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ABLTRACT

A precision determination of the energy relessed in the
following nuclear reactions has been made: (1) Beg(p,d)Lié, (2)
Beg(p;d)Beg; (3) Beg(d)Heq: (4) D(d,n)ﬁe5,.(5) D(d:p)Hya (6) Lié(p,d)He5,
(7) Blp(p,NJBe7. An electrostatic generator and enalyzer was used
to furnish a beaw of protons of accurately known energy and a double
focusing wagnetic spec?rograph used to perform a momentum analysis of
the particles arising in the reactions; A scintillation counter suit-
able for the detection of particles arising in nuclear reactions is
described and the theory of the associated electronic equipment is

gi&én. The Q-values of the reactions are used to calculate the L l

mass difference and three low energy points on the range energy curve
are sstablished., A resume of all accurately determined (-values is

gilven.
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PART 1
INTRODUCTION

The determinatior of the amount of energy released in a
given nuclear reaction is one of the osrimary problems of nuclear physics.
In the past few years experimental techniques have advanced to tne point
where the errors in these measurewents have decreased by &pproximately
& factor of ten. This yields a number of interesting results,

First, the deterizination of nuclear G=-valuee enables one to
calculate the masses agd mass defects 6f the elements. A comparison
with the mass spectroscopic data thus yields a direct verification of

the Einstein relation E::lnc2. On the other hand assuming this re-

lation to be correct a second method is available for the computation

of nuclear masses. It should be observed that the mass of the neutron
is obtainable only from nuclear data and & portion of this investigation
is concerned with determining that value.

The second result of the more accurate Q-veluee is a revision
of the Renge-Energy relation for charged particles in the low energy
regicn, The origingl. data used in fixing this relationship came from
natural o-particles whose energy had been accurately measured by determining
their radil of curvature in a uniform magnetic field. These Cparticles
have an energy of the order of 5 kisv. To obteain the low energy data
of the Range-Energy curve, these natural o:particles were slowed down
by interposing various thicknesses of matter. This method was not very
accurate and left the low energy portion relatively uncertain. A better
method of obtaining this data consists of measuring the ranges of osarticles
enitted in a nuclear reaction with a small, accurately known Q-value.

Three new points on the Range-Energy relation mey be establisned from
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the G-values here studied.

Finally, accurate values for the binding energy of the
various nuclear isotopes &re of considerable theoretical importance.
the B, 10 > , :
he Hy H’, and He” problems, the @-decay of the neutron, and the
problem of nuclear forces all require this data,

The electrostatic accelerator and enalyzer previously

(1)

described' were usg% to obtain monenergetic protons. The new

double focusing magnetic spectrograph (2) was used to analyze the
charged perticles emitted in the reaction under study. The high ‘
energy resolution of this instrument allows the energy of ﬁhe particles
to be determined very accurately ana simultancously frees the results
of any errors in the Range-Ensrgy relation. The detector used in con-
juﬁctidn-with the spectrograph wes a scintillation counter which will

be described in detail later.

The following reactions were studied:

(1), B4+ B —e1i® 4 me” Q.

(2). BPF Hl e’

8

+ Dy,

(4). D +D-n!+ B 4 o

(5). D4+ D—H + B + O
(6)0 L16 +. Hl—>Hej + Hez++ Qé
(7). 'O 4 Hl—oHe4 + Bl + Q%

Be8 is not a naturally occuwing isotope and it had long

been suspected that it wes unstable to decay into two of-particles.

Several measurements (5’4? have been made of the amount of energy
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released in this disintegration with divergent results., Reactions
(1), (2), (3) allow tais energy to be accurately determined.

The mass difference between the neutron and atomic hydrogen

may be obtained by subtracting ecuation (4) from equation (5):
nl - Bl 2 (% - Hed) + (Gg - Q) (8)

- 2
The (H? - He”) difference has bsen accrrately determined (3,56) from the

- i
@ decay of Hj Thus by measuring Gy and Q5, the n1 - H1 value may be

determined. This is found to be considerably higher than the old value

and is in good agreement with other recent determinations of this value.

Rezctions (6) and (7) lead to taree new points on the Range-

Energy curve in the low energy region.
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ART II
AFPPARATUS
A diagram of the experimental arrangement is given in Fig. 1.
The protons from the electrostatic generator were analyzed in the
electrostatic analyzer and directed onto the target. The perticles
erising in the reaction and emitted into the angular sector Ot A®
entered the double focusing spectrograph and were focused upon the en-
trance to the scintill%tion counter detsctor, The angular resolution
of the specirograph is shown in Fig. 2. This curve was obtained by
moving across the spectrograph opening a Eeam of elastically scattered
protons collimated by a very narrow slit. Considerably greater angular
resolution is obtainable from the instrument, but in view of the weak
intensity of some of the reactions studied, the meximum angular opening
of the instrument was deemed necessary in most cases,

The energy E of a particle of rest mass l,, and momentum P

E = VPO (M)l - Mct
L . (9)

The momentum of a particle with a radius of curvature P s cherge Ze,

is given by

and moving in & field B is given by

P = Ze 5? (10)

Substituting into Egq. (9) and expanding, it is found

e

(11)




B
Defining EO to be the non-relativistically calculated energy, one has
' T
E Uﬁeaifﬁ
and substituting into Eg..(ll) there results

E, [ - ZTE/TE] (15)

The term in brackets i% the relativistic correction and smounts to at

B

0

most 0.2%. A similar calculation for the electrostatic analyzer gives
Eg. (13) also except that the sign in parenthesi; is plus.

The field B and radius P were not measured, but a magnetometer
was used which measured the relative values of B (7). This consisted
of & coil carrying a current I suspended in the magnetic field between
the pole”faces of the spectrometer. The coil had a restoring torque
furnished by 2 spring which just balanced the torque due to the field

acting on the coil. Thus we have

BI = a constant (14)
Substituting into Eq. (12},

z° C
Eo= = 57 (15)

where qn is the magnetic constant which was determined by calibrating
the magnetic field on particles of known energy in a manner to be
described later, snd Z and M, are wmeasured in units of proton charge

and mass, The current I was measured with a potentiometer and precision

resistor and 1s labeled millivolts on curves shown later,
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PART III

SCINTILLATION COUNTER

The particles from the target recction are analyzed and

focused upon the detector by the double focusing magnetic specirograph.

A suitable detector for these particles should have the following

"propertiesg

2)

b)

a)

The sensitive volume should be connected directly onto

the vacuv$ chamber of the spectrograph. All gas filled
detectors (e.g. Geiger c&unter or proporticnal) require

a thin window through which the charged perticles must
pass. This defines & low energy liwit, which is & function
of the particle charge and beyond which the detector is
useless,

The response should be proportional to the energy of the
particle., Since the spectrograph makes essentially a
mormentum analysis, grouvs of interfering purticles can

be separated if the detector 1s energy sensitive.

