dips at higher energies. However, because of the close-
ness of level spacing, it is impossible to obtain any
information about the level structure above 50 ev.

The levels between 5 and 50 ev are listed in Table IT.
For all but the 6.1-ev level, the thick sample approxi-
mation is fairly reliable and values of o, are included.
More generally, the values of the parameter ‘P’ and
‘M’ are given for ooI'P= M. It is expected that P should
be between 1 and 2 and at first glance, it seems sur-
prising to find it 0.91 for the case of the 6.1-ev level.
This can be accounted for in the following way: the
level shape is approximated by a triangle plus an
amount for the ‘wings’ of the Breit-Wigner curve. The
amount added depends upon the value of I' assumed,
and since the contribution of the wings is quite large
for this level (about 15 percent if I'=0.1 ev), the varia-
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tion of the amount added is enough to affect the value
of P appreciably and depresses it below what should
be its lower limit. It is possible that this level is in an
impurity, or even that it is spurious because of the large
statistical uncertainty.

Table II also shows values for T',Ey %, calculated
taking I'=0.1 ev when necessary and % (average value)
for the statistical weight factor. One might expect two
distinct values, one for each spin state (Tantalum is
monoisotopic.) However, no such grouping is observed.

Table II includes values of the quantity (o,I'%)/
(4E,?). This is the contribution of each level to the
1/4/E slope in the thermal region. The sum for these
levels is 1.08. Recalculation for the case of the 4.1-ev
level discussed in the previous report gives g,I'?=355.4,
from which (ooI'%)/(4E,*)=1.67, making a total of 2.75.
The measured thermal 1/4/E slope is 3.0. The difference
is small and may be due to errors in calculating the
quantities involved in the comparison, contributions
from levels higher up in energy, and contributions from
negative energy levels.

Ruthenium

Transmission curves are shown in Figs. 14 and 15
for a sample containing 12.67 g/cm?. A spectrographic

TaBLE III. Parameters for the first four levels in Ru.

to Eo ool aoI"l-’/4E|)i

(usec/m) (ev) (barn ev?) (barn ev?)
11.3 40.9 32.0 0.031
14.7 241 18.0 0.038
18.6 15.2 14 0.061
23.1 9.8 15 0.125
Sum: 0.255

analysis of the sample showed no impurity lines. A
trace mixture of other elements was then added to the
sample. These trace elements were then observed to the
degree expected. This analysis showed the Ruthenium
to be extremely pure.

Figure 14 shows the energy interval 0.01 ev to 10 ev
taken with broad resolution. In the energy interval just
above where crystal interference effects become im-
portant, the cross section is well matched by the
curve ¢=6.440.39E%,

Figure 15 shows the energy interval from 1 ev to
1000 ev with a resolution of about 1.3 wsec/m (full
width at base). There are strong dips in transmission
at 23.1, 18.6, 14.7, and 11.3 usec/m. Each of these
dips was assumed to be caused by a single resonance
level. For all of these levels, the sample was found to
be decidedly thick (i.e., #op>>1) so that Table III lists
values of ool

Ruthenium has 7 isotopes ranging from 4=96 to
A =104, with concentrations ranging from 2.2 percent
to 31.3 percent. No assignment of the levels to particular
isotopes can be made with the normal sample used.

The four levels listed contribute 0.26E-%* to the
thermal region, leaving 0.13E~#% to be made up by errors,

713

5 ,
:M ! 41 s
o 2
4 <
g, 1t
¢ '&)‘o o
e S
/) °
8.3 0 5 - S11.
A e o
H RS 1E
z (7 5
3 z
. 6 gl z
2 3 9 8 g
o . t 2
©on 1 5 25 |4 - |05 025 o5 > ||®
T Ty ; I L ; ! - 1 48
s | NEUTRON ENERGY IN ELECTRON, VOLTS| 4
o 100 200 300 400 500 600 700

NEUTRON TIME OF FLIGHT MICROSECONDS PER METER

Fic. 16. The slow neutron transmission of 17.2 g/cm? of Cr
taken with broad resolution. The data are well-fitted by ¢=3.8
+0.7E%, )

higher energy levels, and negative levels. (With the
observed spacing of levels, a nearby negative level is
likely.)

