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’

Experimental studies have been made on the relative transmission of positrons and negatrons in the
energy range 50-750 kev through aluminum and platinum windows of an end-window-type G-M counter.
In qualitative agreement with the theoretical predictions that more scattering takes place in material having
higher atomic number, a platinum foil having the same surface density as a corresponding aluminum foil
shows lcwer relative transmission at any given energy even though the low energy cutoffs of the two windows
are just about the same. Also in qualitative agreement with theory, a larger percentage of positrons than
negatrons are transmitted at any given energy for the same platinum foit. Theoretical transmission curves,
with an empirically determincd constant, have been developed. These curves are in relatively good agree-

ment with the experimental curves.

I. INTRODUCTION

ROM the point of view of the beta-ray spec-
troscopist studying nuclear beta- and gamma-ray
spectra, a Geiger-Miiller counter window introduces
experimental distortions in the magnitudes and shapes
of low energy spectra. In practice, methods have been
devised either for the measurement of the transmission
coefficient of the counter window'™? in order to correct
for this effect, or, attempts have been made to eliminate
the counter window entirely.* From a more fundamental
aspect, however, the problem is actually a {form of the
general problem of the passage of electrons through
matter which has been a subject of much study since
the first discovery of cathode rays ard which has re-
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Fic. 1. Rctlative electron transmission n through a 7.32 mg/cm?
atuminum G-M counter window as a function of the electron’s
incident kinetic energy. In this and subsequent figures the circles
represert experimentally detcrmined negatron transmissions, and
the plus signs experimentaltly determined positron transmissions.
The continuous line is the theoretical transmission coeflicient,
n=ngn;, as determined by the method discussed in the text. To
show the relative impottance of ng and n; at various cnergies the

theoretically determined curves for these two quaatities are also
shown in this diagram.

* Assisted by the joint program of the U. S. Office of Naval
Research and the U. S. Atomic Energy Commission.

1 D, Saxon, Phys. Rev. 81, 639 (1951).

2 Hcller, Sturcken, and Weber, Rev. Sci. Instr. 21, 898 (1950).

3 C. H. Chang and C. S. Cook, Nucieonics 10, No. 4, 24 (1952).

¢ Langer, Motz, and Price, Phys. Rev. 77, 798 (1950).

cently been investigated intensively®™'? in the range of
energies considered in this paper. If attacked from this
point of view, the transmission coefficient » ox a G-M
counter window foil may be considered as consisting
of two parts which we shall c_ll g and 7. The quantity
n& is a measure of the amount of elastic scattering of the
electrons within the foil. The elastic scattering is im-
portant, since some of the electrons do not pass com-
pletely through the foil and get into the sensitive region
of the G-M counter because they are scattered through
too large an angle to enter this region. The second
guantity n; is a measure of the inelastic scattering be-
tween the passing electron and the atoms of the foil;
such inelastic scattering may lead to the actual stopping
of the electron within the foil. The total coefficient is
the product of these two parts (g=ngnr). Actually, of
course, these two quantities are not entirely statistically
independent one from the other, but handling them as
separate entities appears valid in first approximation
and leads to reasonably good results.

II. EXPERIMENRTAL RESULTS

The measurements made in the current experiments
on the relative transmission of negatrons and positrons
through various aluminum and platinum G-M counter
windows are indicated in Figs. 1 through 5. These
represent seven sets of data, since two of the figures give
results for both positrons and negatrons for the same
window. The solid lines represent a type of theoretical
curve which will be discussed in the next section.

The experimental measurements were performed on
the lens spectrometer previously used® for this purpose.
However, the experimental data presented here were
not obtained by means of the acceleration technique?
but were obtained through a comparison method. Since
all aluminum and platinum windows used for the cur-

$ Groetzinger, Humphrey, and Ribe, Phys. Rev. 85, 78 (1957),
¢ H. J. Lipkin, Phys. Rev. 85, 517 (1952).
TH. I Seliger, Phys. Rev. 88, 408 (1952).

(l;S(él)mstian, Dunning, and Martin, Nucleonics 10, No. §, 41
® W. Paut and H. Reich, Z. Physik 131, 326 (1952).
10 E. Hisdal, Phil. Mag. 43, 790 (1952).
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Fic. 2. Relative electron transmission » through a 10.83-mg/cm?
aluminum window. See caption for Fig. 1 for explanatien.

rent experiment are relatively thick, as G-M counter
windows go, a thin Zapon window will transmit, within
experimental error, 100 percent ¢f the beta-particles at
the energies under consideration. For this reason one
can obtain spectra for the negatrons (Ag''°) and for the
positrons (Cu®) using a thin Zapon window and, by
comparison with the spectra ohtained using the thicker
metallic windows, calculate a relative transmission
curve for these thicker windows. This method could
be applied quite simply to the Ag!® negatron source
since its long half-life allowed thLe same source to be
used for all measurements (with appropriate decay cor-
rections). However, the short half-life of the Cu® posi-
tron source forced the preparaticn of a new source for
each set of data. The preparation of a Cu® source has
been, however, so staadardized that it was possible to
prepare two or more such sources almost identical one
with the other. Corrections were made for small varia-
tions. in the intensity of the different sources through
comparison of the sources with a standard long-lived
scurce under conditions of a standardized geometry.

When it can be applied and when measurements
must be made on a number of different sources, the
comparison method requires less expenditure of time
than does the acceleration technique. However, slighi
discrepancies between the two techniques still appear
in the energy region just above the window cutoft.

