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I. INTRODUCTION 

The capture of a neutron by a nucleus results in c 

state of high (^5-9 Mev) excitation whose energy is given 

by Ec*£ +■Eg where Eg is the binding energy on the neutron 

and E is the kinetic energy of the incident neutron. The 

compound nucleus may be de-exeited by any of a number of 

energetically possible modes of decay which always include 

neutron re-emission (n,n) and radiative capture (n,v) and 

may Include the emission of one or more particles. The re¬ 

lative probability of the (n,y) reaction as compared to all 

other modes of decay will be: 

rv 
crcnrO — -p" (i) 

where T is the total level width, is the radiative width 

and T^njv) are the cross sections for compound nucleus 

formation and radiative capture respectively. For alow and 

intermediate neutrons (E ^0.5 Mev) is relatively inde¬ 

pendent of the neutron energy and, at least for medium and 

heavy nuclei, the atomic weight of the nucleus involved. 

However,F* = constant may be expected to depend to a certain 

extent on the angular momentum properties so that the con¬ 

stant will not be the same for all states of the compound 

nucleus (P53). For the above conditions the emission of the 

gamma-ray occurs in approximately 10”^ seconds correspond¬ 

ing to: 

rr ^-0.1 e.i/ 

For emission of particles the situation is quite dif- 
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ferent because, in addition to the kinetic energy, the 

emerging particle must be supplied with its binding energy. 

On the basis of the compound nucleus picture end for the case 

of neutrons, the width is given by (B52): 

[-JS Z-k R p£ (2) 

where R is of the order of the nuclear radius, the super¬ 

script 4 refers to the angular momentum of the emerging neu¬ 

tron, k is the wave number of the neutron outside the nucle¬ 

us, Pn is the barrier penetrability factor defined in Blatt 

and ^eisskopf (p.36l) and is the reduced width for the 

state in Question which is dependent only on the Internal 

state of the nucleus. Because of the relative independence 

of ly of neutron energy for excitation energies of the com¬ 

pound nucleus near the neutron binding energy, the decay 

characteristics depend essentially upon the neutron width 

when (n,n) and (n,Y) are the only possible decay modes. For 

slow neutrons the value of T(n,Y) at a given neutron energy 

is determined by two factors (F53): {1) the position and 

characteristics of the closest resonance and possible inter¬ 

ference effects and (2) the relative value of the gamma-ray 

width, fy , compared to the total width. For light, medium 

and some heavy nuclei levels are widely spaced, and 

radiative capture play a minor role. In most heavy nuclei 

levels are closely spaced, I"Y I~H. and radiative capture is 

the common resonance reaction. For intermediate neutrons 

(.1 <En< .5 Mev) CT(n,V) is very small for light and medium 



3. 

nuclei, since T-H» J-y ; but for heavy nuclei the (n, ) cross 

section is still appreciable. For fast (.5<E<10 Mev) neu¬ 

trons inelastic scattering becomes energetically possible, 

and the competition in the de-excitation of the compound nu¬ 

cleus is less favorable to the radiative process. However, 

the formation of the compound nucleus by neutrons of &>0 be¬ 

comes more probable at higher energies whereas excitation by 

inelastic re-emission of JL> 0 neutrons is unfavored because 

of the penetrability factor. This compensates partially for 

the decrease in radiative capture due to inelastic scattering. 

The study of the energy distribution of the capture 

gamma-radiation gives information about the level structure 

in the compound nucleus and about the neutron binding ener¬ 

gies. The knowledge of the gamma-ray spectrum is of practi¬ 

cal importance in the design of shielding of nuclear reactors 

(B55). Knowledge of the total radiative capture cross sec¬ 

tion is useful for comparison with existing nuclear reaction 

theory. 

