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ment of the high-frequency transition can be met by 
a moderate-power magnetron feeding a horn radiator 
or a klystron feeding a resonant cavity (within which 
the atomic flame could be operated). The necessary 
klystron power depends on the quality factor (Q) and 
volume (V) of the resonant cavity, according to the 
approximate relation 

P=2TSOVVO/CQ. (10) 

For the typical values F = 1 0 2 cm3 and () = 5X103, the 
klystron power required for a 10% transition proba­
bility at 9.6 kMc/sec is 125 mW. This is easily ob­
tained from standard X-band klystrons. 

I. INTRODUCTION 

EXCITATION-FUNCTION measurements for re­
actions of In115 with medium-energy alpha par­

ticles, deuterons, and protons have been reported 
recently.1 In particular, cross sections for the formation 
of In116m were obtained for all the above bombarding 
particles. The cross sections for the (a,ay) reaction were 
compared in detail with the statistical theory and a 
definite disagreement was found for bombarding 
energies above 25 MeV. The contribution of the 
Coulomb excitation process was estimated and found 
to be substantial, particularly below 25 MeV. I t was 
impossible to draw definite conclusions about the 
mechanism responsible for the other reactions leading 
to the formation of In115m. This same uncertainty also 
applied to the In115 (a,an) In114m reaction whose excita­
tion function was also obtained in that study. 

In order to obtain additional information about some 

* Research performed under the auspices of the U. S. Atomic 
Energy Commission. 

t Present address: Lawrence Radiation Laboratory, University 
of California, Berkeley, California. 

1 N. T. Porile, Phys. Rev. 121, 184 (1961). 

Finally, a word about hyperfine structure. The CN 
microwave transitions should show a well-resolved 
splitting into three major hyperflne components, es­
pecially at the lower J values, because of magnetic 
interactions between the uncompensated electronic 
angular momenta and the magnetic moment of the 
nitrogen nucleus. (N14 also possesses an electric quadru-
pole moment, and the resulting quadrupole interaction 

"may also be detectable through small line shifts.) The 
intensities of the three hyperflne components should be 
more or less equal, so, to be on the safe side, one should 
multiply the results of the minimum power calculations 
by three. Thus, a 375-mW klystron might be necessary 
for an investigation of the 9.6-kMc/sec spectrum. 

of the above reactions, an investigation of the recoil 
properties of the reaction products has been carried 
out.2 The fraction of activity recoiling in the forward 
direction out of a target thick compared with the recoil 
range has been measured for the following reactions: 
In115(a,a7)In115™, In116(a,a»)In114w», In116(a,#»)Sn117w, 
In115(^,^7)In115m, and In118(£,w)Sn118. In addition, the 
excitation function for the (a,pn) reaction has also been 
obtained. Previous measurements of this type have been 
carried out in this energy range for reactions of alpha 
particles with aluminum,3 potassium,4 bismuth,5 as well 
as for a number of heavy ion induced reactions.6 

II. EXPERIMENTAL PROCEDURE AND RESULTS 

The target foils consisted of natural indium evapo­
rated to a thickness of 1 to 2 mg/cm2 onto high-purity 

2 A preliminary account of this investigation has appeared in 
Bull. Am. Phys. Soc. 7, 83 (1962). 

3 N. T. Porile, Phys. Rev. 127, 224 (1962). 
4 T . Matsuo and T. T. Sugihara, Can. J. Chem. 39, 697 (1961). 
5 B. G. Harvey, W. H. Wade, and P. F. Donovan, Phys. Rev, 

119, 225 (1960). 
6 L. Winsberg and J. M. Alexander, Phys. Rev. 121, 518 (1961); 

