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ABSTRACT

Of nine (n,p) end (n,a) reactions studied, only

3:9(n,a)He®, P31(n,p)s151 and $52(n,p)p°% save measurable activities of the

»3sldunl nucleus after tcmbardment by neutrons below 2 ilev, and of these three

olly PSl(n,p)8131‘had the aombination of cross section and half 1ife to make a

vary practlcal threshold deteotor for neutrons. The 4,1 howr non-capture

axoitation of In was investizated as a funoction of neutron energy. The thres-

hoid and variation of oross section with snerzy of the PSl(ngp)8131 reactions wers
mesured in detail,
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RADIOACTIVE THRESHOLD DETECTORS FOR NEUTRONS

The possibility of using thin foils of clesients which become rediouctive
uader neutron bombardment above e threshold enerzy for investigating neutron
sources of unknown number and enerzy distribution led to a study of the following
reaotionss |

Beg(n.a )Ho6
A127(n.p)MgZ7
5128(n,p)a1%8
Pl(q, p)8131
$92(n,p)P%
K39(n,p)39
T449%(n,p)sc4®
V51(n,p)’1‘151

ce8%(n, p)zn8°

These reactions seemed most likely to prove easily usable detectors
since the half lives of the activities were nej.ther too short nor'too long and the
caloulated thresholds ranged from thermal neutron enerzies to about 2 lisv., Special
effort was made to find rasstions with very low threshold senergies.

The asbove resotions and their dependence on neutron ensrgy were studied
by use of the li(p,n) source for the most part., No chemiocal separations were made.
Ouly the reaction FPl(n,p)si%! was studied in great detail since it appsared most
useful, Except for phosphoris, which will be discussed in detai}l later, the ‘
Area;ults were as ollows:

Be%(n,a)He® - calculated threshold 780 kv, The half life of 0,8 sec
proved too short to use without special transfer methods from source to counter,

With neutrons of 1.2 Mev incident of Be the activity could be observed by quiokly
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shutting off the source of neutrons and watching tho decay insctivity of a large .
block of Be in front of the Geiger counter. The activity and counting effiociency

are hizh and special methods could bs used for dotection if necessary.

21%7(n,p)ip?” - omloulaied threshold 1,95 Mev, half life 10.2 mins. An
alwainum foll bombarded with 2.2 liev neutrons from the D-D source in the beckward
dirsction showsd no activity, No further investigations were made since Bretscher
hag moasured the yield up to 4 bev and found hisz observable threshold at about
2,3 liev,

5128(n,p)A2%8 _ calculated threshold 2.7 Mov, half life 2.4 win. A small

activity was observed at thermal energies and ncne at 2,2 Msv., No further investi-
gations were mado.

$%2(n,p)P°2 . caloulated threshold 1 iev, half life ~ 14 days, 500 mg
samples in the form of thin foils were exposed for four hours at 1,7 Mev and 1.8 Mev
neutron energy. The activity was only about one twentieth of background. If this
aptivity 1s real then the cross section at 1.7 liev is appromimately 1 x i0°270m?9
i.e. about the same as that for phosphorus, which ssems reasonable. The long
helf life, however, makes it imprectical to study in more detail with the Li(p,n)
source, although perhaps largs quentities of sulfur could be used. ,

¥99(n,p)a%9 - calculated exothermic by 9 *:8v, half life 4 mins. No
aotivity at all was found up to a bombarding neutron energy of 1.2 liev, This re-
ecticn is misassigned or the masses are incorrect since at 1.1 Mev the barrier
penstration of the protons is already 0.l percent which should give a detectable

eocivity.

