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THE K- AND L-AUGER SPECTRUM OF URANIUM

R. G. Albridge and J. M. Hollander

Lawvrence Radiation laboratory

University of Californie
Berkeley, Californie

March 14, 1961

ABSTRACT
Measurements have been made of the K- and L-Auger electron spectrum
of uranium, which results from the beta decay of Paz33. These data'are.
presented and compared with previously known informstion on fhe Augzr
transitions in heavy elements. Low energy lines, including Coster-
Krgnig trensitions in the energy reange 0.9~ to k-kev, were observed by

means of & permanent-field electron spectrograph with source pre-acceleration,
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THE K- AND L-AUGER SPECTRUM OF URANIUM**

Hx
R. G. Albridge and J. M. Hollander
lavrence Rediation laboratory

University of Celifornia
Berkeley, California

March 14, 1961
I. INTRODUCTION

In a preceding paperl (referred to hereafter as 1) an investigation of
the beta decay of Paz33 is described. In the course of part of this work,
information weas obtained sbout the K- and L-Auger electron transitions in
uranium. Bécause little information has been mvailsble concerning the Auger
spectra of elements with atomic number greater than 80, it was thought worth-
‘while to report these data. Tables I and II summarizé the results of this

and of previcus investigations.

II. EXPERIMENTAL METHODS

Details of the experimental techniques are given in I. 1In brief,
233

Pa sources were prepared by neutron irradiations of thorium metal followed

by chemical purification and electrodeposition of the activity on to 0.25 mm.

- platinum wires. The K-Auger spectra were recorded in 180° permenent-field

electron spectrographs with field strengths 50 and 100 gauss, and a 50-gauss
spectrograph which employs 10 KV pre-acceleration between source and aperture2

wag used to record the L-Auger spectrum. The pa’33

source used in the pre-
accelerator spectrograph, made'by dipping e 0.25 mn platinum wirs into &
solution of vefy high specific activity, was essentially mass-free and showed
little 1line broadening even for electrons whose initial energles were less

than 1 kev.

Work performed under the augpices of the U.S8. Atomic Energy Commission.

Now at Vanderbilt University, Neshville, Tennessee.
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III. K-AUGER SPECTRUM

Table I sumuarizes our measurements on the K-Auger spectrum. The
energies listed are the mean averages of several determihations, end the error
limits are standard deviations from the mean values. Where only & single energy
meaéurement vas made the estimated error 1s given in breckets.

In the initial state of & KLL-Auger process there is & "hole" in the
K shell, end the final state has two holes in the same or different L-gubshells.
The energy of the emitted electron is written as Eklblh = EK - ELP - ELIq where
the %k's are the individual electron binding emergles. Because during the
Auger process the emitted electron feels the potential of an ionized atom, the
electron binding energles are nbt expeéted.to be equal to those oﬁtained from
critical ebsorption tebles (e.g. Hill, Church, and Miheiigh3) but should be
somewhat higher. Following & careful study of the Auger spectrum of mercury,
Bergstrim and Hill“ analyzed the electron energies by introducing empirically
an effective nuclear charge increment AZ with which to correct the tabulated3

binding energy of the last-written shell in the formula (I@)' AZ 18 defined as
¥ -( )
Lo (),
B, | -
(%Lﬁ E%L

where E; is the empirically edjusted value. They find, for mercury, toat
q .
" = ‘ - . \Z' = 0.
AZ = 0.6 when Fp Lys Lypy or Lygp and Lq Ly or Lyy; and that AZ' =0 8
when §p= ;I’ LII’ or LIII and 1@ = LIII'
AL énd,AZ' are not entirely independent paremeters, however, because it

is equivalent to write KLbLﬁ or KLqpp, and it is arbitrary whether Ib or Iﬁ is

adjusted. If Ib = LII and I..q = I‘iII’ for example, ﬁ-'- =

@%J&l‘@H)z .
Crran” (FLIII§;
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For Hg, é&: is computed from the binding energy tables to be 1.3; this is about

N,
equal to 0.8/0.6, which is the quotient of the individual values reported by

Bergstrdm and Hill. We find for uranium (column 3) that an average value of AZ
for the L. and LII shells is 0.56 and for the LIII shell; 0.82. The ratio

1
%f%% is 1.46, which is close to 1.5, the value calculated from the above equation

for Z = 92.
A single A7 correction factor is sufficient to correlate the observed

3

Auger energies of uranium to about 1 part in 107 if the correction is applied to

the average of both L subshell binding energies. That 1s, the Auger electron energy
may be defined as ' .
w) ) (m) (B
_ Z+1 Z+1 : Z
EKLPL =B - B - B -8y 2 '
a - P q

The measured K-Auger energies of uranium, plutonium5, and protactinium”, are given

in Table I, together with values calculated with Azav = 0.6,
The relative intensities were measured by a visual comparison method
described in Table I. These intensities are equal, within our experimental error

5

of about * 25%, to the more accurate values for Z = 94 measured by Ewan et al.
/

The measured intensities are normalized to "percent beta decay"

as discussed “n I.

