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The configuration 4f"6s' should show isotope split-
tings roughly thrice that of con6gurations with only a
single 6s valence electron. The splittings Rre somewhat
less than twice the normal value because of the mutual
screening of the s-electrons, The screening CGects cannot
be estimated, very well in this case because of the lack
of an analysis, but in the case Tl D„Crawford and
Schawlow' estimated that the shift in the 6s2 configura-
tion should. be about 1' percent less than twice the
shift of a single 6s electron. It is possible that the linc
X4888 arises from the double electron transition 4f"Sd6p
to 4f"6s', although the mean. value of the shift (72.9
cm ') is somewhat less than 93 percent of twice the
value of the normal positive shifts (45.5 cm '). The
transition 4f"6s6p to 4f"6s' should show shifts which

Rrc Rbout I4 pcrccnt less thRIl the other posltlvc shifts
(4f"Sd6p to 4f"Sd6s and 4f"6p to 4f"6s) The s.hifts
around either 0.033 cm ' or 0.042 cm ' (see Fig. 1)
Inay Rl'lsc from this transltlon.

IQ summary, thc negRtlvc shifts almost certainly
arise from the double electron transition 4f"6s6p to
4f"Sd'. Most of the positive shifts probably arise from
the transitions 4f"Sd6p to 4f"Sd6s and 4f"6p to
4f"6s T.he shifts arising from the transition 4f"6s6p
to 4f"6s' are probably smaller than the normal positive
shifts. The double electron transition 4f"Sd6p to
4f"6s' should give a shift nearly twice the normal
positive shift, and one Hne of this txansition may have
bccn observed.

It is interesting to note in which regions most of
these various shifts occur. The normal positive shifts
are distributed quite uniformly thxoughout the region
from 6600 to 4500A, but the negative shifts appear
more abundantly between 5j.25 Rl)d 4250A. Between
6600 and 4300A, the number of strong lines which show
structure exceeds those which do not, but below 4000A
there are very few lines which show structure at all,
although some of the most intense lines in the erbium
spectrum Rrc to bc fouQd ln this lcglon.

P H VS I CAI. R KVI KW VOI. UM K 8 V, NUM BKR 6 SKPYKMBKR 1S, 1952

Ketltl'0118 flolll the D18111teg1Rt1011of P1108yhoru8 by Detlte10118s'

S. C. SNOwDON

Barfok Research IioledaHoN of /he I'ranks INsHkete, Smarthwore, I'eeesyhJalig
(Received July 23, 495I)

The neutron spectrum at 0' and 90' from the P8'(d, N)S@ reaction has been investigated using nuclear
emuls&ons. The energies of the eXclted states 1n S are 0.5l I.51 2.2i 2.7r 3.3l 3.8~ 4.11 4.5l 4.9~ 5.2» and 5.5-Mev~
each with an uncertainty of about ~0.1-Mev.

INTRODUCTION

~wo previous mcasurcmcnts of the energies of the
excited, states ln S" have been xcported. . Dlckc

and MarshalV measured the inelastic scattering of
protons by sulfur giving excited states in S"at 2.25 Mev
and 4.34 Mev. Grace, Beghian, Pxcston, -and Halban'

uslQg RbsoI'ptlon tcchIllqucs foUQd R 2.35-Mcv gamma-

ray when fast neutrons were inelastically scattered
from S".In this work the energy levels in S"have been
found using the P"(dn)S" reaction and the photo-

graphic plate technique.

EXPERIMENTAL PROCEDURE

A thick target of 99+ percent pure xed phosphorus'

was bombarded by I.60-MCV deuterons from the Bartol
electrostatic generator. Thc resultant neutror spectrum
was found by observing the proton recoils in j.00p

~ Assisted by the joint program of the ONR and ABC.
' R. H. Dicke arid J. Marshall, Jr., Phys. Rev. 63, 86 (1943).
26race, Beghian, Preston, and Halban, Phys. Rev. 82, 969

(1951).
3 Courtesy of J. H. Walthall, Tennessee Valley Authority,

Wilson Dam, Alabama. No chemical analysis supplied; however,
a statement as to the method of puri6cation was supplied.