III. THE ELASTIC TRANSMISSION COEFFICIENT ng

Monoenergetic electrons entering a foil may be
elastically scattered through any (total) angle, depend-
ing upon the number of individual collisions between
them and the atoms of foil and upon the angles of
scattering in *hese collisions. The distribution of the
electrons upou leaving the foil will be some function
P(6) of the (total) spatial angle of multiple scattering
0. The form of this function will depend upon the geo-
metrical thickness Lo, the number density of the atoms
in the foil N/V, the type of foil material {atomic
number Z), the kinetic energy of the incident electrons
E, and the polarity of the electron charge (negatrons,

Z'e= —e, or positrons Z'e=+¢). The elastic transmis-
sion coefficient ng can then be expressed as

A f ~P(o)ae, (1)

where 0,,.x is the maximum (total} angle through which
an electron may be scattered by the G-M counter
window foil and still enter the sensitive region of the
G-M counter. For ease in calculation we shall normalize
P(6) in the interval 0<0< =, even though physically
0<6<x, since the form of P(6) which we shall use is
small for # <8< o,

In the present paper we will not attempt to derive
the actual form of P(6) from basic theoretical considera-
tions. However, we wiil show that the crude assumption
of a decreasing exponential function of 8 for the scatter-
ing probability per unit solid angle will lead to results
for ng which can be brought into approximate agree-
ment with the experimental observations. Such a nor-
malized function is

P(0)do=a? exp(— af) sinfdf= o® exp(—ab)8d8, (2)

the choice of this function being initially justified on
the basis that it is a simple function which at least
roughly resembles the spatial distribution associated
with the projected *“Gaussian” plus “tail” distribution
which has been used in most ‘“small angle” multiple
scattering theories. From Egs. (1) arnd (2) one then
obtains

ng=1—{ exp(— abuas) } {1+ abinar},

with o determined via the mean sqguare angle of mul-
tiple scattering by

(@)= f @ P(6)d=6/cc,

=245/ (@), 3)

There then remains only one arbitrary constant within
the equation for ng, namely, 0, ; for our counter ge-
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F16. 3. Relative electron transmission # through a 26.26-mg/cm?
aluminum window. See caption for Fig. 1 for explanation
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ometry, the assumption of fn..=1 radian appears
reasonable. Thus, the equation from which ng has to
be determined for each window becomes

ng=1—{ exp[—2.45/(FW]}{1-+2.45/(F)}. (4)

The mean square angle of multiple scattering can now
be found (in the “small angle’’ approximation) from
an expression involving the single scattering proba-
bility distribution through an angle ¢." Using, in addi-
tion, in this expression a “‘spin orbit correction’ factor
v(¢),"? we obtain a formula for the mean square angle
of multiple scattering,

8xNLofZZ'e*\? f"’ d2y(¢)de
o (oo}t

v \p
Here the foil containg NL,/V atoms per unit area; p

and v=g8c are, respectively, the momentum and ve-
locity of the incident electron;

bmia={1.14mcZ3/137p}{1.1343.76(ZZ' /1318))},

and for small angles,

AN

¢ 2
7(¢)=1~—ﬂ“(;) [x22'8/137)(6/2[1-8/2).

Actually, for large Z, higher powers of ZZ'/137 than
the first contribute to y(¢), but these contributions are
relatively unimportant at the rather small ¢ which
make the major contribution® to (6*).
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Fic. 4. Relative electron transmission n through a 10.16-
mg/cm? platinum window. See caption to Fig. 1 for exglanation.
The theoretical transmission coefficient designated by the symbol
1, is the one determined for positrons and that designated by the
symbol n_ is the one determined for negatrons.

1 G. Molidre, Z. Naturforsch. 2a, 133 (1947); 3a, 78 (1948);
S. Olbert, Phys. Rev. 87, 319 (1952).

2w, A. McKirley and H. Feshbach, Phys. Rev. 74, 1759
(1948) ; H. Feshbach, Phys. Rev. 88, 295 (1952).

13 We neglect the contribution to (8 for values of ¢ Letween
/2 and «. In this region both the Ruthurford factor in Eq. (3)
and the spin orbit ccrrection factor are not accurately given by
our very approximate expressions, but we may neverthcless esti-
ma.e that the net coniribution from this region ir the integration
over ithe correct single scattering distribution is small compared
to the net contribution of the region between 8=0 and 8=x/2.
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IV. THE INELASTIC TRANSMISSION COEFFICIENT v,

The inelastic transmission coefficient is determined
by the number of electrons which are stopped in the
foil. Physically known quantities make it easier to
calculate the numbe- of electrons which are stopped
rather than the number which penetrate the foil. There-
foi1c it seems appropriate io define u quantity ng=1—n;
which represents the probability that an electron is
stopped in the foil.

If an electron possessing a fairly high kinetic energy
enters a piece of material having semi-infinite extent, it
will continue to meve until it has been rgbbed of -
essentially all its kinetic energy as a consequence of
inelastic collisions involving the ionization and excita-
tion of the atoms of the material. The total distance X
(effective path length) which the electron travels before
stopping will not be the same in all individual cases
but will instead be distribvted according to a proba-
bility function Pg(X) which is in first approximation
Gaussian;

Ps(X)dX =exp(—y*/2(y"Ndy/ 2x ("))}

Here y=X—R, (X)=R is the range of the electron
within the material, and (3*), the mean square range
straggling, is in first approximation "

P=(X-R))=R/2In(E/T)
=Y/ 320N/ V)2 (In(E/ ) T,

where L is the kinetic energy of the incident electron
and [ is the average ionization energy (we use 13.6Z ev
for this energy). The actual small difference between
the K and the (3*) values for (nonrelativistic) negatrons
and for (nonrelativistic) positrons of a given energy is
neglected. We then have

L
nr=1—ns=1 j;ls()()dX
LR
= 1= {1/ @r ()N f exp(—17/2(5%))dy
—~R
L—R
=%—{1/<2w<>ﬂ>)f}| [ ew(=yr2tmay
(1]

~ [ ewi-rrtmnl, o
R
where L is the effective path length of an electron

14 S¢e, for example, H. W. Lewis, ’hys. Rev. 85, 20 (1952).
Justification for the use of Lewis’ theory of range and of range
straggling for a monrelativistic charged particle (negatron or posi-
tron) is based upon the fact that 57 wffects only the lower energy
portion of the transmission curve (see Fig. 1). For higher rela-
tivistic electron energics 7, is approximately unity and the trans-
mission curve is determined solely from 7.
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traversing the foil. Using the results of Yang,'* one has
roughly, L=(14+(0)/4)Lo; also, the second integral
[in the last form of Eq. (7)] can be dropped since
R/(2(y*))¥=[In(E/I)J">>1, while the first integral can
be found from available tables'® and graphs.!

The results of these calculations for nr, as well as
those for nx and the combined result n=nzmr, are shown
for the 7.32-mg/cm?® aluminur. window in Fig. 1.
Other graphs for the remaining windows show only
the final theoretical result n=nxn.

V. DISCUSSION

It will be noted that (#) plays a very important role
in the present work, since it is instrumental in the
determination of both ns and n;. Because of this use
of the “scattering” approach to the problem of window
transmission, it is valid to compare our results with
those made through the study of the scattering by
varicus materials of electrons in the energy range con-
sidered here (from about 30 kev to a few Mev). Quali-
tatively the results agree.