The object of the work to be presented in this report 

is (1) to measure the total radiative capture cross section 

19 
in F as a function of neutron energy and (2) to study the 

resonances which appear in the cross section in the light of 

present reaction theory. 
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II. .METHODS OF OBSERVING THE RADIATIVE CAPTURE PROCESS 

Perhaps the most obvious method of detecting the (n,"Y} 

process is by observing the gamma-rays. Kinsey, Bartholomew 

and co-workers have studied the gamma-ray spectra emitted by 

a large number of elements after capture of thermal neutrons 

using a pair spectrometer with a detection threshold near 

3 Mev (R56). Other methods for studying gemma-ray spectra 

have been reviewed by Kinsey (155)* 'Excluding the pair spec¬ 

trometer, the most successful attempts to study gamma spectra 

have been made using scintillation counters of one type or 

another. Recently (1958-) Braid (B58) has used a two crystal 

Compton spectrometer with a pile as the neutron source. Also 

using pile neutrons, Ham©mesh and Hummel {058) have used a 

single crystal spectrometer with moderate success. Because 

of the relative improbability of the (n,v) process for neu¬ 

trons above thermal energies, experiments using less copious 

neutron sources than nuclear reactors have not been too fruit¬ 

ful. Also the complexity of the neutron capture gamma spec¬ 

tra makes it necessary to use instruments with high resolu¬ 

tion and correspondingly low efficiency, Pringle et al. (P51) 

have used a single crystal spectrometer and a Ra-Be source 

to study the spectra of a few elements, Meyerhoff et al. 

(M80) used B©9(p,n)B-K> anEj a single crystal spectrometer, 

and Reardon et al. (B53) used a Po-Be acure© with a double 

crystal spectrometer to study gamma-rays from Cd, Co and Cl. 

The radiative capture process may lead to a stable 

isotope so that only the prompt gamma emission can be ob- 



served; however, in many cases the residual nucleus is un¬ 

stable for emission or occasionally positron, K-capture 

or internal conversion so that the radioactivity can be used 

to detect the radiative capture. All measurements made to 

date of the (n,'*) cross section for intermediate and fast 

neutrons have been made using the activation method. Henkel 

and Barschall (H5Q) have measured the (n,Y) cross section for 

several elements, including in this energy range. Hughes 

et al. (1153) have made a study of the (n,Y) cross section of 

a large number of nuclei for an average energy of 1 Mev using 

pile neutrons by the activation method. Davis (D56) found 

good agreement between measurement of (n,Y) by observation 

of prompt gamma-rays ana activation for I . 

It is the activation method which is used in the 

present experiment; but because of the short half life of 

the residual nucleus 12 seconds}, a special technique 

to be described in a later section, was used. 



III. EXPERIMENTAL PROCEDURE 
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When a neutron is captured in the resulting ex¬ 

citation of F20 is Bex=E+6.6GQ lev where E is the energy 

of the incident neutron (A55). See Pig. 2. Be-excitation 

may occur by (n,n), (n,Y) or (n,nV ) if the latter Is ener¬ 

getically possible (En>. 0.11 lev). If the de-excitation 

process is gamma-ray emission, the residual nucleus is F , 

which is (2>" radioactive with a half life of 11.4 sec. The 

decay is to the 1.6 Mev state of H©20 with B (Max) 5.419 Mev. 

The relative intensity of the ground state transition is 

<3.2 x 1CT4 (W 54 ). 

In the present work the (n,Y) process was detected 

by observation of the activity produced toy neutron bom¬ 

bardment of a CaFg crystal. The |T activity was observed 

by attaching the CaFg crystal to a photomultiplier tube, 

thus using the crystal as both target and detector. The 

crystal was left attached to the photomultiplier during bom¬ 

bardment. Since the scintillations from CaFg are in the 

violet-ultraviolet range, a quartz window tube (EMJ-42ST) 

r? ry 

was used. The neutron source was Li (p,n)Be reaction with 

protons from the Hie© 6 Mev Ran De Graaff accelerator (D56) 

(T48). The detailed procedure for observing the activity 

follows. For low energy runs (E <150 Kev} the crystal and 

photomultiplier (see Pig. 1) were set at 120° to the pro¬ 

ton beam direction, and for 140 < E <600 Kev the apparatus 

was placed at 0° to the beam. The proton beam was turned on 
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for a period of about 5 seconds, during which time the 

nuclei were produced by the (n,V) process. Then the proton 

beam was interrupted by means of a magneto-mechanical shut¬ 

ter operated by a cam device, and for the succeeding 5 sec¬ 

onds the accumulated j!> activity was counted (Pig. 1). This 

cycle was repeated until a statistically significant count 

was obtained. The twenty channel analyzer was biased so 

that the low energy cut off was sufficiently high to elimi¬ 

nate most troublesome background effects (i.e* low energy 

gamma-rays from the machine). The total count recorded on 

the twenty channel with background correction (about 10$ in 

most Cases—see Table II) together with the neutron yield 

19 SO 
could be used as a relative measure of the P (n,Y )F cross 

section. 

