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N17, A Delayed Neutron Emitter
Lo We Alvarez

November 5, 1948
ABSTRACT

The decay scheme of & 4.2 second neutron emitter has been investigated in
deteils Chemical and physical evidence shows that it is N17y which emits bete rays to
a broad sxcited state of 017, which then bresks up into a neutron plus 016, The energy
spectrum of the neutrons is determined by meesuring the energies of the 016 recoils in a
proportional counter. The neutrons have a most probable energy of 0.9 Mev, a "half width"
of less than .5 Mev, and an upper limit of sbout 2 Mev. [3-recoil coincidences are
observed, as predicted by the Bohr-Wheeler theory, and the [-rey energy is measured by
ebsorption. The beta rays in coincidonce with neutrons have an upper limit of 3.7 :OJZMev.
Beta-rays directly to the ground state of 017 are not observed because of high beackground
effects, but should have an energy of 8.7 Mev. Some evidence is presented to show thet

energy is conserved in the P-n %trensition through the broad excited state in 0i7,
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N17, A Deleyed Neutron Emitter

L, W. Alvarez

Introduction

Shortly after the discovery of fission, Roborts, Meyer and Wang(l) reported that
neutrons were emitted from neutron-bombarded urenium, with & period of approximately 12
seconds. Leter work(z) showed that 6 seperate half-lives could be identified emong the
délayed neutron emitters. The accepted values of these periods in seconds are 55.6, 22.0,
4,51, 1s52, 0043 and 0.05. Bohr and Wheeler(s) postulated the gencrally saccepted theory
that the neutron-asctive substances werse actually exceedingly short-lived daughters in
equilibrium with their Lbeta active parents. The measured periods should then be those
of the parents.

In the thre> cases where chemical identification of the neutron activity has
baen made(4), & beta active fission product of the same period was already known in the
seme element. This lont strong support to the Bohr-Wheeler hypothesis, but the experi-
mentel demonstration of f-n coincidences was lackinge

E. G. Lawrence and coworkers(s) recently found a 4.2 second neutron period among
the light elements, the first such activity reported outside the field of fission physicse
The work described below was started as en attempt to identify the element responsible for
the deley. The techniques developed for thet purpose, however, led to the possibility of

studying the decay scheme of the radiocasctive transformetion in some detail,

.‘géfmical Identification

The 4.2 second period was found to be produced in greatest intensity by the
reaction of deuterons on fluorine. Deuteron bombardment of elements beyond fluorine gave
the semé activity with smaller intensities. (The dependence of the yield on the isotopic

A
properties of the bombarded element has been investigated in detail by Chupp and McMillan(sﬁ.
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It seemed reasonable to assume that the activity could be swept out of = fluoride solution
by a gas streem, as 1t was probably C, 0, or No

"In the first test, NH4F in water solution was bombarded with 190 Mev deuterons.
The external beeam of the 184" cyclotron was used for this purpose. Helium was used es
the carrier ges, and the neutron activity could be detected in a re--’entrant’BF5 chember
ten meters from the bombarded solution. The activity was carried by the He stream,through
a2 rubber tube, to the counter. The cyclotron was turned off after a twenty second bombard-
ment, and the number of neutron counts in a twenty second interval was recorded as the
"intensity".

To investigete the possibility that the 4.2 second period was carried as CO, or
CO;, the epparatus shown in Figure 1 waes used. Helium ges carrying the ectivity was
pessed through two tubes containing Ascarite, a commercielly aveilable COp absorber.
After passing through liot CuQ,to convert CO to €O, the gas stream entered two more
Ascerite tubes before reaching the BFz chamber. The neutron intensity wes the seme as
that recorded in the absence of the Ascarite. This gave a strong indication that the
aetivit& was not carbone.