The dead tiwe of the detector should be of the order of
20 r sec, or less if the correction to the counting rate
is to be less than 1% at the rates encountered in this
application.

The signal to noise rsatio should be high for particles
whose energy is 100 Xev or more. Also microphonics should
not be troublesome.

The detector sghould be insensitive to the stray wmagnetic
field of the spectrograph which in this case is of the

order of 1000 oersteads,
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The scintillation counter as it has finally been developed meets
conditions (2}, {c), (d) and (e). Condition (b) is not satisfied very
well, and nmethods to.circumvent this disadvantage were developed and
will be described later.

)

Fig. % shows the construction of the device and is essentially

tne form developed in Ref. (8). The particles enter through the 5/16"

hole of the hemispheri@al mirror located about 3" behind the focal point

of the svectrograph and strike the ZnS phoaphor on the end of the Lucite

pedestal.* The resuliting light is transmitted via the mirror through

thQMLucite.window and brought to focus upon the cathode of the electron

multiplier tube. The Lucite window is sealed into the brass tube with

a neoprene gasket and held in place by friction. The ligat escapving

from the” back of the screen is roughly  collimated by ithe Lucite pedestai.

The mirror was constructed by cutting the top off a 7 1/2 watt, 110 volt

lamp, drilling a 5/16" hole, and coating the inside surface with aluminum.
The characteristics of the electron multiplier tdbg are given

in Ref. (9). 1In addition three properties have been investigated.

The sensitive area of tne cathode of the tube-was investigated by

allowing lizht to fell upon different portions of the cathode and

plotting the response of a microesmueter connected to the output of the

%
For high resolution a slit should be placed at the focal point of

the spectrograph. The hole in the mirror ie large enocugh to permit all

‘o
the particles thet form an image of the target spotaenter the detector,
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tube. The results are given in Fig. 4. The cathode is 0.5" X 1" and
it is seen from the curve that the sensitive width of a t?pical cathode
is only 1/8" and is located near the innermost edge of the cathode.
The lengih of the sensitive area similarly was found to be about 3/4%,
The swmall size of the sensitive area and its location meake the problem
of an efficient optical system very difficult to solve.

A sultable sj%tem for selecting the tubes with the best
signel to noise ratio was also sought. The noise arises from two
sources. First, the work function of the photo-cathode is low enough
so that an appreciable number of thermionic electrons.are emitted even
at room temperature. And second, the leakage currents due to the high
voltages employéd contribute to the noise snectrum. There are very
large va;iations in these two sources of noise from tube to tube.
Consecuently a light tight box was constructed and a 1/4 watt neon.
tubg wag mounted in such a way as to let light into the box through a
pin hole. The neon jfube wés comnected into a simple relaxation
oscillator circuit and the resulting flashes of light were used as a
standard signal source to compare with the noise pulses of a series
of 951-A electron multiplier tubes, The high voltage was varied and
the signal to noise ratio observed., The signal to noise ratio was
plotted against signal height in order to compare various tubes at the
same gain., (This wes necessary since the gain of different 931-A tubes
varies by a factor of 100 from ‘tube to tube at a given high voltage.
Thus the light imput was assumed to be constant and the signal output

was teken as & measure of tube gain.) Fig. (5) shows a typical curve
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obtained and it is to be noted that the signal to noise ratio is constant .
up to a given high voltage and then decreases rapidly. The signal to
noise ratio here plotted is peak signal to peak noise. Some tubes ob-
served were 100 times worse than thée. one shown.

Both the 1P28 and 1P21 electron multipliers weré tested. The
1P28 has a special ultra violet light transparent envelope and the 1P21
is a 951-4 that the madufacturer has selected for high signal to noise
ratio and sensitivity. The best 1P28 seemed té be slightly better in
actuel use than the best 931-A., It was found necessary to discard some
lPZ%Js‘and the best one found appeared'no better than the best 951—A,
Since the price of the 1P21 is five times that of the 9%1-A it does not
seem desirable to use this tube,

' The distribution of voltage on the various electrodes was
investigated to determine its effect on the signal to noise ratio., The
operation of the tubes with 50% more voltage on the last 3 electrodes
appears to improve the signal to noise ratio by a factor of 2 above
that obtained by distribufimg_the voltages equally. Painting.the
envelope of the tubes with Aquadag and connecﬁing it to the third dynode
generally improved the signal to noise ratio.

Finally the reaction of the tube to a magnetic field was
investigated., A field of about 40 oersteads in an axial direction will
completely cut.thé tube off, and one of only 10 oersteads will appreciably
change the gain. The electrodes are made of magnetic material and the
residual field in them was found to affect the guln of the tube after
it was subjected to & strong field. The action of an axial field also

depends upon the direction in which it acts, and it hae the least effect
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when it is direcﬂed from top to bottom in the tube., The field was
measured in the region.whefe the tube was to be placed and was found
to have a maximum vaiue of 1000 oersteads, A shield was constructed
of two. concentric 1/4" thick iron cyliﬁders and & mu metal cylinder
“adjacent to the tube and is effective enough to reduce the field to
less than 10 ocersteads at the position of the tube.
A number of %ifferent phosphqrs were obtained and tested
with Polonium ofparticles. They were:
Patterson D Silver activated
#1410 Blue ZnS
#9500  Calioy
#1900 (reen ZnS
RCA type 33220 A
The type 1900 is copper activated and has a very long period
phOSphorescencé associated with it which made it unsuitable. Calcium
tungstate gave pulses only 1/10 that of the RCA 33220 A. The type D,
#1410, and KCA ZnS phosphors all gave about the sawe size output pulses
with the RCA being the faster. loreover, when‘tried at proton energies
of 100 Kev the most satisfactéry phosphor was the RCA one, as the type
D gave & very jagged and unreproducible pulse, The 33220 A is used in
all the following work,
A histogram showing the distribution of grain size in the
RCA phosphor was obtained by measurements with & low power microscope
and is given in Fig. (6). It is seen that they cover a wide range of

sizes, However, it is apparent that essentially all grains are 800 Kev
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obtaining & much more efficient optical system.
Bias curves were measured for 5 Mev Po &-particles with no
mirror, with & mirrér end the back of the scréen covered up, and finally
in the normal operating condition., Theee are shown in Fig; (7).* Since
the pulee heights are proportional to the amount of light falling on
the photo-cathode, it is seen that the mirror contributes some 65% of
the light and the back of the screen 35%, Several optical systeums
were tried in back of ﬁhe screen in an‘attempt to increase the awount
of light received from the back. Lens systems took up so much space
that the distsnce from tube to screen had to be increased which diminished
the light received via the mirror excessively. ‘he most effective system
was obtained by evaporeting onto the back of the pedestal an aluminum
mirror and placing the ZnS directly on top, but even this was less
effective than leaving the back of the pedestal uncovered. This 1s due
to the large scattering that must take place in transmitting light

through the screen.

