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Results are reported of measurements of the angular and energy distributions of photoneu-
trons from bismuth, gold, and tantalum irradiated by x rays of 14 and 19 MeV peak energy.
The results are analyzed from the standpoint of the independent particle model.

OWING to the high Coulomb barrier, the photo-
disintegration of heavy nuclei can be accompanied
by the emission of protons and other charged par-
ticles at gamma-quantum energies higher than the
giant-resonance region. An investigation of the in-
teraction between gamma quanta and nuclei in the
giant resonance region is possible in this case only
with the aid of photoneutrons. In this connection,
the study of the angular and energy distributions of
photoneutrons from heavy nuclei at low excitation
energies is of appreciable interest.

We present the results of measurements of the
angular and energy distributions of photoneutrons
from specimens of bismuth, gold, and tantalum ir-
radiated by gamma bremsstrahlung with maximum
energy (hv)max 14 and 19 MeV. The work was
done with the 30-MeV synchrotron of the Academy
of Sciences Physics Institute.

1. OBSERVATION PROCEDURE

The spectra of the photoneutrons emitted at dif-
ferent angles (#) to the x-ray beam direction,
were measured by registering the recoil protons
in nuclear emulsions. Figure 1 shows the arrange-
ment of the specimen and of the emulsions during
the irradiation.

The specimens were in the forms of discs 40
mm in diameter. The bismuth, gold, and tantalum
were 3.91, 3.77, and 3.41 g/cm2 thick, respectively.
In measurements of the background, the investi-
gated specimen was replaced by a graphite disc of
the same diameter 0.93 g/cm? thick. The thick-
nesses of the specimens and of the graphite disc
were chosen such that the neutrons present in the
x-ray beam were always scattered by approxi-
mately the same amount (< 7%). No photoneutrons
are emitted from graphite up to a gamma-ray en-
ergy ~ 19 MeV (the threshold energy of the reac-

FIG. 1. Placement of the specimen and emulsions during
the irradiation: 1— synchrotron target, 2 —lead collimator,
3 —thin-wall ionization chamber and integrator, 4 — paraffin
wall, 5 specimen, 6 —emulsions.

tion Cm(y,n) is 18.7 MeV), so that such back-
ground determination is most accurate up to this
energy. The radiation dose was measured with a
thin-wall integral ionization chamber placed in the
x-ray beam behind the collimator.

Type NIKFI Ya-2 emulsions 400 u thick and
measuring 3 by 5 cm were located 16 cm from the
center of the specimens, at angles 4 equal to 30,
90, 150, and 270°. It is seen from Fig. 1 that at
the chosen relative placement of the specimen and
emulsions, the solid angles were the same for all
emulsions. The error in the determination of the
direction of motion of the neutrons, due to the finite
dimensions of the specimen and of the plates,
amounted on the average to 3°.

The emulsions were scanned with MBI-2 micro-
scopes with 60x objectives and 5x eyepieces. When
measuring the track parameters, the 5x eyepiece
was replaced by a 10x one. Only recoil protons
scattered at small angles relative to the direction
of neutron motion were registered, namely ¥15°
in the plane of the emulsion and *20° in the depth
of the emulsions. The scattering angles were
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FIG. 2. Energy distributions of photoneutrons from
bismuth irradiated by x-rays with maximum energy
(h)max = 14 MeV (a) and 19 MeV (b) for different emis-
sion angles: histogram 1—Ngg~ + Ng7¢°, histogram 2 —
N3gc + Nigge. Curve 3 —neutron spectrum calculated
in accordance with the evaporation model.
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measured and taken into account in the calculations
of the neutron energies. The obtained neutron
spectrum was corrected for the variation of the

np scattering cross section with the energy and
for the missing tracks leaving the emulsion.

Since the number of missed tracks is relatively
large at low energies, the obtained energy distribu-
tions are given starting from 1 MeV for (hy Jmax
= 14 MeV (since the spectrum is softer in this
case, the scanning has been carried out more me-
ticulously ), and starting with 1.5 MeV for (hv)max
=19 MeV. Since the scatter of the data exceeded
in the first energy interval the statistical value
(owing to fluctuations in the missed tracks and to
the relatively high background), this interval is
not used in the discussion of the results. For
(hv)max = 14 MeV with neutrons of energy ¢,
= 1.5 MeV the background was approximately 2%
for 4 = 90° and approximately 14% for 4 = 30°.