To prove that tracer quantities of CO, were stopped in Ascarite, and tracer
quantities of CO were oxidized to COp on hot CuQ, the activities in the four Ascarite tubes
were meesured. Strong samples of Cll were found in Ascerite tubes I and III, and negligible

11 wes observed in tubes II and IV, This proves the efficacy of the system for stopping

c
tracer smounts of carbon, and eliminates the possibility that the neutron delay could be
attributable to a carbon isotope.

A similar test was made for oxygen. The gas was passed over hot copper before
entering the BFz chember., No change in activity was observed, indicating that oxygen was
not responsible for the delay. 015, & radioactive isotope with 125 second half-life was
useéd tu check the efficiency of this system. The 0l activity could be detected at the

entrance end of the tube containing the hot copper, but not at the exit end. In addition

to the radioactive evidence, a black deposit of Cul could e seen at the entrance end,
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but not at the exit. The tank helium used as the sweeping gas contained enough oxygen
impurity to give & macroscopic chemical check on the performance of the system.

By the time these tests had been completed, others in the laboratory had shown
by crocss-bombardment thet the active isotope responsible for the delay had 10 neutrons in
its nucleus. The experimental evidence was that the 4.2 sec period was found in F + p, but
not in 0 + d, except a trace due to 017, This eliminated the necessity of checking
fluorine cr neon as possible slements, since F19 end Ne?0 are stable. But neon hed already
been ruled out when it was noted that the ectivity was held up in charcoal cooled to
liguid air temperature, even though the 20 second Nel9 passed through. The only gaseous
substance which could carry the neutron activity was therefore nitrogen. The fact that it
passed through ective charcoal at room temperature;, but not at 90° K lent strong support
to this deduction. The conclusion therefore comes largely from a process of eliminatien,
but it seems quite conclusive., The nuclear evidence supports it strongly and there is
little question that even without eny chemical work at all, the sctivity would heve been
essigned %o N7,

Detection of 016 Recoils

On the basis of the Bohr-Wheeler theory, N17 is a beta emitter of 4.2 second
half-1life, which decays to 017 in an excited state. The excited state has & mass greater
then the sum of 016 plus a neutron, so the neutron is emitted before the excited 017 cen
radiate a gamme ray to the ground state of 0i7, Presumebly some of the beta transitions
are to the ground state of 017, and so are not followed by neutron emission. If this
picture is correct, the neutron and 016 nucleus should carry egual and opposite momente
when the 037* splits epart, Preliminary and unpublished absorption measurements of the
delayed neutroﬁggby Neg end Thornton, had shown that the ensrgies were of the order of
1 Meve The 08 recoils should therefore carry ewey 1/16 Mev, or about 60 Kev. These
recoil nuclei would have enough energy to be observed in & proportional counter, If
their energies could be measured, the energy distribution of the neutrons would be known.

Such a metrud of neutron energy measurement has a great adventage over the usual proton
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recoil methcd, where a neutron "line®™ produces proton recoils with energies from zero
to the neutron line ensrpgy. The proton energy spectrum is flat between these limitse
Therefcocrs to deduce an original nsutron spectrum, one has to differentiate the proton
energy spectrum. (Cloud chamber techniques eliminate this difficulty, but introduce
others), But in the case of the 016 recoils, the neutron energy is always 16 times the
recoil energy, since the angle between the two particles is always 180%, Therefore no
differentiation of the recoil spectrum is necessary. Unfortunately the method seems
applisable only to delayed neutron emittsers of high energy and low mass, the only known
cess of whish is N17,

In the first experiments, & conventional coppsr-in-glass type Geiger counter was
usedo Twe glass tubes were fitted to the glass cylinder, as inlet and cutlet for the helium
stream. The counter operated in the proportionel repion with o gas amplification of from
50 to 200, when the applied potential was in the neighborhood of 1000 velts. Pulses wers
ampiified in & conventional linear emplifier, and fed through a discriminator %to a scaling
circuit. When the NH,F solution was bombarded with 190 Mev deuterons, large pulses were
observed in the proportional counter. They had a four sesond periocd, as measursd by a
"deley liue” technique involving rubber tubes of different lengths, end were presumably
the 01% recoils. Since these pulses were larger than any due to bete- or gemma-rays, it
was possibie to observe them while the cyclotron was operating. All the work described
in the remsinder of this report wes performed with the continuous flow method, during actusal
bomtardmsnt of the NH4F solution. Helium acted as both the sweeping and counting gaso