7149(n,p)Se%? . calculated threshold 1.1 lev, half life 57 min. The

mece.l was investigated up to E, = 1.6 Hov; mno 2otivity of any kind was deteoted

dus probably to the facts that this isotope is prasent only to ~ 5.5 peroent and

ﬁ_A‘
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the barrier ageinst proton emission is relatively Figh,

v3 (n,p)Ti51 - omloulated threshold 180 kev, half lifs 3 mins, Samples
of the metal were studled in detail to Bp = 1.6 Mev, Betwsen about 600 kev and
1,6 Hov the ectivity 1s easily observable and practically constant; bolow 600
kev the activity rises very approximately as 1/% as shown in Fig. 1. All, or at
least that part of the ectivity up to 600 kev, is probably due to vOl(n,y)vo2
which decays with approximrtely 4 min half life and which thus, dus to its large
intensity at high energles even though Cd covered, masks the threshold of the
n,p rezoction,

62%9(n,p)2nf? . oaloulated threshold 250 kv, half 1ife 57 min. Studies

in detail but found no 57 min antivity. Strong 20 min (n.é) from Ga’0

and strong
14 ar (n,y) from Ga’? even at high energies makse this useless as a threshold
detsotor.

Elements higher im Z do not appsar praoticeble since the barrier is
too high for approciable activity at low neutron energies. Possible elements

below 2 = 12 have too short half lives for practical use.

Psl(n,p)8131 - The threshold of this resction as calsulatsd from the

B ray enorgyl) of 1.8 lUev should be at sbout 1 Hov neutron energy. The half life.
has been reborted ag 180 +to 180 mina) and 170 min§)° The helf life observed
from six active foils was 145 £ 5 minutes. The neutron energy at which sotivity
in a 500 mg foil could Just be measured was 1.4 Mev, At this energy the activity
was about 20 percent of background after a two hour exposure to the Li{p,n) source.

A )
A Cnlcazo type thin walled counter wmes used to measure the activity.

1) Seaborg, Rev, ilod, Phys. 16 , 1(1944) v
2) Fermi, fwinldi, D'Agostino, Rasetti and Segre, Proc. Roy°
Soc. Al46, 483 (1934)
3) Newson, Physo Rev, 51 624(1837) I TR e e
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Relative deta were rapidly obtained with 1 gr samples of red phosphorus
spread evenly between two sheets of scotch tape to an area of 15 cx?, These foils
wore activated at a distapcc of 2" from the Li tarzet and the neuvirom fluz was
monitored by means of the long cour;ter“o Aotivities were measured by wrapping
the activated foils sround the Gelger counter and following the eotivity from

AS to 4 hours. The zero time activities wers converted to infinite exposure
ectivities by use of exposure time and the 148 minutes half life. Iﬁ this way
setivities psr unit neutron flux were obtained in the energy interval from 1.4 to
1.2 lev,

In order %o determine the oross section for the above reacstion, folls
vwore made of 5090 mz of phosphorus evenly digpersed in & thin film of flexible
collodion of total erea 15 om?. The total weights of collodicn and phosphorus
were about 700 mz msking & weight of about 46 §/6m3 which corresponds to a
Feximamr stopping power of about 80 kev for 1.8 lev electrons. During irradiation
the foils were foldod into an area 3 x 2.5 cm and placed on the front of a fission
ohamber containing a folil of 763 y of 25, At two inohes from the target there
wes 1/4° between foil and phosphorus; the l/'!"2 -eorrection hag bsen applied to
the cross-section calculations. Duripg approximately twe hours' irradiation
the fission count was taken at frequent intervals and the flux kept as constant
es posgible in time. From five %o ter minutes usually elspsed betwsen measuring
activity and stopping the exposure., TFrom this activity and the fission orcss
seotion the P3l(n,p)si31l crose s ection was found after determining the Geiger
ocunter sensitivity. Three ssparate exposures of three differsnt collodion foils
wera made at 1.8 Mev and one measurement et 1.4 Hev neutron energy., When the
rolative motivitics measured with the larger foils were normalized to 1.8 Mev,

the ebsolute l.4 lev measuremsnt checked well with the normalized one so the curve