*
A bias curve measures the number of pulses above a given voltage

against voltags.
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PART IV
AMPLIFIER

The asgociated equipment required is an amplifier to raise
the nulse level from.several millivolts up to 100 volts, a discriminator
to differentizte between the background noise and the true pulses, and
‘& regulated high voltage power supply for the 951-A. Fig. (&) shows
tne complete circuit. Avcomplete discussion of such amplifiers is given
in Ref. (10). However there are two pecularities of this type detector
that must be teken into account in the amplifier design. First, the
amplifier frequency response must be adjusted in order to obtain the
maximum signal to noise ratio and second, the wave shape of the pulse
going to the discriminator must be such that each pulse brings the
discriminator above the firing point once and only once per pulse.

The signal to noise ratio problem will be considered first.
From the curves shown in Fig. (5) it is seen that no significant
variation in the signal to noise ratio takes place for variations of
the high voltage below the sharp bresk in the curve. However, the
noise from the amplifier must be added to that of the multipiier tube
and therefore as the high voltage is lowered the signal decreases, the
euplifier nolse becomes greater than that of the wultiplier, and the
signal to noise ratib decreases. Consequently, for best signal to noise
ratio the effect of the amplifier noise should be small., Since the RS
noise voltages combine as the square root:of the sum of their squares,
if the multiplier noise is % times that of the amplifier the‘total signal
to noise ratio is within 5% of that of the tube alone.

In addition to adding noise to the signal, the awplifier can

also affect the signal to noise ratio by means of its frequency response
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characteristics. Light is emitted exponentially as a function of time
from the p’dosphor and leads to & current pulse from the electron multiplier

&g shown below with & time constant of the order of 1 Msec. Noise

1 1x10

) [} n

° ! 2 3 4 ) ﬁ/{ o P xio

h]
Scccnl)

S\ghal Courrent Nowse Current

originates from single thermionic electrons leaving the photo~cathode
and being wultiplied sowme lO6 times and giving rise to current bursts
at the collector of the multiplier of less than 10_9 second duration
ag shown in the figure. These two current wave forus are inﬁeg;rated
by means of the output capécity of the electron multiplier tube and

9

if normalized to unity appesr as shown below. (This assumes T >> 10

1 NO\SC—

Pl I n A I [}

P 1 z 3 T4 s ¢ L%

second, which is generélly true.) These two pulses are then distorted
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by an amplifier before being counted. The effect of the smplifier

__~AAAAA:[j___ 1L

- PE:RFF_C.'T v

Sy 'Cz‘l— A ' R, B,
. MPLIFIE R

can be obtained by replacing it with a‘perfect one and adding two RC
circuits. The circuit Ry 0, duplicetes the high frequency résponse

and thus establishes a rise time T = R,Cp for the amplifier, and the
circuit Rlcl duplicatgs the low frequency response and hence differentiates
the signals with a time constant T, = RyCq.

Before obteining an exact solution, a few gualitative con-
siderations are in order. First suppose T, = O. The circuit Rlcl then
differentiates the noise and signal as shown. Obviously peak signal

1 1K
Noise T~ T

Novse T, 2>

o 1 = 3 <+ & 5 i 3 a2 3 Yy
to peak noise ratio is seriously decreased in the case where T,V Tlut

little affected when %, >7»7% . Further insight into the question is

obtained by considering the frecuency spectrum of the noise and signal

pulses.  Since the wave forms coincide at values of t 7 47, the frequency

{

spectrums must be identical for frecuencies below 4t &@nd above this

frequency the noise spectrum must predominate. Thus if one sets ’"C’I_ =0
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and ’tlet » the emplifier is passing only those freouencies forrwhich the
nolise specfrum p(redominateé over thet of the signal and the signal to
noise ratio is decreésed. Any swplifier response limited exclusively
to frequencies below Z%E must give a signal to noise ratio of about 1.

It is apperent thet the signal to noise ratio can never be increased
to greater than 1 by any =wplifier design.
The exact solution is now worked out by the use of the Laplace
' -t/
transform. Coneidering the signal voltage as given 57' €y =
and the noise voltage as a step function of unit height, we heve for the

Laplace transforms

Llew] = 5o 5 Tewl= =

(16)

The response of the amplifier is

S/x.

(s+ ') (s+ Y) (17)

QGls)

The "signal out" is then given by

S

- { '
ES(U: 3 Zﬂcn (or D(s+ + )54 -}EJ (16)

and the "noise out" is given by

- |

En“ﬁ) = 1 \ )(54 | ) (19)

T, (sv %, .
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The inverse trensforms are found to be

_ ' | —{‘/'c ‘ Y _t
e BT wme e

G- @K @y (@)

"‘:I T
(21)
The signal to noise ratio is defined by
R_ Es‘mux
- 22
En lMAx (22)

E

L max is ezasily obtained by differentiation and if two parameters a and
b are defined

a= b= «, o (23)

we heve v l

b |- ®/a A T/
E“IMAx = (E;) = .(?i>

This egquation indicates that the pesk noise is a constant for a series

(24)

of amplifiers in which the ratio of the upper to lower half power
frequency 1s kept constant.

A similar solution for Esl'““,is not possible in general,
Consequently the equation was differentiated with respect to t for given
values of a and b end the resulting transcendental equation solved for

the time of the maximum, This was then substituted back into Eq. (20)
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and Es MAobtained. The solution for b= (an amplifier with perfect
¥
high f‘requéncy response), b =1 (rise time of amplifier equal to the
decay time of phospﬁor) and b = O was calculated for various values of

a from O to 2. Also for a =1 the solution was obtained for various

values‘ of b. The solution is facilitated . if one defines

Y
X = e t
(25)
which when substituted in Eq. (20) along with Eq. (23) gives
I bx b x
S —— + — + — .
(b-0)(~®)  (i-b)(~a)  (b-a)(-9) (26)
This solution breaks down if a= 1 (T=%,), b= 1 (T=222) or if
a=b =21 (T=27="C), The appropriate special cases are
a
Y TER
a
(a-1)*
Foee) = b A= G xhx -x
7
(b-1) | (27b)
\ z
E fosba)) = 1 )
(27¢)

The reeult: of solving these equations for the signal to noise
ratio is given in Fig. (9). It is seen that for b = @it ie necessary
to differentiate with a t ime cons’oamt’f?/ 5C T in order to have /N 2 0.9.