A preliminary investigation of the pulse height distribution, using a differential
discriminator, showed that neutrons of energy up to about 2 Mev were emitted by 017*, The
number cof pulses per unit energy interval was observed to increase continucusly as the
grergy undsr investigution wes lowered. This last result waes reported at the 1948 Washing-
ton mesting c¢f’ the APS. DBut it wes soon found that at the lower discriminator settings,
the proportional counter was alsc sensitive to electrons which lost a large amount of

erergy in traversing the length of the counter. When counters of smeller size were substi-
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okness, 8¢ the exXtrapolation mey be considered rsliasble., It should be peinted out that
tho Lata-rays chservel sre onlv thoss from N17 %o tho oxecited stats of 017, Those to the
ground stats of 0t7 are not cccompenied by an 016 recoll, and so are not detectable by this
technique. However, their energy may be computed from other data.

When the solid angle of beta-ray counters was computed, and the recoil-beta-ray
counting rate was sorrocted for this fector, it was found that within en uncertainty of
about. 10 persent, every recoil was sccompanied by & beta-ray. This seems a rather convincing
sonfirmation of the Bohr-Wheeler theory.

The neutron distribution was remsasured in the coincidence teshiniqus, and the
results are shown in Fige 3. In order to make a large ionization pulse in the proportional

an olachbreon must be directed axiallys But in this case, it cannot be counted in

one of the Geliger countsrs. It is for this reason that the neutron distribution curve can
bs warrisd to somewha®t lowsr onergies than without the coincidence technique.

Ths proportional counter was calibrated in two ways, and the energy scale of the
asutron distribution was not significantly different in the two cases. In the first
mothed, alpha particles from a thick source were directed escross the dismeter cof the

from o oxtaernsl position. There is & maximwn energy which an alphe-particle cean

icse 1n ¢erossing the counter, which corresponds to a noint on the range-energy curve with
minimum slope {maximuwm d8/dx). This energy loss is sbout ten times grester than the
average recoll snergyve OCalibrated attenuetors and a signal generator were used in a
strai hi=-forward manner to glve the ensrgv sorresponding to various pulse heights in the
cess ol the recolls. [ths linearity of the amplifier was checked before snd after each

nosutron distribution run. Experiments were made with various gas multiplications, and

soms measuremsnts were mide using Hs frem which the oxvpen had been remeved by pessape
through active charcoasi ot 90° K.  In the latter cess, the counbing voltare was dropped
from the normal 1000 volts to 60C.voltse The msasursd nsutron spectrum was the same in all

cages. Finally argon weas used as the sweeping and couuting gas, and the end point cf the
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neutron spectrum wes checked. The higher stopping power of argon made the electron
counts lerger, so nothing but the high energy portion of the curve could be measured.

A number of workers have shown that under more conventional circumstances, very
reliable energy distributions are obtainable, but there might be some doubt that a pro-
portional counter operated under such unusual conditions would give reliable data. The
calibration experiments with the present helium filled counter show that it would be quite
impossible for the spectrum shown in Figure 3 to have been observed if thers were a sharp
neutron line at 1 Mev. The alpha-particle experiment geve a sharp upper=limit energy-loss
cut-offe That this cub-off was not in error by a factor of two could be shown by & com-
parison with the other method of calibration of the counter. This latter method was used
in most of the work, and was very convenient.