we.s considered establishod,

4) LAMS-68,
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The Geigzer counter sensitivity was obtained in the following way.
Urenyl nitrate was dispersed in a thin collodion foil and the counting rate obtained;
when this foil was cut into several strips the sum of the countisg rates of the
strips equalled the counting rate of the whole., Thersfore & larze foil of this
type containing an accurately weighed amount of uranyl nitrate (chosen because
of its small fraction of uranium) was cut into strips of identical size and shape
with the phosphorus foils and all the aotivities determined. ZThs fractional
counting rate of & single strip then measured the mess of uranium in that strip
and thorefore the number of 's/sec being counted, From the knovm 732.5
,ﬂ's/hg-minute, the counter efficiency was determined as 29 percent for uranium
A's under these oonditlons, Since the phosphorus A's are somewhat softer than
those from U, absorption datas with thii aluminum foils was obtained firom a thick=
ness of 7 mg/om® to 96 mg/em®, In this range the P and U abesrption ourves were
linear on a semi log socale of activity as a functioa of absorber thickness and
from the slopes of these curves near zero absorption the efficieacy for the p's
from the phosphorus foils was calculated to be 25 percent.

The ratio of the Fol(n,p)si3! oross section to the 25 fission cross

gection was calculated from

Sp. 1t Cr T o s1 2 26 Ce
G ) Gp Np 235 g Mp Ce

after correcting for tho emount of 28 present im the foil,
€y = Geiger counter effisciency for phosphorus N8

CP = Iﬁoountq/seo 2t zero time = counting rats for
7 695 t/Tl/E infinite exposure

l-oeo
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Cp = fissions/sec - corrected for time variatioms in flux if eny,
Hos = pumber of 25 atoms

[

NP = number of phosphorus atoms

The oross section gp was obtained from this ratio by using op = 1,33 x 10°24 om?

in the ensrgy interval used. The average of the three separate exposures at
1.8 liev gave

.8 i '
(c:P/af)l 8 HeV = 4,77 x 10°3 * 3 peroent

where the error is due only to deviations from the mean of the three walues,
Similarly

(op/fap)te® ¥ = 0,137 x 1079,

Bretscher5) has obtained relative data on this reaction between 2,06
Mev and 4.05 using D-D neutrons, In order to join his data to that obtained hers
one of the collodion-type foils was exposed to the 3.1 Mev maximum energy neutroens
from the D= source in Z in the ssme way eas above,
The ratio

(oBﬁsf)2°9 beov 40,7 x 100 was thus obtained.

The oross ssction obtained from this ratio was then used to normelize Bretscher’s
deta to that found here. The fit near 2 lev where the itwo sets of data join is
not very zood and may indicate that the 2,9 liev cross section is somewhat low.

In Fiz. 2 is plotted the oross section for the reaction Pol(n,p)sid!
go obtained ag a funclion of energy, Bretscher's data being joined to the present
deta by means of the normalization at 2.9 Mev, It will be seen that there are

gome indications of a resonance near 1,5 kMevy this seems to be real since several

chesk runs wWere made in this short enmergy interval. Bretscher®s original data

%) Bratscher, persomal sommunication.
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which sre plotted on & lipear activity scale shows a strong resonance near 3.9
Mev which is washed out in this plot., The cross ssction incrseases by a factor of
soveral hundred between 1.4 lev and about 2,5 Mev,

In Fig. 3 sre plotted the pemetration factor P, e~20 by the fraoctional
neutron energy above threshold since this quantity should indlcate roughly the
theoretical expectation of how the cross section should vary with energy below the
top of the barrier. Bpip Po/En is shosn for the reaction PSl(n,p)8131 for |

-

eiementary nuclear distance r_ ¥ 1.65 x 10- ana o= 13 x loclo cm assuming

°
that the A-ray energy is about 1.75 Mov, whioch makes the reaction threshold

1.0 Mev. The same quantity is also shown for rgy = 1.3 x 10 *2

and a A-ray energy
of 1.45 Mev, corresponding to a rsaoction threshold of abocut Y00 kv, ' For purposes
of comparison E .. Po/ Bn has.been plotﬁed also for P51(n,u)A128 assuming &
threshold of 900 kv end rg = 1.3 x 10715, 1n a1 these curves the factor e~2C