is 100:% abundant, so there is no problem of iso¬ 

tope assignment of the measured cross section. The only Ca 

isotope which is sufficiently abundant (96$) to contribute 

40 
significantly to the neutron absorption is Ca , which upon 

41 
capture of a neutron produces Ga , an isotope disentegrat- 

g 
ing by K-capture with a half life ^ 10 years. 

The Li targets used for neutron production were nat¬ 

ural lithium metal evaporated on a .020 inch Ta blank In 

place on the accelerator vacuum system. The targets used 

were usually about 10 Kev thick to £.3 Mev protons or about 

.°3mg/ct# to \vithin a factor of 2. The energy of the pro¬ 

tons was measured by an accurate determination of the mag¬ 

netic field of a 90d analyzing magnet with a proton rose- 
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nance magnetometer calibrated with a measurement of the 

Li (p,n)Be threshold. The neutron energy corresponding to 

a given proton energy was obtained from a tabulation by 

Langsdorf, Monohan and Reardon (L54). The neutron energies 

were corrected for the thickness of the Li target to the 

protons and the geometrical factor introduced by the finite 

size of the target crystal. This correction amounted to 

7 7 
about 7 Kev in most cases. The neutrons from Li (p,n}Be 

are monoenergetic from 120 Kev to 655 Kev at 0° to the pro¬ 

ton beam. Neutrons from back angles (120° ) were used for 

lower energy work. 

The background during the counting period came mainly 

from the beam shutter of tantalum (about 10 ft. distant) and 

points in the accelerating column and drift tube where pro¬ 

tons strike slits, etc. 

The target chamber was of thin walled brass with a 

flange at 90d to the incident proton direction. It is very 

likely that neutron scattering effects from the target cham¬ 

ber account for the rapid rise in the apparent cross section 

below 20 Kev (See Pig. 5.). This will be discussed more 

fully in connection with data analysis. Scattering from 

supports and walls was small since the target chamber ex¬ 

tends over a nine foot earth pit covered with thin aluminum, 

and the overhanging support is thin aluminum. 

Runs were made covering the neutron energy range 

2< E <650 Kev with cylindrical crystals 1" long x lw in di¬ 

ameter and ip long x 1" in diameter. The use of the 1" x 1" 
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crystal for the determination of the lower energy cross 

sections (E<140 Kev) is unsatisfactory because of the large 

total cross sections near 27, 48 and 100 Kev (H57). The 

smaller crystal gave better resolution throughout the entire 

neutron energy range of the experiment (2 Kev4E«<650 Kev). 

The data obtained with the x 1” crystal were used to deter¬ 

mine the cross sections (Pig. 5). 

The resolution of the experiment was limited by the 

spread in the proton beam energy (<'4 Kev), the proton ener¬ 

gy loss in the lithium target and the angular spread of the 

neutron beam striking the crystal. The spread in neutron 

energy introduced by the proton energy loss in the lithium 

was about 10 Kev for the energy range of this experiment 

(See Pig. 5.). The angular neutron energy spread depends 

upon the angle with respect to the incident proton beam di¬ 

rection at which the CaP2 crystal is placed (T48) and the 

distance from neutron source to crystal. The R.M.S. value 

of the various contributing factors to the neutron energy 

spread are drawn as resolution triangles on the cross section 

curve (Pig. 5). The length of the base of the triangle re¬ 

presents the energy spread. The resolution of the experiment 

ranged from 8 Kev to 18 Kev at 120° and was about 15 Kev for 

the 0° angle. 
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IV. PRESENTATION AND DISCUSSION OP DATA 

A. THE EXCITATION CURVE 

The cross section for the F*^(n,v )P^0 reaction Is 

plotted in Fig. 5. The relative values of the cross sections 

of the reaction were obtained by dividing the observed 

yield by the Li7{p,n)Be® differential cross section at the 

angle of observation (T46){&56). The absolute values of the 

cross section were determined by normalising the relative 

• cross section at 599 Kev to the value (1.3 mb) reported by 

Henkel and Barschall at that resonance (H50){H54a). These 

authors estimate an error of ±30$ in the cross section values* 

The relative magnitudes of the peaks near 870 and 599 Kev 

obtained in the present experiment agree well with the values 

of Henkel and Barschall, 

A formula for calculating the absolute cross section 

from an experiment using the beam interruption method described 

here (§111) is given in Appendix I. 