A thin layer of Pu?%9 was deposited on the central wire of the counter, through
the courtesy of Dre. 3. B. Cunningham. The strength was such as to give several hundred
counts per minute., Since the layer was thin compared to the alphae~particle renge, there
was o certain minimum energy loss in the counter, which an a-particle could suffer. No
alpha-particle could lose less energy then one which was directed radially eway from the
wire. This energy loss is easily calculeble, and is fortunately just higher than the
meximum 016 recoil energy. The energy scale of the recoil pulses could then be esteblish~
ed by & calibration point involving e minimum size alphe-particle pulse. Since the
neutron spectra obtained with both methods of calibration (meximum end minimum a-pulse
size) amgreed within 10 percent, it is safe to conclude that the proportional counter was
giving pulses proportional to the energy released in the gas, in the usual menner. A
further check on this point comes from recent c¢loud chamber measurements of Dr. Evans
Heywerd, in this leboratory, who finds a neutron spectrum in general agreement with that
reported here. Her work was done in a hydrogen fillsd cloud chamber, and only those
tracks within * 30° of the forward direction were measured. The resulting neutron spectrum
has a peek at 1 Mev, and extends up to 2 Mev. However, the width of the peek at half

meximum is only about 0.2 Mev. This is sherper then the line observed with the proportion-
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al counter, even when reasonable corrections for resolving power are made. The observed

width in these experiments is 0.6 Mev, and from the energy width of the differential dis-
criminator, one would correct that to approximately 0.4 Mev. It is apparent from Mrs.
Hayward®s work, that the eabtmospheric helium counter is not as satisfactory as the Argon-

Metheane counter usually used for precision energy measurements.

Disintegration Scheme

Figure 5 shows the proposed scheme for the disintegration of N17. The rest
energies of 0163 017 and the neutron are known. The energies of the excited level in 0173
end the ground state of N17 are determined by the neutron and beta energies measured.
The energy of the unobserved bete~ray from N7 to the ground stats of 017 is computed from
the known data. This transition must be at least twice forbidden (third Sargent curve)
since its emergy is 8.7 Mev. If it were once forbidden, it would have a half-life of only
about. 3 seconds. A second forbidden P-transition of 8.7 Mev has a half-life of about 80
seconds., The breanching ratio of the high energy [B-rays would be 0.05 in this case, and
gives a logical explanation for the failure to observe the n17 f=rays in the large back-
ground of N16 p-rays. Of course, it is quite possible thet the branching ratio is smaller;
0,05 is merely en upper limit, if allowence is mede for the scatter of experimental points
on the Sargent diagrem. An additional check on the fact that the brenching ratio is small
comes from a compafison of the observed 4.2 second half-life with the observed p-ray energy
of 3.7 Mev. The first Sargent curve indicates that a 4.5 second helf-life corresponds to
en energy release of 3.7 Mev. The uncertainties in the end point measurement, and the
scatter in the points on the Sargent curve are enough to explain the discrepancy between
4,5 end 4.2 seconds. But if the branching ratio were 50 percent, the effective half-life
of the 3.7 Mev transition would have to be 8.4 seconds, which is outside the limits of error.

No gamne~rays were found in coincidence with the recoils, but accidental coineci-
dence limited the search to the case of one gamma~-ray accompanying each recoil. It is also
highly unlikely on theoretical grounds that a gamma-ray could be emitted in this process, eas

the neutron width is of the order of a hundred kilovolts. Gamme-ray widths are always very
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much nerrower, so gammea-ray emissior cculd not compete effectively with asutron emissicns