is calculated as the penetration in percent énd then multiplied by the ratio of

the minimum ensrgy used to the emergy in question. The observations have been

normalized at 2.6 ilev to the two caloculuted curves for ry = 1,3 x 10733 om

in %he PSl(n,p)SiSI reaction, It is immediately seen that only the curve using
tre TOO0 kv threshold energy gives a reasonable fit at all, Seaborgl) gives only
Yarie, Richardson, and Paxton'ss) peray energy of 1.8 Mev corresponding to a 1.0
li=v threshold but more recent measurements 357) indicate that 1,5 Mev or even less
13 more likely correct, which would be good evidence in favor of choosing the 700
kv threshold to get a penetration function fit, Howsver, such a thooreticel
picture is probebly much too simple to explain the variation in cross section of a
rncdiumly heavy element over such a wide energy range. The penetration functio;

for the reaction F51(n,a)A128 becomes appreciable near 2.5 Mev and at 4 Mev is

elimost equal o that for Psl(n p)8131 indicating that strong compatition can be

6) Eurie, Richardson, and Paxton, Phys. Rev. 43 368(1936)
7) Paxton, Phys. Rev, 51, 170(1937)
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expected from the former above about 3 Msv which might reduce the coross ssctlon

for P31(n,p)8131 and account for a bad fit at high energies. The 2128 has a 2.4
min half life and was probably nct observed under tne present experimental
conditions sinoce several of tnese short half lives would have elapsed befors count-
inug began after an exposurs,

It 1s interesting to note here that of 29 possible reastlons listed by
Uchiyamadae) which go sither by (n,p) or (n,a), for all but three (both positive
end negative), the reaction enserziss are more positive for (n,a) than for {n,p).
The listed reaction energy for 1 (n,p)8151 is -1 lev and that for
P51(n,a)A128 is ziven as =900 kev, whereas 1t appsars here that &« reactlon energy

0? - 700 kev may be more nearly correst for Pal(n,p)SiSI°

Inlls(n,n)x = At Formi's sugzestion the 4.l-hour non-capture exclitation

poriod of 1nl15

was investigated at neutron emsergies of €00, 800, 1000, and

1500 kev, Packets of four standard indium foils inside a tight cadmium box were
exposed for periods from two %o four hours to the neutrons from the Li{pn)

reaction end the activity of the innermost foil msasured in each onss. The 4.l-hour
period wae measurably ezcited at 800, 1000, and 1500 kev buit absent or extremely
weak at 6C0 lev, In this energy interval, unfortunatsly, the 54-minute (ny)

period and a long period, presunzbly the 48-day (ny) in 1n113

» are still ;rzgent,
tke S54-minute with such strength for these almost seturated exposures that the
4.1~hour period is not obviously apparent for ebout eight hours after ths exposurs,
The long-period activity is woak but must be measured reasonably accurately since

i1 1s the background for the other ectivities. It was not found possible to distortd

appreciably the activity-time curves by using Fb absorbers since tho H4-minute

activity consists principally of y-rays whose energies lis on both sides of the

350=kev y-ray from the non-capiure excitation, IioT

8) Uchiyamade, CP.1336 _M_t‘:
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Fig. 4 shows the 4,l-hour esctivity calculeted for infinits exposure
in oounts/bec on a Chicazo type Geizer counter per neutron incident on 100 mg/omé
foils Of In as a funotior of neutron energy. Rough values of the corresponding
S4-minute and 48-day activities are shown in tho same figure for comparison with
the 4.l=hour period. The non-=captiure excitation shows a threshold near 600-kev
neutron enerzy and rises rapidly until its saturated activity at 1.5 kev is about
ore=geventh of the activity of tho 54-minute activity, Goldhaber, Hill and
Szilard®) huve reported that the neutrons froam Rn-a-Be (maximum energy 13.7 Mev)
excites the 4.l-hour activity moreo strongly then the S4-minute. A rough estimate
would indicate that about S-Nev neutrons would be required to maks the 4,l-hour
activity egual to the H4-minute.

The throshold for the 4.l-hour activity appears to be sharp and the
orogss section rises repidly with neutron enerzy but the 54-minute and very long

period activities make its use as a threshold dstector difficult,

9) Fhys. Rev., 55 47(1939)
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