Our results show that, in a high Z material—platinum,
at a given energy, the transmission coefficient for posi-
trons is greater than for negatrons; in agreement with
the observations®7 that there is a greater single scat-
tering of negatrons than positrons at high Z. In addi-
tion, for a given foil surface density, the transmission
coefficient for aluminum is greater than for platinum,
in agreement with the observations’-* that the amount
of single scattering increases with larger atomic nuinber
of the scattering material.

For comparison of our distribution function {Eq.
(2)] with the measurements of Hisdal'® on the scatter-
ing of 0.5-Mev electrons in an Ilfurd GS emulsion, we
must transform our distribution fer spatial angles into
an equivalent form for projected angles. Such a trans-
formation shows that the projected distribution is
approximately proportionalto exp(—aj©[)[| O] +1/a]
where © is the projected scattering angle. Using the
data for Ilford G5 emulsions, as given by Voyvodic
and Pickup,'® and the cell length given by Hisdal, to
determine a, our distribution is in rough agreement with
Hisdal’s experimental results.

B C, N. Yang, Phys. Rev. 84, 599 (1951). This formula is,
however, applicable only to small angles.

18 Table of Probability Functions, prepared by Federal Works
Agency, Works Project Administration, sponsored by National
Bureau of Standards, 1941.

11 E. Jahnke and F. Emde, Tables of Functions (Dover Publica-

tions, New York, 1945), fourth edition, pp. 23-25.
18 [, Voyvodic and E. Pickup, Phys. Rev. 85, 91 (1952).
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Fic. S. l.lelative. electron transmission n through & 25.51-mg/cm?
platinum window. See caption to Fig. 1 for explanation.

As has already been mentioned, the distribution
function for multiple elastic scattering used in the
present calculations is of the same general shape in its
“small angle’” plane projected form as the more com-
monly used sum of a ‘““Gaussian” plus “tail.” Apart
fromn this, possibly the only virtue of our distribution
is its simplicity for numerical calculations. Considering
this and the number of additional approximations which
have been made in the determination of nr and 7y,
the theoretically determined curves for  are in not
unsatisfactory agreement with: the experimental ob-
servations.

These approximations, it will be recalled, are as
follows: (a) the omission of any systematic treztment
of the inelastic collision energy losses in the treatment
of the multiple elastic scattering and the parallel omis-
sion of the effect of multiple elastic scattering in the
treatment of the stopping probability due to inelastic
collision ;'® (b) the use of a crude “smail angle” exponen-
tial approximation tc the “Gaussian” plus “tail” “small
angle” multiple scattering distribution in a physical
situation where some of the angles of multiple scattering
become quite appreciable; aund (c) the use of very
approximate expressions for the electron range and
range straggling. In spite of these perhaps mutually
compensating approximations, the agreement between
theory and experiment seems to indicate that a future
rigorous calculation of the transmission coeflicient g
suould yield results not too different from those de-
veloped here.

; 18 P;x;cpt in so far as our use of the approximate relation between
»and L.
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Pseudoscalar Interaction in the Theory of Beta-Decay. II*

Tmo Aurenst
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(Received February 24, 1953)

It is shown that analysis of the pseudoscalar interaction in beta-decay theory results in the appearance

of the two sets of nuclear matrix elements,

Sobv and 55 [0,0(9),

6, denoting the angular part of the pseudoscalar lepton covariant and {¥) the gradient operation on the
radial part of this covariant, instead of the single matrix element,

f Osvs

As a consequence pseudoscalar interaction correction factors containing derivatives of the lepton wave

functions are deduced.

1. INTRODUCTION
N the theory of beta-decay, the transition probability
is
P(W)dW = (1/2x)FCW (Wo— W) (W*—1)dW, (1)

with the Fermi function

F=4(2pp)** Ve |T(s+148)|2/T?*(2s+1),  (2)
$=ZW/131p, st=1—(Z/137),

and the correction factor

=2x| ME|*/F(W2-1), (3
where

ME=3n(f|Hinw|9)=(fl Hinl9) 4
denotes the traasition matrix element,

Hinen= (GnBN¢"B~'f’+Gv[1N¢'1 ¢ QN‘¢'7a¢p]
+G{ (Bo)n-YBoo+ Ba)y Yivae]
+Ga[0A"¢tU<P"‘YsA'¥'T‘Ys¢]
+G,oBve) ' Byse}Qn  (5)

the interaction Hamiltonian for the Nth nucleon, Qx
the charge coordinate transformation operator for the
Nth nucleon, and ¢ and ¢, respectively, the electron
and neutrino wavefunctions evaluated at the position
of the Nth nucleon; the sum Y y is to be extended
over all nucleons; G, .., q p are the scalar, vector, tensor,
axial vector, and pseudoscalar coupling constants.

2. THEORY

The following procedure is adopted for the evaluation
of the pseudoscalar transition matrix element,

ME,= (f|BysLy|1),

* Assisted by the joint program of the U. S. Office of Naval
Research and the U. S. Atomic Energy Commission. The article
contains part of a thesis submitted in partial fulfilment of the
requirements for the Ph.I). degree, obtained under 2 U. S. Atomic
Energy Commission predoctoral fellowship.

t Now at Convair, Fort Worth, Texas.

+ 5 is here the abbreviation for G, 3_ ~(QBvs)w, and L,
for ¥'8vsp): Subtract an initial state many-nucleon
Dirac equation from a Hermitian conjugate fmal state
many-nucleon Dirac equation after the first has been
multiplied from the left by ¢t > ~(Qys)¥L, and the
second from the right by > ~(Qys)yL¥:. Integration

and rearrangement then yields
2M (f1BvsLp| i) = (W= W) (f|veL,| 1)
+i(fio VL )+ fILV, vel5114),  (6)
where V is a perfectly general internucleon potential
energy operator and W,, W, ure initial and final state
energy eigenvalues. Evaluating the radial part R, of
the lepton covariant L, at the nuclear boundary ,
wherever possible, transforms Eq. (6) into
IM (f1BvsLy| iy (Wi— W) (flvs85| DR,
+i(flo-{V0,} | )R, 1, +i(fl0,0-(VI)R,},
+ FILV, va05: 01 R 1o+ (flvs0,LV, RpJ14).  (7)