IV. THE L-AUGER SPECTRUM
The uranium L-Auger spectrum, recorded with the 50-gauss pre-accelerator
spectrograph, is shown in Table II. The spectrum was recorded both with-and
without the 10 KV accelerating voltage, and in most cases the deviation between
the two energy determinations was less than 0.04 kev. If a line was seen in

both measurements, the average value 1s given in the table.



TABLE 1

Urenium K-Auger Spectrum

(e) Normalized to 0.1h.

Expt. Bnergy Expt. Eergy Expt. Energy - _ Relative intensity
Auger (kev) L\E Ci%(fé (kev) E calc. (kev) E calc. This, Ewan et al Hollander
Transition This work o '~ AZ Ewan et al (kev) Hollander &kevg work Z=94 et al®
Z=92 Z =y2 Berg.” Z=gh LZav=0-6 et al® D2gy=0.6  z-g2 Z=91
Z = 94 2=91 Z= 91
KL L 71.69:0.10  T1.68  0.58 75.18£0.015  T75.13 76 .05 69.98  0.10 0.13 0.13

’ Ki‘?“ix © T2.5b20.30 T2 50 0.54  76.05$0.015 75,98 70.87 70.79  0.25 0.23 0.27
‘KLIILII -—- 73.32 76.780.0k  76.8k4 --- TL60 - 0.01 -

. KLILiIiV‘ 76.290.16  76.34 = 0.84 80.240.015  80,2h IR .43 0.09 0.08 0.11
KL'an: 7T7.1340.15  77.16  0.80 81.06:0.015 81.09 .21 75.2%  [0.14)°  [0.14)® (0.1 @
KLIIILIII —- 81.00 - 85.3020.015 85.3% - 78.88  --- 0.07 _———

KL M, 87.96x10.2] 1.7
KL M o 88.33¢(0.2] 1.8
.02£(0.2]
KRMry,v x
KLiIIMI,II_ 92.95%{0.2]
' ? 105.6¢(0.2]
KMMyyy .

(a) Reference b. t?g
(v) Referegce 5. \%S
(¢) Reference 6. 0
(d) Error limite are estimated to be * 25%.
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TABLE II

Uranium L-Auger Spectrum

~ ggle.tive %:ggsitya _— O’bservedEnem (kev) Z = 92
Auger ., Sulkcwski . This (Albouy and Observed -
Transition Nall et al” and S1dtis  work Valadares)® (This work) Calculated
LIL3M5 _ - ww(b) | 0.96 0.9k
LoLoNy ‘ W 2.24 2.28
LoLyNy ‘ m 2,6k 2,70
LpLs0) : , 3.k
L LN, | w 3.48 3.52
L2L3°z | 3.52
L,L,0, : | ' 3.68
J;,leml+ | ' ¥(®) 31 {3.78
LM M, } . 6.25
LM M, 6.62
LMy 1.5 v vw(b) , T.17 - .7.18
LM M, k.0 v () - ' TR 7.59
L M, v _ (7) 7.71 7.76
LM, o 7.95
LM, M, 0.76 v (1) 8.22 8.32
LM My \r} 6-“5} o w(b) 3.k2 8.uI3
L3M2Mu ,/ - -- 8.13
Luy, 5.6 u w(b) 8.86 8.98 9.0
LM M, 5.7 m w(b) 9.08 9.12 9.20
LM, M, 2.1 o 9.59
L3MuM5 11.0 ve m 9.66 9.72 9.78
LMM, (8.6 5 - 9.85 9.93 9.95
LM M, (1) , 10.02 10.03

LMM,  (0.5) | 10.40
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TABLE II (continued)

» .
Ll i } w(b) 10.47
LMo, .
LMN,  0.33
LM, N, - v
M. - -
EEY o vw(b) 10.88
I.3M2N3 (0.66) -- .
I - w
L3M2N,+,5 (1.6)
I‘ZMZM3 5.0 - W (masked by 2_8-LIII)
L3M10u halad - -
L.M_N 0.59 -
33e ww 11.54
LM, - -
LMolNg 7 == }
: W
L3M3N3 (1.7)
LM, (0.3)
LZMZM’ w
} 1.7
LM M, -
L3Mu,5Nl’2 (0.k4)
L3M3Ni+’5 (1.4)
L MM, (2.4) w  (masked by 17-Mp,)
LM M, (0.4) --
L3M4N3 (1.5) - vvw 12.39
EC -
L1M1M5 (0.4)
L.3M302 vvw 12.59