For (hv)max = 19 MeV with neutrons of energy
€n = 2 MeV the background was ~ 1.5% for ¢
= 90° and approximately 10% for ¢ = 30°,

2. MEASUREMENT RESULTS AND DISCUSSION

Bismuth. Figure 2 shows the energy spectra of
photoneutrons from bismuth, obtained for the two
maximum x-ray energies 14 and 19 MeV. Histo-
gram 1 is the energy distribution of the neutrons
emitted at right angles to the x~ray beam direction,
i.e., the value of Nggo + Nyggo. Histogram 2 gives
the summary neutron spectrum for angles 4 = 30
and 150° (Njge + Nyg00) 1. Both distributions per-
tain to equal scanned emulsion area.

DThe present measurement accuracy is insufficient for the
analysis of the difference in the yield of the more energetic
neutrons for angles ¥ equal to 30 and 150°, observed with
threshold detectors [*].
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Together with the experimental data, the figure
shows for each irradiation energy also the neutron
spectra calculated for the evaporation model
(curve 3). The calculation was made for a level
densityl:z].

® = Cexp [3.35 (4 — 40)" (E — E, — &)

(C is a constant, A the mass number, E the nu-
clear excitation energy, E; the neutron binding
energy, and €, the energy of the emitted neutron).
The cross sections of the (y,n) and (v, 2n) reac-
tions were taken from the paper of Gavrilov and
Lazareval3]. The Schiff spectrum was assumed
for the x-rays[*]. Curves 3 are coincident in the
low-energy region with the experimental distribu-
tions (Ngge + Ny500), where the relative fraction of
the neutrons emitted as a result of the evaporation
should be the largest.?

The sharp difference between the experimental
spectra and the spectrum calculated by the evapo-
ration model, observed for (hv)max = 19 MeV,
agrees with the results of several investigations
made on bismuth at x-ray energies (hv)max from
19 to 30 MeVL®], 1t is interesting that the same
sharp difference is observed for (hv)pax = 14 MeV.
This means that at gamma-quantum energies below
the maximum of giant resonance, as well as at
larger energies, a considerable part of the neu-
trons is emitted as a result of the direct interac-
tion between the gamma quanta and the individual
nucleons of the nucleus.

As can be seen from Fig. 2, the distributions
N90° + N270° and N3o°+ leoo differ rather strongly
from each other, owing to the anisotropic part of
the ‘‘direct’’ photoneutrons. Table I lists the

PThe first energy interval on histogram 2 was not used to
normalize curve 3, since the neutron yields obtained in this
interval could be somewhat undervalued.
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Table I

(hV) gy =14 MeV

(W) max = 19 MeV

Intervals of (N90°+ Nazoe) Intervals of (Ngo°+ Natoe)
€, MeV T (V0o Ninpe) €p, MeV T (Vao T Nisge)
1.5+-3 1,2840,11 1,5+2.5 0.964.0.03
243 1,353+0.12 2,54 1,0830.05
3-+6,6 1,6730,22 4+5.5 1,2350,11
4--6,6 2.30%+0,57 5,547 1,5930.22
5511.5 2.1230.25
ratios 1 = (Nggo + Nypgo )/ (Ngge + Nyg00) for different Table II
intervals of the energy €p. Both for (hv)max = 14 Relaiiee
MeV and for (hV )max =19 MeV the anisotropy in- I\izutrlon 12:;32;% Possible dipole transitions tril;esnz;-
creases with increasing photoneutron energy. If vels MeV transi-
the angular distribution is described in general tions
form by the expression I(#) = a +b sin® ¢ + A cos ¢ ”, v
+ B sin® ¢ cos -.9[6], then upon summation of I(#) 3 7 13p T L 0.7
and I(7 —+) the terms that produce an asymmetric (nl =Y~ b1 =)
shift forward drop out and I(¢) +I(7—-¢) ~ a ( 3p — 3d 0.30
+b sin® #. The ratio 7 listed in Table I is equal 3p”e 8.4% (nl +l/2‘f nl+1+1)
to (1 +b/a)(1 +b/4a). For (hv)pmax = 14 MeV l 3p7— 3d" 0.03
in the interval 3.5—6.6 MeV, in which there are \ (nl Y2 nl 1 —10)
practically no evaporation nuclei, we have n = 1.7 2 8.8 2f"r — 2g™ 0.63
—1.8. This corresponds to b/a = 1.2 to 1.45. For (nl—a— nl +1—1)5)
(hv)max = 19 MeV one can see particularly clearly 18" 1 2.16
the increase in the ratio n towards the end of the .”/ (nl + Y2 — nl +141/3)
spectrum, as the fraction of the direct neutrons 1 101 10 " 0,02
increases. In the interval from 5.5 to 11.5 MeV (nl 41— nl +1—1f)
this ratio amounts to approximately 1.8 (above 2f 2 2g"h 0.82
~ 7 MeV the errors become too large, so that the of Iz 10.8 (Al Yy nl 1 + YY)
further increase in 7 observed for the very end of'lt s 2 0.02
of the spectrum cannot be ascribed any signifi- (1 & Yg = nl 41— 1)
cance). This yields b/a ~ 1.4. T
Table II lists the levels of Bi*%, for which the 11 R 1 L 1.33
neutron binding energies are lower than 19 MeV. , (ol == nl 41 =)
The binding energies (second column) are taken 1A 13.1 1h — 2" 0.002
from the nuclide energy level scheme calculated (il —Ya— (n+ 1) —1 - 13)
by Ross, Mark, and Lawsont"] for a diffuse nuclear 1’ — 28 0.08
potential. In the third column of the table are cal- (Ml —=Ye—> (n+ 1)1 —1—1)5)
culated the possible dipole transitions to the cor-