But in a similar way,
M {f1Bvs0,| DW= W) (flve85] 4)
+i(flo- {VO:} )+ (FITV, v:8,:]19), (8)

whence, multiplying (8) by R,], and subtracting, the
result from (7),
ME,= (f|BysL,| )= (f18v:0,| )R, ],
+(i/2M)(pr("{V|ﬁRp)p
+(1/72M) (flvsb.LV, R, 114).  (9)
The analysis thus leads, assuming sufficiently small

velocity dependence in V, to the two sets of nuclear
matrix elements in the expression for ME,

fl),ﬁ‘n and if&,o-{V}, (10)
M
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TasLe I. Correction factors for perity change transitions: Al =0 (yes).
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"" — e —— —
P 3 P o I3

9
e o+ af' K[ (fo+1dp)go— (8-1t8-1'P) )2 ]
+2‘f°"(f”‘/‘) ‘xos IS _3{(/ Ji'p)go— (g-s+g-4'p)} +(fogo'-f—:'3—:)j

P P

—3(go*+f-2"Y) l ]

K

+—LUotfo'p) fo+ (g-2tg-4'p)g-1— 3 (g +1-1*) — 3(gago' -+ f-a /)0 ] } 2M

fﬁ'n
f ’{foso'*'f—:'x-a f[gogo'—f—af--:' Uo+fo'p)fo—(x—z+8-zp)£—:]} f (f )'!foxo+f—zg_:
or & -+ +ijor Bvs —
I 3 » 3¢ I

p
K .
= ;[(Ko’ —f_ L ft— 8-:’)]] 2M+$'f‘r;(f0- r)

K

¥ 2K
+F { (g*+/-1) -?Uo&o—f—lx-:)p+;[(fo’+g.-z')p'—3(go’+f-1’)p’] l M ; =Cyu'-2°F.

2G.G,’ {

_xoxo' -J -:f—='+ _15 [(fo+fo'p)go+(x-:+g--:'p)f-z

p 3 P

+f7:(fﬂ‘n) (xo’-f—z’)2M}=C-,.'°'2P’F.

- (fugo"f'f—z'g_:)] }

ZG,G,’l

fo.,

Sogo'— -2’81 K[(fo+fo'p)fo+(8-:+8-x'p)g-: gogo'+f-:f.:']}
il 3 30 P

*(fogo—f-2g-2 K
+i f a-r( f B‘n) (L (go’+f_:’)]l2M I =Cip-2p°F.
p

TasLe II. Cerrection factors for parity change transitions: Al =0, =1, £2; no 00, }—4, 01, (yes).

3 lf:"‘*‘x-:" K (fot+fo'p)?+ (g-s+g-2'0) ) . SN Fgag- R? ) |
Gv"; ez,-lE-"'Pl P +~9— oA +2i ?;&'i(h:)' R -+;[(f°+fo'ﬂ),'o+(g—z+g—:'ﬂ)g-2] 2¥

|

p

A’l
+_-‘2I1".,I" fi+e :'+;Uo'+g_z’]p’l4ﬁ”l =C,, - 2pF.
L% )
" K[ o tfi'p fo— (g-2tg-2'o)g2] K
2G,6,-{ E By (Eij)*—| -—— —————— |+i T B (F)—[— (fr—g-H M
417 9 P’ (%) 9
3 i NS —gag- KV . K
+i ;_G.‘,'(Ee,y{ -—‘—‘—’——'; Lotfo'e) fo—(g-ctgs'p)g-ad+ 2 Giy(Fi)* fl'—8—=’+;(f0’-8—2’)ﬁ’ 2-‘1} =Cap- 2p2F.
w7 P LR

3 K[ (fotfo'o)fot(g-2tg-2'p)g-s
20,@,: Z B (EN—| -

K
. ]+3 Z‘Bii(l"';).—[_ (fo’+g--.-’)]?..ll } = Clu"'ngl“.
9 ] (%] 9

instead of the single matrix element, f8,vs.!? An earlier and final states. Here,
paper® deals with these expressions as applied to
Al=0, (yes) transitions. ME W= f Vo ;
; . MEM= = o I Y

A check on the above method is provided by the b= | (=xH o' pt Vit -V
calculation of the pseudoscalar transition matrix ele- 0 L,
ment in the one-nucleon representation of the initial KW+ 2M+ D’,-{—a’-Vg)—')Q( )

B

!E. J. Konopinski and G. E. Uhlenbeck, Phys. R: . 60, 308
1041). N
¢ * A. M. Smith, Phys. Rev. 82, 955 (1951). X(=(WH-2M+Vi+a' - V)

1 Ahrens, Feenberg, and Primakoff, Phys. Rev. 87, 663 (1952),
referred to as L.

X" p+Vito - Vixddv, (1D
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in terms of the one-nucleon large spinor component: (;
the connection, of M £,® to the genera)l ME, is given
by the independent particle model. In Eq. (11) V21,4
denote combinations of the one-nucleon potentials due
to all five covariant interactions;* ¢’ is Pauli’s spin
operator. Expanding in ascending powers of

(W+ V1+0" Vg)/'ZM,
and dropping all but the first two terms, yields

MEP(”: f{x,(c’-p—*— V3+o’. V‘)

X[ = L,/2M+ (Wt V4o Vo) L,/4M?]
—[= L,/2M+ L, (W 4o’ - V) /4M?]
X (o' p+Vaitoa'-Vi)xi}dv, (12)

which, assuming again that the V) o34 are velocity
independent, permits the derivation of the partially
relativistic approximation to

(jlﬂ"’ﬁavl i)Rv]n+i(f|0p“' {V! NR,},/2M,
in agreement with Egs. (9) and (10).