L, MM, (0.2) v

10}.1&7
&10.%
10.66
10.83
1c.85
10.90
10.96
11.16%
11.33
11.51
11.54
11.54
11.57
11..78
11.78
11.91
12.21
11.94¢
12,04
12.10
12.36
12.36
12.45
12.55

12.60
12.73
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TABLE II (continued)

LM, (2.2) " - | 12.64 -
| b .
L3M5Nbr (5.3) N } wn(b) . - 12.30
LleMS (0.2) vw (mmsked by 17‘“111)
LM M (1.0)
ERICHE - - | 1- 16
Wy 13 @ ”
LB%oh - - , ,u
VW .
L2M4M1+ (4.%) m | ' v 133
'LzMuM5 7.2 vs : Wl 13.43 13.56
LlMBMu’S (0.5) |
LMM,  (1.5) w
LMM, ~ 0.62 |
iy - W | .32
LlMuMS 0.81 W : =
L, (03)
L MM, (c.2)
LMN, - w9
L2M2N3 o "} W 14.67
L MN :
176 v
L;dzn 1 o } (2) 14.98
5 . -
LM N,
L3N1N6,7 - W,
LMN, - - wh v - . 15.34

L2M3N2} ©0.67 w
LoM3Ny



-12- UCRL-9609

TABLE II (continued)

LB, N  (0.4) - vvvw 15.60 15.60
N 15.72 |
LaM, Ny -
LMT, v (mesked by 17-N; 15.82
LMN,  (0.5) | | 15.89
w .
LoWN, - 15.11
LN, (0.2) 15.04
‘ 4
LBNA,SN6,7(O’2) | | 15-97;
LM, Ny  0.95 | 16.14
LNgNg 0.1i v ' 16.35 16.36
L,M,0, (17) 16.48 16.48
LMN,  (3.4) w _ 16.57
LzM-uﬂs’? «(1.2)} ‘ . ;6.81
LoNoNg o - ' 16.01
LM . __ v | _ 17.05
NN _ 0.27 9.34
el 55 1 W (mmsked by hO-LII)
LNN, - | 19.42
L2',5%,7 0.1 | 19.75°

(a) Symbols ere: w = weask, m = medium, 8 = strong, v = very, (b) = broad, ? = guestion-
able.

(v) Reference 9. Parentheses arcund intensity velues indicate uncertainty due to
incomplete resoclution of the lines,

(c) Reference 8.

(d) of the choices given by Nall et al, only the lowest energy is listed here.

(e) Reference 10.
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Assignments of lines to particular L-Auger transitions were}ﬁhde solely
on the basis of energy agreement with values calculated from electron binding
energlies. An effective charge increment (AZ) of unity_wgs assumed for the
binding energy of the last written subshell in the formuls LXY; the validity of
this'assumption has been discussed by Burhop,7 and it has been used with good

results by Sujkowski and SIHtiea

for calculation of the bismuth L-Auger trensi-
tion energies. Because of the large number of possible Auger transitions per
energy interval, these assignments are of‘course not certain.

Visual estimates of the strengths of the linee (uncorrected for geometry
or efficiency) are also given in Toble II, and the intensities reported by
Sujkowski and Slétis for bismuth snd by Nall et alg for mercury are also given,
es well sas dats on six L-Auger lines of uranium reported by Albouy and Valadnres.lO‘
There is & definite correspondence between the intensitiss of the four sets of
date liéted; in only a8 few cases vere lines of reasonable intensity not dbsafved
by all three groups (Albouy and Valedsres cbserved only the 6 most intense lines).
It should be noted that lines wh;eh are close lying or unresolved in the spectrum
of one element may not be near one another in the gpectrum of a different element;
this, of course, depends on how the binding energles vary w1th Z. For this
reason in Table II some of the lines are displaced from & striet order of
increasing energy in order to compare the ursnium gpec¢trum with those of mercury
and bismuth. |

Elght of the electrom lines listed in Table II have been sssigned &g
Coster-Krfnig tramsitions. In these transitions, which are designated by quLéf,
en initiel L-subshell vacancy is tranﬂfetred to another IL~-subsbell with the emission
of an electron from & higher (¥) shé?l. As discucsed by Burhup, only those

transitions are possible for which (Eib- E ) > Ey. In uranium, trensitions of
4 _

the type LILXIM and LTILIIIM (except Mv) are energetically forbidden; M;ILiIIMm
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and I"ILIIIMII are forbidden also, but 'LILIIIMIII Iv,v 8re alloved, and &
) I

transiti‘on which corresponds in energy to LILIIIMV is seen in the ‘Pa233 Auger
spectrum.
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