ERstIQRQ NTA QUclcRl' cInulsloQs mounted 3 cIQ from
thc tRI'get Rt RQglcs of 0 Rnd 90 to thc dlx'cctlon of thc
beam, . The proton. recoils werc observed only in R

narrow band. in the front half of the plate such that an
acceptance angle of &12' could, be used. . A total of
I700 tI'Rcks wcI'c meRsulcd oQ the 0 plates Rnd j.100
tracks on the 90 plates. In ord, cr to improve the
stRtlstlcRl accuracy, 3.19 tlIQcs Rs many Mds of view
were observed above 3.0 Mev on the 90' plates as werc
observed in thc same range wh, en tracks of all energies
vrcre counted; on the 0' plates, the factor was 1.79 for
thc SRIQc cQcl gy 1'Rngc. The data& corrcctcd fol' thc
varlatlon of xlcutl on-px'oton scattcx'1Qg cI'oss sec tlon~

gcoIHctry, RQd the Rbovc meQtloncd stRtlstlcRl weights&
are shown in Fig. 1 and, Fig, 2. The vertical linc through
each of the observed points has a total length equal to
twlcc thc estimated stRndax'd dcvlatlon of the mcasurc-
mcnt.

The only hkely impurity in the phosphorus was boron
since the red phosphorus was prepared, from distilled.

4 R. K. Adair, Revs. Modern Phys. 22, 249 (1950}.
5 H. T. Richards, Phys. Rev. 59, 796 (194I).



white phosphorus in a boro-silicate glass apparatus. '
A normal boron (d,n) neutron spectrum previously had
been run in this laboratory using ED=1.30-Mev and
had, shown a rather high intensity of tracks at 10-Mev. '
The relative intensity of the remaining groups was no
more than 6vc times as intense as this group. Therefore,
from thc fact that Ilo tracks corresponding to the 10-
Mev group appeared on the present plates, it may be
concluded that the boron reaction contributes a negli-

gible d,istortion to the observed spectrum. Since the
lowest energy peak in the spectrum occurs at about
the position of C"(d,l)N" neutrons the phosphorus
spectrum will be d,istorted by the presence of the carbon
surface contaminant. A distortion due to D—D neu-
tl ODs ls Dot llkcly with our bombarding currents
(0.5-1.0 pa).

In order to reduce the carbon contaminant three
flesh tRlgcts wcx'c used dux'lng thc 0.05-coulomb boIQ-

bardment. Xo background run was made to check other
posslblc contamlnants. However) R similar experiment
in which Si'8 was bombard, ed, by deuterons for a similar
length of time showed. that no appreciable number of
neutrons in the energy range 2.0 Mev to 9.0 Mev was
present. The analysis of the P"(d,e)S32 spectrum was
made assum, ing that carbon was the only possible
coQtRIDHlRnt,

ANALYSIS OP DATA

As inay be seen from Figs. 1 and 2, the statistical
accuracy of each of the 0' and 90' determinations of
the proton recoil spectrum is rather poor. In order to
extract the Inaxirnum amount of information from the
data as a whole, two things need to be done. First, a
method of plotting all. of the data as a unit must be
found, . Secondly, one must know the theoretical line
shape of the recoil spectrum of a single neutron group,
Strictly speaking, one cannot combine the 0' and 90
data on to a single-energy scale using any transfox-
InatloQ, since thc shape of thc pl otoQ I'ccoll lange
dlstx'ibutloQ, coI'1cspoQdlng to a DlonoeI'glc neutron,
changes as the neutron energy is varied. However, since
P" is relatively heavy, an arti6ce may be employed to
effect the t sfo tio pp i ately. It b
shown that, for the P"(d,n)S32 reaction, the errors
iQvolvcd 1Q treating Rny pRI'tlcUlRI' 1RDgc Rs RQ RctuRlly

cxlstlng energy of R DcUtx'GD thlough thc I'RQgc cncxgy
x'clRtlon fox' photographic cIDulsloIls leads to disclcp-
RQclcs ln thc ccDtcl-of-IDRss dlstx'lbutlon that RI'c wcH

within the uncertainties RHowed by the statistical
accuracy involved. The result then is that, if the range
scales of the 0' and 90' data are transformed to energy
scales by the range-energy relation, ' the corresponding
proton and, hence neutron energies may each be trans-
formed to the center-of-mass energy scale 'of the