(13)

3. APPLICATION OF THEORY TO PARITY
CHANGE BETA-DECAY

The result of applying the above theory to parity
change transitions is exhibited in Tables I and Il in
the form of a pseudoscalar square correction factor
and of t asor pseudoscalar and axial-vector pseudoscalar
cross-correction factors. The new symbols in the tables
are defined as

. 2ravy—8r'0s 2rir,—2r%,,
Ey={or——, I'ii=fl57f: =
r r?
. 2rpri—3r; Gy
Gii= | vs e G
ré 201

Evaluation of the terms containing Coulomb functions
and their derivatives may then start with the relations,

aZ (K—-1)
Sok—1=— (W— 1+—)g—l\‘—!+‘ —— ks
r r
and

4 /. (K+1)
K.K—1=~‘(""+1'+‘ _)f—l\’—l_' — 8L =15

r r

the resulting j_x_% g-x—:% and fox_1X g-x-1 being ob-
tained by using the expressions L, M, and V,'? or, if

$ From a generalized one-nucleen Dirac equation,
(—q-p—BA BV, =1V, MWy q- V[0 _ge- VB _ge. v, 180
—0- V“('-'} .{_75[’('("0‘ —B7vs VD)'/’= (W-+ AI)‘I’;
and, with ¢r=(’; ) one obtains V=V, 1,0 V= 1,80 4 7 (o),
=Vy— Vu“‘); Vi= me") = ['.»(u)-

976

the order to which the latter are carried is insufficient,
by using (a=1/137)

2
fox =20 (W = 1)1 5= ——(2SaZW —ap)r
2y+1

b [Sa®Z2(dy+3)W?
Qv+ 1) (v+1)

— aaZ (v W S+
DG+,

gk 0=APO VW 1) ] 0— (20aZW+ap)r
2y+1
2
—— [0a72(4y+3)W?

+—
(2y+1)2(v+1)
FaaZ (y+-HpW —0(1+v)*p?
-+ (14 ’Y) (6?—{-7?)[)2}2 }’

"

S ko= Ar0"Yp —41—{-—-:—(20012”'-} bp)r
2y+1

—[aa?72(Ay+ 3) 12
Qy+1D)°(v+1)

FhaZ (A5}, T—a(l4+7)*p* ) I'

where A =e2P(v+i8)| (2p)/ I (2y+1); thus,
e.g., F=2A2p0=0/p with | K|=1 and

Fy=T2A%121=2 / ps
with |K|=2, s1=4—(Z/137T), y=K?*— (Z/137)23
a=8(y/W—K), b=Ky+8&/W,
S=&01+1/W)+y(v+K), 0=81—1/W)+v{(v—K).

4. PLANE WAVE APPROXIMATION

As a check it is opportune to perform a plane wave
treatment of the lepton covariant. Because of the
simple structure of the individual terms within the
exponential function of the plane wave, the evaluation
of the radial part of the lepton covariant at the boundary
of the nucleus would not be necessary if it were not for
the particular property of the pseudoscalar interaction
to possess in the Coulomb treatment two sets of nuclear
matrix elements instead of one; therefore to obtain
manifest agreement with the results of the Coulomb
calculations the plane wave calculations must also
employ relation (9) (without the last term). This was
done and agreement achieved with the Z=0 limit of
the expressions in Tables I and II, upon addition of
some third- and fourth-order terms in p; these last

5 M. E. Rose, Phys. Rev. 51, 484 (1937).
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however are very small and were not entered in the
tables.
5. CONCLUSION

The foregoing should enable correct treatment of
first forbidden transitions with an arbitrary amount of
pseudoscalar admixture. This is at present particularly

valuable in the case of the decay of R2E; there, how-
ever, additional corrections due to the finite size of the
nucleus must be calculated.

The author wisher to thank Professors E. Feenberg
and H. Primakoff sincerely for suggesting this work and
for extending their advice.
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Angular Correlation between the First and
Third Gamma Rays in Ti**t

C. E. WHITTLE AND P, S, JASTRAM
Washington University, St. Louss, Missours
(Received August 3, 1953)

HE angular correlation function for the cascaded gamma Cat® 540 1149
rays of 1.32 and 0.99 Mev in Ti* that follow the positron
decay of V4 has previously becn reported.! The measurement has
since been repeated by two independent investigations,?? results —— 6,714
of which confirm the spin assignment 0-2-4 for the first three BT 064 M:v
levels of Ti®%, In addition, negatron decay of Sc*® is found** to
yield a third excited level in Ti*, lying about 1.05 Mev higher
than the second excited state. On comparing the gamma-ray
spectra of Sc*® and V* in a scintillation spectrometer we find, in
agreemeat with Sterk et al.,b that the 1-Mev peak is broader 1LOSMev
and has its maximum displaced to a slightly higher energy for
the scandium than for the vanadium. This indicates the presence

6(*)

e X : : 4.29M
of an additional gamma ray in the scandium decay, of slightly i il
higher energy than the 0.99-Mev quantum but too close to be |
resclved as a separate lin. in the scintillation spectrometer. |
Measurement of the coincidence rate between the 1-Mev and i 132 Mev
1.32-Mev pcaks, with suitable normalization for single counting |
rates and use of an empirically determined correction for variation
of scintillation counter efficiency with energy, has confirmed the ‘
result of Hamermesh ef ai.¢ that the 1.03-Mev line in the scandium | : —’i—‘l’"
|
Ji Ji  Jy Jg Multipoles  Type ; 038Mev
140 0 2 4 & 0Q-0-0Q I A
0o 2 4 5 @-0-D 2 » |
0 2 4 3 g-0-D 3 A 5 SIS e o+
2 - =
130} o o % 4 0-QeD o — 4 16, 2. Decay scveme of Scet. All siin, parity, and energy values are
/ experimentally determined except the parity ot the 3.36.Mev titanium
tevel and the scandium ground state. The Cat® grecun state is included to
show its position relative to the 3¢'s ground state.
2ot
(A decay is in cascade with the 0.99- and 1.32-Mev photons. The
Y Y : ; p
- / e experiments of Peiper® and Harvey,” using respectively d-p and
’ v ot p-p reactions to determire the nuclear cnergy levels in Ti*,
- *
W (8 Pl T give further support for these results and fix the order of the
Ty

gamma rays to be, in order of emission, 1.05, 1.32, and 0.99 Mev.
We have measured the angular correlation function between

e the first and third gamma rays. The experimental arrangement

090 B used was similar to that described in reference 1, except that
NaI(T}) scintillators and differential pulse height selecters were

e | \ 3 used in order to accept only pulses in the 1-Mev peak. Coincidence

rates were determined with one of the pulse-height channels set
below and then above the 1-Mev peak, in order to insure that
070k the measured coincidence rate and corresponding angular correla-
tion was not between *1-Mev” lines and the 1.32-Mev Compton
- distribution, the end point of which lies at 1.1 Mev. The noints
601~ . et P 3 in Fig. 1 show the 0.99-1.05 Mev coincidence rate as a function

%9 SR EOn e S of the angle. The data are in agreement with the distribution®

W (9) = 1+4+0.102P2(cos8) +0.0051 P(cos8),
F1G. 1. The angular corrclation between the first and third gamma rays

in T, Comparison of the experimental points with cuves |)I0tt§:lkfor which holds when all three gamma rays are quadrupole and for
values of the Pr and Py coefficients given by Arfken, Bicdenharn, and Rose i 4 N ;

for four possible chioices of the spin of the third excited state in Tit estab- sp n aSSlgnmcnts' (:2_4 6 for the: gx:ou’xf] S",ate anf‘l first three
lishes that this level has spin 6 aand decays by quadrupole radiation. excited states of Ti®, The same distribution is predicted for any

Angle Between Counters
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order of the gamma rays; hence this is a case in which the first
and third gamma-ray correlation cannnt determine the order of
emission. Curves computed by use of the coefficients given by
Arfken, Biedenharn, and Rose® are shown for other possible
values of spin for the third excited state.