On the other hand by masking the high frequency response of the smplifier
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such that the rise time equsls the phosphor decay time, T, =T or
b=1, theﬁ it is feasible to differentiate with a time constant
Ty =97T and still héve.S/N'a»O.9, but the pulses are of a much shorter

duration, wnich means the counting rate csen be made much higher, The
curves, are not plotted for other values of b, but their intercept with
the line a = 1 is dindicated and their aporoximete course is readily
inferred.

In the above discussion it is assuned that‘thé low frequency
response of the emplifier is deterwined by only one RC circuit. In

reality there is an RO coupling network between each of the amplifier

stages. This results in an undershoot of the pulse as shown in the

E4D)

\\:~///’i 3 T ‘ %;

accoumpany ing figure which applies to a step wave applied to & four stage

amplifier where 21l the coupling time constante are equal. The solution

Ea

of tnie problem 1s easily obtained, Consider a step wave applied to
an n stage RC coupled amplifier with all the time constents equal to

T,. The laplace transform of the output is given by

S)h-!
(S . \%)n ‘ (28)
{

SEM®] =

and the solution is

Yy
ey - e L (%)

(29)
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where Ln(x) is the nth Laguerre polynomial. These are the same as the
radial wave functions of the hydrogen atom and Table (I) lists the smount

of undershoot of EO, the amount of the overshoot, and the time these occur.,

TABLE I

Amplifier Overshoot

Stages lst overshoot 2nd overshoot
%ooat tfy L et by
1 -8 5.0 | o -
2 -20 1.5 1.7 6.0
> -24 1.0 4.0 4.0
4 ~27 0.85 8.7 2.9
5 -29 0.7 9.5 2.5
6 30 0.6 11.0 2.0
7 ~51 0.5 12.5 1.8
8 %2 0.4 14.0 1.5
9 3% 0.4 15.0 1.5
10 =33 0.4 © 15,0 1.3

The undershoot is particularly bed, since if pulses are being counted

which have a broad distribution of pulse heights, a small pulse occurring
during the undershoot of the preceding pulse will not be counted. The
overshoot is bad becsuse at low bias settings of the discriminator one
opulse may count twice, Elmore has estimated (Ref., 10) that if the
differentiating time constant is less than 1% éf“the coupling time
constant then the undershoot will be less than 1%. For a many stage

emplifier Table (I) would seew to indicate that one should differentiate
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even more rapidly than this. The undershoot of a rectangular pulse of

duretion ¢ is easily calculated if T,4<7¥, . If the undershoot is E&
: ° (

u?
then OL E .
E, m = - Lo OL t t o
(50)
- o, :
= (n ‘) T, ) neglfch‘mﬁ

(higher order terms,)

Thus for an undershoot of 1% with a 11 stage amplifier, one must
differentiate with 2 tiwe constant of C.OC17T,. Since the amplifier

is stabilized by feed-back, the low frequency response of the sections
enclosed by the feed-back loops is very good but there are 5 coupling

circuits between the feed-back units to which the zbove theory avplies.
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BIAS CURVES
Bias wrves were‘obﬁained on protons of various energies and
are snown in Fié. (10). An exawination of these curves shows the length
of the plateeau 1s proportional to the particle energy. The sharp break

in the curves at low bias values is due to the themmal noise from the

tube. The long tail at high bias values is the result of the optical
system having different efficiencies for different portions of the screen.
The point just before the breek in the.plaﬁeau due to noise represents

a counting efficiency of close to 100%. This was aecertainéd by com-
parisons with @ ionization chamber and the ratio of scintillation counts

to ion chamber counts is shown in Table II. It is also seen from the

TABLE II

Proton Energy Ratio
Kev
260 1.01
296 1.00
Bo o 0.87
520 1.03
590 1.0%
650 1.0%
665 1,00
700 0.95

bias curves that all the protons may be counted down to an energy of
100 Kev below which noise seriously interferes with the plateau.
Bias curves. for L16 ions, do- particles, deuterons and protons

have been obtained. It was possible to cbtain the proton and deuteron
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curves under identical conditions, and the curves for the two cases
were»identical for particles having the same energy. Bias curves for
o~ particles and Lié.ions seem to fall off somewhat faster than the
corresponding curves Ifor protons of the same energy indicating a
smaller efficiency.

In an effort to determine the low energy linit of the useful-
ness of the detector, some low energy experiments were performed. The
9%51-A was sealed onto an accelerator wﬁose voltage range wes 15 - 100 Kev,
The beam was very intense so that it was necessary to reduce its in-
tensity by scattering the protons at an angle of 90° from & gold foil
target which was thick coupared to the proton energies used. The
scattered protons then entered the detector which was cooled to dry ice
temperatures, Proton energies of 17 Kev gave signals the maXimum of
which was some ten times greater than the background., The low energy
limit wes clearly not reached in this test, and the fact that 17 Kev

protons gave a good signal is indicative of the high effeclency with
which the phosphor converts the kinetic energy of the particle into

light.
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PART VI
CALIBRATION OF EGUIPYENT
Since the experiments were undertaken tb e¢stablish accurately
nuclear.Q—values, the method of calibrating the equipment will be dis-
cussed. The 90° electrostatic analyzer previously described (1) was cal-
ibrated by measurements upon the quy resonance in the F19(p§X;X)016
reaction, which has been standardized at 873.5 Kev (11). The analyzer
was then assumed to bellinear with the voltage impressed upon its plates,
Once‘calibrated, thé electroétatic analyzer furnished a means
of calibrating the magnetic spectrograph. Protons and deuterons of

9, 012, 016 and copper.

known energy were elastically scattered from Be
The energy of the protons leaving the surface of the targets and hence
having the meximum energy can be easily calculated. These then furnish
sufficient data to determine the constant ¢, in Eq. (15) after the
appropriate relativistic corrections have been made, A typical curve
obtained by scattering protons of 948.5 Kev energy from a thick polished
copper tafget is shown in Fig. (11). Since the window of the spectrograph
is known to be symmetrical, the point of half maximum is taken as represent-
ing the energy of protons leaving the surface of the terget at a mean

angle of 79.90.