Correlation of Beta and Neutron Znergies

Since the ensrgy avallable in the transition from 17 to 016 4 n is fixed, higher
then svsrage energy neutrons should be accompenied by & lower than average snergy hetea-ray
distribution. An attempt wes maede to detect this effect; but no really conclusive evidence
was found, due to background effects at lerge [-ray sbsorber thicknessss. The absorpticn
curve of [-rays in coincidence with neutrons of any energy above 0.5 liev is shown as &
solid line in Figure 4. Three additional curves were determined for p-rays in coincidence
with three groups of neutrons, whose energies are shown in Figure 3, as shaded blockse
Within the ststistical fluctuations, these curves were identical, It was therefore decided
' to concentrate on & single point at about 0.t gms/cmz, and determine the number of P-rays
per recoil bhrough that thickness, for the three neutron groups. The choice of 0.8 gms/cm@
was a compromise between p-ray gnergy resolution, which reguires dete tc be obtained close
to the end point, and tackeround effects, which renuire = counting rate somewhat above the
accidental background. It was possible teo carry the overall {s-ray sabsocrption surve to
1,15 gms/cm® for two ressons: (1) the real counting rete wes grester because all recoils
contributed to the effect, and (2) the accuracy required was considerably less then that
nesded to establish the differentisal effect under consideration in this section.

The results of several hours of counting are shown by the thres polnts szt zbout
0.8 gms/bmzo The results ere not conclusive, but if teken at face veolus, are sonsistent
with the principle that energy is conserved in the overall transition. The highest energy
neutrons sre accompanisd by the sofltest [~ravs. DBut the lowsst energy neutronsalso asppear
to bs in ceincidence with P=rays somswhat softer thap those accompanying the psaic of the
neutron distribution. :ut for these last two grourn ., the sxpected effect is smaller,
nd the points are closer togethere If ons conmsidors *the noutrons ta have btwo avsrage

| R S vy A o g 3
Mev {unhs average of B

P
(o)

energiss in the neightorhood of loG Mev, snd Do and E?)g then
there would %3 cunly twe poiants on the [=ray sbsorption dlagram at 0.8 gms/om*. These two

points would be spsced apart by 4.5 timos ths proheable orror of the low point, and 7 times
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the probable error of the higher point, and would be displaced in the proper direction,
but by a distance somewheat less than that calculated.

It is unfortunate that this interesting correlation could not have been establish-
ed in a more clear cut manner, but since the background was due alimost entirely to Nla9 no
method of eliminating it eppeared possible. An attempt was made %o usse C7F1g plus deuterons
as & scurce of Nl7, in the hope that the elimination of 016 (present in the water solution
of Niig¥) would lower the N16 background. Very intense sources of 87 were prepared by
circulating C7F16 through the internal target of the 184" cyclotron. A centrifugel pump
drove the liquid from the target to a counter-current scrubber outside the concrete shielding.
Helium bubbled through the circulating liquid end carried the N17 to the usual proportionsal
counter. The ‘operation of the counter wes rather erratic, and depended critically on the
pertisai pressure of the C;Fy, vepor in the streeaming helium. After & number of attempts
to teks reliable date with this system had failed, the method was &bandoned. It is mentioned
here because the technique of "pumping neutrons™ from one point to another without high
backgrounds of QI_rays might be of interest in other applications.

It is a pleessure to acknowledge a number of stimulating discussions of these
problems with Professor Lawrence. Mr. Robert Thomas and Mr. Verne Ogren rendered valuable
assistence in mainteining the electronic equipment and in taking data. The cooperation of
the cyclotron crew is gratefully acknowledged. The work was supported by the Atomic Energy
Commission under Contract No. W-7405-eng-48.
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Figure Captions

Figo 1o
Figo 2o

Figo. 3o

Fig. 4o

Figo 5.

Experimental arrangement for chemical worke

Counter geometry

Neutron spectrum uncorrected for resolving power of snalyzer. (Recent cloud
chamber work by Dr. Evens Hayward shows the peak and upper limit at the same
neutron energies, but indicates that the‘peak has & full width at half maximum
of the order of only 0.2 Mev.)

Absorption of N17 vete reys in aluminum (solid line). For explenation of dotted
lines and points at 0.85 gm/cmz, ses text.,

N7 disintegration schems.
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