Kurath® has pointed out that in the shell model based on
Jj coupling and static central-force interactions hetween nucleons,
a nucleus such as Sc®, with 1 proton and one neutron-hole in
the 1fys level, should have a ground-state spin of either the
maximum possible value or one less than the maxinium. The
spins of the first four Ti*® levels, together with the allowed classi-
fication'® of the N.64-Mev beta decey of Sc*® and the _bsence of
higher energy groups, require that the Sc*® ground-state spin be
either 6 or 7, in full agreement with Kurath’s prediction. The
experimental evidence does not indicate which spin is the more
likely.

On the basis of the polarization-direction correlation!! between

THE EDITOR

the 0.99- and 1.32-Mev photons, even parity is assigned to the
first two excited levels in Ti*t. Direct evideace for the parity of
the 3.36-Mcv level is lacking, but in view of the allowed nature
of the scandium beta decay and the probable shell-mode! assign-
ment of even parity to the Sc*® ground state, it is probably also
even.. The decay scheme of Sc®® consistent with all evidence
reported to date is shown in Fig. 2.

t Asslated hy the joint program of the U. S. Offics of Naval Rescarci

and the U, S. Atomic Energy Commission,
P. S. Jastram and C. E. Whittle, Phys. Rev. 87, 1133 (1952).
’ l\oﬁenkamp. Pruett, and Wilkinson, Phys. Rev. 88, 1262 (1952).
eyer and S. Schlieder, Z. Physik 138, 119 (1953).

¢ Hamermesh, Hummel, Goodman, and Engelkemeir, Phys. Rev. 87,
528 (1952).

s Sterk, Wapstra, and Kropveld, Physica 19, 135 (1953).

' G. l'. Pelper, Phys. Rev. 88, 1269 (1952).

7 J. A. Harvey, Phys. Rev. 88, 162 (1952).

s Arﬂcen. Bledenharn, and Rosc. Phys. Rev, 86, 76! (1952).

* D. Kurath, Phys. Rev. 87, 528 (1952).

0 E. Feenberg and G. Trigg, Revs. Modern Phys. 22, 406 (1950).

1 C, E. Whittle and P. S. Jastram (to be published).

e R A T N SN TSN T T



Technica! Report No. 117

December 16, 1953

PROTON-DEUTERON SCATTERING AT 5.1 MEV AND

DEUTERON-PROTON SCATTERING AT 10.2 MEV.

By

K. B. Mather




PRO'TON- DEUTERON SCATTEZRING AT 5.1 4BV AND DEUTESON-PROTOH
SCATY O ING AT 10.2 MEV.*

Ke 3. Mather*s

3

Yegshiazton Unlversity, Dept. of Physics, St. Louls, Missouri.

ASSTRACT

A photographic scettering chamber has been used to study
the elustlc scattering of 5.l-Mev protens by deuterium and
10.7 Jev deuterons by hydrogen, these belang the same proczss in
the center-of-mass system. Differential cross cections wers
obiained from lé.ho to 172.90o These are in good agreement wit
ctier ¢xperimental data at s2out the seme energy. Comparison is=
made with the thooreticsl angular distribution due to 3vckingham,
Aubtori, aad Maessey, desed on & symuetricel exchenge foroe.
Agreetumnt is close at this energy, favoring exchange retaer than
ordinsiy force theories, Howaver, et hipghsr energies { v 10-Mev
p-d! l.ie B[% calculetions do not represcut tne inter=ction

satlelielorily.

“'Phe exserinental porticn of this work wes conducke st Yoshington
Universisy, St. Louls, do. &gssisted by the ONR and the 2RC.

*F wos vwith Che Comuonweslth Sslentific snd Industrsl wes
Ovpeendzanicon, Phyaies lepsrtrsnt, University of wlelbovin:
Serouilan, sustrelilie.



I. IuTRODUCTION

The proton-dsuteron interaction has now been studied at
vericas energles from 250 kev toM) dev, including three

studies at approximately 5 ;'viev.l The present report coatributes

1. R. F. Taschek, Phys. Rev. 61, 13 {1942), 250 end 275 kev;
Tuve, Heydenberg, end Hafsted, Phys. Rev. 50, 806 (1936},
830 kev; Sherr, 3lair, Kratz, Balley and Taschek, Phys. Kev.
72, 662 (1947), 1.51, 2.08, 2.53, 3,00, end 3.49 Mev;
Heitler, May, end Powell, Proc. Roy. Soc. (London) Al90,
130 (1747), 4.2 dev; Rodgers, Leiter, end Xruger, Phys. Rev.
2%, 656 (1950), 4.97 Mev; Karr, 3ondelid, and Mather,
Phys. Rev. 81, 37 (1950), 5.0 Mev; L. Rosen and J. C. Allred,
Phys. Rev. 82, 777 (19515,'5.2 Mev; Armstrong, Allred,
3ondelid, end Rosen, Phys. Rev. 83, 21§ (1951}, 9.7 uev.

further data at 5.1 Mev over a somewhat wilder range of angles.
The date were acquired by scattering bdoth S.1-Mev protous from
deuterium and 10.2-Mev deuterons from hydrcgen, the comoination
of thne technigues having oovious asdvantages in revealing special

errors to winich elther one is liadlse.