12 and Olé heve been found on 2ll the targets used

Layers of C
by observing the protons elastically scattered from these layers in the
nigh resolution magnetic spectrograph, The th ickn¥ss of these leyers
is easily celculated since the number of protons scattered into the
spectrograph is proporticnal to the number of atoms in the layer as

long as the layer is ihin compared to the spectrograph windpw, and the

number scattered per atom may be estimated from Rutherford's formuls.
P y
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These layers generally amounted to 0.45 Kev normal to the target for
protons of energy 1.2% Mev, This standard layer was assumed in
calculating Qm f;r the dats obtained from the copper targets even
though‘this could not be measured due»ﬁo the fact that the protons
- geattered by copper obscure those scattered from oxygen due to their
greater energy.

The angle was determined in two ways. First a direct
measurement was made by admitting protbns into the spectrograph through
2 slit system which accurately defined their angle, and observing the
countes in the spsctrograph as a function of this angle. Curves obtained
at about 80° are shown in Fig. (2) with the entrance aperture: of the
spectrograph full open.*r Hot only the angle, but also the angular
opening of the spectrograph may thus be obtained. Second, the energy
of protons elastically scattered frowm various elements is a function

of the sngle © and the mass I of the target nucleus. Thus we heve

! UL
F 2—/zv. - E‘ /@(

(51)
M, Cos O Mo~ M, Mf(o;'e
5 - SRV
M, + Mo Mo+ M (M4 M)

(32)

1
The value of (G, was calculated for Beg, 012, 0 6 and copper by using

* he

The actual data must be multiplied by sin’7 to remove the angular
dependence of the glastic scattering cross section before & symmetrical

curve is obtained.
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the value oitéaobtained by direct measurement, If the value for the
angle were-wrong‘the value of G obtained from 569 would differ from
that for copner sinoé beryllivm is so light. Table (III) shows a
sequence ol measvrements of C , and the consistency of the values
indicates that the angle was accurately known.

The probable systematic errors were taken to be as follows:
bombarding energy 0.2%, observed energy in spectrograph 0}5% and angle
of observation 0.50. These errors were combined with the observed
statistical errors in the following calculastions to give the total errors.

TABLE III

Table of Spectrograph Constent at © = 80°

Bombearding Energy Terget c X 1076
94&.5 Be” 1.699
Be” 1.710
2 1.711
t® 1.7%0
o6 1.710
Cu 1.719
Cu 1.727
605.5 Be” 1.712
Be9 1.709
ct? 1.721
ol6 1.722
016 1.716
Cu 1.725

Average Cp (1.716 0.002) X 10
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PART VII
RESULTS
The Be”(p,&)Li® and Be?(p,d) Feamctions

The reactions (1), (2) and (%) were investigated using thin
beryllium foil targets. Fig. (12) and Fig. (13) show the curves obtained
at proton energies of 603 Kev and 949 Kev respectively. The angle of
observation was 80° and the beryllium foil was 15 Kev thick for 1 Nev
protons.” In Fig. (12) the pesk at ~ 60 mv is due to elastically
scattered protons from the beryllium foll whose normal wes set at an
angle of 60° with respect to the beam direction. The width of this
peék csn be used to calculate the thickness of the target. The two
small peaks at 57 and 58 mv are the peaks due to 016 and 012 respectively.
Very thin layers of carbon and oxygen were found on all the beryllium
and lithium targets used. The layers are thinner than the resolution
of the spectrograph and their width is a meesure of this factor, In
this case the height of the peak can be vsed as previously explained
to calculate the carbon and oxygen layer thickness which was found tq
be 0.45 Kev measured normal to the target.

The peak located ét 5% mv represents the O(partidles from the
Beg(pgi)Lié reaction. They are superimposed upon the doubly ionized Li
ions from the same reaction., The Kparticles have an energy of ~~ 1.6 Mev
whereas the L16 ions have nearly the same momentum but an energy of only
~ ] Mev., These two ilons were separated by placing thin aluminum foils
directly in front of the ZnS screen of the detecﬁor. The Lié ions were

stopnped and the A particles counted and the difference belween this

number and the number of counts with no foll was used to obtain the

* This refers to the actual foil thickness, The effective thickness

depends upon the orientation of the foil with respsct to the beam direction.
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~nuber of Ll lons alone. Since the stcopplag power of mettsr is higher

P .
) O, , , .
for Ll ions then for Kperticles the target asopssrs thicker for them,

. . L N . .
Tne triply ionized Li~ ions frow this same rezction appear et 50 mv.

i

e

, .. . ; . O . e v . "
lhe single charged Li~ and He' ione from this reaction could not be
observed in the spectrograph due toc the large field that would be
necessary to deflect them.

), N ] . - .t 153 9 - ™ 8 - oy Y

The deuterons frow the reaction i2e”(p,d)BZe” appezr as a sharp
eak &t 32 mv. The fact that 21l the deuteroms heve the saume energy

indicates that Be8 is formed and has a half life long enough to give

kel

two body dynawics to the rsaction, The deuteron energy and the bombarding

energy furnish data to uniquely determine the § of this reaction. The

ce

Be~ lons were looked for and not found. However, the spectrus beginning
et 57 mv end extending back wae identified as the singly charged ok-narticles
&

resulting from the break up of the recoiling Be nucleus. The doubly
ionized L1~ peek gave some interference with this spectrum, and here
again a foil in front of the multiplier thick encugh to stop the low
energy o-particles and thin enough to pase the high energy Li6 ions served
wo seperate the two particle groups.

o 8 s s g . s <] 7

The Be residuel nucleus recoils efter emission of the deuteron
and has go ghort a life vime that it decays before stopping. e stopping

. . N -1 . . .
tize ig ol the order of 10 > seconds which 1s much longer than the
8 2

estimated life time of Be~ in the ground state. Since the Be 1s in
wotion when it deczye, the resulting o(-particles will have a conltinuous
spectrum. Assuming isotropy in both the primary and secondary rezction

the differential specirum may be calculatsd in the laboratory system and

is for the cases studied:



where E«~is the observed & particle energy, Ep is the bombarding proton
energy, and @ is the angle of observation., This differential spectrum
is shown plotted in Fig. (14) for Ep':'- 940 Kev, 6 = 80°. The beryllium
foil target actually used was more than 100 Kev thick for these low
energy.OKparticles and hence this differential spectrum will be integrated
over this thickness of target. It is apparent that in the first
approximation this will lead to & straight line sloping up from the
maximum of the o particle energy. Deviations should only Become apparent
100 Xev or more from the end voint. Fig. (15) shows the e(spectrum of
Fig. (12) converted to en energy plot end the linear character of the
spectrum is evident. The "fillet" near the end point is just accounted
for by instrument resolution. A similar plot was wade for the data at
949 Kev and the end point obtained in this case elso. The two sets of
data give 89.0 and 89.4 Kev respectively for the Q value of ﬁhe
Beg(cx )HeZ+ reaction.

