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ABSTRACT 
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Measurements have been made of the K- and L-Auger electron spectrum 

of uranium, which results from the beta decay of Pa 233. These d&ta are 

presented and compared with previously known information on the Auger 

transitions in heavy elements. Low energy lines, 1ncludift& Coster-
If 

Kronig tre.nsitions in the energy :range 0.9 ... to 4-kev, were observed by 

means of a permanent-field electron spectrosraph with source pre-acceleration. 
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R. G. Albridge and J. M. Hollander 

Lawrence Radiation Laboratory 

University of California 
Berkeley, California 

}flarch 141 1961 

I. INTRODUCTION 
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In a. preceding pa.per1 (referred to hereafter as I) an investigation of 

the beta decay of Pa233 is described. In the course of part of this work, 

information was obtained about the K- and Lo-Auger electron transitions in 

uranium. Because little information has been available concerning the Auger 

spectre. of elements with atomic number greater tha.n Bo, it was thought worth-

while to report these data. Tables I and II summarize t.he results of this 

and of preVious investisations. 

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

Pa233 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 18o0 permanent-field 

electron spectrographs with field strengths 50 and 100 gauss, and a 50-gauss 
2 

spectrograph which employs 10 KV pre-acceleration between source and aperture 

was used to record the L-Auger spectrum. The Pa233 source used in the pre-

accelerator spectrograph, made by dipping a 0.25 mm platinum wire into a 

solution of very hi~j specific activity, was essentially mass-free and showed 

little line broadening even for electrons whose initial energies were less 

than l kev. 

* Work performed under the auspices of the U.S. Atomic Energy Commission. 

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

Table I summarizes our measurements on the K-Auger spectrum. The 

energies listed are the mean averages of several determinations, and the error 

limits are standard deviations from the mean values. Where only a single energy 

measurement was made the estimated error is given in brackets. 

In the initial state of a KLL-Auger process there is a "bOle" in the 

K shell, and the final state bas two holes in the same or different L-subshells. 

The energy of '$e emitted electron is vritten as ~L L = fx - EL - EL where 
-p q ~ q 

the ~* 's e.re the indi 'lti.dua.l electron bindi:tlg energies. Because during the 

Auger process the emitted electron feels t~e potential of an ionized atom, the 

electron binding energies are not expected to be equal t.o those obtained from 

critical absorption t&bles {e.g. Hill, Chu1.·ch1 and Mihellch3) but should be 

somewba t higher. Following a caretul study of the Auger spectrum of mercury 1 

Bergstr8m and Hill
4 

analyzed the electron energies by introducing empirically 

an effective nuclear charge increment D.Z with which to correct the tabul.ated3 

binding energy of the last-written shell in the formula {Lq). /:3.. is defined as 

E~ - fEr. ), 
q \ q z 

* where Ei, is the empirically adjU6ted value. They find, for mercury, that 
q 

!1Z = 0.6 when LP = Lr, Lri' or Lrri and Lq ... Lz or Lrr; and that ,6.Z' • 0.8 

when Ip= h, hr' or hir and Lq ... hri· 
,I).Z and /J.Z • are not entirely independent pare.meters 1 however 1 because it 

is equivalent to write KipLq or KLqLp, and it is arbitrary whether LP or LQ. is 

adjusted. If Ip ""' Lrr and Lq = Lrii' for example, ~ c 
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For Hg, 6Z' is computed from the binding energy tables to be 1.3; this is about 
i5Z 

equal to 0.8jo.6, which is the quotient of the individual values reported by 

Bergstr8m and Hill. We find for uranium (column 3) that an ayerage value of ~ 

for the LI and LII shells is 0. 56 and for the LIII shell,; 0.82. The ratio 

0 ·82 . l 46 d th b t• o:5b 1s . , which is close to 1.5, the value calculate from e a ove equa 1on 

for Z == 92. 

A single 6Z correction factor is sufficient to correlate the observed 

Auger energies of uranium to about l part in 103 if the correction is applied to 

the average of both L subshell binding energies. That is, the Auger electron energy 

may be defined as 

- 6Z av 2 

+ (EL) 
q Z+l 

The measured K-Auger energies of uranium, plutonium5, and protactinium6, are given 

in Table I, together with values calculated with 6Z == 0.6. av 

The relative intensities were measured by a visual comparison method 

described in Table I. These intensities are equal, within our experimental error 

of about ± 25%, to the more accurate values for Z == 94 measured by Ewan et a1. 5 

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 is given in the table. 