II. ETHOD

The apparatus employed consisted of the photographic scattering

2

chamber described in en earlier pudlicaclon® on proton-proton

2. X. B. tather, Phys. Rev. 82, 133 (1951).

scettering, end 1ts manner of use was essentially unchanged in
tne present work. Lowever, in p-d4 scattering, scattered and
recoil perticles sre different end distinsuishadle and were
counted geparately, leading to the differentiel scattering cross

2
secticn In the laboratery system by the rfollowlng formula:-

- r—

3. This formule appe&ared incorrectly in refersnce 2. The symdole
are defined there.




=3

«‘}"(@;!zno@h sin O/NgyaNjiRb sin@

Cornversion to center-of-mass cross section ¢(9) et center-ofe-

mass angle 9 is achieved by Tormulas:

a(ej= d’(91)°(sinel/sine)z-cos(e-ol)

if scattered tracks at sngle ®1 are counted, and

ai{®)= g (83)/k4 cosdp

if reccil tracks at angle @, sre counted, the angl: relatlionship

belng

0= (1-205).

In p-d scattering the proton may ve scattered at all
laboretory angles from O to 180 the deuteron recoiling at angle
from O to 90°. In d-p scattering the deuteron hes & maximum
angle of scatter of 30°, the proton recoiling at sngles from O
to 90c. Owing to the fect that there are two xinds of collision
{hard and soft) which cen scatter the deuteron at any an;le less
than 30“, three distinct track lengths aprsar in the phctogravhio
gmul 3ion at =2l)l angles below 30° -- a shiort deuteron track, e
long deuteron track, and a recoil proton track.

Aporoximate ranges in Nuclear Research Emulsions (Ilford C2)
are lilsted 1n column 4 of Tables I and II, for p-d and d-p cases,
respectively. It wlll be observed that 1t 1s always possible and
generally easy to distinguish, by their ranges, the severel
particles whizsh appear &t any angle. The fact thet one plate cen,
ror d-p scetbtering below 30°, yield three scsbtering cross sections

eindews the method with speclzl merit. 'These tnree values serve

ag related "triplets™ since they derive froa the same alit unit



[T}

A

P
and precisely the seme geometry is used in computing them. They
sh sl therefore be very rolieple in relative value. Siallarly,

in p-4 scattering below 90’ there are related "doublets."

I1I. EXPERIMHEUTAL DETAIILS

‘The source of protons and deuterons was the Washingten
University 45-inch cyclotron. The besm energy was redetermined
during every run by measuring renges in a photogrephic plate
placed at the 45° positlion et 2 small sangle, §=3°. The rsnge-

energy data of Rotblat“ were used, leading to average cenergy values

L. J. Rotblat, Nature 167, 550 (1951).

at the scattering volume of 5.1 % 0.1 .ev for the protons and
10.2 £ V.2 Mev for the deut erons, in the laborstory system.

The energy of each indlviduasl run could be s%tated rather
more precisely taen this but as the berm energy appearsd to vary
slightly from run to run, averege values have been guoted together
with wucertainties which cover the extremec limits encountered,

The denutarium end hydrogen used ss scattering gases were
99.5 and 93.8 percent pure, respectively. Experiments were usually
conducted at a gas pressure of approximately l..4 cm Hg wnich was
low enough to prevernt auny sericus multiple scattering effects,

“he p-d data were much "cleaner” then the d-p cdue particularly
to tne hsavy neutron flux which 1s always essocisted with =
gyclotron accelersting deuterons. During prellminary i1ums it wes
found tunet the vackground on the plates due te knogx-on protons
wae neevy and would have complicated the scenning unnecessarilv.

(2}

Thie wus reduced to a Tew percent bY surrounding the scattering
chamber with a concrete fort 16 inches thick on the side facing

the cyclotrca and reinforced about the collimetor witn timder bplocks.,



e

Runys were made at seversl different exposures so s to
gilve coptimun track density over eech range of engles to reeilitate
denming. The method of scanning was the seme as descri: :ed in
refersace 2. In cerceln cases, however, e.g., d-p runs 5 and &,
for 8 < 30“, only enort deuteron tracks were counted as these
could ne counted quickly. Counting long dsuterons and protons
wes more tedious, requiring ideal exposure conditions, and was

-

only considered worthwhile for iun 7.

IV. RESULTS AND DISCUSSION

The final values of sevsn rung are listed in Table I (p-4d)
and Tzole II (d-p) renging from 6 = 16.4° to 172.¢%, anc all
date are snown in Filg. 1 as g(©¢) versus 6. The total number of
trecks counted was 105,500, Tbe number contrisuting to sach
value s (iven in parentneses nfter the value and detervines the
stendard deviatiocn of the velue impoused by thz counting. Othner

srrore gre twhe same ss listed in Sec. VIII of reference 2. The

O

pro2etis error in reletive values, excluding the statisticel
error, is ~ 0.4 percent.

Tsrrections had to de applied to the p-4d «»¥= &z follows:
(1} 5 astering volume. This is not exectly the same ag “mplied
in the roraula rfor ¢{(9) in See. II. & correction had¢ to bLe
applied only &t 6 = 1659 and amounted to 0.7 percent. (i) Air
leaksge, degassing of plates and squisment, and iavdure gsg, This

amounted to ~-5 percent at 9 = 11°

and declined rapidly ..t larger
angles. {3} 511t widta. This applied only winere the c¢ross
section was changlng racidly, viz., at small laboratory sngles

whers 1% amounted iuo several ceses to a few percent.
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Similer corrssilons periained Lo the d=-p runs. On the

whole, the p-4 scanning; was aore streighivforward. Fewer cases
of =u0-guous track lencths occurred and hence rans 1 it 27 should

carsy athsr more welght.

in ron 5 the tracks were so congested thaet cnly stort
devteron tracks cculd be counted confidently and even there it
was [¢lt that some tracks might be overlooked. This may account
for the tendenocy towards lower values in this run. The d~p date
show conesideradble scatter st 8 = 30° to 40°. This is due to the
difficulty of counting accuretely the short proton tracks,
egpecially at 30®. These trecks sre only 7y in mean range and,
allowing for straggling, some of %iie tracks are too short to be
estaolisned with certeinty. Iu run 4 the velue et 30° is a lower
1ixit. BAoout 10 percert mmors "prohables" were recorded snd it

1

sgens Likely thet others esceped notlce altogetuer.

wsoyond aszoutb 160° the came trounle operates. Some shert
devtzrons, especially at © * 168.6° and 172.9° may ne missed.
the »- date which have betfar steticties In this region would
be a2xpacted to suffer from The same cause bat seem to Le rether
higher 4in velue. Probadly the ourve veglns to flatten off at
er nes- 160° as predicted by the Buckingham, Hubberd, and
Massey theory., hut this reglon ig difficult to study snd the
present dasta are not conclusive beyorc shout 160 .

