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The angular and energy distributions and the yield of photoprotons from Nb 93 are measured 
by the nuclear emulsion technique for three peak bremsstrahlung energies Eymax = 19.5, 
23.5, and 27.5 MeV. The results are compared with the statistical theory of nuclear reac­
tions, with the effect of nucleon pair correlations on the level density of the residual nucleus 
taken into account. It is shown that the measured photoproton yield exceeds the theoretical 
yield by an order of magnitude. The photoproton spectrum is much harder than the evapora­
tion spectrum. The angular distributions exhibit anisotropy of the form I( e) = a+ b sin2 e. 
From an analysis of the angular distributions it is concluded that the 2p- 2d E1 proton 
transitions play an important part. 

INTRODUCTION 

IT can be regarded as established that the level 
densities of even-Z and even-N nuclei have a gap 
at the ground level due to pair correlations. The 
size .6. of the gap is the sum of the proton and 
neutron pairing energies: .6. = Op + on. However, 
in the analysis of photonuclear reactions pair cor­
relations have hitherto not been taken into account. 
Also, it follows from a comparison of the experi­
mental photoproton yields with the statistical the­
ory that for medium -weight nuclei having a proton 
binding energy Bp smaller than the neutron bind­
ing energy Bn the observed yields can be accounted 
for by the evaporation model. [1- 4] Nevertheless, 
data regarding angular and energy distributions 
and the dependence of the photoproton yield on 
Eymax are not always consistent with the statis­
tical theory. [5- 7] 

Pair correlations are taken into account in ac­
tual practice by calculating the nuclear excitation 
energy from some ''characteristic" level lying 
above the ground state by the amount .6. of the gap: 
E*- E*' = E* -.6.; the level density of the final 
nucleus then becomes w ( E *' ) instead of w ( E *). 
This results in a large change of the probability 
ratio of proton and neutron evaporation compared 
with the calculations performed neglecting pair 
correlations for final nuclei of different evenness­
oddness type. Thus when odd-even nuclei are ex­
cited by y quanta the emission of a proton results 
in an even-even nucleus with .6. = Op + on, while 
neutron emission results in an odd-odd nucleus 
with .6. = 0. The existence of an energy gap in the 

first of these nuclei leads to considerably in­
creased competition of the (y, n) reaction and 
therefore to a reduced yield of evaporated photo­
protons. The opposite tendency is observed in 
even-odd nuclei; the yield of evaporated photo­
protons increases considerably when pair corre­
lations are taken into account. For even-even 
initial nuclei the calculation will be practically 
independent of the correlation, since both final 
nuclei possess an energy gap of the same extent. 
It can thus be expected that the photoproton yield 
from odd-even nuclei will result to a considerable 
degree from a non-evaporation mechanism, even 
if the proton binding energy Bp is smaller than 
the neutron binding energy Bn and the barrier is 
relatively low. One such nucleus is Nb 93 , which 
can be analyzed in a simple manner because nio­
bium is anisotopic. 

MEASURING TECHNIQUE 

The measuring technique and apparatus were 
described in detail in [s, 7]. However, the design 
of the inner movable part of the chamber contain­
ing the target and plates was modified considerably. 
First, the amount of matter in the immediate vicin­
ity of the beam was considerably reduced; the dur­
aluminum previously used for the inside walls and 
plate and target holders was replaced by polysty­
rene (CH2)n and graphite. The (y,p) threshold 
of carbon is quite high ( Bp = 16 MeV for C 12 and 
16.2 MeV for C13 ); the proton background was thus 
made several times smaller. Second, steps were 
taken to reduce the uncontrollable errors in solid 
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angles resulting from inaccurate adjustments of 
the plate holders and of the beam center at the 
target. For this purpose, when measuring angular 
distributions, instead of several plates placed 
around the target at different angles e with re­
spect to the y beam, two plates positioned sym­
metrically about the beam were used. These plates 
covered the intervals e = 10-120° and 60-170°, 
respectively. The 2 x 6 em target was suspended by 
Kapron fibers at 20° to the y beam so as to be fully 
within the beam. Figure 1 shows the arrangement 
of the target and photographic plates. 