The deta taken to determine the Be9(p,001d6 and Beg(p,d)Be8

Q values are sumwarized in Table (IV). The averaged values for these
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are Qlfz 2.121 * 0,012 Mev,_Qg': 0,558 # 0,00% jjev, and Q5 = 0,089 X, 0,009

Mev. .

TABLE IV
Be9(p,«)L16
.Ep Particle Observed © Q (Mev)
495 o 157.8° 2.101
ti:+} 180.0° 2.120
605 “ 80.0° 2.121
741 & 127.8° 2.128
952 = 80.0° 2.110
989 = 1%7.8° 2.128
1.113 & 157.8° 2,154
Weilghted Average 2.121
Be9(p,d)Be8
495 d 127.8° 555
605 d 80.0° 555
741 d 157.8° .566
989 d 1%7.8° | 555
1.11% -4 157.8° .561

Heighted Average 558
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In th;s case tnin lithium targets were evaporated in vacua

onto a copper suppoft, A typical curve obtained is shown in the insert
of Fig. 12. The angle of observation in this case was 157.80 and the
bombarding energy 742 Kev, The two peaks at %3.2 and 35 uv are He5 end
H64 doubly ionized particles respectively. The targets were made just
thin enough to resolve these two peaks. The target appears thicker for
the He4 due to its lower velocity. The ¢ for the reaction was calculated

From the He and aleo He® data end is summarized in Teble (V). The

average value for the § is 4,017 ¥ 0,022 lev.

TARLE V

Lié(p,m)He5
E, Particle Observed F9 q (niev)
742 He? 157.80 4018
He4 137.6°  4ol4
1237 He” 137.8° 4018
et 127.8° 401y

hAverage 4017
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Tae D(d,p)H” and D(d,n)Heb Reactions
Feactions (4) and (5) were prizarily studied in order to
obtein &n accurate vélue for the neutron-atomic hydrogen mass difference
as given by Fa. (8). This determination assumes that the mess of the

2

neutrino is negligible since the (H' - HeB) mass difference 1s obtained
‘ 2

from the end point of the f decey of H'. It is shown in Ref. (4) that

the shape of the @ spectrun indicetes that the neutri@o wmass is less

than 1 Kev and hence is negligible.

The target was prepared by inserting into the target chawber
of the spsctrograph one end of a 1/2% copper rod about 12" long. The
rod was insulated both therm&lly and electrically from the rest of the
system by mesns of a4 glass to wmetal seal, The one end of the rod was
pleced in a container of liquid &ir, and heavy water vapor was adiitted
into the target chamber adjacent to the rod. The D,0 vapor condensed
contimuously on thé rod thus insuring a clean target surface at all
times. Qil vapors were trapped out of the system by licuid air traps
located at the diffusion pumps. The target normal wmede an angle of
150° with respect to the beam and the angle of observation was 137.8°,

A Geiger Oounﬁer placed next to the target chamber wes used
to monitor the neutron yield from the D(d,n)He5 reaction. The efficiency
of the counter was very low of course, but the yileld of the reaction
is large enough to compenssate for this factor. About 10% of the counts
registered were from & ¥-ray reaction produced in the oxygen by deuterons
which was ascertained by replacing the heavy water with ordinary water.

The thick target yield curve obtained with this counter was used to

determine the target thickness when thin targets were used,
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Fig. 16 shows a typical set of data obtazined at a bombarding

energy of 249 Kev. The target in this cese was about 50 Xev thick for
the deuterons and should therefore appear about 70 Kev thick for 1.

1

Thus the He—j curve has the correct shape, but the peak has a half
width which is almost completely accounted for by the resolution of the
spectrograph due to the 6.6° entrance aperature employed here., This
effect is a result of observing the reaction in the backward direction.
Tne recoil velocity of the compound nucleus in the. forward
direction reduces the energy of the Hi particle observed in the backward
direction., Thus the less the bombarding energy, the greuter will be the
observed energy of the H5 particles, Therefore the H)j particles formed
at the surface of the target will have less enefgy than those formed
deep in the target which however must lose energy in order to escape the
target. The total effect of stopping power and change of energy of the.
emitted particle with the energy of the incident deuteron can be calculated
and is compiled in Table (VI), where f is the target thickness for the
deuterons and E, is the energy spread observed for the H—j particles,

TABLE VI

Bombarding HﬁEer Ey?
Energy (Kev) (Kev)

248 603 0.1%9

511 | 555 0.258

448 4al 0.457

498 : 456 0.93%

623 396 0.71

Thus for the curve shown in Fig. 16 where the target thicknese was ~ 30
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Kev a spread in the energy of the H5 should be 30 X 0.139 or approximaiely
4 Kev which cozbined with the window due to the entrance angular opening
of 27 Kev explaine the width of the observed peak. This effect is not
) :
observed. for the He’ due to the much grester stopping power of the target
for these particles, The "fillet" at the foot of the high energy side
of the H‘;5 pesk is due to the crystalline‘nature of the target which
enables some of the H5 formed in the target to escape without traversing
the total thickness of the target and thus to appear with wore energy
than those fonqed at the surface.
Thick, semi-thick, and thin targets were used and consequently
a careful analysie of the effect of the verious window curves of the
spectrograph‘was made. The variation with entrence angle of the opening
of the spectrograph is shown in Fig. 2 and is very closely represented
by a parabola, It can be converted into an energy window by differentiating

the following equation for EZ:

! M
o M, Mo F_,Qosz‘e /- M-M. @ 4 M- Mo -, E o MM, E s
E_z_ = M'L 4 ——{\—/\— ™M \ N\.‘
(54)
| E /% M M. E, SO
| 9k MME qen® + T
T T & 2 T v [ M-Ma M =0 - My M ME, Co?' T
EIL 26 M M V_M QA+ — M""." E|+ AT <§b>

where iy is the mess of the bombarding particle &nd Ey 1ts energy,
1o is the wass of the observed particle and Ey its energy, ki is the

mass of the compound nucleus, and © is the sngle of obssrvation. An
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additional window is due to the finite size of the beam spot a&nd the
entrance héle to the ecintillation counter. This is approximately
given by a square wiﬁdow of helf width AIR‘= 0.00781 where I is the
spectrograph current in millivelts end is aboutl 1/4 the width of the
window due to the angular opening. The ltarget was represented by a
sguare window whose width was obltained by wultiplying the true target
thickness as obtained from the neutron yield curve by the facior given
in Table (VI). Straggling was negligible for all cases considered,

Thick targets were treated by recording the extrapolated end
point and the wid-point for each separate run. By folding the above
two windows into a thick target curve it i1s found thet the relation
between the mid-point and the extrapolated end point is given by

T 2 A AIRz
[, = Tx+% oTel v ¥ (538) B
2 (36)
where 11/2 is the mid-point, I, the extrapolated end point and Alg is
the half width of the window due to the angular opening and is calculated
by Ba. (35). Tae observed and calculated midfpoints were found to
agree very well in this case.