Moreover, where this errcyr exists, multiple scutiering
losses will also be at thelr wourse ano due to the conmplicated
"compensating” mecharicm (ses Sec, VIII o reference 2) it 1s
very ¢inffieult to estimate the conseguences. Lower 1imit values
are profixed in the tables by sgu Other velues which are sus-
pectel for any reeson {poor scunning conditlons, heavy oeckground,

cte.) rre nrefixed by .
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irn the present wovk absolute values were determined by two
methcds:  {(a) By measuring the charge collected on a standard
condencer as desoribed in the earlier publications. (b) By
agguming a vslue for the sbsolute cross section of p-p sesttering
{(whioch 1s established to a higher degree of precision than any
other scattering process) and determining p-d and d-p cross
sections relative to p-p. The reason for introducing (b) is
that as & result of a recheck by the Bureau of Standards sone
doubts have arisen concerning the true velues of the condensers
et the time this work was carried out.

Cross seciions were therefore determined relative to the
p-p rszusts of refevence 2, which appear to be consistent with
other results at or near this energy; i.e., assuming absolute
D-p ¢T38 sections to be in accordance with pure S-wave scattering
cf pheas ghifs 8;’5b-5°~ T i1e derived absolute p-d and d-p
cross sa3cticns agreed with those measured directly (method (a)) to
~ 2 pcircent. The cross sections in Tables I and II are the
mean of doth methods and are believed to have san accuracy in
abselun: value of £ 2 porcent {probadlc error) taking account of
gll sousess of systenatic ervor which 1ave been recocnized but
ant luziuding the effeer of statistical error on the individuel
vAalues,

1,

I~ Plge 1 ell tne cxperimental points of the present work
wave nzen plotited. The polnt at © = 16.4° is uncertain but seems
50 be woensistent with purely Rutherford-Darwin scattering in-

digehin; that the scattering is essentially Coulombian below
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i
The fuli ocurve {3HM) fepresants'the caleulated angular

distrioution of 5-Mev ﬁrotons due to Buckinghem et al.5 bazed

on & nmeuvlcai excilange foroe as in the earlier work of Bucking-

ham anﬁ.Massay, but ineciuding allowance for D-wave °cafiuring.

The &ew eal unlations are markeuly” ericL 1 r@presenulng uhe

observationo at la;ge angles‘(see comparison with earlier tneory

ma&a;by Karr et al., rererencs 1) and appear to;represenpgﬁueﬁ

EthriLvntdl facts of p-d scatteriﬂg ?aii}y'satigfag@orily from:

s

"

-about 2 to 5 o In‘abspluﬁe value st 5 Mev the theoretical

ecurve would it the data tottor if ~G percent lower.

2 T

ng et al. (see referenc° 1} cah be

conpared reugaly with ths BHM calowlations at 11.5 Mev end el

zhe agrdement is. poor”‘"The experimental curve riges mduh~more

D Py

ﬁieeplg’a larpe angles and also—Showa'nn “tendency to flat:

,ﬂf£~h.tweanmaucu$ 302 andwﬁﬁ. -as pred;cned by BHM. Those 4%s-

e,

g% ﬁnancias seem. to bé‘ﬁ&fﬁl&eieﬁ alsn:bywhlgﬁ‘energy“ﬁ-d scatter~
‘Hfgw

Wl

“Bart of'tne ooanning i“VOlVe&-in_ﬁhl g project was carrisd

Outﬁéxﬁnirmxﬁgham Univer51ty,.zngland, assisted by an Imperisl

Chenxs egl\Tnauéﬁﬁnes Ballowah&pr
- %‘ 3

LA ‘ ™
T e o -'k.}?»\,. A
. = ]

my Hubbard, and Massey, Proe. Roy Soc. {London)
3‘ {1952) ..
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¥¢4BLE 1. DIFFERENTIAL CROSS SECTIONS DERIVED FROM TWO p-d SCATTERING RUNS AT 5.1 Mev.
Ty, FIGURES IN PARENTHESIS ARF, WU!BERS OF TRACKS CONTRIBUTIRG 10 THE VALUES,
I THE THIRD COLUMN, p INDICATES SCATTERED PROTON AND d RECOIL DEHTERON.

Kind Range &0 x 10°° & steradiau™
;‘:. a of in
1 8.4 o 163 ~43.90 {1200)
5%.0 ) a9 2.29 {1212}
15 22.4 P 162
150.0 d 84
16 23.9 P 162 2.48 (1158)
148.0 d 83 1.72 (1355)
21 e 0 | p 155 227 (966)
138.0 a i b I (845)
25 72 P 143 2.00 51733)
130.0 d yal 0.846 1245)
30 445 P 138 1.86 (735)
120.0 é 61 0.602 {402)
35 51.7 P 129 1.63 (1242)
110.0 d 52 0.523 (680)
40 B0 B 118 B0 (1294) 1.49 (1207)
160.0 d 42 0.646 {911) 0.53L (821)
05 £5.77 D 106
0.0 d 33 0. 84 {188}
0 73.5 p 92 1.2 (961)
£0.0 d 2% 1.00 (1.205)
35 7.2 p §2 1.02 (721) 112 {861)
70,0 d 19 1.25 (2292) 135 (1.382;
S0 §5.6 D 7L 0.362 (2200
a0.90 a 13 137 (2570)
5 ¢L. 9 D 62 0.743 (611} 0.734 {910}
0.0 d 8 b | {11736) 1.60 {2457}
e AD.0 a 5 0.651 {33123
5 3.9 P 48 0.550 (511) 0.616 {2006}
50,0 d w3
A 114.9 D 35 0.577 {20373
0.0 d =

Continued on u3vy puge



TABLE X. {continued)

:;j. .),s 8324 = TR%Y ’." . ~ -2
e & o?-d lﬂig’e 4] fsyx 1.0?J cm/' eteredian

- track R Run 1 R 2
55 124.5 P 26 0.618 {367) 0.712 {590}
105 133.8 D 1 1.01 {11233
%g 31.2;2 D llj )8 1234) %.35 t2141)
5 AN P z 1.77 1305)
135 155.7 P 10 2,02 {1028)
145 161.6 P 8 2.60 12.0)
155 167.2 ) 74 2.84 {i237)
165 172.4 P 77 2.96 {2208)
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