Resonances were observed in the cross section at 27, 

48, 100, 170, 270, 308, 398, 425, 498, and 599 Kdv. The 

levels at 27, 48, 170 and 308 Kev are incompletely resolved 

and others were probably missed because of their low cross 

section or insufficient experimental resolution. The total 

widths of these levels along with other resonance parameters 

are given In Table I as observed in this experiment end as 

reported by other workers. The total widths determined from 

this experiment are listed under W and were obtained by 



EXPLANATION OP SYMBOLS IN TABLE I 

p20 * Excitation energy of P 
20 

nucleus. 

Q-(n,Y)eXp “ Maximum (n,Y) cross section at resonance exper- y imentally observed (Pig. 5) in the present ex¬ 
periment. 

)calc 

r obs 

r rep 

Maximum (n,v) cross section at resonance cor¬ 
rected for resolution effects by Eqn. 7. 

Total resonance width calculated from the ex¬ 
perimental width of the present experiment 

Fobs a Texp - Fie (See p. 11). 

Values of total resonance width reported by 
other workers. 

f r; 
Fy 

Product of statistical factor and radiation 
width calculated from Eqn. 6. 

Radiation width of resonance. 



TABLB I 

.RESONANCE PARAMETERS OP LEVELS IS F20 

Resonant 
Energy 

F*ft$ev PEAK 

(mb) 

PBAK 

(w\b ) 

n>by 

C.K&V) 

r 1 nef. 

CKGtf) 

4rv 

(&\j) 

rY 

(ei/) 

+ r; 

rY 

27 6.63 31 400 • 4'"«* 1.5 2.0 

48 6.65 8.6 61 1.5* 1.5 2.0 

100 6.70 3.6 5.4 13 12 * 2.5 3.3 

170 6.76 1.1 1.2 

270 6.86 1.2 1.2 19 
t S 

20;30 T 2.6 2.3 1.1 

308 6.89 .6 .7 

388 6.97 .7 .9 10 1.8 >.8 

425 7.00 .2 .3 25 £6 * .9 . 6 1.5 

498 7.07 • 2 .3 25 1.3 «9 1.4 

599 7.17 1.3 1.4 15 
t ^ 

20,30 5 5.0 3.3 1.5 

* Ref. (H 57) 
t Ref* (H 50) 
§ Ref. (B 50) (A 55) 
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as staging He** =■ Qe + Qbs where lent is the experimentally 

observed width and fl& (s* 15 Kev) is the experimental resolution* 
The estimated statistical errors in counting, expressed 

in percentage of the total count are tabulated in Table IJ, 

The column marked ’peak*is approximate statistical counting 

error in the points on the resonant maximum, and the column 

marked * valley* is the corresponding error for the low yield- 

points near resonance. The background contribution to the 

count in percentage of peak height is also given. The count¬ 

ing errors for a particular 120° run are shown by error bars' 

in Pig* 3. If one assumes that the normalisation to Henkel’s 

data introduces a probable error of J? 50$, the cross section 

values of Pig. 5 should be within ±40$, excluding the portion 

of'the curve below 20 Kev -where the apparent cross section is 

probably due to neutron scattering. This figure refers to the 

experimental values only and resolution effects are neglected. 