responding excited single-particle levels. For
other dipole transitions, either the shell to which
the nucleon should go is completely filled (in this
case this occurs for all transitions of type nl

— nl -1), or the sum of the spin and orbital mo-
menta changes by two, or else the overlap integral
is very small.

Figure 3 shows the relative yields of the
‘‘/direct’’ neutrons from individual shells of Bi
irradiated with x-rays having (hv)mgx equal to
14 and 19 MeV, calculated by the Wilkinson inde-
pendent-particle model (8], It was assumed in the
calculation that all the E1 transitions listed in
Table II can occur (the energies of the corre-
sponding excited single-particle states are posi-

209

tive). The relative intensities of these transitions,

taken from the tables given by Wilkinson

listed in the fourth column of Table II.
The relative probabilities of the ‘‘direct’’ photo-

£e]

, are

, using

effect were calculated, following Wilkinson ¢
the formula

C = kPRYWMR,

where k is the wave number of the emitted nucleon,
P the centrifugal barrier penetrance coefficient,
h Planck’s constant, M the nucleon mass, R the
nuclear radius?3’ and W the imaginary part of the

e used R = 1.3 x 10™* A™ in the calculations.
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FIG. 3. Relative yields of ‘‘direct’’ neutrons from indi-
vidual shells of Bi*® irradiated by x-rays with (hv)pax= 14
MeV (a) and 19 MeV (b), calculated in accordance with the
independent-particle model.

optical potential. The penetrances of the centrifu-
gal barrier for neutrons with different values of
were calculated with formula (5.7) of the book of
Blatt and Weisskopf (9] (the values of the functions
vy and vj were taken from the tables of Lax and
Feshbach[1"]). The values used for W were ob-
tained from a detailed analysis of all the available
experimental data for neutrons, carried out by
Nemirovskii. These values vary linearly with the
neutron energy from 2.5 MeV at €, =0 to 8 MeV
at €5 = 14 MeV. The cross sections for nuclear
absorption and the x-ray spectra were taken from
Gavrilov and Lazareval®] and Schiffl4],

The kinks in the spectra of the ‘‘direct’’ neu-
trons, shown in Fig. 3, correspond to yy-quantum
energies at which neutron emission is possible
from a new level (equal to the binding energies
for this level). The addition of a new excitation
channel under the condition of slow variation of
the absorption cross section sharply reduces the
relative probabilities of the other transitions, and
consequently also the yields of the ‘‘direct’’ neu-

trons from the other shells. If the absorption
cross. section curves actually have narrow peaks
at these energies, there should be no such kinks.

The summary spectrum of the ‘‘direct’’ neu-
trons has a broad maximum. Its position (ej
~ 3.5 MeV at (hv)max = 14 MeV, €y~ 5 MeV
at (hv)max = 19 MeV) corresponds to the maxi-
mum in the distribution of the effective quanta,
i.e., to the maximum of oghg(hv)n(hv, hvmax),
where o455 is the cross section for nuclear ab-
sorption of the y quanta and n(hv, hvmgx) is the
number of quanta of given energy at a maximum
x-ray energy equal to (hv)mgx.