Auger 
Transition 

K¥1 

Iffi'·L 
·. ~I II 

Ktr~II 

' KLIIilli .· 

~ ': 

KLiiifiiL· 

Ktrr:hrr 
~ 
KL!Iri 

:.u~ 

Expt. Energy E calc b 
(kev) 6Zav=0 · .6.Z a 

This work z· = ~2 Berg. 
Z=92 

71.69±0.10 71.68 

n.;4±o .1o 72 50 

73·32 

76.29±0.16 76.;4 

17.1}±0.13 77.16 

81.00 

0.)8 

. 0.54 

0.84 

0.80 

1.7 

1.8 

TABLE I 

Uranium K-Auger Spectrum 

Expt. Ere rgy 
(kev) b 

Ewa.n et al 
Z=94 

7).18±0.01) 

76.0)±0.015 

76.78±0.04 

80.24±0.015 

81.06±0.015 

E ealc. 
Ckev) 

.bZav=0.6 

z = 94 

75.13 

7j,Q8 

76.84 

80,24 

8J..09 

85.30±0.015 85.35 

Expt. Energy 
(kev) 

Hollander 
et ale 

Z=91 

70.05 

1Q.87 

74.45 

7).21 

Relative intensity 
E calc . This , Ewan et al -Hollander 

lkevl 
6 

worka Z=94 et ale 
A'L,av=b · l=92 Z=91 

Z= 91 

69.98 0.10 0.13 0.13 

70·79 0.25 0 23 0.27 

71 6o 0.01 

74.43 0.09 o.o8 0.11 

I 

75-24 (O.l4]e [O.l4]e ()) 
I [O .14]e 

78.88 0.07 

~.v c 

ILxiiMI,II ~ 
ICIUL ' "' 
-rTII" ~ 

87.96±l0.2] 

88.;;±i0.2) 

9().02±(0.2] 

92.95±l0.2) 

105.6±(0.2) 

(a) Reference 4. 

(b) Reference 5. 
(c) Reference 6. 

(d) Error limits are estimated to be ± 25i· 
(e) Normal.ized to 0 .14. 

() 

\D 
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TABLE II 

Uranium L-Auger Spectrum 

H.e1atiYe Intensit¥..a Ener/iit ~kev ~ Z • 22 
z=>BO · 21183 Z-92 Observed 

Auger SuJkowski c This (Albouy and Observed --b Val.adarea )e ~This work) Calculated Transition Na.11 et a1 and Slitis work 

~L3M5 vw(b) 0.96 0.94 

~L3N1 w 2.24 2.28 

LaL3N3 wm 2.64 .2.70 

L2L301 

] 
3.44 

~L3N3 w 3.48 3.52 

~L302 3.52 

L2L304 } c-68 w(b) 3-71 
L1L3N4 3.78 

L3'\lol;, J 6.25 
1 (?) 

L3~ 6.62 

L3~M3 1.5 vw vw(b) 7.17 - 7.18 

L3~M3 4.0 w (?) 7 ~4~{ 7·55 

L3~M4 vw (?) 7.71 7.76 

~~~ vw 7.95 

~~~ 0.76 \'W f.,) \ . 8.22 8.32 

L3M3~ - 6.45) w(b) 8.42 8.43 ) 
( w 

13Y4 j 8.13 

~t-i3M4 5.6 m w(b) 8.86 8.98 9.01 .., 

~~M5 5·7 m w(b) 9.o8 9.12 9.20 

L3M4M4 2.1 vw 9-59 

L3M4M5 11.0 vs m 9.66 9.72 9.78 

L3M5M5 (8.6) s \lUI. ~.8) 9-93 9·95 

L2~M2 (?) 10.02 10.03 

L2M2Mz (0.5) 10.40 
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TABLE II (continued) 

~l-1_~ 
} w(b) 

tl0.47 10.47 
~~Nl 10.48 

L3M.zN2 0.33 10.66 

L3M:tN5 vw 

~1\M.z vw(b) 10.88 
L3M2N3 (0.66) 

YilM:J vw 

L3M2N4,5 (1.6) 

YlzM3 5.0 . w (masked by 28-Lz11) 11-33 

13~04 11.51 

L3M3N2 0.59 11.54 
vw 11.54 

L~~ 11.54 

13~N6,7 ~:.7) J 11.57 

L3M3N3 
w 

11.78 

~l\M3 (0.3) 11.78 

~ 
] 1.1 

w 11.91 

L2M3M3 12.21 

L31\ ,511·1,2 ( 0.4) ll.94d 

13M3N4,5 (1.4) 12.o4 

L2M2~ (2.4) w (~eked by 17-MII) 12.10 

LlMlM4 (0.4) 12.36 

L3M4N3 (1.5) vvw 12.39 12.36 

L3~N6 12.45 

~M:t~ (0.4) 12.55 

~M302 vvw 12.59 12.6o 

~M2M4 (0.2) 12.73 
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TABLE II (continued) 