The activation yield at low energy uncorrected for 

neutron flux incident is plotted in Pig. 3 for a typical 120° 

rim. . The yield is roughly twice background below the back 

threshold and rises- to a broad maximum at a neutron energy 

corresponding to *>10 Kev neutron energy at 120° to the proton 

beam. The most likely explanation for this effect is that 

neutrons scattered, from forward angles, mainly 90° (since 

there is a flange there), and having -an average energy of 

30 Kev are absorbed in the 27 Kev resonance. If this were 

the esse, the' apparent cross section would rise rapidly, as 
n . n 

observod, below 20 Kev because of the shape of the Li1(p,n)8e• 



TABLE IX 

STATISTICAL COUNTING ERROR 

Resonance Peak Valley 

27 10% mi 

50 10# m% 

IOO 20% m% 

170 16^5 16{5 

270 5# 10# 

30S 10# 10# 

388 5# 10# 

424 10# 10# 

498 10# 15# 

2% 10% 

Background 
t Peak Helfcht 

10# 

10# 

15# 

10# 

10# 

15# 

10# 

20# 

15# 

2% 593 
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cross section curve in this region (Fig. 4).^ On the bssis 

of this data (Fig. 3) one might expect a small contribution 

(■*'10$) from scattering near the other resonance peaks. 

The resonances at 27, 43 and 100 Kev have been stud¬ 

ied by means of total cross section measurements by Block 

and Newson (B56a) and Hlbdon and Langsdorf (H57), The for¬ 

mer workers report J =1“ or 2** for the 27 Kev level and 

J = 1” for the resonances near 48 and 100 Kev. The work of 

Hlbdon st al. favors the J =1“ assignment for the 27 Kev 

level and substantiates the J —1” assignment for the level 

near 48 Kev. But the work of the latter investigators in¬ 

dicates that the peak near 100 Kev actually consists of more 

than one level. They resolved this peak to a maximum cross 

section of about 26 barns and a total width of 12 Kev, a 

value -a 20%’ too high for a J = l** assignment if the level 

were single. But for purposes of the discussion to follow 

this level v?i 11 he assumed to he J = 1“, 

The levels near 270, 425, 498 and 599 Kev have been 

observed by Bockelman (B5G) (A55) by total cross section 

measurements with a resolution of * 20 Kev. The agreement 

between our value and that of Bockelman for the energy of 

the resonance at about 500 Kev is not excellent, but we be- 

1 
Figure 4 was obtained by combining the cross section 

measurements of faschek and Heimaendinger (T48) and yield 
measurements at low neutron energy made by Gibbons (G56}. 
The data of Gibbons were normalised to that of (T48) at a 
proton energy of 2.08 Mev. 



lleve this is the same level. The work of Joan Freeman m • 

(F55) on F^(n,n'V suggests a level around 300 Kev and 

one near 390 Kev, but the data are not conclusive. The pre¬ 

sent work confirms these levels. The level at 170 Kev has 

not been previously reported, although there appears to be 

an unresolved level near this energy in Freeman's excita¬ 

tion curve (P55), Prom the appearance of the F^(n,“Y )Fa® 

excitation curve (Pig. 5) this level is quite narrow (^15 

Kev) and would probably not be observed by total cross sec¬ 

tion .measurements of moderate resolution especially if the 

state is excited by neutrons of high orbital angular momen¬ 

tum (£>• 1). A broad resonance (-^200 Kev) at 340 Kev neu¬ 

tron energy is reported by Aizenberg and Laurltsen (A55) 

as observed by Bockelman. The contribution.from such a res¬ 

onance to the (n/Y) cross section would be expected to be 

small since it would probably be formed by a wave neutron 

capture judging from its large total width. It is not im¬ 

probable that the observed effect Is the sum of several 

narrower resonances. 
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B. RADIATION WIDTHS AND LEVEL DENSITY 

The cross section for the formation of the compound 

nucleus by neutrons incident upon a target nucleus when 

only one level contributes appreciably to the capture is 

given by the Breit-Wigner formula (P53): 

irV'-f 
Ro r- 

(3) 

where * “U- is the partial width for neutron capture (or emis¬ 

sion), P is the total level width ( T= Rv Ry-t- ••• ), E is 

the neutron energy, is the resonant energy, ^ is the 

reduced wavelength of the neutron and f is a statistical 

factor (F53). In accordance with the Bohr hypothesis the 

radiative capture cross section is simply <3^. times the rela¬ 

tive probability for de-excitation by gamma emission: 

(1) 

which can be expressed: 

(4) 

If Eqn. 3 is integrated over a resonance, assuming 

that fx and /C are constant, the result Is: 

r 
(5) 
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where is the Integrated cross section. For the range 

of energy covered in this experiment, [” fy and {5} may 

be written; 

^ Fy (6) 

Using this formula, one can calculate the product, f fy, 

from the arse under the particular resonance in question. 