J. M. Alexander and L. Winsberg, Phys. Rev. 121, 529 (1961). 
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Recoil ranges projected along the beam direction have been measured for the (01,0:7), (a,an), (a,pn), and 
(p,py) reactions on In115 and for the Inm (p,n) reaction, with 5 to 10 MeV protons and 20 to 40 MeV alpha 
particles. The results have been compared with values expected for compound-nucleus formation and 
reasonable agreement is obtained for the (a,pn), (p,py), and (p,n) reactions. The measured range for the 
(a,an) reaction agrees with calculation at the lowest energy studied but is somewhat low at the highest 
bombarding energy. In the case of the (01,0:7) reaction the measured ranges are a factor of 3 to 6 smaller 
than the calculated values, indicating a direct interaction process. The recoil ranges expected for Coulomb 
excitation have been computed for the (a,ay) and (p,py) reactions and are substantially smaller than the 
experimental values. Excitation function measurements for the (a,pn) reaction are also presented. 
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0.001-in. thick aluminum. The recoil catcher foils were 
of this same aluminum and were positioned in contact 
with the target so that recoils emitted along the beam 
direction were collected. In several instances the orien­
tation of the foils was reversed and recoils emitted in the 
backward direction were collected. Several additional 
aluminum foils were included in the stack for the de­
termination of activity resulting from the activation of 
impurities. The number of target foils included in the 
foil stack varied from 2 to 6. 

Irradiations were performed with the deflected proton 
and alpha beams of the Brookhaven 60-in. cyclotron. 
The foils were irradiated in a previously described7 

Faraday-cup assembly. The cross-sectional area of the 
beam was smaller than that of the foils so that there 
was no recoil loss due to edge effects. The assembly was 
evacuated in all but one of the irradiations. In this 
irradiation, in which the (a,an) and (a,pn) recoil ranges 
were measured, the results do not appear to be different 
from a second irradiation with the foils in vacuum. The 
energy of the incident beam was determined by the 
copper-ratio method8 or by range measurements. A 
range-energy relation based on BichsePs9 measurements 
of proton ranges was used. In the course of this work a 
total of seven bombardments was performed. The 
duration of these bombardments ranged from 1 to 7 h, 
with beam currents of 1 to 7 /xA of fully ionized particles. 

After irradiations designed for study of the (a,ay) 

Ea (MeV) 

FIG. 1. Projected ranges for alpha-induced reactions. The solid 
curves are calculated for compound-nucleus formation. The dashed 
curve for the (ajay) reaction refers to estimates for Coulomb 
excitation. The different symbols indicate different bombardments. 
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FIG. 2. Projected ranges for proton-induced reactions. The solid 
curves are calculated for compound-nucleus formation. The dashed 
curve is the estimate for Coulomb excitation. The different sym­
bols indicate different bombardments. 

reaction the various foils were dissolved in HBr. The In 
was extracted10 with bis 2-chloroethyl ether and back 
extracted with HC1. After a scavenging precipitation of 
antimony sulfide, the solution was neutralized and 
In2S3 was precipitated and mounted for assay. No 
chemical separations were perfromed for all the other 
reactions studied. 

The activity of the samples was determined in a 
variety of ways. In most cases a calibrated 3- X 3-in. 
Nal(Tl) crystal connected to a 100-channel pulse-
height analyzer was used. The radiations detected from 
49-day In114w, 14-day Sn117m, and 4.5-h In115m were the 
192, 160, and 335 keV gamma rays,11 respectively. In 
the case of 115-day Sn11? the 392-keV gamma ray of the 
jnii3m daUghter was detected. In some cases a 6-mm 
thick Na l crystal was used in order to obtain a lower 
background rate. In the case of In115m formed in the 
(p,py) reaction the x rays resulting from the internal 
conversion of the isomeric transition were detected by a 
2-mm thick Na l crystal with pulse-height analysis. This 
procedure gave sufficiently low backgrounds to permit 
the detection of the low activity rates of the catcher foils. 
The activity of the activation blanks was always less 
than 1% of that of the forward recoil catcher except in 
the case of one of the (p,py) experiments where a 25% 
correction was determined. The formation of In115m and 
jnii4m m r e a c t ions of In113 with alpha particles has been 
investigated previously1 at these energies and found to 
be negligible in comparison with the formation of these 
nuclides from In115. 