6 C. P. Swann (private communication).
V Mandeville, Swann, Chatterjec, and Van Patter, Phys. Rev.

85, 193 (1952).
8 Richards, Johnson, Ajzenberg, and Laubenstein, Phys. Rev.

83, 994 (1951).
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P"(d,e)S" reaction. %hen this is done the two sets of
data may be Rddcd together to lInpx'Gvc thc statlstlcal
accuracy. No meaning can be attached, to the resulting
intensities other than that of the sum of the 0' and 90'
data of the laboratory coordinate system.

Thc llQc Shape of thc 1ccoll pI'oton spcctl'UIQ thRt
corresponds to R slnglc ncutx'on gl ollp Inay Qow bc
found by cIDploying scvcI'al assUIDptlons. It ls RssUIDcd
6rst that thc GRIIlow pcnctrablllty factoI' glvcs thc
shape of the yield of each neutron group. This assump-
tion should be justi6ed for our low bombarding energy
(1.6 Mev). Secondly, it is assumed that the range
stlRggllng pRI'RIDctcI" foI' monoenergetic pI'otoQs 18 glvcQ
for our detecting geometry by the root mean Square of
the deviation of all track lengths in the group as given
by Richards et al'. ' Since the range-energy relation in
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FIG. 2. Relative number of acceptable recoil protons per
200-kev interval versus the recoil proton or neutron energy at 90'.
Standard dcvlRtlon of tlM measurements Rrc lndlcRtcd Rt each
Poillt.

' J. Mattauch and S. Fluegge, Eucleur Physics Tables (In(er-
science Publishers, Inc. , New York, 1946), p. 65.
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FIG. 1. Rclatlvc nuInbcl' of acccptRblc I'ccoll pI'otons pcl'
200-kev interval versus the recoil proton or neutron energy at 0 .
Standard deviation of the measurements are indicated at each-
point.



gNO~ DON

th d stedparRmeters Ak Rnd ak However
lt ls not possl g priori ground~ to choose

tdCOl I'cct number of groups ".A nu bcr ma
for p Rnd thc sfatlstlcRl em lo cd to
judge the over-all suitability of the resulting fit.

3.5—

Q
W
& zs—
0
V

Q.O-
Z0
Q

t.5—
A
Ld

Z i.(}—
0
Z

EXPERIMENTAL RESULTS

The 0' and 90' laboratory coordinate data of Figs. 1
and 2 were plotted after applying a correction for the

I' (2.28 percent). As explained in the
previous section, the relative yields in 0.20-Mev ln er-

f d
'

the center-of-mass energy scale.
of tiRns-F' 4 esents the sum of these two sets o trans-lgure represen

formed data excep ad d t that the doubtful carbon contami-
leeak has been subtracted, out. Reasonab enRtlon pca a s

cd Rnd thc

y= P AtR(x, at).

E. 2eo of least squares" may be used to 6t q.

ive the relative intensity A~ and the energy c~ o t c
The method also gives the uncer-kth neutron group.