As can be seen from Fig. 3, the main transitions
in the direct emission of photoneutrons are the
transitions from the p- and f-shells. Owing to the
large values of the energy and the large values of
1, the levels 1i!¥? and 1h%? practically do not
participate in the direct photoeffect.

The angular distributions in the transitions
l—1+1 from the p- and f-shells should have
respectively the form (2] 1 + 1.5 sin* ¢ and 1 +0.8 x
sin? 8. The fact that for both values of (hv)max
(14 and 19 MeV) the experimental values of the
ratio b/a for the neutrons with higher energy are
close to 1.5 indicates that for this part of the spec-
trum of the ‘‘direct’’ neutrons the main transitions
are those from the p-shells. This agrees with the
general picture obtained by calculation for the
direct-interaction process (Fig. 3).

Wataghin et al[5], who measured the angular
and energy distributions of photoneutrons from
bismuth at (hv)pmax = 22 MeV, found that the ratio
b/a as a function of the neutron energy has a max-
imum at €, = 5.5 MeV. In view of the analysis
made and in view of the low accuracy of their data
for the end of the spectrum this conclusion is
doubtful.

If the angular distribution is described with suf-
ficient accuracy by the expression a +b sin® ¢,
then the sum of the obtained distributions
(Nggo + Ngqgo) + (N3go + Ny500) should correspond
approximately in form to an integral neutron
spectrum N(ep) ~ a + 2b/3.

Figure 4 shows (histogram 1) the summary
energy distribution of the photoneutrons for 30,

90, 150, and 270° at (hv)mpgx = 19 MeV. The same
figure shows the calculated spectrum of the ‘‘direct”’
neutrons, Ng(ep), which is the sum of the curves
shown in Fig. 3. The theoretical curve 2 is made
coincident with the experimental distribution in the
energy region €y >5 MeV, where there are prac-
tically no evaporation neutrons. In this part of the
spectrum the histogram 1 and curve 2 are in re-
markably good agreement.
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The dashed lines (histogram 3) show the
yields of the evaporation neutrons Ngy(€p), ob-
tained by subtracting from the experimental dis-
tribution 1 the calculated spectrum 2 of the ‘‘direct”’
neutrons. Histogram 3 is in very good agreement
with the neutron spectrum 4 calculated from the
evaporation model (they are coincident in the in-
terval €y = 2—2.5 MeV). This means that in the
energy region €, < 5 MeV, where the evaporation
process predominates, the calculated spectrum of
the ‘‘direct’’ neutrons is also in sufficiently good
agreement with the true spectrum. The ratio of
the areas under curves 2 and 4 (the total area is
taken for curve 4, starting with €, = 0) yields
Nd/Nev = 17%. In the case when (hv)mgx = 14
MeV the theoretical and experimental curves also
agree in general outline. However, owing to the
large experimental errors this agreement is some-
what worse. The ratio Nq/Ney is found to be
15—20% for (hv)max = 14 MeV.

Gold. Figure 5 shows the spectra of the photo-
neutrons obtained by irradiating gold with x-rays
having (hv)pax = 14 MeV. Histograms 1 and 2
represent the neutron spectra for 90 and 270°
(N90° + N270°) and for 30 and 150° (N3°° + N150°),
respectively, referred to equal emulsion area.

In this case no sharp angular anisotropy is ob-
served in the neutron yield. The energy distribu-
tions Nggo + Nyggo and Nzge + Ny5pe differ less from
the distribution calculated in analogy with bismuth
for the evaporation process (curve 3). This is
seen particularly clearly from the comparison of
the spectra of the neutrons from bismuth and from
gold, shown in Fig. 6%,

The sharper decrease in neutron yield with in-
creasing energy €, observed for gold, was also
obtained for an angle 4 = 90° by Bertozzi, Paolini,
and Sargent[m], who measured the spectrum of
photoneutrons from bismuth and gold irradiated by
x-rays with (hv)max = 14.3 MeV by the time of
flight method. The In[N(e€p)/en] curves obtained
by them have sharply pronounced slopes an the end
of the spectrum, with the curve for gold being much
steeper. Starting from the data shown in Fig. 6, the
interval yield of the ‘‘direct’’ neutrons with energy
€n > 3 MeV is approximately 1.5 times less from
gold than from bismuth.

Everything said with regard to the distribution
obtained for (hv)mgx = 14 MeV can be repeated
for (hv)max = 19 MeV (for which the data are
omitted so as not to overburden the article with
too many figures).