The formula is particularly useful in cases where the reso¬ 

nance total width, r r is unknown. If the value of is 

known or observed directly in the experiment, Fy may be cal 

culated by first calculating the maximum radiative capture 

cross section; 

c rhY'i 
MA*> 

x. 
ir r (7) 

or observing it directly when resolution permits and then 

computing the radiative width, fy , from; 

(la) 

provided is reasonably well known. 

The values of f Fy in Table I were computed from 

Eon. 6. The values of the radiative width, fy , for the 27, 

48 and 100 Kev levels were calculated from Ben. 7 and Is 

using the measured total widths, Fjv.e.p , of Bibdon and 

Langs&orf (H57) which are also given in the table. The 
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values of rY listed for the 270, 388, 425, 408 and 509 gev 

levels were computed using gc?n. la with the observed '3"(n,'Y) 

peak heights and the total cross section data from BNL 325 

(See also ASB, p, 77), The values for the peak radiative 

capture cross section read from Pig. 5 are given in Table I 

for comparison with the values calculated from the ares 

under the resonance, , bj Eqn. 7 for the cases where 

the resonance is sufficiently resolved so that an estimate 

of its total width can be made from the excitation curve. 

The agreement of these values, and <T(n,Y)Ca^c is 

a check on the experimentally determined value of the total 

width. 

If one assumes that (1) the cross section values 

have a probable error of±40$ (2) the area under each reso¬ 

nance can be calculated to within 101 (3) the value of the 

total width, T , has s probable error of ±30$, then the 

probable error in the radiation widths of the 27, 48, and 

100 Kev levels 18**50$• Assuming an error of±30% in the to¬ 

tal neutron cross sections of Ref.(H54a), the estimated error 

in the radiation widths of the 270, 425, 498 end 599 Kev lev¬ 

els is‘'*±75$. 

The calculated values of the radiation widths, , 

and the product f can be used to calculate the total angu^ 

lar momentum J (hereafter referred to as 'spin’) for the 

states which enters into the statistical factor* 

4- 

(j2 T+0 
T = X + 

X 

2,0 
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The ratio of f fy and fy Is given in Table I for the reso¬ 

nances for which the radiation widths were calculated from 

the radiative capture cross section (peak) observed in this 

experiment and the total cross section data (350). On the 

basis of the value of 1.1 obtained for the 270 K.ev level, 

the J of this level might be 1, 2 or S within the experimen¬ 

tal error. J=1 is in best agreement with total cross sec¬ 

tion data. Inelastic scattering data (P55) suggests J- 1“ 

since the inelastic scattering cross section is much higher 

1 a 
for the excitation of the 110 Kev level in P for 270 Kev 

incident neutrons than for the 197 Kev level, suggesting 

s wave emission to the lower level competing with p wave to 

the 197 Kev level. The ratio of f fy to l^- for the 425, 

498 and 599 Kev levels is about 1.5, and again J could be 

1, 2 or 3 or even higher on the basis of this ratio. Best 

agreement is obtained with total cross section data for J 1 

except for 425 Kev which agrees better with J 2. The in¬ 

elastic scattering evidence at 425 and 599 Kev (P55) is con¬ 

sistent with J =• 2~ or J = 2+ , but J=- 2+" is unlikely because 

It would require d wave compound nucleus formation. In¬ 

elastic scattering data at the 498 Kev level is too incon¬ 

clusive to warrant even a plausibility argument concerning 

spin and parity. We must conclude, then, that the values 

of the ratio,are insufficiently accurate to assign 

spin. The data'are in qualitative agreement with the theo¬ 

retical argument that the radiation widths are approximately 



constant for levels of the same species (spin and parity) 

at energies near the neutron binding energy (P55). 