The results for In115m suffer from the fact that this 
isomer is produced with very high cross section by the 

10 R. J. Dietz, Ph.D. thesis, Massachusetts Institute of Tech­
nology, 1958 (unpublished). 

11 Nuclear Data Group, Nuclear Data Sheets, National Academy 
of Sciences (National Research Council, Washington, D. C , 
1959). 
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FIG. 3. Excitation functions for the In115 (ce,cm )In114w (O) and 
In115(a,^)Sn117w (A) reactions. The long- and short-dashed curves 
are evaporation calculation estimates for the (a,an) and (a,pn) 
reactions, respectively. 

(n,ny) reaction12 on In115. The effect of this reaction on 
the measured cross sections for the (01,0:7) and (p,py) 
reactions was previously investigated,1 and it was found 
that the flux of secondary neutrons was sufficiently high 
to account for a substantial fraction of the observed 
yields below 18 and 7 MeV, respectively. Thus, the 
results reported for the (p,py) reaction at this lowest 
bombarding energy are quite uncertain. For the (a,ay) 
reaction the observed excitation function was used to 
correct the ranges at the higher bombarding energies. 
I t was assumed that the (n,ny) contribution is constant 
through the foil stack1 and that the range of the (n,ny) 
recoils is negligible compared to that of the (a,ay) 
recoils. The latter is justified if it is assumed that the 
neutrons responsible for the (n,ny) reaction have an 
energy of 2.5 MeV, corresponding to the peak of the 
(n,ny) excitation function.12 This correction raised the 
(a,ay) ranges reported in Fig. 1 by 25%. 

The experimental results may be expressed in terms 
of the variation of FW with bombarding energy, as 
shown in Figs. 1 and 2. F is the fraction of the total 
activity of a given nuclide found in the forward recoil 
catcher, W is the target thickness, and FWis the average 

12 H. C. Martin, B. C. Divek, and R. F. Taschek, Phys. Rev. 93, 
199 (1954). 

projected recoil range along the beam direction in the 
target material. I t is seen that the ranges are much 
larger in the case of the alpha-induced reactions than in 
the case of the proton-induced reactions. This fact 
reflects the larger momentum of the incident alpha 
particle. I t is also seen that the ranges of the various 
alpha-induced reactions differ from each other by sub­
stantial factors and show different trends with bom­
barding energy. A detailed analysis of these results is 
presented in the following section. The ratios of forward 
to backward emission were measured for all the re­
actions of interest and were found to be greater than 100 
for the (a,pn) and (a,an) reactions at 35 MeV and the 
(p,n) reaction at 8 MeV. The ratio was about 20 for 
the (a,ay) reaction at 35 MeV and the (p,py) reaction 
at 9 MeV. If compound-nucleus formation is assumed 
then backward recoil emission is forbidden by mo­
mentum conservation considerations. However, when 
the recoil ranges are small and the laboratory angular 
distributions are expected to be broad, it appears that 
backward emission does become significant, probably 
because of scattering effects. 

The excitation functions for the (a,pn) and (a,an)1 

reactions are shown in Fig. 3. In both cases only the 
cross section for the formation of the isomeric state has 
been measured. These results are compared with evapo­
ration calculations in the following section. 

III. DISCUSSION 

The procedure in this section will be to compare the 
measured projected ranges with values expected for the 
complete transfer of momentum of the incident particle 
to the struck nucleus, which we shall call compound-
nucleus formation. This definition is equivalent to the 
statement that in the center-of-mass system the out­
going particles are emitted symmetric about 90° to the 
beam direction. I t should be noted that the recoil 
properties of the reactions which have a large ratio for 
the mass of the outgoing particles to the mass of the 
bombarding particle, are more sensitive to the angular 
distribution and energy spectra of the emitted particles. 