L~M4 ( 2.2) :. } 12.64 e·79 wm(b) l2.8o 
Lf15N4 (~-.3) 12.70 

~~~ (0.2) vw (masked by 17-~11 ) 12.92 

L.zM31\; (1.0) 12.98 

~M4N6,7 0.26 vw 13.03 

L3M402 -- ~ :·] r3.18 
vw 13.16 

~~N6,7 1.3 13.20 

L3Mq_04 :·} 
·.' . ~3.34 . . ) ' 

vw 13.34 
L~4M4 (4.4) 3.37 

L2M4M5 7.2 VS 13.43 13.56 13.56 

~M3M4,5 (0.5) 13.61d 

La~~ (1.5) vw 13.73 

~M4M4 0.62 14.19 

~~N3 :·} ~4.31 
w 14.32 

~M4M5 0.81 14.38 

Y~aN2 (0.3) 14.44 

~M5M5 (C.2) 14.55 

~N5 w1 ~4.61 __ , vvw 14-.67 
LaY3 0.78 14.68 

L M1N6 7 

~-} 
. ···~ ~4.98 2 , ('l) 14.98 

~N5 1.0 14.98 

L~N1 15.14 

13N1N6,7 

:} 
15.31 

~f\N4 vw 15.34 -15.39 

Yl3B2J. 0.67 
\15.32 

Lz~N3 15.56 
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TABLE II (continued) 

L3N4N5 (0.4) l5.6o l5.6o 

Lz'Vl} 15.72 
l.l 

~N4 (masked by 17 -u1 15.82 

L.ANl ~:·5lJ 15.89 

L3N?!f5 15.11 

L3N3N3 (0.2) l5.o4 

L3N4,5N6,7(0.2) 15.97d 

¥4,5N3 0.95 
d 16.14 

L3N6N6 0.14 vvw 16.35 16.36 

L:t_~04 (U) 16.48 16.48 

YI5N4 (3.4) w 16.57 

~M4N6,7 -~~·a>} 16.81 

~N5N6,7 16.01 

L1M3N6,7 vw 17.05 

~N4N4,5 0.271 
w } c9·3· (uasked by 4o-Lx1) 

~N5N5 -- J 9.42 

L2N4,5N6,7 0.1 19.75e 

(a) Symbols are: w =weak, m =medium, s = strong, v = very1 (b) =broad, ? =question­
able. 

(b) Re:ference 9. Parentheses around intensity values indicate uncertainty due to 
incomplete resolution of the lines. 

(c) Reference 8. 

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

(e) Reference 10. 
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Assignments of lines to particular L-Auser transitions were made solely 

on tbe basis of energy ag;ree.meat with values calculated from electron binding 

energies. An e~:fecti ve charge increment (AZ) of un1 ty was assumed for the 

binding energy of the last written subshell in the formula LXY,; the validity of 

this. assumption has been discussed by Burhop,7 and it bas been used with good 

results by Sujkowski and SlAtia8 for calculation of the bismuth L-&:lger tr&nsi-

tion energies. Because of the large number of possible Auger transi tiona per 

energy interval, these assignments are of course not cex~in. 

Visual estimates of the strengths of the lines (uncorrected for geometry 

or efficiency) e.re also given in Ta.ble II, and the intensitieS. reported by 

SUjkoweki and SlB.tie for bismuth and by Nall et &l.9 for mercury are also given, 

10 
as well as data on six L-Auger lines of ur&ni'Wil reported by Albouy and Valadares. 

There is a definite correspondence between the intensities of the four sets of 

data listed; in only a few cases were lines of reasonable intensity not observed 

by all three gl"O\i98 (Albou.y and Valadarea observed. only the 6 moat intenae lines). 

It should be noted that lines which e.re close lying or unreeolved. in the spectrum 

of one element may not 'be near one another in tbe spectrum of a. different element; 

this, of course, depends on bow .the binding energies vary with z. For tb.is 

re&SOI\J in Table II some of the lines are displaced from a atr1c.t order of 

increasing energy in order to CQ.ll.JP8.re the ur&niWB spectrum vi tb tho•e of mercury 

and bismuth. 

Eight of the electrom lines listed in Table II b&ve been assigned as 

Coster·Kr8nig tre.ns1t1ona. In these transitions, which are designated by ~LqY' 

an 1ni tial L-subahell vacancy ie transferred to anGther L-eubab.ell w1 th the emission 
~· 

of an electron from a higher { Y) shell. As d1scueee4 by Bur hop, only those 

tra.nsi t1ons are possible tor which ( ~ • Ex,q) > Ey• In uranium, tranai tions of 

the type L:tLxf4 and LII~Ifi (except t4.,) a.re energetic;ally forbidden~· -~L!nMw 
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and Lr~I~I are forbidden also, but. ·Lr~I~II,IV 
1 
V are allowed, and a 

transition which corresponds in energy to ~~It\ is seen in the Pa233 Auger 

spectrum. 
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