~'~ybeam 
Target ~ 

FIG. 1. Arrangement of target and photographic plates. 

The target was a foil of chemically pure nio­
bium 27.7 mg/cm2 thick. Protons were registered 
in NIKFI-T3 emulsions 300 J.J. thick. The emulsions 
were scanned with MBI-2 binocular microscopes 
having an x60 objective and x5 eyepiece; tracks 
were measured with an x7 eyepiece. The standard 
MBI-2 microscope stage was replaced with another 
stage permitting the scanning of large areas. Pro­
ton energies were obtained from the range-energy 
curve for llford C-2 emulsions, [B] with a correc­
tion for the density difference of the Ilford C-2 and 
NIKFI-T3 emulsions. The total proton range was 
the sum of the range in the target and the residual 
range in the emulsion. The range in the target was 
taken to be the effective target half-thickness con­
verted from known relations between ionization 
losses and ranges in emulsion. 

An Ural computer was used in treating the ex­
perimental data, beginning with track selection ac­
cording to direction and ending with assignments 
to angular and energy intervals. The proton back­
ground resulting from scattered y rays was found 
to be 1-2% in irradiation of a targetless chamber. 

RESULTS 

Irradiation was performed at the 30-MeV syn­
chrotron of the Physics Institute of the USSR Acad­
emy of Sciences with three values of Eymax: 19.5, 
23.5, and 27.5 MeV. Table I gives the following 
data for each run: M -the dose in monitor counts 
reduced to identical ionization in a thick-walled 
ionization chamber, S -the combined areas meas-

Table I 

E-ymax, 

1 
M I S, cm2 I Np I "b MeV 

19.5 12330 16 2221 I 13 
23.5 7060 16 2605 

I 
30 

27.5 10400 8 2937 36 

ured on the two plates, Np -the total number of 
proton tracks with Ep 2:: 3.0 MeV beginning at the 
surface and satisfying the geometric selection cri­
teria with a background correction, and nb -the 
number of background tracks relative to the dose 
M and scanned area. 

Figure 2 shows the photoproton energy distribu­
tions in relative units. F ( Ep) is the ratio of the 
number of protons having energies in the interval 
.6-Ep = 0.5 MeV to the total number Np of protons. 

Figure 3 shows the angular distributions of 

cp. MeV 

18 

18 20lp,MeV 

FIG. 2. Energy distributions of photoprotons from Nb93 for 
Eymax = 19.5 MeV (a), 23.5 MeV (b), and 27.5 MeV (c). The 
histograms are the experimental spectra. The dashed histo­
gram in Fig. 2b is the photoproton spectrum of Mo92 .['] The 
smooth curves are spectra computed from the evaporation model 
for level density w1 taking account of pair correlations. The 
dashed curve in Fig. 2b is the same, neglecting pair correla­
tions. Arrows indicate the maximum possible proton energy 
Ep max = Eymax- Bp• 
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FIG. 3. Angular distributions of photo­
protons from Nb93 for Eymax = 19.5 MeV (a), 
23.5 MeV (b), and 27.5 MeV (c). The histo­
grams are the experimental results. The 
smooth curves represent distributions of the 
forms l(fJ)=a+bsin2 fJ and I(fJ)=a 
+ b sin2 e + c sin2 e cos e. The parameters 
a, b, and c obtained by least squares are 
given in Table II. 
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Table II. Angular distribution parameters obtained 
by least squares 

~ 
19,5 

I I 

v 

a b b!a a p 

All 60,0± 45.1± 0,75± 63.7± 
protons ±5,1 ±7,3 ±0.18 ±4.7 

;>3 MeV 
3-6 MeV 26.5± 8.5± 0.32± 22.1± 

±3,2 ±4.4 ±0.20 ±2,8 
6-10MeV 29,9± 37.3± 1.25± 31.1± 

±3.9 ±5,6 ,±0.34 ±3.3 

>10 MeV 3,6± -0.7± -0,19± 10.5± 
±1,3 ±1,7 ±0.53 ±1,8 

10-12MeV - - - -

>12 MeV - - - -

protons in different energy groups. Ordinates rep­
resent the proton yield (in the angular interval 
t:..fJ = 20°) emitted at the angle fJ to the y-beam 
direction. For all three values of Ey max the 
proton yield with Ep ~ 3 MeV for t:..fJ = 80-100° 
was taken as 100. The angular distributions were 
approximated by curves of the form 

I (B) = a + b sin2 B. 