“To make the irradiation and scanning conditions more
identical, we chose for bismuth only those irradiation series
in which gold was also irradiated.

G. N. ZATSEPINA,

et al.
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FIG. 5. Energy distribution of photoneutrons from gold at
(hv)max = 14 MeV; histogram 1 —Ngge + No79e; histogram 2 —
N3p° + Nygoe; curve 3 —neutron spectrum calculated in ac-
cordance with the evaporation model.

Table III lists the neutron levels capable of
participating in the E1 transitions when gold is
excited with gamma rays of energy up to 19 MeV.
The level scheme and the binding energies are
also taken from the paper of Ross et all™l,

Figure 7 shows the spectra of the ‘‘direct’’ neu-
trons from the individual shells, calculated as for
bismuth by the independent-particle model. From
the given level scheme it follows that when (hv)max
= 14 MeV the neutrons with energy higher than 3.5
MeV should be emitted in practice only from the
3p3/ 2 shell. The lack of noticeable experimentally
observed angular anisotropy, on the other hand,
indicates that the 3p¥2— 3d%? transitions should
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FIG. 6. Comparison of the spectra of photoneutrons from
bismuth (1) and gold (2) for different emission angles at
(hv)max = 14 MeV.

Table III
Binding . Relat.iw(e
Neutron i i iti t
levels erllvfé‘g,y' Possible dipole transitions mO;ar:f;;l_eS
sitions
3[)’/2 - Bds/z 0.30
3% 8.0 (nl+ 1 — nl 41+ 1)
p 3p3/2 . 3dﬂ/z 0.03
(nl 4+ Yy — nl +-1—1/y)
1i“/z-> 1],15/2 2.16
60 (nl 41— nl +1+1,)
i[,1:1/2 . 13/, .13/,
10 s 4% 0.02
(nl 1Yy — nl -1 —1/)
1h'le — 1 1.53
(nl—1Yy—nl4+1—1
1h'/z_, Zgo/z 0-002
./2 ]
14" 10.3 (Al =1y = (n 1)L —1 1)
1/1'/2 N 2g7/2 0.08
(i —1p—> (n4+1)l—1—1))
2% 25" 0.82
7 (nl 41y = nl +14+1)
2f /2 10.5 2f7/2_’ 2g’/2 0.02
(nl 4+ Y= nl 4-1—1))
s | 147 35— 3p'l 0.07
(nl 4y — nl +1—1)
2dﬂ/2 — 2f°/2 0.40
o2 15.0 (nl — 1o = nl 1 —=1}5)
| 2d": — 3p't: 0.06
l (n[—-l/z—»(n—|—1)l-"1‘“l/2)
| 11" > 12 0.02
14" 15.2 (nl 4o nl 41 —1)y)
11"z = 242 0.10
(1= (n4 1)1 —1 4 1)
, /s 7%/
o (6.8 24" — 2 0.03
(nl Yo > nl 41 —1p5)
1g" 17.6 1g" —2f" 0.07
(nl —1s = (n 1) [ —1—1}y)
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FIG. 7. Relative yields of ‘‘direct’’ neutrons from indi-
vidual shells of the Au*” nucleus irradiated by x-rays with
(hv)max = 14 MeV (a) and 19 MeV (b), calculated in accord-
ance with the independent particle model.

not play a noticeable role in the direct emission of
the photoneutrons.

Figure 8 shows the summary neutron spectra
Njge + Nggo + Nyggo + Ngqge for gold with (hv)max
= 14 and 19 MeV. The same figure shows the spec-
tra of the ‘‘direct’’ neutrons obtained by adding up
the curves calculated for the individual shells (see
Fig. 7).

In the case (hv)max = 14 MeV the forms of the
calculated and experimental spectra differ strongly
in the energy region €, > 3.5 MeV. All this indi-
cates that the 3p32 — 3d%? transitions do not par-
ticipate noticeably in the direct neutron emission.
It must be noted that the level scheme obtained for
gold in ("7 does not agree with the scheme of filled
levels given for Au!®" by Goeppert-Mayer and
Jensen[14], According to the latter, the 3p3/ 2 level
is free, but the 252 level is filled. Unfortunately,
there are no reliable data at present to permit a
rigorous analysis in accord with the independent
particle model.