In calculating projected ranges assuming compound-
nucleus formation Winsberg and Alexander6 pointed 
out that although FW is mainly a measure of the ve­
locity imparted to the struck nucleus along the beam 
direction, (V), there is a correction due to the velocity 
imparted to the recoil by particle evaporation, (V). This 
correction is only important when range is not propor­
tional to velocity. Winsberg and Alexander give the 
relationship 

F I ^ = ^ o ( l + ( 2 / 3 ) M
2 - ( l / 1 5 ) M

4 ) , (1) 

where /x= V/v. The range-velocity relationship is 
R=k\v+Y\N, where k and N are constants and R0 is 
the recoil range corresponding to v only, i.e., Ro = kvlV. 
Equation (1) assumes that the fragment range is pro­
portional to its energy (TV = 2 ) , that the angular dis-
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FIG. 4. Range projected along the beam axis for »In115 recoils 
in In. Solid curve from Lindhard and Scharff. Points from (a,pn) 
recoil data. 

tribution of the evaporated particles is isotropic in the 
center-of-mass system, that V has a unique value which 
is less than v, and that the production rate is constant 
over the target thickness. The situation for a non-
constant production rate has been considered by Porile.3 

In the present experiment the effect of the change in 
production cross section over an energy corresponding 
to the target thickness is less than 3 % and can be 
neglected. The values of \i were obtained from the 
expression 

fx2= (McN2/MR
2MPEp)ZMeEe (2) 

where M and E are mass and kinetic energy and the 
subscripts CN, R, P, and e, refer, respectively, to the 
compound nucleus, the residual fragment, the bom­
barding particle, and the emitted particles. The sum­
mation is carried out over all the emitted particles. The 
values of Ee were estimated from the reaction kine­
matics as follows. I t was assumed that the charged 
particles were evaporated with an energy equal to that 
of the Coulomb barrier when energetically possible. The 
neutrons were assumed to have an energy of 2 MeV 
when energetically possible. If with these conditions, 
more than 6 MeV was left behind for gamma-ray emis­
sion, the excess was divided between the outgoing par­
ticles. The values of FW/R0 thus calculated for the 
(a,an), (a,pn), (a,ay), (p,py), and (p,n) reactions were 
approximately 1.33, 1.09, 1.48, 1.57, and 1.18, respec­
tively, and were not very sensitive to bombarding 
energy. 

We wish to compare the measured values of FW with 
values calculated on the assumption of compound-

nucleus formation. In order to obtain RQ from the 
kinetic energy of the compound nucleus, or from that 
of the bombarding particle, a range-energy relation is 
needed. A universal range-energy relation for low-
energy recoils has been proposed by Lindhard and 
Scharff.13 This relation applies in the region where 
energy loss is due mainly to atomic collisions. In the 
case of indium recoils in indium the relation is expected 
to be valid for recoil energies up to about 0.75 MeV and 
is shown in Fig. 4 as the solid curve. At higher energies 
it is expected that the ionization mechanism will 
become more important than the 20% effect estimated 
by Lindhard and Scharff at 0.75 MeV. Since the recoil 
energy for complete momentum transfer of a 40-MeV 
alpha particle is about 1.3 MeV, it is clear that the cal­
culated range-energy relation must be extended. As­
suming that the mechanism of the (a,pn) reaction in­
volves full momentum transfer, the experimental FW 
values for this reaction were converted to Ro values and 
plotted in Fig. 4. The agreement with the Lindhard 
and Scharff curve at the lowest bombarding energy 
indicates that this assumption is correct at 22 MeV. 
The generally rising shape of the curve indicates that 
there is probably no large deviation from full mo­
mentum transfer even at the highest bombarding 
energy. The best curve through the points and the 
Lindhard and Scharff calculation was adopted as the 
range-energy relation and used together with the 
FW/Ro values derived above to calculate projected 
recoil ranges. These values of FW, calculated assuming 
compound-nucleus formation, are shown as the solid 
curves in Figs. 1 and 2. 