An exception was found in the distribution of fast 
protons (Ep > 10 MeV) for Eymax = 27.5 MeV, 
which exhibited considerable asymmetry about 
90°. This distribution was approximated by 

l 
23,5 27,5 

b I bfa a 
I 

b 

I 
c I bfa I cfa 

34.4± 0.54± 75.1± 21.3± - 0.28± -
±6,5 ±0.15 ±5.3 ±6.8 ±0,11 

3.0± 0.1H 25.4± -3.1± - -0.12± -
±2,7 ±0.13 ±2.8 ±3,8 ±0.14 

26.2± 0.84± 35.5± 1.2.8± - 0.36± -
±4,9 ±0.25 ±3.2 ±4.5 ±0.17 

5.2± 0.49± 14.3± 11.6± 10,6± 0.81± 0. 74± 
±2,5 ±0,33 ±2.2 ±3,2 ±3,1 ±0.34 ±0.22 

- - 8,4± 6.1± 2,2± 0.72± 0.26± 
±1.6 ±2.2 ±2.1 ±0.39 ±0.29 

- - 5,9± 5.6± 7.8± 0.94± 1.31± 
±1.5 ±2.1 ±1.9 ±0.58 ±0.39 

I (B) =a+ b sin2 B + c sin2 B cos fl. 

The parameters a, b, and c obtained by least 
squares are given in Table II, as well as the ratios 
b/a characterizing the anisotropy of the angular 
distributions. 

It is easily shown that for a reaction yielding 
an angular distribution represented by I( e) = a+ 
b sin2 fJ the integral yield is 

2~ 

Y=~ I(O)sin2 0dfl=K(a+ ~b), 
l) 

where K is a factor depending on the normalization 
of a and b. 
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The relative integral yields of protons with Ep 
~ 3 MeV for Eymax = 19.5, 23.5, and 27.5 MeV 
were 1.00 ± 0.04, 1.58 ± 0.04, and 2.22 ± 0.10, 
respectively. The absolute integral yields were 
obtained by a comparison with the previously 
measured photoproton yield of a sample enriched 
in Cu65• [ 7] Figure 4 shows the photoproton yields 
from Nb93 obtained in the present work, compared 
with results given by other authors [9•4] and the 
dependence of the neutron yield on Eymax• meas­
ured in [10- 12 ] by direct registration of neutrons. 

{; 

5 

J 

106 particles/mole-roentgen /------

FIG. 4. Dependence of photoproton yield Yp and photo­
neutron yield Yn from Nb93 on Ey max· For Yp: x- present 
work, •-[•], •-[•]; the yields have been multiplied by the 
factor 5. For Yn: x and •-measured in [u] and [• 2 ], respec­
tively; the smooth curve was obtained in [10]. 

DISCUSSION OF RESULTS 

The results were analyzed to determine the 
relative contributions of evaporation and the direct 
photoeffect to the photoproton yield from niobium. 
For this purpose the experimental yield ratio 
Yp /Yn (Fig. 4) was compared with the calculated 
ratio based on the statistical theory. 

If the cross section ayn (E) is known the sta­
tistical theory gives the photoproton yield obtained 
from the bremsstrahlung spectrum N ( Ey. Ey max): 

0 

where 7)(Ey) is the ratio of the total proton width 
to the total neutron width. 

The calculation was performed for the two most 
frequently used dependences of the residual-nucleus 
level density on its excitation energy E*: w 1 
"' exp [ 2 ( aE *' ) 112 ], where A is the atomic weight 
and a was taken as A/10,Cl3J and w2 "' exp ( E*' /T ), 
where T = 1 MeV is the nuclear temperature; E*' 
= Emax- E, where Emax is the maximum possible 
energy of an emitted particle and equals Ey - B or 
Ey - ( B +b.) depending, respectively, on whether 
pair correlations are neglected or taken into 
account. 