' W. E. Deming, Statistica/ Adjustmen oent of Date (John Wiley
and Sons, Inc. , New York, 1943).

f A aI, and v were next assumY- MEV CM COOR~iNATERECt3iL PROTON ENERGY- MEV (CM

4 in vR uc 0 c wcl( &), in 1 ~ th ei~hted sum of the squares of* g($ QJg)) shovTlng 1CSu ingPlot of typical resolution functions,
' t n S was found. By inspection e valuesh hk-"- h-" --" th -"-.. .,

of 5 was
r emulsion on the resolutionof the recoil protons in the nuclear emu sion on

was continued until 50 could
of the various energy neutron groups.

computed. This process was c
WRSnot be reduced further. This smallest value o 0 wasRichard's paper was found using (P, )

f each observation wastlons, the correspon lni, ding width of the proton recojl

de»ation. The trial and error method by wwidth of our groups R ith t s ca,used by the detection o

g
' ' arameters were oun ea sonoen g o p gR hotogl Rphic cn1u sloIl.

neral A~ is uncertainonsidered as in nitey eSince our targets may be con
'

e
ln gy isha.pe of a single neutron y a ou

group ma bc foulld by Iosu, lng R aussi

hRVlngh the above-mentioned straggling parameter into
I.R 1 t'on function 2t(x, oql. Note that oq is connected

b E (1) howeer sin th h f ff t Qo ive the result in the center-oi-mass energy
es for diRerent neutron groups indicated on].y in gross intervals of g q= - ev. iscale Typical line sh p

in the center-of-mass coor~ina es.

x —aP . , 3.0 4 0lue b the equation
x —ap 00 10 20 3 0 4.related to the kth Q value y e eq

0.017 0.026 0.036 0.048—0.80 0.002 0.005 0.010 0.017Qy =Mggls T 8
/5 0.007 0.012 0.020 0.031 0.0450.

0043 0059 0076 0097 0 121nd 3f~ are the masses of the b m-o - —0.70 0.022 0.030where M'a, MT, an

05 0.128 0.158 0.193 0.231 0.269tar et, and residual nuclei, icspcctlvc y. B 0 60 0094 01 9

'i . 2 o.47 .5
the bombarding voltage an ~It; ls c

0 242 0.269 0.316The tabular f„m of the funct„n -045 0373 0415 0474 003542 0607
kth neutron group. e a u

0.696 0.763 0.834 0.884 0.91P 040 0566 063g

22 1 300
spectrum en s

1' hapes each adjusted in intensi y oit to accountceding inc s ap
-0.20 2.268 2.243 2.180f th relative amounts of eac groupor C

il s ectrum —0.15 2 862 2.687 2.488. Thus the observed, proton recoi p -0.10 3.302 2.912 2.579 2.279
present. us,

-0.05 3.170 2.650 2.378 2,142 1.9should be written as
0.00 2.211 2.055 1.917 1.788 1.677 1.582 1.510

O'. 1O O'. 292 O'.612 0'2S6 O.S94 O'.9S1 1.'019
15 0.051 0.234 0.392 0.533 0.660 0.747 0.

Ec=l 0.
0.20 0.004 0.090

0 017 0.052 0.117 0.190 0.2370.30 0.003
0.35 00

0.001 0.008 0.023 G.047 0.0790.40
G.001 0.008 0.021 0.041

0.003



NEUTRONS FROM THE 0 I SI NTEG R ATION OF PHOSPHORUS

Tsar.E II. Neutron groups from the P (d, )P31(d e)S'2 reaction and
the energy levels in 5 . To identify the groups,
12 beginning with k=1 for the ground-state group. f j.s

a is the energy of t e
of coordinates, and gf„~s e

relative intensity of the kth group, a@ g
group in the center-of-mass system o
corresponding Q value. Ek is the excitation energy o . ncer-
tainty in Ey ls +0.1 percent.

Pxese11t vroxk
aa QJ

(Mev) (Mevy

7.5 6.2 0.0
7.0 5.7 0.5
6.0 4.7 1.5
5.3 4.0 2.2
4.8 3.5 2.7
4.3 2.9 3.3
3.8 2.4 3.8
3.5 2.1 4.1
3.1 1.7 4.5
2.7 1.3 4.9
2.4 1.0 5.2
2.1 0.7 5.5

Ref. 1
La

(Mev)Aa

1 5.3
2 8.3

4 29.0 2 25 (PP')
5 26.1
6 17.4
7 156
8 15.6
9 23.7

10 24.1
11 21.6
12 24.1

4.34 (pp')

Ref. 2
&a

(Mev)

2.55 (nm, ', y)

"R.
'

A F' h StaHstk'a/ Methods for Research 8'orkers (Ohver
and Boyd, Edinburgh, 1932).