In the case (hv)max = 19 MeV in the energy re-
gion €, > 5 MeV the neutrons can be emitted from
the 2f72 shell in addition to the 3p¥?2 shell. The
fact that the calculated spectrum of the ‘‘direct”’
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neutrons and the experimental spectrum of the
neutrons agree in general outline in this energy
region, can obviously be attributed to the approxi-
mate similarity of the curves for the p- and f-
shells in Fig. 6. An estimate of the fraction of the
‘‘/direct’’ neutrons, similar to that for bismuth,
yields for gold Ngq/Ngy ~ 12%.

The calculation made in the present work by the
Wilkinson independent-particle model for bismuth
and gold gives the following ‘‘direct’’ neutron yields

il )
wn r

v

as fractions of the total number of emitted neutrons:

(AV) max MeV: 14 19
Yield for Bi, %: 6.0 7.0
Yield for Au, %: 3.2 4.7

No account was taken in the calculations of the fact

that protons can also go over to the single-particle

excited levels upon absorption of the gamma quanta.
In view of the high Coulomb barrier, practically

all these cases will lead to the formation of a com-

et al.

FIG. 8. Integral spectra of photoneutrons from gold at
(hv)max = 14 MeV (a) and 19 MeV (b);; histogram 1— sum-
mary neutron spectrum Ny (€,) for 30, 90, 150, and 2705
curve 2— calculated spectrum Ng4(€,) of the ‘‘direct’’
neutrons; histogram 3 —difference N,.(€5) — Ng(€p);
curve 4 — calculated spectrum of evaporation neutrons.

pound nucleus with subsequent evaporation. Thus,
the yields presented should be somewhat too high.
The ratio of the yields from bismuth and gold,
obtained by experiment, agrees with the calcula-
tions. The ratios Ng/Ntot presented above are
3—4 times smaller than the calculated ones in ab-
solute magnitude. The calculated and experimental
data can apparently be reconciled by using in the
calculations of the probability of direct emission
C = kPh%2/WMR (see above) somewhat different
values for R and W, and perhaps also P.
Tantalum. The spectrum of the photoneutrons
from tantalum was measured only for x-rays with
maximum energy of 19 MeV. Figure 9a shows the
energy distributions for 90 and 270° and for 30 and
150°. As in the case of bismuth and gold, there was
no sense in comparing the spectra for 4 = 30 and
150° in the neutron energy region above 5 MeV, in
view of the insufficient measurement accuracy.

NeEs) | K (en)
800 800+
700 7001
500 FIG. 9. a—energy distribution of photo-
2y neutrons from tantalum at (hv)pmax = 19 MeV;
histogram 1-Ngge + N279°; 2—N30° + Ni50°;
5001 5001 :
curve 3 — spectrum of neutrons calculated in
wok ol accordance with the evaporation model; b—
summary neutron spectra for tantalum (1) and
s00- 200k bismuth (2) for (hv)pax = 19 MeV.
200} 200}
100+ 100+
-'\.
111 | ! 1T | L 14 ! 1 1 i
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The spectrum obtained for the neutrons emitted
at right angle to the x-ray beam direction coin-
cides, within the limits of experimental error,
with the spectrum measured for tantalum at an
angle ¢ = 90° at (hv)max = 20 MeV, by Cortini
et al, who used the same method [15],

As for the other elements, the energy spectrum
of the photoneutrons from tantalum has an anoma-
lously large yield of high-energy neutrons, in dis-
agreement with the form of the spectrum calcu-
lated from the statistical theory (curve 3). No
sharp angular anisotropy was observed for tanta-
lum, as in the case of bismuth. The direct emis-
sion of photoneutrons from tantalum was not con-
sidered using the independent particle model, since
the computation scheme proposed by Wilkinson does
not hold for strongly deformed nuclei.

Figure 9b shows for comparison the summary
spectra of neutrons from tantalum and bismuth
(for 30, 90, 150, and 270°). The data given for
bismuth are taken only from that irradiation
series in which tantalum was also irradiated.
Histograms 1 and 2 are aligned in the energy in-
terval 2—5 MeV. As can be seen from the figure,
the yield of ‘‘direct’’ neutrons from tantalum is the
same or somewhat larger than from bismuth. Com-
parison of these data yields for tantalum a ratio
Ng/Nev approximately equal to 20%.

Cavallaro et alt*], who worked with (hv)max
= 30 MeV, compared the energy spectra of the neu-
trons at 90° for gold and tantalum. The yield of
neutrons with en >5 MeV from gold is approxi-
mately half that from tantalum. These data are
in full agreement with the results of the present
work.
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