The reaction thresholds B and the evaporation 
energies b. = op + on are given in Table III. The 
cross section an (En) was taken from the book of 
Blatt and Weisskopf; [18] ap( Ep) was taken from 
tables in [19]; r 0 was taken to be 1.65 x 10-13 em 
following Evans, [20 ] who showed that the Coulomb 
barrier of a nucleus having a diffuse boundary 
(for a charge distribution obtained from electron 
scattering experiments) can be approximated by 
the barrier for a nucleus with uniform density as­
suming r 0 = 1.65 F. 

Figure 5 shows the measured and calculated de­
pendences of the photoproton-to-photoneutron yield 
ratio on Ey max· It should be noted that somewhat 
different quantities are compared in the experimen­
tal and theoretical calculations. Thus the theory 
compares the yields of reactions in which a proton 
or neutron is the primary emitted particle: 

Table III. Photonuclear reaction thresholds for Nb 93 and total 
evaporation energies b. = Op + on in final nuclei 

I Final nucleus 
&p, &n, Reaction 

I 
Threshold t. 

B, MeV 

I 
MeV MeV 

z N 

8,82±0.05* 1 I 
I 

(r,n) 51 41 - - -
(j,p) 5.94±0.1 ** 52 40 0.92**** 1. 31 **** 2.23 
(j,np)} 
(r,pn) 14.84 **' 51 40 - 1.31 **** 1.31 

(j,2p) 15.46 *** 52 39 0. 92 **** - 0.92 
(r,2n) 16.89 ••• 50 41 /1.84 **** - 1.84 

*Average of values of B 0 given in [14]. 

**Obtained from .8-decay data using the formula Bn- Bp ~ OE:c ~ 0. 783, where 
OE:c ~ 2.1 MeV was taken from tables in [15]. 

***Calculated from the mass formula.[ 16] 

****See [17], 

B +- t. 

8.82 
8.15 

16.17 

16.38 
18.73 
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y~heor= Yp, = Yp,,y + Yp,n + Yp,,p, 

y~heor= Yn, = Yn,y + Yn,n +· Yn,,p· 

On the other hand, the yields measured by direct 
registration contain secondary particles: 

v;xp = Yr, + Yn,p, + Yp,p,, 

Y;;'xp = Yn, + Yn,n, + Yn,p,· 

FIG. S. The photoproton-to-photoneutron yield ratio from 
Nb93 as a function of E ymax. Crosses designate the experi­
mental ratios: the shaded area is that bounded by experimental 
errors. The dashed lines represent the evaporation-model cal­
culations using different hypotheses regarding the dependence 
of the final-nucleus level density on the excitation energy: 
Curve 1-w(E*) = exp[2(aE*)'I>], curve 2-w(E*) 
= exp! 2[a(E*- tl)] 'h l, curve 3- w (E*) = exp (E* /T); curve 
4-w(E*) = exp[(E*-L'l)/T]. 

The secondary-reaction thresholds given in 
Table III show that these reactions play some 
part even for Eymax = 19.5 MeV. For the pur­
pose of bringing the theory into accord with ex­
periment, one could calculate the contribution of 
secondary particles on the statistical theory and 
introduce a suitable correction of Ypheor and 
y~heor. However, this would require a laborious 
triple numerical integration. We therefore at­
tempted to calculate roughly the contribution of 
secondary particles to experimental yields based 
on the relative yield from the reaction 
Nb93 (y, 2n)Nb91 , [ 12 ] assuming that the proton/ 
neutron yield ratio from the residual nuclei fol­
lowing (y,n) and (y,p) reactions is the same 
as for Nb 93 • When the theoretical yield ratio 
Yp /Yn was compared with the experimental ratio 
uncorrected for the contribution of secondary proc­
esses the error was found to be at most a few per­
cent. 