The ranges of the (a,ay) reaction recoils are much 
smaller than the values expected for compound-nucleus 
formation and indicate that this mechanism is of little 
importance for the reaction. This result is in agreement 
with the conclusions based on the excitation function 
measurements.1 I t has been previously pointed out1 that 
Coulomb excitation may make a substantial contribu­
tion to the cross section for the (a,ay) reaction. The 
recoil range for this process may be computed from the 
calculated differential cross section14 on the assumption 
that an E2 process is primarily responsible.1 The pro­
jected ranges obtained in this fashion are indicated by 
the dashed line in Fig. 1. While it is seen that the experi­
mental ranges are considerably larger, it is clear that a 
small admixture of a process involving compound-
nucleus formation could account for the experimental 
results. The situation is complicated by the fact that, in 
addition to the above two mechanisms, inelastic scatter­
ing can also contribute to the formation of In115m. The 
recoil range expected for this process depends on the 
scattering angle. The experimental range at 37 MeV is 
consistent with an average scattering angle of about 45°. 
This value seems somewhat too large for a direct 

13 J. Lindhard and M. Scharff, Phys. Rev. 124, 128 (1961). 
14 K. Alder, A. Bohr, T. Huus, B. Mottelson, and A. Winther, 

Revs. Modern Phys. 28, 432 (1956). 
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interaction process and again indicates a small ad­
mixture of an evaporation process. The present results 
thus do not discriminate between Coulomb excitation 
and inelastic scattering, but do indicate that the con­
tribution of compound-nucleus formation is small. 

The results for the (a,an) reaction are consistent with 
compound-nucleus formation at 25 MeV but appear to 
reflect an increasing contribution of a direct interaction 
process in comparison to the (a,pn) reaction as the 
bombarding energy is increased. However, the values 
of FW/RQ used to draw the solid curve were calculated 
assuming range proportional to energy. I t is known that 
at higher energies range becomes proportional to ve­
locity and there appears to be some indication of this 
effect at the top of Fig. 4. If this were true the calcu­
lated curve for FW would be somewhat lower and the 
discrepancy not as great. However it is unlikely that the 
shape of the range-energy curve changes as drastically 
as from range-proportional-to-energy at 0.8 MeV to 
range-proportional-to-velocity at 1.3 MeV. Thus, low 
momentum transfer is indicated at the higher bom­
barding energies. I t is reasonable to assume that the 
mechanism responsible for this result is inelastic scat­
tering followed by neutron evaporation because of the 
large (a,an) to (a,ap) cross-section ratio obtained in this 
mass region.15 The direct knockout of a neutron by the 
incident alpha particle would lead to smaller 
(a,an)/ (a,ap) cross-section ratios. 

The excitation functions for the (a,an) and (a,pn) 
reactions are compared with the results of an evapora­
tion calculation in Fig. 3. The calculation was per­
formed by the Monte Carlo technique16 for a radius 

15 B. M. Foreman, Jr., Phys. Rev. 122, 1283 (1961). 
1 6 1 . Dostrovsky, Z. Fraenkel, and G. Friedlander, Phys. Rev. 

116, 683 (1959). 

parameter f 0 = 1 . 7 F and with a level density parameter 
a^A/30. The calculated values are larger than the 
experimental cross sections, as expected from the fact 
that the latter refer only to the formation of the isomeric 
states. The over-all fit to the shape of the excitation 
functions is about the same for both reactions and it 
would thus be impossible to ascribe to them differences 
in mechanism on this basis. I t can thus be seen that the 
recoil measurements yield more definitive information 
than the excitation function measurements. 

The results for the (p,n) and (p,py) reactions are 
slightly lower than the curves calculated assuming 
compound-nucleus formation. This may merely reflect 
the uncertainty in the range-energy relation. The 
dashed line for the (p,py) reaction refers to the ranges 
expected for Coulomb excitation. I t is seen that the 
experimental values are much larger than these cal­
culated values indicating that the contribution from 
this process is small. 

In conclusion, it is seen that the results of the present 
study corroborate the conclusions based on excitation 
function measurements on the same system,1 and in 
several instances actually yield more definitive infor­
mation on the reaction mechanism. We believe that the 
use of both techniques will give the most useful infor­
mation about reactions in this energy range. Obviously, 
it would also be very desirable to correlate these results 
with measurements on the particles emitted in the same 
reactions. 
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