Theoretical estimates for the radiation widths based 

on the individual particle model have been made by Weieskopf 

(W51). If IYU) is the theoretical radiation width in ev and 

if the energy, 1Y , is expressed in Mev and A is the atomic 

number, the estimates are: 

0.11 £Y ev (11) 

0.021 Ey ev (Ml) 

1.2 A* ev (E2) 

D. H. lilkinson (W56) has made a survey of radiative transi¬ 

tions in light nuclei, A <20, in which over 100 transitions, 

chiefly dipole, are studied. He finds that the most proba¬ 

ble value of the ratio, *
yJf^ $ is 0.032 with a spread on 

either side of about a factor of 7 for El radiation. The 

corresponding quantities for Ml radiation are a ratio of .15 

and a spread of about e factor of 20 either way. This ratio 

is a measure of the transition matrix element, \M(s for the 

levels Involved. If there is a mixing of states, Blatt and 

Weisskopf (B52) show that the radiation width should depend, 

in addition to the above variations, upon the relative den¬ 

sity of states at the initial and final levels, De and D 

respectively (K'55). On the basis of these arguments Kinsey 

and Bartholomew adopt for a theoretical estimate of the ra¬ 

diation width; 



and analyse a large number of transitions for thermal neu¬ 

tron capture radiation, for which mixing of states is ex¬ 

pected, using as the observed width 1"^= T^fy via ere Ir is 

the relative intensity in photons per capture of the transi¬ 

tion v with a total radiation width ly . These investiga¬ 

tors find that for odd charge nuclei, El radiation is gen¬ 

erally less probable than for even charge nuclei, although 

the data is inconclusive. 

Table III gives values of lyuj and Ty for the reso¬ 

nances observed in this experiment for the transition from 

Of) 
the excited level in Question to the ground state of F" . 

If the 27, 48, 100 and 270 Rev levels are assumed to be J = l” 

and the 425 Kev level is assumed to be J= 2", the lowest 

allowed multipolarity of the ground state radiation is SI 

since the ground state is J =■ 1+ (P55). 

The ratio of the radiation widths to the theoretical 

estimates is remarkably constant for the case of assumed El 

ground state transitions, but are roughly one-third of the 

most probable value (0.032) given by Wilkinson (W56) for El 

transitions. 

Blatt and Weisskopf (B 52) give a semi-empirical ex¬ 

pression based on thermodynamic considerations for the level 

density as a function of excitation energy based on the Bohr 

model. It is: 

(8) 

where E1 is the excitation energy of the nucleus and C and a 



TABLE III 

THEORETICAL ESTIMATES OP RADIATION WIDTHS 

E*. 
Pfc-O©. 

X 

Gnd. State 
Radiation 
Assumed Ce^'j 

fyua 
Cev\ 

|KT= % 
* UJ 

27 1" El 2.0 236 .008 

43 1~ El 2.0 242 .003 

100 1" El 5.3 247 .013 

270 El 8# 4 266 .009 

424 El ♦ 6 284 .002 

599 El 3.3 306 .011 
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are empirically determined Constanta The level spacing is 

given by This formula is not expected to be more 

than semi-quantitative in its predictions and should not be 

expected to hold for light nuclei, but it will be of Inter¬ 

est to compare the result of {9} with the observed level 

on 
spacing for F above the neutron binding energy. Eqn. 8 

gives a density Ui (6.6)=18/Mev or a level spacing, D = .07 

lev while the observed level spacing is .06 Mev. The constants 

a and 0 used in the formula are the values derived by Blatt 

and Welsskopf (B52) for A>27 and were derived for odd nuclei. 

The result is in surprisingly good agreement with (8). 
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V. SUMMARY AND CONCLUSIONS 

Resonances in the radiative capture cross section of 
cn 

F were observed at 27, 48, 100, 170, 270, 308, 388, 425, 

498 and 599 Kev« The energy values for these resonances 

agree reasonably well with the values reported by other 

workers with the exception of the resonance at 170 Kev which 

has not been previously observed. The 170 Kev level is 

quite narrow (<.15 Kev) indicating that the state is proba¬ 

bly excited by neutrons of high 9-value. The observed total 

widths of the levels, for which the resolution of the appara¬ 

tus was sufficiently good to permit a reliable estimate, are 

in fair agreement with the previously reported values but 

are generally lower* 

The experimental results on the radiation widths are 

insufficiently accurate to be used to determine spins of F^® 

levels. The data are In qualitative agreement with the theo¬ 

retical expectation that the radiation widths are approximate¬ 

ly constant for levels of the same species (spin and parity). 