Chromium

A 17.2 g/cm? sample was used in all of these measure-
ments. A spectrographic analysis of the sample showed
~0.1-1 percent Mn, ~0.1 percent Fe and Si, and 0.01
percent or less of Al, Ca, Cb, Cu, Mg, Mo, Ni, Ti, and

V. Further analysis showed Mn and W to be present

to 0.2 percent. The thermal region shown in Fig. 16
is well-matched by

0=3.84-0.7E7%,

Figure 17 shows the region above 3 ev taken with mod-
erate resolution. Calculation of oI from the data of
Fig. 17 for the known tungsten impurity of 0.2 percent,
showed that the 18-ev level was due to tungsten. The
dip at 12 ev did not repeat consistently in several runs
and is probably spurious.

The level evident at higher energies, and shown with
much better resolution in Fig. 18 to be at 3800 ev, has
also been analyzed by the area method, giving oI
=8.55%X 107 barn ev?. If this is assumed to be a scatter-
ing level in the predominant isotope (4 =52, 83.3 per-
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Fic. 17. The slow neutron transmission of 17.2 g/cm? of Cr taken
with a resolution of 3.0 usec/m (full width at base of triangle).
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Fic. 18. The slow neutron transmission of 17.2 g/cm? of Cr -

taken with a resolution of 1.1 usec/m (full width at base of tri-
angle) showing the large level at 3300 ev.

cent) the maximum cross section is 690 barns for the
isotope (taking spin=0), giving I'=385 ev. If the
thermal absorption is attributed to a small amount of
capture in this level, calculation gives I',/I'=0.0076,
showing that only 0.76 percent of the neutrons forming
the compound nucleus leads to a new isotope.

If the assignment of the 3800-ev level to the pre-
domiinant isotope is correct, it is expected that the shape
of the transmission curve at lower energies would be
different from what it is. Calculations indicate that the
interference minimum in cross section should be at
about 1000 ev and very small (<1 percent) compared
with 4wR?=23.95 barns. Recovery to this value at lower
energies should also be very slow. There is no definite
way to resolve this situation without further measure-
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F1c. 19. The slow neutron transmission of 18.74 g/cm? of Ga
in the thermal region showing interference effects. repre-
sents o="7.3+0.35E"%; — — — represents 0=3.6+0.35E%,

MELKONIAN, HAVENS, AND RAINWATER

TaBLE IV. Abundance and absorption cross sections
of the Cr isotopes.

Percent oabs 2t 0.025 ev,
Isotope abundance in barns
Crfe 4.4 16.3 +1.3
Cr#2 83.7 0.7340.06
Crts 9.5 175 +14
Crb4 24 <0.3

ments. It is possible that the level is due to one of the
other isotopes, say 4 =253, which is 9.43 percent abun-
dant. Then, a,I" is increased to 1.81X10° for the isotope
and spin state and I' becomes 1620 ev. (The spin of the
A =353 isotope is unknown, and only its average effect
has been taken into account in this calculation.) If one
of the rarer isotopes is actually responsible for this
level, the low energy behavior of the cross section
(<1000 ev) is reasonable since it is dominated by the
constant cross section of the predominant isotope and
hence approximately constant at about 4xR2 This ex-
planation is also reasonable in the light of the data
given in Table IV, taken from AECU-2040,* which
shows that capture in the thermal region is due pri-
marily to the two isotopes Cr® and Cr3,

Figure 17 indicates, and other measurements show,
that there is a transmission dip in this sample at 4
usec/m. A portion of this dip is evident in Fig. 18. This
dip is due to the 300-ev level in the 0.2 percent Mn
impurity in the sample. The 3000-ev level in the Mn
impurity is masked by the 3800-ev level in the Cr.