Figurc 4 and Table II give the important results of
this paper. The resulting curve through the points was
drawn by using Eq. (2) with the constants As and as

T bl II Let the groups be labeled. 1, 2, 3, etc. ,
beginning with the ground-state group. If the first I2
groups are tested for goodness of 6t by t e y' test, "
the probability I' that the observed value of y'=15, i

ill be exceeded for 9(=33—2X12) degrees of freedom
is 0.06. If the 13th group of neutrons &s included,
ps=59.8 and, for 12(=.38—2X13) degrees of freedom,
the value of I' is less than 0.0i. In interpreting these
values of I' it is customary to say that if I' lies between
0.9 and 0.1 the assumed distribution very probab y
corresponds to the observed one, while if I' is less than

unlikely and is to be questioned seriously. Hence, we

ma sa that there is reasonable assurance that the
first 12 groups are present, but that in orderder to include
the 13th group, an additional group wouM beuld be needed
between the 12th and 13th group to account for the
observed high point. We have adopted the proce ure
of including only those groups that seem to persist in
Fi . 1, Fig. 2, and Fig. 4. In order for a group to
persist, however, it is not necessary that its detailed
structure be in evidence. If a group seemed too wide to
bc admitted Rs a single group ln all thc 6gulcs, lt wRs

analyzed into two or more groups in the center-of-mass
system, . The sensitivity of the x' test is also ma e
evident when the one point that does not fall reasonably
close to the assumed, distribution causes the goodness
of 6t test to question seriously the assumed, distribution.

Table II gives the results of the inelastic scattering
determination of the levels in S"by Dicke and Marshall'

90'

80 -'

0
O

70—
ATA

4l

50—

40—
U

O 300z
~ zo-

ec &0—

0
I 2 3 5 6 7 8 9

RKCOlL PROTON KNKRGY- MKV (CM COOROlNATKS)

F 4 Plot of the sum of the 0' and 90' laboratory coordinate
data transformed to the center-of-mass energy sca e. e p

FIG. . o o e
robable

error (0.675X standard deviation) of the observed points are
shown with each observed point.

d b Grace Beghian, Preston, and Halban. ' The
a reement of the excited states determined by e
various methods is within the uncertainties of the
experiments. Finally the ground-state Q value was
found to be 6.2 Mev. Using the latest determination
of the masses of P" and 8" reported by Mots" this Q
value shouM be 6.63&0.07 Mev. It should be noted,
that if the ground-state group was missed, then the
y-ray observed by Grace et al.' cannot be to the ground
state if it is to be associated with the strong group
(%=4). The preferred interpretation is that the 7-ray is
associated with the (k=4} group and that the relative
accuracy of the determination of the groups is much
better than the absolute accuracy. Because of the
diKculty in m,aintaining strictly the ~12' acceptance
angle criterion, there is a rather large uncertainty in
collcc lngecting for the group shifts. In particular it was felt
that the uncertainty in correcting for the group shi s
due to the angles of emission of the neutrons around 0'
and the angular straggling of the recoil protons in hc
nuclear emulsions couM easily cause the energy scale
to be four or 6ve percent low. Hence it is felt that thc

't d tates in 8"have the uncertainties given in the
analysis but that the ground-state Q values of 6.2 Mev
Rrc sub]cct to R larger absolute crior.

In conclusion the author wishes to acknowledge his
indebtedness to Mr. T.A. Haddad, who helped with the
'"lrea '"' .D. L. E-nb.d for ...-.I d'.-
cussions concerning the chi-test, and 6nally to Dr. %.
F G S nn Director of the Bartol Research Founda-

'
lltion for his continued interest in this proble, especia y

in its curve 6tting aspect.

"H. T. Mots, Phys. Rev. 81, 1061 (1951).