The average value of the matrix elements \M\*~ = . for 
J iyco 

20 
transitions to the ground state of P , assuming the ground 

state radiation to be El, is 0.01 for the 27, 48, 100, 270 

and 599 Kev levels and .002 for the 425 Kev level. These 

calculations are based on the individual particle estimates 

of the transition probabilities by Weisskopf. 

20 
The level density in P for an excitation energy 

corresponding to the neutron binding energy is In surpris- 



ingly good agreement with the semi-empirical estimate of 

Blatt and Weisekopf based on thermodynamic considerations. 

The level spacing calculated from the theoretical estimate 

is ,07 Mev while the observed value is about 0.06 lev. 
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APPENDIX I 

FORMULA FOR CALCULATING CROSS SECTIONS 

Suppose that the cycling scheme is as given in the 

following diagram? 

1 
(Zou/wree OFP Cau^ren erf 

-At- 

AT-*-1 I* -I I-*- AT 

Ccu/^rPA GPf 

r 

-AT- 
&EAAf o/v' &BAM AFF &EA* 0/1/ 

Counter Operation 

Shutter Operation 

a20 When the neutron beam is on, the rate of formation of F 

nuclei which decay by emission will be R =■ d,in- <T (n,> )Np 
' dt 

where is the neutron flux in neutrons/cm^-sec., <T (n,V ) 
dt 

is the radiative capture cross section, and Np is the number 

of F"*"® atoms/cm^ of target material. The rate of decay of 

the F^® nuclei is A N where A is the decay constant and N 

is the number of radioactive nuclei present. The net rate of 

20 
formation of ground state F atoms is then? 

djL 

dt 
= R - A/A 

(9) 

Integrating this assuming R constant results in: 

N= V<4- 
-At 

(10) 

for the number of nuclei present after a bombardment of t 

seconds end where Ns =• N at t=0. There will be a short 
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time Interval between the time at which the proton beam Is 

turned off and the time the counter comes onj let this be h T 

and assume that the time between counter-off beam-on is also 

AT, If at t-=0, Ns= Q, then during the first bombardment 

-A 
period, the number of nuclei produced Is N^-. R (1-e )j 

-A AT ^ 
this number has decayed to % - H^b Q when the counter is 

turned on. The number counted, assuming a 10G$ efficiency, 

during the first counting period will then be; 

H,t= f-(1-e-"ur)e"UT(--=-'ui) 

If this procedure is continued, it can be seen that after 

fch. 
the P bombardment interval, the number counted in the 

counting period A t will be: 

K.-I 

Now, AT'+2-4*T +4i= T is the time duration of one complete 

cycle (l.e. bombsrd-lag-count-lag). The formula may be 

writtenj 

kl t\ o ST —AC^-OT A/pc- Afc £ e (ID 

where: 

1 Q 
For a given experiment such as the F runs, A will be con¬ 

stant, The total number of disintegrations occuning during 

a counting period is: 

Afc /UZ(P-«)e'“T (is) 
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where p is the total number of cycles of period I. The 

series converges rapidly. For <4 T about .5 the sixth term 

of the series will bo about 10$ of the first term. There¬ 

fore, the series may be evaluated to as high a degree of 

accuracy as desired fo” any value of P. We represent the 

series by the constant S and writes 

/U„= ARS = <Tcn,^^A/FAS (ls 

where t 

S-f (P-K)e-*
Kr 

The radiative capture cross section qr(n,>) may then be 

written* 

^TtY»,Y) 
Nr> 

dt 
AJFAs 

(14) 

where is the efficiency for counting the beta particles 

such that the counted activity will bes 

ACT= € AJ0 

The accuracy attainable in the computation of the 

cross section from Sqn. 14 will depend primarily upon (1) 

the determination of the efficiency, £ , for the counting 

system (Fig. 1) and (2) the determination of the absolute 

neutron flux incident upon the target. Work is in progress 

to make accurate determinations of these quantities, A 

rough calculation of the cross section at the 599 Kev peak 



using Eqn. 14 has been made for the 1B s 1" crystal as a 

target. The resxslt la 1.02 mb, a figure agreeing with the 

work of Henkel and Barsehell to within their quoted proba¬ 

ble error. 
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