Figure 5 shows that the theoretical values of 
Y p /Y n for a level density of the form w 1 

= exp [ 2 ( aE *' ) 112 ] neglecting pair correlations 
agree with experiment. Allowance for pair cor­
relations reduces the theoretical value by more 
than one order of magnitude. In the case of a 
level density at constant temperature the theoret­
ical proton yield is considerably smaller than the 
experimental value both with and without taking 
account of the evaporation energy. The agreement 
of the experimental proton/neutron yield ratio with 
the theoretical ratio based on the level density w1 
neglecting pair correlations is most probably ac­
cidental. Indeed, a comparison of the experimental 
energy distributions with those calculated on the 
evaporation model shows that for all the values of 
Ey max these distributions differ considerably 
(Fig. 2). Figure 2b also shows that the shape of 
the evaporation spectrum is almost independent 
of pair correlations. 

It is interesting to compare the results with the 
( y, p) reaction in a neighboring even -even isotope 
Mo92 in which, as in Nb 93 , the proton binding en­
ergy is small. However, the evenness-oddness 
type of nuclei remaining following ( y, p) and ( y, n) 
reactions in Mo92 is such that allowance for pair 
correlations does not reduce the proton evapora­
tion probability, and it can be expected that the 
( y, p) reaction in Mo92 will be described by the 
evaporation model. Indeed, it has been found in 
[ 3] that for Eymax = 22 MeV the photoproton yield 
from Mo92 , comprising almost 50% of the neutron 
yield, and the energy distribution are accounted for 
by the evaporation model. The photoproton spec­
trum from Mo92 , shown for comparison in Fig. 2b, 
is considerably softer than the photoproton spec­
trum from Nb 93 and agrees essentially with the 
statistical theory; a discrepancy occurs only at 
high proton energies. 

The angular distributions of the photoprotons 
from Nb93 exhibit considerable anisotropy; this 
furnishes additional proof that the ( y, p) reaction 
in this isotope involves a mechanism different from 
evaporation. It follows from the symmetry of angu­
lar distributions about 90° that photoprotons are 
emitted as a result of the dipole absorption of y 
quanta. Some admixture of quadrupole absorption 
is found only in the case of protons with Ep > 10 
MeV for Eymax = 27.5 MeV, where the peak is 
shifted forward. Table IV gives the E1 proton 
transitions of Nb 93 and the anisotropy of the 
photoproton angular distributions in these transi­
tions calculated in accordance with [21 J. By com­
paring the theoretical values of b/a in Tables IV 
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Table IV. E1 proton transitions in Nb 93 and anisotropy of 
photoproton angular distributions in these transitions 

Transition I Transition 1 I [' ]II 
strength ["] Ratio b/a 1 

"2p,1,--+ 2d,.:, 0.186 1.5 
1 fs;,-> 1g,12 0.837 0.83 
1 f·;,--+ 2d'j, 0.060 0.083 
2pa;,---'> 2d,;, 0.366 1.5 
2p%--;.. 3st;2 I 0,080 0 

with the experimental values (Table II) we can con­
clude that protons having energy Ep = 6-10 MeV 
for Eymax = 19.5 MeV (b/a = 1.25 ± 0.34) result 
from a 2p -- 2d transition for which (b/a )theor 
= 1.5, the transition energy being under 19 MeV. 
The reduced proton anisotropy in the given Ep in­
terval for increased Eymax is evidently associ­
ated with the fact that l -- l -1 transitions begin 
to play a part, producing a practically isotropic 
distribution. The isotropic distribution of slow 
protons ( Ep = 3-6 MeV) is possibly associated 
with the fact that in this energy region evaporated 
protons make a large contribution. However, it is 
also possible that these protons result from a 
2p-- 3s transition, for which (b/a)theor = 0. An 
intense proton group with Ep > 10 MeV observed 
for Eymax = 23.5 and 27.5 MeV evidently results 
from the strongest transitions, lf5; 2 -- 1g7; 2 and 
lf7/2-- 1g9/2• for which (b/a)theor = 0.83. 

The author is deeply indebted to R. D. Rozhde­
stvenskaya and toN. A. Ponomareva for scanning 
the plates and assisting with the numerical calcu­
lations, toR. A. Latypova and V. P. Fomina, who 
set up the program for treating the experimental 
data and for calculating geometric corrections, 
and to the synchrotron crew. 
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