Target thicknesses comparable to Alg were considered semi-
thick targets. In this case the pezk of the curve and the extrapolated
front edge were measured. Theoretical curves were then calculated for
the various semi~-thick targets used. These curves were then measured
to cbtain the correction necessary to convert the reading for the peak
and the extrapolated end point to the equivalent mid-point value for

a thick target. Since the number of counts on the flat part of the
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,ﬁhick target.curfe is known, and the target thickness 1s known from
the yield cﬁrve measvrement, it should be possible by folding the above
windows into each otﬁer to also calculate the number of counts obtained
at the peak of a semi-thick target curvé. It was possible to calculate
this number to within about 5% of the actual number observed.

Thin tergets arise when the target thickness is small compared
to Al,. The extrapolated end points and the peuks were measured and

calculations show that

= ]: AT+
Il/z_ MAX (57)
and also that
ATe \
| R _ T
- + O0Tg L+ /3 (——: } A Yy
It/z Ix i Dyp (§8)

where 11/2 is the megnetometer reading which corresponds ﬁo particles
from the front surface of the target entering the center of the spectro-
graph window,AIT the equivalent half target thickness computed from 1/2
the actual target thickness tiues the factor given in Teble (VI).

Table (VII) gives the results of this analysis at various
bouwbarding energies and target thicknesses., The last column gives
the final value for Il/z'adopted in each case and the weight assigned
to the measurement., The mid-points of the He_j curves were used in éach
case, 2.8 they sll corresponded to & thick target curve.’ The results
of the & czlculations are summarized in Teble (VIII) and the weighted
averages are Q5 = 4,0%6 ¥ 0,022 Wev and §, = %.265 X 0.018 liev which

when combined with the weighted average of Ref. (D) and (6) for
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5 1T ﬁ - vozv IaTe s 3 1 1 o 2 e
(H’ ~ He”) = 0.018% + 0.0003 lev yields n- -~ H = 0,789 * 0,005 Mev.
The error in nl - Hl depends upon Q5 - Qq and since in all cases the
date were obtained by making observations on both the H5 and He’ in
succession as rapidly as possible the error in nl - Hl depends na inly
upon the error IUeﬁ - Iq5 and was not computed from the errors in

L Iy

Q5 and {y taken as independent observations.

TABLE VIII

Bombard ing Energy Energy B Gl Weight
Energy S He’+
(Kev) (Kev) (Kev) (Kev) (Kev)
247.1 599 .4 455,2 4028 3271 3
248.9 600.8 455, 4 4041 3279 1
511.2 5564 2 414.6 40%1 3259 2
448.3 480.2 348.1 4039 3259 3
498,.2 458,6 %29.0 405% 3268 2
622.7 : 401.9 — 4052 - 2

¥ 164.6 - 514, 4 o 5064 1

% 4+
Measureanent on He5 curve,
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810(p,)Be’ Recction

Boric acid containing Blo isotope was evaporated in vacua
onto & copper supporf. The water is apparently given off at a few
hundred degrees centigrade and the target material wae undoubtedly
Bé005 which evaporated at & bright white heat. Five runs were made
with & new target each time at three different voltages and in each
case at an angle of observation of 137.8°. The target was pure enough
go that there was negligible interferehce from the Bll(p,dJ regactions,.

The final average value ior the Q is 1.146 * 0.005 Wev.
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DISCUESION QF
RESULTS
The results of this investigation are tebulated for con-
venience in the follbwing table.

TABLE IX

Reaction G (Mev)
2e? (0, %) Li0 G~ 2.121% 0.012
Beg(.p,d)Be8 4y = 0.958 + 0,003
BeS( o« Yret Gy = 0,089 + 0.005
D(d,n)He? Gy = %.265 % 0,018
D(d,p)H G = 4.056 * 0.022
Lié(p,“)Hei | Qg = 4.017 *0.022
810(p, wEe! Q7 = 1.146 £ 0,005

(n'~ 1) = 0.789 * 0.005
Ql and QZ are both somewhat higher than the earlier measurements of
Fosario (12) and of Perlow (lj). Q5 is to be compared to 102 X 10 Kev

obtained by Hemmindinger after his results are corrected for g~ray

recoll (4). Q2 mey be combined with the wost recent value for the
' ‘ 14
binding energy of the deutercon obtained by Bell and Elliott (1%) of
2.230 X 0,007 kev to give
vBe9+9 = n 4854 Gg (39)

where QB is found to be ~1.672 £ 0,008 Mev. The ratio of this §Q to

that for Hz(n,Q)Hl is -1.%34 % 0,010 which is in excellent agreement
with ~1.3%38 £ 0,004 found by Waldman and liller (1b>.

The value of Q5 is considerably higher than the previously

(16)

- P, 1 .. : .
accepted value of 3.986 Wev The nl - H*- difference determined
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here is in fair agreement with the value of 782 ¥ 2 Kev (17) apa
+ () . ) . .
776 = 10 which were determined from (p,n) reaction thresholds.
The two reactions (6) and (7) both determine points on the

range energy curve. e have from (4),>(5) and (6)
.0 4 3 o .
Li % n =He + H” + 4,788 + 0,023 Hev (40)

and from (7) coubined with the accurately determined @ for i (p,n)837

of 1.646 * 0.002 Mev it is found that
B0+ n = 1i7 + g + 2.792 £ 0,006 Hev. : (41)

Approximately 85% of the time this latter reaction leaves the Li7
residual nucleus in its first excited state at 0,477 % 0.001 Kev Ref. (19).

Thus one has

*k

104 » =14l + He™ + 2.315 £0.006 Yev. | (42)

B

A re-examination of the range energy relations has been made by Bethe
on the basis of these and other resctions, so no attempt will be made
here to assign ranges to the above particles. .