Gallium

An 18.74-g/cm? sample was used in all the investiga-
tions. The thermal region is shown in Fig. 19. Crystal
interference effects are observed, although not as pro-
nounced as in the case of some other crystals. Ga has
a melting point of 29.8°C (=85.6°F), and since the
thermal data were taken during summer, the sample
was probably liquid part of the time. The interference
effects may be due to the sample being solid part of the
time. However, liquids are also known to exhibit inter-
ference effects as a result of short range order (e.g.,
liquid bismuth and vitreous quartz). This curve is not
useful for determining the E—* slope.

Figure 20 shows the 0.05-ev to 5-ev region where a
straight line matches the data well, giving ¢=7.3
+0.35E-%, This equation is shown plotted on the graph
of the thermal region. The situation is now clear. With
decreasing energy, there are two competing effects:
(1) a tendency towards transparency as the number of
ways of removing neutrons ffom the beam (by Bragg
reflection) decreases, and (2) an increase in cross section
arising from a ““1/9” capture term. At low energies, the
experimental data indicate a straight line of approxi-
mately - the same slope as the capture term. If the
sample were a crystal, one would interpret the differ-
ence between the free cross section (7.3 barns) and the
difference between the lowest energy data and the line
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Fi1c. 20. The slow neutron transmission of 18.74 g/cm? of
Ga between 0.05 and 5 ev. The data are well-fitted by ¢=7.3
+0.35E7%,

o=7.3+0.35E~% (3.6 barns) as the incoherent scatter-
ing cross section, giving about 3.7 barns. The validity
of this in the case of a liquid sample is questionable.
(Also, the energy may not yet be low enough to elim-
inate the last Bragg reflection if the sample is a solid.)

.Using the slope of the formula for the o as given
above, the absorption cross section at 2200 m/sec
(0.0253 ev) is 2.2 barns, which is somewhat lower than
the value of 2.7140.12 given in AECU-2040.%

Figure 21 shows that there are no levels until the
large level at about 100 ev. Below this, the curve is
essentially o=7.34+0.35E-%, although as the level is
approached, the transmission rises before dropping at
the level.

Two clearly resolved levels at 102 ev and 310 ev are
shown in Fig. 22. There are indications of levels at 500
ev and 1000 ev. It is difficult to make accurate calcula-
tions on the levels at 102 and 310 ev because the low
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Fic. 21. The slow neutron transmission of 18.74 g/cm?
of Ga with better resolution.
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Fic. 22. The slow neutron transmission of 18.74g/cm? of
Ga showing the two levels at 102 ev and 310 ev.

transmission (0.3-0.4) away from the levels makes it
difficult to separate out the effect of the “background”
portion of the cross section and also gives a large inter-
ference effect between the potential and resonant scat-
tering terms. However, the area method was used to
obtain approximate values of o2 If T',=0.1 ev is
assumed, we can get values for T',, and T’ by using the

* relationship oo=4mN\2f(T,/I'), where f is taken as % on

the average. (f has the following four possible values,
with spin=$ for both isotopes,

A=69: f=0.229, 0.382;
A=1T1: f=0.145, 0.242.)
The results are given in Table V.
TaBLE V
Eo ool2 T T a0 aoc ThEY gocl2/4F0d
(ev) (bev®) (ev) (ev) (b)) (b))  (evh (b-evd)
120 2200 0.71 0.61 6000 900 0.056 0.063
310 170000 9.0 8.9 2100 23 0.50 0.086
Sum: 0.149

The last column gives the predicted value for the ther-
mal E-% slope on the bases of these two levels alone.
The result is less than half of the measured value of
0.35. The difference may be due to the other levels and
to negative levels. However, the calculations are suffi-
ciently crude that anything better than order of
magnitude agreement is not to be expected.

These data are essentially in agreement with the
Harwell data (AECU-2040),* although there are some
differences. In particular, the 102-ev level is found by
the Harwell group to be at 95 ev and somewhat narrower.
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