4 complete summary of all the sccurately known Q-values is

included in the following reprint.
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NUCLEAR MASS DETERMINATION FRCH NUCLBEAR Q~VALUES
Ao Tolleétrup, W A, Fowler and C. C., Lauritsen
Kellogg Raéiatiop Laboratory, California Institute of Technology

pasadena 4, California

Physical Review 78, 372 (1930)

The Q-values for several resctions involving light nuclei
hnave been recently measured with probable errors of 20 kev or less,
In general these measurements have been made poseible through the ewploy-
ment of high resolution electrostatic or magnetic analysers for
determining the energy of the particles involved in the reazction.
These new data are sufficient to determine the nuclesr masses relative

10
to Hl through B , independently of mass spectroscopic data. Unfortunate-

16

ly sufficient data arenot yet available to base the masses upon 0™~ and

consequently the mass spectroscopic value for Hl is used. Furthermore

some uncertainty still exists in the mass of He4 and subsequent nuclei

as discussed below,

1 1 14

s D2, c*2 and N™ " were calculated from the

mass specbroscopic doublets 2H-D, CH4—O, CH2—N14, and 3D-C and

1/2

are given in column 1 of Table II. In view of the discrepsncies

The meass values of H

recently found in the early values of 2H-D, it was decided to use

(1)

Nier's recent values for the first three doublets combined with
the results of Bainbridge(2) for the last doublet.* Nier's value for

2H-D combined with Bell and Elliott's(B) new value for Hl(nisD leads

* It is emphasized that a future change in the mass spectroscopic

10

value of Hl will change the messes for D° to B inclusive by the same

amount.
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‘ i B ' . , .
to an n-1" difference of 7L€ kev compared to 782 ¥ 1 kev as cetermined

Y

: . = k3 1 .
at Los Alawos from threshold weusurements cn [“{p,n)He’ counbined with

the decay energy of tritiuw. The nuclear data have been combined with

; . , 12 ik .
tne wass spectroscoopic values of ¢ and N to yield the masses of

w2, o2, ana oMt

Table 1 lists all the accurctely deterxined o-values considered
s 7 R . . e .
in this note. The Lif(p,A)He value is not new but wes included in
order to determine the wass of the A particle and hence it influences
&ll subsequent masses. The range of the Wparticles from this reaction
nearly coincides with the renge of those from ThC' and hence the measure-

4

Ny .6 \ . .
ment was considered more sccurate than that of Li“(d,XjHe™ which if
accurately known could also be used to determine the M particle mass.

Among the data listed, there are eight independent cycles which

-

deterwine the n-E: difference, the velues ranging frow 776 * 5 o
769 £ 6 kev. The weighted mean of 782 £ 1 kev is almost entirely
deterwined by the Los Alemoe data, Using this value the {-velues in
egach case were adjusiec to be consistent with this dirference. The
adjustmerts made were weéighted according to the exveriwuentel errors
given and in no case did the change exceed 7 kev with the single ex-
T o ] o 11 + ll S ) o N PR
ception of Townsend's velue for ¢ (P )3 . oince the value oi the

L

ot

il : . . .

B p,n)C” " thresnhold is very accurately known, the whole discrepancy
s o . L i . JLl, ghy 11 P

of 2% kev in this case was ascribed to the C°7( 8 )B " determination,

ouné that, ° : 0t 150 was also son
It was found that Townsend's measurewent of N (p JC°7 was also some
20 kev different from two other precise mezsurements which agreed with
gach other. (See NRC Huclear Science series 45} Conseguently we have

i

not included his results in adjusting the (-values.
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.Finally all other independent cycles among the reactions
listed Weré considered., There are seven ol lhese, and the L~values in
gach case were adjusﬁed in relation to tne experimental errors to satisiy
the cycles; in no case did thls adjustment reculre 2 change of more
tnan 9 Xev, nor were any of the experimental errors exceeded. These
adopted (-values are listed in coluun 3 of Table I together with the
reference., The values are given in kev eand in milli-mess unite based
vpon 1 mmu = C.9511 iiev. These {-values were then conbined with the

mase spectroscopic value for Hl to yield the umasses which are listed

in Table II, while the mass spectroscopic data for 012, qu were also

m e e . 13 1% 14 S , R
used to yield the masses of N°-, C°“y C . For conparison the values

given in "Elementary MNuclear Physics" by H. A. Bethe are also listed
together with the differences.

It is evident frox the above that the reactions Lié(d,dQ and
Li7(;u0k} should be sccurstely detersined in a high resolution epeciro-

graph in order to fix the K particle mass, This would make the nuclear

10 1 .2 16

The H ,D™, 012, 0 systemr 1s one of the

data satisfactory up to B

pasic mass spectroscopic cycles, and should be checked by nuclear

. . ; 1 2 - .
methods., As nentioned ezrlier, the H° to D7 part of this cycle now

- ’ 12
agrees with nuclear data, and the remaining two intervels I to ¢

2 o

‘ 1
12 to O10 offer two remaining checks on these data, C © can be

and C
. o . . O
obtained frow existing data if the two remctions, B™ (d,p)B (Q~9 lev)

“
and Clj(d,dQBll (G ~ 5 lev), are cetermined accurately. Hurthermore,
the series Olé(d,ot.)Nl4 (G~ 3% ev), qu(n,UQBll (@~ -0.5 Mev) and

Blo(d,p)Bll would connect Blo directly with 016, but nhas the disadvantage

of involving & neutron induced reaction with a2 negative . Waile the
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internal consistency of the rnuclear data seems very good, a coupounding
of errors is certainly vossible and comparisons with the mass sgeciro-

scopic vaelues zare ve decsirable,
AL

REFSRENCES
(1) Pull APS, Vol. 24, #7, page 20.
(2) IHRC Muclear Science Series jl,

() Privete Cowrunicetion from R. E. Bell and R. G. Elliott.
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TABLE II

Table of Atomic lKasses

F;om From
ifass Spectroscopic Nuclear Date Bethe (mmu )
Tata
nt 1. 008 977 1. 008 930 0. 047
i 1. 008 137 4 * 1. 008 123 0.014
D? 2. 014 726 2., 014 719 2. 014 708 0,011
P | 3. 016 971 3, 017 02 - 0.05
He? 3. 016 951 3. 017 0O - 0.05
He4 4, 00% 910 4., 00% 90 0.01
11° 6. 017 043 6. 016 97 0,07
i/ 7. 018 242 7. 018 22 0.02
118 8. 025 031 8. 025 02 0.01
Be! 7. 019 169 7. 019 16 0.01
Be® | 8. 007 915 8, 007 85 0.06
Be” 9. 015 098 9. 015 0% 0.07
pel0 10. 016 774 10. 016 77 o
B’ | 9. 016 246 9. 016 20 0.05
gto 10. 016 175 - 10. 016 18 ~0.01
cl2 12. 003 900 | * 12, 005 82 0.08
2

oli 15, 007 554 1%, 007 51 0.04
ol 4, .007 753 14. 007 67 0.06
Nii 15. 009 941 15. 009 88 - 0.04
N 14, 007 565 * 14, 007 51 0.05
o+’ 17. 004 515 17. 004 50 0.02
i 19. 004 486 19. 004 50 - C.01

* Mass speciroscopic values used here,
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